Fatigue Life Assessment of Bridge Details Using
Finite Element Method

Master’s thesis in the Master’s Programme Structural Engineering and Building Performance
Design

MOHSEN HESHMATI

Department of Civil and Environmental Engineering
Division of Structural Engineering

Steel and Timber Structures

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2012

Master’s thesis 2012:03






MASTERtS THESIS 2012:3

Fatigue Life Assessment of Bridge Details Using
Finite Element Method

Master’s Thesis in the Master’s Programme Structural Engineering and Building
Performance Design

MOHSEN HESHMATI

Department of Civil and Environmental Engineering
Division of Structural Engineering
Steel and Timber Structures

CHALMERS UNIVERSITY OF TECHNOLOGY

Goteborg, Sweden, 2012



Fatigue life assessment of bridge details using finite element method
Master’s Thesis in the Master’s Programme Structural Engineering and Building

Performance Design
MOHSEN HESHMATI

©MOHSEN HESHMATTI, 2012

Examensarbete 2012:3

Department of Civil and Environmental Engineering
Division of Structural Engineering

Steel and Timber Structures

Chalmers University of Technology

SE-412 96 Goteborg

Sweden

Telephone +46 (0)31-772 1000

Cover:
Photogeraph of the fatigue tested cope-hole specimen and the corresponding finite
element models for the structural hot spot and the effective notch stress calculation

Chalmers Reproservice
Goteborg, Sweden 2008



Fatigue life assessment of bridge details using finite element method

Master’s Thesis in the Master’s Programme Structural Engineering and Building
Performance Design

MOHSEN HESHMATI

Department of Civil and Environmental Engineering

Division of Structural Engineering

Steel and Timber Structures

Chalmers University OF Technology

Abstract

Eurocode 3 has recently become the governing design code for steel structures in Sweden.
In this design code, the nominal stress method is the predominant approach for fatigue
design. However, the limitations of this method along with new advanced computa-
tional possibilities, have paved the way for more accurate stress based fatigue design
approaches. The Structural Hot Spot Stress (SHSS) and the Effective Notch Stress
(ENS) methods are among those which have widely drawn engineers’ attention since
their advent. These approaches take advantage of new computational modeling possi-
bilities and designate the basic stress by taking into account the geometrical variations
of the detail at the expected fatigue crack initiation area (hot spot). As a result, a higher
variation of constructional details can be assessed more accurately by these methods.
Although the SHSS approach has been extensively exploited in other industries, both
methods are considered inexperienced in the field of bridge engineering.

In the current study, several frequently used bridge details are investigated using the
nominal stress, SHSS and ENS methods. The aim of this investigation is to establish
an equivalency between these approaches with reference to the fatigue strengths of the
studied details. The finite element modeling is carried out using different modeling
techniques mainly based on the well-known IIW modeling instructions. Furthermore,
effects of thickness, weld shape and overall member geometry on the computed stress
concentration factor are studied and discussed. A large database including available
fatigue test results (from 1950s till present) is built up and used to produce SHSS and
ENS S-N curves for the studied details. The findings of this study are presented in terms
of modeling recommendations along with characteristic fatigue design values based on
different assessment methods for the studied details.

Moreover, special consideration is given to details with cope-holes which are often gov-
erning the fatigue design of steel and composite bridges due to their relatively low fatigue
resistance. In this study, an examination of load effects on two existing bridge sections
with cope-hole details is performed. The findings confirm the considerable effect of
shear stresses on fatigue strength of these details. Additionally, the effects of altering
the geometric shape of the cope-holes are investigated using finite element analysis. Fur-
thermore, the fatigue strength enhancement of cope-hole details by means of post-weld
treatment is experimentally evaluated by conducting constant amplitude fatigue tests.
Based on the test results, a new fatigue strength category for improved cope-hole details
is proposed. The results revealed an approximately 6.8 times fatigue life extension for
the Burr Ground cope-hole details.

Key words: Fatigue assessment, Steel bridges, Welded joints, Finite element method,
Hot spot stress, Effective notch stress, Experimental approach, Fatigue life improvement
techniques, Burr grinding, Ultrasonic impact treatment
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00.5¢
00.9¢
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O12mm
O15mm
O4mm
O5mm
O8mm
Ola
Oadd
o
Oben
Oben
Oe
UHotspot
Omax
Omean
Omem
Omin

Om

VIII

Stress intensity factor range

Distance from the weld toe in the Dong method

Fatigue strength thickness reduction factor

Poisson’s ratio for steel

stress in the reference point located 0.4t from the hot spot
stress in the reference point located 0.5t from the hot spot
stress in the reference point located 0.9t from the hot spot
stress in the reference point located 1.0t from the hot spot
stress in the reference point located 1.4t from the hot spot
stress in the reference point located 1.5t from the hot spot
stress in the reference point located 12mm from the hot spot
stress in the reference point located 15mm from the hot spot
stress in the reference point located 4mm from the hot spot
stress in the reference point located 15mm from the hot spot
stress in the reference point located 8mm from the hot spot
Normal stress amplitude

Additional stress due to shear deformation

Stress amplitude

Bending stress component

Non-linear stress peak component

Stress range

Structural hot spot stress

Maximum stress

Mean stress

Membrane stress component

Minimum stress

Normal stress in flange
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Eqmm
E8mm
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Nominal stress

Stress range

Total stress at the weld toe

Shear stress amplitude

Shear stress in web at weld ends

Measured strain in the reference point located 0.4t from the weld toe
Measured strain in the reference point located 0.9t from the weld toe
Measured strain in the reference point located 1.0t from the weld toe
Measured strain in the reference point located 1.4t from the weld toe
Measured strain in the reference point at 12mm from the weld toe
Measured strain in the reference point at 4mm from the weld toe
Measured strain in the reference point at 8mm from the weld toe
Structural strain at the weld toe (hot spot)

Strain in the direction perpendicular to the weld toe)

Strain in the direction parallel to the weld toe

Crack length

Shear effective area

Damage caused by normal stress

Damage caused by shear stress

Total damage calculated from Palmgren-Miner’s rule

Fatigue crack growth rate

Modulus of elasticity for steel

Geometry and loading function

Flange second moment of inertia

Stress intensity factor

Stress concentration factor

Structural hot spot stress concentration factor

Modified structural stress concentration factor

Stress intensity factor for the weldment
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Weld geometry correction factor
Additional moment due to shear deformation
Fatigue crack initiation life of a detail
Fatigue crack propagation life of a detail
Total fatigue life of a detail

Stress ratio

Cope-hole radius

Cope-hole radius

Reference cope-hole radius

Applied remote stress

Flange thickness

Geometry correction factor
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1 Introduction

Fatigue is a complex phenomenon which becomes even more complicated in case of
welded details. Welding process induces residual stresses and distortions, changes
the crystalline structure at the weld zone, and produces potential failure points
by including weld defects [IH4]. These peculiarities of welded components, as well
as other destructive effects of welding, drastically reduce the fatigue strength of
welded structures. However, welding offers great flexibility to design details and
components. This unique feature of welding has made it one of the most common
production techniques of large structures, such as bridges, offshore platforms and
crane girders. Considering the wide use of welding process on the one hand, and on
the other, its destructive effects with reference to fatigue, an enormous amount of
research has been focused on the fatigue design and assessment of welded structures.

The nominal stress method has been the most widely used fatigue assessment
method in the field of structural engineering for decades. This method disregards
any local stress redistribution due to the weld and makes use of the ‘global stress
field” away from the weld. However, fatigue of welded structures is a very localized
phenomenon that is affected by local geometrical complexities and material imper-
fections and discontinuities. Since these are only roughly accounted for when using
the nominal stress method, the fatigue life estimation would not be very accurate.
In addition to that, in case of large steel structures with complex details, such as
bridges, the nominal stress method has a very limited application. A more accurate
fatigue assessment may be achieved by implementing methods that take the stress
raising effects caused by the geometrical and/or loading variations into account.
These methods are generally known as ‘local approaches’ and are expected to yield
relatively better fatigue life estimations for complex structures.

Steel and composite bridges are composed of complex structural components and
are generally subjected to multiple loading conditions. Thus, calculating the local
stress state in such structures without using a computer-based analysis tool is cum-
bersome, if not impossible. A precise calculation of local stresses for the fatigue
assessment of complex welded bridge details may be obtained by using advanced
computational methods such as the Finite Element Method (FEM). The applica-
tion of FEM for the fatigue assessment of bridge details has paved the way for
the development of local methods such as the structural hot spot stress approach
and the effective notch stress method. Furthermore, recent developments in the
numerical methods and computational possibilities have extended the application
range of the mentioned methods.

The structural hot spot stress method is well established and has been widely used
for the fatigue assessment of tubular structures [3, 5]. However, since the method
has not been comprehensively applied to the plate-type structures, it is still consid-
ered as an inexperienced fatigue assessment approach for such structures. The ef-
fective notch stress concept is an even newer and consequently less applied method.
Moreover, the results of several 3D finite element analysis have shown that certain

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3 1



instructions regarding the element types and meshing techniques should be fol-
lowed in order to obtain comparable results [6H8]. Therefore, a number of codes
and guidelines have proposed finite element modeling recommendations in that
regard [9HIT]. However, these recommendations are not generally comprehensive
and do not cover complex details. Eurocode3 [9], in particular, has provided very
insufficient recommendations regarding the application of these methods.

1.1 Aim and scope

The nominal stress method has been based on experimental investigations that
were conducted mostly before 1970s. As the welding techniques have undergone
significant changes since then, the credibility of this method, considering the newly
performed tests, is questionable. In addition to that, the structural hot spot stress
approach and the effective notch stress method suggest considerably fewer fatigue
design classes compared to the nominal stress method. Thus, the main aim of
this study is to investigate the reliability and credibility of the mentioned fatigue
assessment methods.

Furthermore, the effect of different modeling techniques on the predicted fatigue
lives are investigated. The aim of this investigation is to provide recommendations
regarding the finite element modeling of the welded details.

Another aim of this study is to explicitly investigate the fatigue behavior of cope-
hole details. The verification of current design classes, identification of different
fatigue life influencing factors as well as improving the fatigue life of this detail are
pursued.

1.2 Methodology

In order to achieve the above defined objectives, firstly, an extensive literature study
on the different fatigue assessment methods are done. Secondly, several frequently
used bridge details are selected and a comprehensive database including available
fatigue test results is built up and pre-evaluated. In the preliminary evaluation
phase of the collected fatigue test data, the improper tests, inconsistent with the
objectives of this research, were excluded.

Afterwards, to establish an equivalency between the nominal stress, structural hot
spot stress and effective notch stress methods with reference to the fatigue strengths
of the studied details, the correspondent finite element models were created and
analyzed. The analysis results were used to compare the predicted fatigue lives with
the experimental results, identify fatigue life influencing factors and investigate the
validity of the suggested design recommendations based on the Eurocode 3 [9] and
ITW [I0]. Since the finite element models were created for different mesh qualities
and geometries, modeling recommendations are also given based on the results.

In order to achieve the objectives of the special study for the cope-hole details,

2 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



a new test series is designed and tested at Chalmers University of Technology,
Structural Engineering Laboratory. The tests were conducted to verify the current
recommendations and also investigate the fatigue life improvement of post-weld
treated cope-hole details.

1.3 Limitations

In this study, only the as-welded joints tested under constant-amplitude fatigue
loading are selected. Post-weld treated joints and joints tested in temperatures
other than the ambient room temperature are not included. Only the specimens
made of mild steel and tested in the air are studied. In order to diminish the bene-
ficial effects of compression stress, only the fatigue tested specimens with a positive
stress ratio (R > 0) or included. In addition to that, for axially tested specimens,
the test series including bending load cases are not collected.

In case of cope-hole details, the analytical and experimental investigations were
carried out only for notches with R, = 50mm. Moreover, the dimensions of the
designed test specimen were limited by the executable length and grip of the avail-
able testing machine.

For finite element modeling, the IITW recommendations [10, 1] for modeling and
stress determination are followed. The obtained results are compared to the rec-
ommended fatigue classes provided by the Eurocode 3 [9] and IIW [10].

1.4 Structure of thesis

A short introduction to fatigue with special consideration given to the fatigue of
welded details is presented in Chapter 2. Chapter 3 provides a comprehensive in-
troduction to the different fatigue assessment methods. As the structural hot spot
stress and effective notch stress approaches have not been used widely, this chapter
is prepared in a descriptive format to provide a sufficient theoretical background
for these methods.

Chapters 4-8, provide the results of the investigations for each studied detail, sepa-
rately. In each chapter, firstly, the investigated detail is introduced and its current
pertaining design classes are presented. Secondly, the collected tests for the detail
are summarized. Afterwards, the finite element modeling and analysis procedures
are presented. Next, the fatigue life influencing factors are investigated and the
finite element analysis and experimental results are compared. Eventually, the de-
tail is assessed based on different fatigue life assessment methods and the results
are discussed.

Eventually, Chapter 9 includes the concluding remarks and recommendations. Sug-
gestions for the future work are also given.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3 3
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2 Introduction to fatigue

2.1 What is fatigue?

It is a well known fact that if the maximum load acting on a structure becomes
higher than its material yield strength limit, a failure is assumed in the structure.
However, in a structure that undergoes fluctuating loads, even if they are well be-
low the material elastic limit, a failure can be expected after many loading cycles.
The latter situation, which is a result of accumulated damages in the material, is
known as fatigue failure. In other words, static loading of a ductile material which
increases from zero to a maximum, will cause large deformations. In that case,
failure of the structure occurs after a single load application with large plastic de-
formation, whereas, if the same material is repeatedly loaded to stresses well below
the elastic limit, fatigue failure may happen after as little as a few hundred cycles
or after, say, several million cycles of load application without any large plastic
deformation.

However, it should be noted that fatigue can happen not only in metallic alloys but
also in a large number of engineering materials such as polymers and composites,
e.g. concrete and fiber reinforced plastics. Although the phenomenological details
of the fatigue process might be divergent in different materials, ASTM [12] defines
fatigue for all materials as:

Fatigue: The process of progressive localized permanent structural change
occurring in a material subjected to conditions that produce fluctuating
stresses and strains at some point or points and that may culminate in
cracks or complete fracture after a sufficient number of fluctuations.

In the above definition, the remarkable features of fatigue are shown in italics. Fa-
tigue is a progressive process that takes time to initiate and develop. Therefore,
the process of fatigue is time-consuming and can only happen as an outcome of a
repeated loading. In most cases the crack initiates in a confined small area that is
either subjected to high local stresses or suffering form local defects in the material.
On the contrary, in adjacent parts, where the stress state is insignificantly lower,
no crack would initiate. Hence, fatigue is clearly a very localized process in which
the crack originates in a location where several micro-cracks are available and grow
together into one dominant crack. The mentioned process of crack formation after
a coalescence of several micro-cracks is called the initiation phase of fatigue crack
growth and is a result of plastic deformations in a small area in front of the crack
tip. The presence of plastic deformations also implies that fatigue is an irreversible
process which leaves permanent structural damages. This fact will be more elabo-

rated in Section 2.3

In order to understand the fatigue phenomenon in a more practical sense, a simple
experiment performed by Dahlberg and Ekberg [13] is discussed here. This exper-
iment aims to comparatively investigate the failure of a group of repeatedly bent
tea spoons with those severely bent only once.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3 5)



(a) A teaspoon (b) A statically bent teaspoon

Figure 2.1: The teaspoon test, after [13]

It is observed that, by bending the teaspoon statically, a large deformation would
occur but a rupture is very unlikely to happen. Conversely, by repeatedly bending
the other teaspoon, after a while, it becomes fragile and would easily break a part
with a snap. This phenomenon, which is accompanied by some energy dissipation
near the fracture region (it can be really hot), is called fatigue. Furthermore, the
final fracture of the teaspoon in the second test is surprisingly brittle compared to
the ductile behavior of the first test series.

Just before the final fracture of the second test series, by investigating more in de-
tails, some small cracks are observed at the failure region. These cracks are formed
due to the plastic deformation caused by each bending cycle. The permanent de-
formation of the teaspoon after each cycle can be regarded as the proof of plastic
nature of it. By continuing the test, these small cracks will grow together and form
a single dominating crack leading to the final fracture. The characteristics of the
final fracture surface will be discussed in more details in Section 2.3

Eventually, the following conclusions regarding the fatigue nature can be drawn
from this simple experiment:

e Small cracks will initiate as an outcome of plastic deformation.

e The cracks will coalesce, resulting in a dominant crack.

e The brittle failure will occur in the end.

- as
P TN e o ;
ol M " Fre. .’:?;"J:‘-."

(a) Crack initiation at the sur- (b) Formation of larger cracks (c) Single dominating crack just
face before failure

Figure 2.2: Futigue crack initiation and propagation process in the teaspoon ex-
periment, after [13]

6 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



2.2 Fatigue and failure of structures

As it was concluded in the previous section, fatigue failure has a brittle nature. This
characteristic of fatigue makes it a potentially dangerous failure mode of structures.
These failures happen at extremely high speed without prior large deformations.
Moreover, Gurney [2] estimates that 90% of the engineering component failures
occur due to fatigue.

On the other hand, very few structures can be regarded as being statically loaded,
whereas repeated or fluctuated loading, which can cause fatigue, can be easily found
in most of the structures. Bridges, crane girders, chimneys and offshore structures
such as oil and production platforms, are among the most common civil engineering
structures that frequently experience fatigue loading.

The failure of several welded truss bridges in Europe prior to world war II, shortly
after being put into service, drawn the attention of bridge industry and designers.
The bridges were lightly loaded and the fractures were sudden. Most of the cracks
had initiated in welds and the investigations indicated that the main failure reason
was due to inappropriate design, weld defects and poor steel quality. Poor detail
design of the Kings Bridge in Melbourne, Australia led to crack initiation in the
flange, prior to any service loading, and consequently the brittle fracture of the
bridge.

Despite the fact that most of the failures of this kind happened in several bridges
throughout the world with noticeably high casualties, the wide-spread attention of
bridge engineers hadn’t been drawn to the importance of fatigue of bridge details
until the Point Pleasant Bridge disaster in West Virginia 1967. The sudden col-
lapse of the bridge took 46 lives and was one of the most catastrophic events at
that time. The investigations revealed that the main reason of the collapse was the
poor design of a joint which was the crack initiation and propagation region due
to fluctuating and repeated loading of the bridge.

Ships, aircrafts and trains are the other major engineering structures that have

L SRR o i e R - —
(a) Point Pleasant bridge  (b) Point Pleasant bridge after (c) Point Pleasant bridge after
the collapse the collapse

Figure 2.3: Photographs of Point Pleasant bridge before and after collapse in 1967

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3 7



(a) Photograph of one of the liberty ships (b) A liberty ship failure

Figure 2.4: The failure of liberty ships during 1942-1952

suffered severe fatigue damages.Although, there were a lot of brittle failures in
the aforementioned industries, this problem was not completely comprehended by
engineers until the large number of failures of liberty ships during world war II. By
1946, cracks of critical size were seen in more than 1000 out of 5000 ships built in
1942. Between 1942 and 1952, at least 7 liberty ships broke entirely in two halves
as a result of fatigue cracking and brittle failure.

The mentioned disasters due to fatigue are not the total number of failures of this
kind. Fatigue failures have happened and are happening. They may not be as
common as the other structural failures, but when they occur, it might be more
devastating in terms of casualties and damages. Therefore, understanding this
phenomenon is the prerequisite of a good and efficient design.
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2.3 Fatigue from a metallurgical point of view

Fatigue life of a detail, N, is often divided into two stages:

e Fatigue crack initiation, /V;

e Fatigue crack propagation, [V,

The separation of these two stages is mainly practical because fatigue crack initia-
tion can be affected by several parameters which the propagation phase is more or
less independent. Recent microscopic investigations have shown that, fatigue crack
nuclei form almost immediately after the fatigue loading has been applied, provid-
ing that the stress is above the fatigue limit', according to Schijve [14]. The crack
nuclei commence in slip bands as small invisible microcracks and remain hidden for
a significant time. On the other hand, the emergence of cracks indicates that there
is not much left of the total fatigue life of the specimen. While the microcracks are
being nucleated, the crack growth is in the initiation phase and has an erratic and
slow progress. The propagation phase begins when the growth exhibits a steadier
behavior.

After having gained basic knowledge of the two phases of fatigue crack growth,
their mechanisms and characteristics will be explained further below.

Firstly, metallic alloys are made of grains which are formed by crystals. Within
a crystal there might be small line defects that can shift by shear driven forces.
These defects which act as very small scale inhomogeneity in the material are called
dislocations. Under cyclic loading, dislocations can move and stack up forming a

slip band, see Figure

Secondly, the stresses that trigger fatigue are often well below the material yield
stress limit. Hence, large scale plastic deformations would not occur at such low
stress levels and plastic deformations are confined to small areas in the material.
Since the material is only available at one side of the free surfaces, grains are less
restrained to slip and plastic deformations occur there. Furthermore, the presence
of material defects such as pores, inclusions or other sources of inhomogeneity at
the surface may also exacerbate the surface condition.

As it was mentioned before, formation of slip bands require shear forces. How-
ever, the shear stresses are not distributed evenly between grains, on a microscopic
scale. On the one hand, based on each grain size, shape and atomic properties,
shear stresses differ at the crystallographic planes. Furthermore, slip bands tend
to form along planes that dislocations can move more easily. Eventually, a slip will
happen in a grain, see Figure 2.6h. Since the slip is shear driven, it will occur in
planes that are oriented 45° to the tensile stress direction.

IFatigue limit is the stress level in which fatigue cracking doesn’t occur if applied stress is
below that. More information regarding fatigue limit can be found in section
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Figure 2.5: The process of fatigue and movement of dislocations

Once a slip happened, a new fresh material will be exposed to the surrounding
environment, which is in most cases, air. This new fresh layer will instantly react
with the surrounding air and an oxide layer will cover it. The new oxide layer
will be bound to the material surface strongly and would not be removed easily.
Additionally, upon formation of the slip band, while the load is increasing, strain
hardening occurs in the slip band. This indicates that the process of slip band
formation is irreversible. The next slip happens during the unloading, while shear
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Figure 2.6: Crack initiation as a result of cyclic slip, after [T])]
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forces are in the reversed direction. The slip, as a consequence, is prone to occur at
the same band, but since the presence of irreversible deformations and oxide layer
makes it impossible, it will happen at adjacent parallel planes. This process forms
an intrusion as it is shown in Figure [2.6b. The same sequence may happen for
the other load cycles, see Figure 2.6k and d. It should be noted that the process
leading to the intrusion would conversely lead to an extrusion if the slip happen on
the lower side of the slip band, Figure [2.64.

The formed microcrack, grows over a few grains and deviates the uniform stress
distribution on a micro level with the stress concentration being at its tip. On the
other hand, as the cyclic loading continues, more microcracks will be formed. At
some point, these microcracks will coalesce and form one or more dominant cracks.
Afterwards, the crack growth direction deviates and becomes perpendicular to the
maximum principal stress direction. This is the beginning of the propagation phase
of the crack growth. However, crack growth is still dependent on the material
crystallographic planes and grows in a zigzag path, see Figure 2.7

Nevertheless, it should be noted that, as crack initiation and propagation phases
are different in nature, the percentage of fatigue life for each phase is variant for
different materials and specimens. For instance, experiments have shown that a
notched specimen can be considered as a cracked specimen. Therefore, the initia-
tion phase does not take a great portion of the final fatigue life, i.e. about 10% of
N,, whereas for a plain machined specimen, the initiation phase takes up to 90%
of the total fatigue life.

From what has been explained above, the following can be concluded:

e In the initiation phase, the fatigue process depends on the material surface
characteristics.

e In the crack growth phase, fatigue is no longer a surface phenomenon.

\Free surface

Figure 2.7: Fuatigue crack pattern
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Analogous to the fatigue crack initiation and growth phases that are particular
in some aspects, fatigue fracture surfaces have also several characteristic features.
These special features make fatigue failures distinguishable from the other failure
types such as static failures. These characteristics can be found both in microscopic
and macroscopic scale.

A fatigue fracture surface, generally has a very smooth region in the vicinity of
crack origin. As the crack slowly propagates, fracture surfaces very close to the
crack nuclei rub together for a high number of cycles and create an incredibly
smooth and silky surface. The texture becomes rougher as getting further away
from the crack origin. The aforementioned microscopic characteristics of fatigue
exist in this region.

Striations are one of the unique microscopic characteristics of fatigue failures. They
are a product of cyclic loading of the material and plastic deformations at the small
zone close to the crack tip, Figure 2.8] It was observed before, that after a crack
is initiated, a stress concentration will be formed at the tip of the crack. Because
of the mechanisms of crack growth at this stage, the stress at this concentration
point is the maximum shear stress. The shear stress causes the crack to slip during
each cycle accompanied by strain hardening. During the loading sequence, crack
will open and extend through the grain, leaving a ridge as a result of microplastic
deformation at the upper end, Figure [2.8h. On the other hand, unloading compels
the crack to close and leaves a ridge at the lower end in a similar way. These ridges
are known as Striations and are often visible with electron microscopes.

-

@ exlp 1 striation

:———-—s—;‘-’i-—'
- ate. Striation spocing ~0.3um
L
1lorge cycie
+ 0 smail eycies
(a) Crack extension in a single load cycle  (b) Correspondence between striations and load

cycles

Figure 2.8: Formation of striations during microcrack growth, after [1)]
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/Origin

(a) Representation of a typical fatigue fracture surface

Fatigue crack beach marks

(b) Formation of beach marks

Figure 2.9: Macroscopic characteristics of fatigue fracture surfaces, after [15]

As a side note, fatigue cracks prefer to grow through the grain rather than the grain
boundaries. This phenomenon is known as Transgranular crack growth. Since the
slip restraint is minimum inside the grains, transgranular crack growth is consistent
with the cyclic slip as the crack growth motivating factor. The zigzag pattern of
crack growth is a good supporting evidence for this trend.

Formation of growth bands is also another characteristic of fatigue failures. Growth
bands are concentric rings around the crack origin, and are recognizable with dif-
ferent colors. Higher applied stresses, cause darker bands on the fracture sur-
face. These bands which are also called beach marks are visible with naked eye,
Figure [2.9b] The presence of beach marks on a fracture surface can be helpful to
determine the crack origin and propagation rate.
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2.4 Fatigue from a fracture mechanics point of view

It was discussed in the previous section that fatigue life of a structure is consisted
of two stages; Crack initiation and crack propagation. However, these two stages
are different in nature and therefore, a quantitative representation of them should
also obey different parameters, Figure [2.10]

Total fatigue life of structure

Fatigue crack initiation Fatigue crack propagation

Stress Concentration Factor (SCF) Stress Intensity Factor (SIF)

Figure 2.10: different stages of fatigue life and their relevant factors

Assume a plate which is subjected to uniaxial tension. The stresses are uniformly
distributed throughout the cross section of the plate as long as there is no lo-
cal changes in the plate dimensions. This uniform stress is called the nominal
stress(0pom). Conversely, any small changes in the cross section such as notches,
holes or fillets cause the stress to change rapidly in the vicinity of the inhomogene-
ity. This abrupt change in the nominal stress is called stress concentration. For
example, consider a circular hole in the middle of the discussed plate. The hole will
deviate the uniformly distributed stress in the area close to it, so that the material
around the hole would undergo different stresses as shown in Figure 2.11} It can
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(a) Homogeneous stress distribution in a plate (b) Inhomogeneous stress distribution in a plate
with a circular hole

Figure 2.11: Stress distribution in a large plate subjected to uniaxial tension

be shown that for a linearly elastic material the maximum stress (0,,q,) for the
specimen shown in Figure [2.11b can be as high as three times more than nominal
stress. However, generally the relation between maximum stress and nominal stress
can be written as:

Omaz = Kt Tnom (2.1)

Where K, is called stress concentration factor (SCF'). According to Schijve [14], the
geometry of the structure is the only parameter that affects the stress concentration
factor. SCF indicates the severity of the stress concentration and hence it can be
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Mode 1 Mode 11 Mode II1

Tensile opening In plane shear Out of plane shear

Figure 2.12: Different modes of loading a crack

used to predict the fatigue crack initiation. Having said that a good fatigue resis-
tant structure is one with less critical stress concentration points, this parameter
becomes a crucial design factor for the structures that are prone to fatigue loading.

It should be noted that, once a crack initiated, K; will approach infinity at its tip
and becomes an inappropriate parameter. Thus, a new factor should be used to
describe the stress severity at a sharp crack tip. This parameter that gives rise to
the magnitude of the applied stresses at the crack tip, is called the Stress Intensity
Factor (SIF). The SIF magnitude depends on the geometrical variations of the
loading type as well. These effects are categorized based on the different modes that
can grow a crack. As discussed in Section 2.3] fatigue cracks grow perpendicular
to the principal stress direction which is in most cases the tensile stress direction.
This load case that opens the crack is known as Mode I, see Figure[2.12h. As
shown in Figure [2.12b and c, other failure modes are also possible. Load cases
that propagate a crack by rubbing its surfaces against each other are known as
Mode II and Mode III. However, since the crack is entirely opened in the Mode I,
it is the most dangerous mode of failure that gives the highest rise to the stress
intensity factor. Furthermore, Mode I is the most common load type in engineering
components.

The stress intensity factor, K7, in its simplest way can be expressed as:

K[ = O-nom\/ﬁ'f (22)

where a is the crack length and f is a function of geometry and loading of the
detail. Function f can either be calculated by finite element analysis or taken from
handbooks and literature for different load cases and geometries.It should be noted
that the stress intensity factor for a crack and stress concentration factor for a
notch are not similar concepts. SIF is a function of loading type and geometry of
the detail and has the unit M Pa+/m’, while SCF is a dimensionless parameter that
only accounts for geometry of the detail.

The importance of SIF is that, under some circumstances, it is vital for engineers to
predict the remaining fatigue life of a cracked structure so that appropriate actions
can be taken before it is too late. However, an acceptable and reliable quantitative
estimation is only possible with an accurate numerical model. In 1963, Paris and
Erdogan [16] proposed that the rate of the crack propagation per cycle may be
expressed as a function of the stress intensity factor. It was shown that, plotting
the crack growth rate versus he stress intensity factor yields straight lines on a
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Figure 2.13: Typical relation between crack growth rate and the range of stress
intensity factor

log-log scale. This general law which is known as the Paris law is expressed in
Equation 2.3

da
taking out the logs yields:
da
— = C(AK)™ 2.4
o5 = C(AK) (24)

where (da/dN) is the fatigue crack growth rate, AK = K40 — Kpin is the stress
intensity factor range, and C' and m are material constants. Plotting the experi-
mental work on a logarithmic graph of (da/dN) against AK, reveals three regions;
threshold region, Paris law region and fracture region, see Figure [2.13]

The region at the bottom left is called the threshold region since the stresses are
lower than the minimum required to open the crack. Inversely, at the top right of
the graph, the crack growth approaches infinity and is designated as the fracture
region. In between these two regions, the Paris law is consistent with the test results
and a straight line with the slope m and position C' can be drawn. Eventually, the
Paris law can be integrated in order to calculate the residual lifetime of a structure.
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2.5 Fatigue terms

In this section, some basic terms regarding fatigue are described. These terms are
frequently used in the literature related to fatigue and therefore, understanding
them in a good manner is the perquisite for any further discussion.

2.5.1 Fatigue loading

As mentioned before, structures that are subjected to fatigue loading, experience
fluctuated loads during their lifetime. Generally, the stress history of such struc-
tures varies constantly. However, the simplest stress history that can be assumed
for a structure is a constant amplitude cyclic stress, as illustrated in Figure [2.14]
This type of loading is usually experienced by the specimens tested in the labo-
ratories as it doesn’t require advanced testing equipments. A constant amplitude
loaded structure, is subjected to a maximum stress (0,,4,) and a minimum stress
(Omin)- Thus, the stress range and the mean stress can be expressed as:

A0 = Opmaz — Omin (2.5)

Omax + Omin

_ Tmaz T Tmin (2.6)

Umean - 2

Stress amplitude (o,) is defined as half of the stress range, and hence it can be

calculated as follows:
Omax — Omin
_— (2.7)

2
Stress ratio, which implicitly represents the loading type, is defined as the ratio of
the minimum to maximum stress:

Oq —

0' .
R=-"" (2.8)

Uma:p
wv
wv
[J]
s
wv
©
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o
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Gy
Ao
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Figure 2.14: Constant amplitude loading

CHALMERS, Ciwil and Environmental Engineering, Master’s Thesis 2012:3 17



Tmax
AANANENAT (T
1&; R =-1 Alternating stress
ARVAVAVAVAV
L T min
v
w Tmean
w F4
lﬂj S . s (b)
w R =0 Pulsating tension
"
)
)
©
w (c)
0<R=1 Tension to tension

Figure 2.15: Different stress ratios for various loadings

Therefore, as it is shown in Figure 2.15, R = —1 is followed by reversing the
stress state from a compressive stress to an equal tensile stress, while 0 < R <1
corresponds to any fluctuation of stress from a minimum tensile to a maximum
tensile load.

In general, the fatigue life of a specimen depends mainly on the stress range (Ao)
so that a higher stress range would result in a lower fatigue life. Nevertheless,
the constant amplitude loading is not a realistic loading pattern for real structures
such as bridges, buildings or offshore platforms. The mentioned structures experi-
ence random sequence load histories through their life time. This loading pattern
is called wvariable amplitude loading and cannot be represented by an analytical
model. Figure shows an example of a variable amplitude loading which may
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(a) Variable amplitude loading (b) Typical representation of a stress histogram

Figure 2.16: An example of variable amplitude loading and stress histogram as a
simplification method of variable amplitude loaded structures
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be experienced by a structure. For such loadings, a stress histogram is usually
used to simplify the problem. A stress histogram is a chart of separate blocks that
defines the number of cycles that a constant stress range is repeated during the life
time of the structure, see Figure 2.16D]

2.5.2 S-N curves

As mentioned before, the stress range has the most influence on the fatigue life of a
specimen. Accordingly, the most important outcome of fatigue tests is the fatigue
life of the specimen in terms of number of cycles (n;) at different stress ranges. A
common way to represent these results is the so called S-N curve, also known as
Wohler diagram. Usually, plotting the test results of a specified specimen on a
log-log graph with the stress ranges on the vertical axis and the number of cycles
to failure on the horizontal axis, would result a large scatter. However, in most
cases, it is possible to get a regression line of the test data by running a statistical
analysis of the results. The obtained line on the mentioned graph is called a S-N
curve for a specified specimen, see Figure[2.17a] Moreover, as it is depicted in
Figure [2.17], by rotating the S-N curve 90 ° clockwise, it becomes analogous to the
fatigue crack propagation curves. Therefore, the top left corner of S-N curve is the
region in which the applied stress range is so high that plastic deformations occur
momentarily. This region is known as low cycle fatigue where the fatigue failure
usually happens very fast. On the other hand, the bottom right corner represents
the region in which the stress is so low that the specimen can be loaded for an
infinite number of cycles without any fatigue damage. This stress range is called
fatigue limit.

Similar to the Paris law region in a crack propagation graph which follows a straight
line on a log-log scale, the region between low cycle fatigue and fatigue limit can

Tensile strength
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Figure 2.17: Analogy of S-N curves and fatigue crack propagation regions
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Figure 2.18: Fuatigue S-N curves

be expressed by a linear equation as follows:

log (%) = log (C') — mlog (o) (2.9)

N =N, <£> (2.10)

o,

taking out the logs results:

where N represents the fatigue life, o, is the stress range and C' and N, are fatigue
strength constants. m is a material constant and for typical steel welded joints is
around 3.

Figure 2.18a] demonstrates a typical S-N curve fitted to the test results. As it
is mentioned in the figure, this line is the mean value of the fatigue test data.
However, for the design purposes, an acceptable safety margin should be provided.
This requirement can be satisfied as follows:

e A sufficient number of tests should be carried out at each stress range to
ensure the validity of statistical evaluation of the results.

e The design S-N curve should be driven by considering the standard deviation
of the test results.
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2.6 Fatigue of welded structures

Welding is of great interest of engineers, since it offers great flexibility to design
details and components that couldn’t be made by any other means. This special
feature of welding has made it one of the most common ways of production of large
structures such as bridges, offshore platforms and crane girders. However, various
issues are related to welding as a production technique. Welding induces stress
concentration points as a result of inhomogeneities. Several defects are also at-
tributed to the welding. These known problems as well as other effects of welding,
has made it an important subject that an extensive number of literature, codes
and standards have been created for.

Tests that have been conducted on both welded and not welded details have shown
that there is a significant drop in terms of fatigue life for welded details. As can be
seen in Figure 2.19] although the fatigue strength of a hole notched plate is lower
than a plain plate, yet a plate with welded longitudinal gusset attachment exhibits
an almost 8 times lower fatigue strength. In this section, the reasons for such poor
fatigue behavior of welded details are discussed in more details.

2.6.1 Weld shape effects

By welding a plate, inhomogeneities are also being introduced. These inhomo-
geneities might cause an abrupt change in the stress distribution. As a result, a
weld profile can be a potential site of high stress concentrations.

Generally, the stress concentration caused by a stress raiser depends on the ori-
entation of the stress raiser in relation to the direction of the applied load. The
maximum stress concentration is expected when the plane of the stress raiser be-
comes perpendicular to the direction of the tensile stresses. Conversely, as the
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Figure 2.19: Comparison between fatigue strengths of plain steel plate, hole
notched plate and plate with fillet welded attachments, after [4]
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Figure 2.21: Futigue cracking of continues welds loaded parallel to weld from:
(a) Weld ripples; (b)Stop-start positions.

stress raiser plane becomes parallel to the applied tensile load direction, the stress
concentration factor approaches zero. Hence, if a plate is loaded transverse to the
weld, the stress concentration happens at the intersection of plate surface and weld
metal, i.e, weld toe. The stress concentration would be lower if the transition be-
tween plate and weld is more smooth, Figure [2.20]

On the other hand, stress raisers also exist for a continuous weld that is loaded
parallel to the weld direction. In this case, surface irregularities such as, ripples
or weld stop-start positions are the most likely places for stress concentration and
consequently cracks to occur, Figure 2.21] Nevertheless, these points are less severe
than those of transversely loaded details and a higher fatigue strength is expectable
in this case.

2.6.2 Weld defects

According to Maddox [4], the stress analysis has shown that the stress concentration
factor for a transversely loaded fillet weld is about the same as the edge of a hole.
This fact is not consistent with the test results shown in Figure [2.19] where the
welded attachment has a significantly lower fatigue strength compared to the detail
with the hole. This contrast arises from the fact that weld defects can be present at
a weld profile. Figure depicts the most common defects and cracks in welded
details.

Despite the numerous attempts that have been made to reduce the amount of weld
defects, it is inevitable to prevent them. Improper design, inaccessibility of welding
location and lack of skilled welders are some of the reasons that can lead to weld
defects. Automated welding process has been developed to specifically eliminate
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Figure 2.22: The most common defects and cracks in welded details, after [18]

the human errors.

Overlaps and lack of penetration and fusion, are among the defects that correspond
to pre-existing cracks. This implies that, the crack initiation stage for welded de-
tails occupies only a very small portion of the total fatigue life. Therefore, the
number of cycles to initiate a crack in a welded joint is remarkably reduced. This
fact is shown schematically in Figure 2.23] for an as-rolled plate and a plate with
fillet welded attachment.

Lack of penetration can cause severe stress concentration in weld roots under re-
peated loading. As a result, cracks may start to propagate from the root of the
weld rather than the weld toe. Due to the fact that the root cracks can be invisible
for a long time and consequently develop over a considerable area, they are often
regarded as the most serious fatigue cracks. Porosities and Slag inclusions can also
be serious defects for the fatigue crack initiation.

Furthermore, undercuts may also be a severe stress concentration point since they
introduce a sharp change in the stress distribution at the weld toe. Nevertheless,
as discussed in Section the excessive weld material can also introduce stress
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Figure 2.24: The benefits of increasing the ultimate tensile strength of steel on
different details

concentration at the weld toe even if an undercut is not present. Additionally, the
welding process is capable of leaving small scale crack-like discontinuities at the
weld toe. This destructive feature of welding makes the weld toe condition even
more severe. Microscopic pictures have shown the existence of these discontinu-
ities, also known as intrusions, at the weld toe, see Figure[2.23b] The existence
of intrusions exempts the material from taking more number of load cycles for the
crack initiation. These findings clearly confirm that the fatigue life of a welded
detail is only consisted of the crack propagation phase.

As it was discussed in Section [2.3] crack initiation in a material is a surface phe-
nomenon, whereas, crack propagation depends only on the bulk properties of the
material. In other words, by increasing the strength of a material, more number of
cycles is required for a crack to initiate, whereas, the crack propagation rate in the
material is not influenced. Hence, the fact that fatigue life of welded details is only
consisted of propagation phase also implies that, very little or no benefit in fatigue
strength of welded details would be accomplished by increasing the strength of the
material. Figure [2.24] demonstrates that by increasing the ultimate limit strength
of steel in a plain plate, the fatigue strength improves correspondingly while, it has
very little effect on the welded detail.
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2.6.3 Residual stresses

Welding of a material is often associated with stresses that are locked into the
welded detail. These stresses form during the cooling period of the deposited
molten weld metal. When the weld is cooling down to the room temperature, it
shrinks. The shrinking procedure does not occur freely since the weld is restrained
by the adjacent colder parent material. The implication of the contraction between
the weld metal and the parent plates is that residual stresses would be introduced
in both the longitudinal and transverse direction as shown in Figure 2.25] These
stresses are both tensile and compressive which are balanced in order to maintain
equilibrium at the section.

The actual residual stresses can be measured using a variety of methods, both
destructive and nondestructive. Besides, parametric studies and tests have also
shown that the magnitude of residual stresses depends on several factors such as
tensile strength, joint type and size, and also run size and sequence. However, in
the absence of test results, the magnitude of residual stresses is often taken as the
maximum tensile yield strength.

The presence of such high tensile residual stresses implies that, on the one hand,
fatigue failures can happen under nominally compressive loading conditions, and
on the other hand, the fatigue strength of the detail depends only on the stress
range irrespective of the applied stress ratio, as illustrated in Figure [2.26

Therefore, it can be seen that tensile residual stresses can be very harmful so that
a fatigue crack could initiate under a compressive applied load. However, these
cracks will grow only in the tensile residual stresses region. As the cracks propa-
gate, they cause the stresses to redistribute and some of the tensile residual stresses
may relieve as a consequence. As soon as reaching the compressive residual stress
zone, the cracks stop propagating further.

Tension

=0

Tension

Compression

Longitudinal

Residual stress Residual stress

Figure 2.25: Residual stress distribution as a result of welding
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3 Fatigue assessment methods

Any comparison between loads, stresses or strains with their critical values is des-
ignated as strength assessment as these values are known to cause a definite de-
formation, a characterized damage, an incipient crack or total fracture. Similar to
the loads that can be composed of moments and forces, stresses and strains can
be of different types depending on the extent that the local effects are considered.
On the one hand, the stresses and strains are calculated from the loads, generally
by means of elasticity and plasticity theory. On the other hand, the critical values
are obtained by carrying out various tests. For fatigue strength assessment, the
prevalent testing method is to perform the tests at a specified stress range to obtain
the fatigue life of the specimen.

Depending on the exploited stress parameters, the strength assessment methods
can be divided into two categories:

e Global approaches

e [ocal approaches

The strength assessments that are derived directly from external loads (forces and
moments) or from uniformly distributed stresses at the critical cross section, are
described as global approaches. The latter stress type which is proceeded by the use
of linear elasticity theories, such as Euler-Bernoulli beam theory, is called nominal
stress. In global approaches, the occurrence of a global phenomena, such as total
fracture of the specimen is corresponding to the critical nominal stresses or loads.

The strength assessments that are derived from stresses or strains in the vicinity of
the crack initiation location (usually weld toe or weld root) are described as local
approaches. The local stresses or strains can be obtained from lab measurements
or numerical modelings such as FE? analysis. In local approaches, the local fatigue
damages such as crack initiation, crack propagation and final fracture can be con-
sidered.

Several methods have been proposed and elaborated for local analysis of welded
structures. Notch stress, notch strain and linear elastic fracture mechanics ap-
proaches are examples of local approaches that cover different fatigue damage
phases on a local scale. Due to the fact that in welded joints, fatigue cracks gen-
erally initiate at the weld toe or weld root, the knowledge of exact weld geometry
is the perquisite to a precise strength assessment using the mentioned methods.
Weld profile, on the other hand, usually do not imitate a uniform shape along its
length. As a result, extra effort has to be employed in order to obtain accurate
results according to the local approaches. A method which only accounts for the
structure geometry and excludes stress increase due to the weld geometry would
consequently require less effort. This method that lies between global and local

2Finite Element
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Figure 3.1: Variations of global and local approaches for fatigue strength assess-
ment, after [19]

approaches is designated as Structural stress approach.

Base upon the stress or strain parameters and the acquainted failure criteria,
distinct variations of global and local approaches can be classified as shown in

Figure

According to [3], fatigue analysis approaches, generally, can be divided into the
following categories:

e Nominal stress approach: uses the nominal stress range, Ao, which is calcu-
lated by the external or internal loads at the relevant cross section according
to the elementary theories of structural mechanics.

e Structural or hot-spot stress approach: uses the structural stress range, Aoy,
at the weld toe to account for the stress raise due to the inhomogeneities
introduced by changes in the structure’s geometry.

e Notch stress and notch intensity approach: uses the elastic notch stress range,
Aoy, or notch intensity factor to consider the stress increase due to both
geometry change and notch effect, at the weld toe or weld root.

e Notch strain approach: uses the local elastic-plastic strain range, Aegg, in
order to distinguish the relevant fatigue damage process in the material.

e Crack propagation approach: uses special crack growth parameters, such as
J-integral or stress intensity range, AK, to anticipate the crack growth rate,
da/dN, according to the linear elastic fracture mechanics (LEFM), assuming
an incipient crack.

Several researchers have done qualitative comparisons in terms of accuracy and
work effort of the mentioned approaches. According to [20], [21] and [22], the more
time consuming methods, such as the notch stress and LEFM approaches, exhibited
better agreement with experimental results than the nominal and structural stress
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Figure 3.2: Work effort and accuracy comparison of the different fatigue assess-
ment approaches, after [22]

methods. If the residual stresses are known, the two former methods, have the
capability to determine wether the fatigue crack initiates at the weld toe or weld
root. The effective notch stress is the only local approach for root cracking since
weld root is embedded and measurements are not possible. Figure illustrates a
summary of the accuracy and work effort comparisons from several design analysis
departments.

In the following sections, the mentioned methods are explicitly discussed. The
design concepts and recommendations according to IIW? and Eurocode are also
described.

3International Institute of Welding
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3.1 Nominal stress approach
3.1.1 Basic concepts

As discussed in the previous section, nominal stress is defined as the stress derived
from external loads in the critical cross section in question according to the ele-
mentary theories of structural mechanics. The nominal stress excludes any stress
raising effect due to welded attachments. Although, the nominal stress can vary as
a result of applied loads or macro-geometric changes, the effect of welded attach-
ments, has to be ignored, as it is shown in Figure [3.3] In such a case, the nominal
stress can be calculated simply by Navier’s equation as follows:

_F+M (3.1)
OTnom = — + 2 :

Weld

F< / e Ik — \O-nomg \ »F

M ) M

Figure 3.3: Nominal stress in a beam-like component [10]

In some cases where the model is complex or undetermined, finite element modeling
can be used to determine the nominal stress magnitude in the desired cross section.
Again, care should be given to exclude all the stress raising effects due to the welded
attachments. To pursue this goal and find the nominal stress from a finite element
model at weld toe, a line should be drawn along a path perpendicular to the toe.
This simple rule is on account of the fact that, the abrupt stress gradient in the
vicinity of the inhomogeneity (weld toe in this case) becomes zero further away
from it, and all that remains is the nominal stress. The implication of this is that
the nominal stress at the weld toe can be achieved by extrapolating the stress
further away from the toe, inwards. This is shown in Figure [3.4]

3.1.2 Design according to the Nominal Stress Approach

The nominal stress is the basis of the classical and most widely used approach for
the fatigue assessment of welded joints, i.e. Nominal stress approach. The Nominal
stress approach has been based upon a huge number of fatigue tests, mainly car-
ried out during 1970s for various welded and not welded joints. The experimental
results were used to assign the details to a set of uniform, linearized, parallelized
and equally spaced S-N curves corresponding to 97.7% survival probability. As the
nominal stress S-N curves are derived from the laboratory tests, they include the
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effects of geometry, material and weld quality to some extent.

The nominal stress approach is the basic fatigue assessment method of most of the
codes and standards, e.g. British standards, German standards, ITW recommenda-
tions and Eurocode. The latter two, use a set of 14 nominal stress fatigue strength
S-N curves, see Figure [3.5] Each S-N curve is identified by a FAT* value which is
the characteristic strength at 2 million cycles in MPa.

A change of slope from m=3 to m=>5 at 5 million cycles of load application at
stress ranges equal to Aop is apparent from Figure [3.5] This stress range is known
as constant amplitude fatigue limit and implies that the fatigue life of a constant
amplitude fatigue loaded detail will be infinite if the stress range does not exceed
this limit. However, according to [24], more and more tests of high cycle fatigue
resulting up to giga-cycles have revealed a further decline of S-N curve after the knee
point. The new ITW recommendations [10], adapted this new finding in their latest
guideline and drop the idea of a general fatigue limit for high cycles applications.
Consequently, a continuous decline of about 10% per decade in fatigue resistance
was assumed. In this new recommendations, the knee point is raised from 5 to
10 million cycles and S-N curves with uniform slope of m=3 for welded joints and
m=>H for base metal are specified. Figure demonstrates the new IIW nominal
stress S-N curves.

Based on the statistical evaluations of the test results, each constructional detail
is associated with one or several S-N curves, as illustrated in Figure [3.7]

Design procedure according to the nominal stress approach consists of two distinc-
tive steps:

4 Abbreviation for the English designation Fatigue class or detail class
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Figure 3.5: The nominal stress S-N curves of steel for normal stress range ac-
cording to [9]. Numbers on the curves indicate the FAT value.

1. Calculation of the normal or shear stress in the critical section in question as
described earlier.

2. Determination of the pertaining detail category from the tables provided by
the codes and guidelines.

Once the corresponding detail category is determined, it can be used to establish
the appropriate S-N curve. Comparing the nominal stress in the detail with the S-
N curve can lead to determine the fatigue strength and/or service life of the detail.
Alternatively, the S-N curve equation can be used to determine the fatigue life of
the detail (V) as follows:

) (32)

where C' and N, are constants corresponding to the fatigue strength and life at a
given point on the S-N curve, m is the slope of S-N curve and o, is the stress range.
In particular case that C' is chosen as the fatigue class of the structural detail at
issue, the corresponding fatigue life, Ny, is 2 million cycles.

| Q

N:N0-<

oy

For a welded joint that is fatigue loaded with shear stresses, FEurocode-3 recom-
mends 2 equally spaced S-N curves with constant slope of m=>5. Similar to direct

32 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



500 -

400 4 ; } [ ‘H
§ [ {11
300 - N
NN —m— 160
200 f\k\k\?\\ ! —e—125 ||
RN A 112
\\\\\\\~ [ NY
RN NN T —v—100
ANy S
T 190 AR im
S 80 - ~--\\\\:‘~ 4\\\\\ L T
= 7o RNy
60 A \\N\ NN st | —%— 56
< N NN Tt |
50 - ---Z::%E\Q:::» e 50
40 NN N“:-—0— 45
\\\\\\:‘: T 40
30 11 N —— —X— 36
Net of S-N curves for steel at \t\:‘ T
constant amplitude loading 0 N e
20 - R L
T
10000 100000 1000000 1E7 1E8 1E9

N cycles
Figure 3.6: The nominal stress S-N curves of steel for normal stress range ac-

cording to [10].

stresses S-N curves, the detail category (A7¢) is distinguished as the stress range
at 2 million cycles.

Multi-axial loading of welded joints, on the other hand, results in a biaxial stress
state with normal stress amplitudes o, and weld parallel shear stress amplitudes

c:)!:":lq Constructional detail Description Requirements
i itudinal ;| Details 1) and 2):
ey, |) Automatic butt welds carried | No stop/start position is permitted
125 out from both sides. except when the repair is
performed by a specialist and
@ 28— | 2) Automatic fillet welds. Cover | inspection is carried out to verify
@ plate ends to be checked using the proper execution of the repair.
detail 6) or 7) in Table 8.5.
Detail c . il - .
category onstructional detai Description Requirements
80 L<SOmm Longitudinal attachments: The thickness of the attachment
— must be less than its height. If not
71 50<L<80mm 1) The detail category varies see Table 8.5, details S or 6.
according to the length of the
63 80<L<|00mm attachment L.
56 L>100mm

Figure 3.7: Examples of constructional detail classifications and the corresponding
FAT walues according to [9).
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T|lo- Eurocode 3 and IIW recommendations, propose interaction formulas depend-
ing on the loading state.

The maximum principal stress amplitude can be regarded as the fatigue relevant
stress factor providing a proportional biaxial constant amplitude loading:

1
G0 = (gm o Jo? 4T”2a> (3.3)

On the other hand, providing a non-proportional biaxial constant amplitude load-
ing, the damages due to the normal and shear stresses have to be assessed sepa-
rately for each loading state and then similar to the Palmgren-Miner rule, the total
damage can be obtained by the summation of individual damages. The resultant
equivalent stress amplitude is assumed as the relevant fatigue stress factor:

Dtot = D(7 + Dq— (34)

3 5
Oceq a Ola Tla
( q ) - ( ; ) + (L) (0La < O1A;Tja < T)a) (3.5)
olA O1A 7||A

Where 0, 4 and 74 are the permissable stress amplitudes. The fractions of power
3 and 5 stem from the slopes of the S-N curves of normal stress and shear stress,
respectively. The total damage (Dyy) for design purposes, according to ITW and
Eurocode 3, has to be kept equal or less than unity for a given number of cycles to
failure.

3.1.3 Thickness effect

Due to the fact that nominal stress S-N curves have been derived from an extensive
number of experimental investigations for each constructional detail, they include
the effects of geometric variations to some extent. However, these experimental in-
vestigations were generally done on the small scale laboratory specimens with plate
thickness in the range of 10 — 30mm. The plate thickness in some bridge details
may be considerably larger. Consequently, the consideration of thickness effect in
fatigue resistance was first questioned during the 1970s. Gurney [25] performed
investigations based on the fracture mechanics and experimental results in which
led to the conclusion that plate thickness may have a considerable effect on the
fatigue resistance.

Thickness effect as a phenomenon in fatigue of welded joints was first included in fa-
tigue design codes of welded steel structures in 1984, such that the fatigue strength
abates as the plate thickness at the crack initiation point increases. Mashiri and
Zhao [26] have pointed out the following parameters as the main causes of thickness
effect:

e Statistical size effect: As mentioned before, fatigue is a highly localized
process that nucleate at a location where geometry, defects, material proper-
ties and stresses comfort the crack initiation and propagation. Thus, increas-
ing the plate thickness will intensify the probability of the existence of such
locations that are highly susceptible to fatigue failures.
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e Technological size effect: Differences in production parameters, such as
rolling reduction ratios or welding induced residual stresses for different plate
thicknesses, cause technological size effect.

e Geometrical size effect: As it is shown in Figure and under the as-
sumption that the initial crack growth conditions are independent of the plate
thickness, the initial crack at the weld toe, undergoes higher stresses as the
plate thickness increases. This leads to a higher crack growth rate in a thicker
plate.

Eurocode 3 and IIW recommendations introduce a strength reduction factor ()
which has to be considered where the plate thickness (t) is larger than the reference

thickness (t,ef).
tTe "
vy = ( f) > thes (3.6)

t

where the exponent n varies from 0.1 to 0.3 depending on the welded detail and
weld toe condition. The reference thickness which is the thickness that is assigned
to the S-N curve is ¢,.; = 25mm according to the aforementioned codes. The FAT
class of the constructional detail has to be multiplied by the reduction factor in
cases where the incipient crack is likely to commence at the weld toe and the plate
thickness exceeds the reference thickness value.
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3.1.4 Misalignment effect

In case of an axially loaded joint, secondary bending stresses as a product of mis-
alignment, give rise to the stresses in the weld joint. Figure |3.8b| illustrates two
common cases of axial and angular misalignment in a welded joint. Although mis-
alignment induced stresses do not take place in joints subjected to pure bending,
they do occur in parts of a component that is loaded in pure bending, where the
through thickness stress gradient is trivial, such as beam flanges.

However, as mentioned before, the nominal stress S-N curves have been derived
from experimental results which partially include misalignments. Therefore, an al-
lowable misalignment is already comprehended for different constructional details
in classified tables. Attention should be paid to the joints with larger misalign-
ments by implementing the stress magnification factor due to misalignment, &, ,
calculated by the formulas or stress analysis. For instance, axial misalignment of
cruciform joints with the same thickness and its corresponding stress magnification
factor are shown in Figure 3.9

In cases that the joint include both axial and angular misalignment, the equivalent
stress magnification factor should be applied as follows:

km =1+ (km,azial - 1) + (km,angular - 1) (37)

The effect of misalignment on the fatigue resistance can be obtained either by mul-
tiplying the calculated applied stress or by dividing the pertinent resistance S-N
curve by the stress magnification factor.

1
e km: ) "

D I A— ¥ - t-(l1+12)
l1 <l

l, | I3

Figure 3.9: Stress magnification factor for axial misalignment of cruciform joints
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3.1.5 Limitations

The nominal stress approach has been the most widely used fatigue assessment
method for decades. This method is generally referred to as the classic fatigue
assessment method. The ease of use for versatile structural details and the accept-
able accuracy, compared to the work effort, are some advantages of this approach.
However, the need for more complicated details on the one hand, and the rapid
development of computer based analysis tools on the other hand, have caused new
limitations for designers to use nominal stress approach. Some of this limitations
are:

e The structural detail and load type should fall under one of the design classes
that are provided by the code. Nevertheless, not all details are available in
the guidelines. Thus, in order to obtain a design class for such details, new
laboratory tests should be carried out. After performing statistical analysis of
the test results, the data can be consolidated into S-N curves for that detail.
This procedure is indeed expensive, time consuming and cumbersome.

e The structure or component should not be very complicated; otherwise the
nominal stress will be affected by various macro-geometrical factors. In such
a case, it is very difficult or even impossible to define the nominal stress
clearly in the section under consideration.

e The increased use of finite element analysis in modern design workflow makes
it even vaguer to distinguish the nominal stress in the vicinity of the welded
joint. This is due to the fact that, finite element analysis, by definition,
determines notch stress and not nominal stress. According to [24], up to
now, none of the available codes or guidelines have given concrete instructions
of how to determine the nominal stress from FE results. The methods to
determine nominal stress from FE results, likewise to the one described earlier
in this section, stem from the engineering judgment of the designer.

e The fatigue life of some details depends on the geometrical properties of
the joint such as the length of attachment, transition radius, etc. For such
details, IIW or Eurocode 3, usually defines several FAT classes for different
geometric combinations. The fatigue life, consequently, exhibits an step-wise
trend whereas it is, in reality, continuous. This basic limitation of the nominal
stress method, makes it in some cases complicated and not design efficient.
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3.2 Structural stress approach
3.2.1 Basic concepts

The stress distribution over the plate thickness in the vicinity of a weld toe is non-
linear. As shown in Figure this non-linearity is due to the notch effect of the
weld. The term Structural stress designates the basic stress by taking into account
the geometrical variations of the detail at the expected fatigue crack initiation area
(hot spot) excluding the notch effect. The structural stress, also known as geo-
metric stress, can be measured by strain gages or calculated by engineering stress
concentration factor formulas or finite element analysis [19, 28], 29]. The term hot
spot stress is referred to the temperature rise due to plastic deformations at the
crack initiation location.

The hot spot stress concept was first introduced for the fatigue design of tubular
structures in 1960s by Peterson, Manson and Haibach [3 B]. Over the years, the
advantages of this approach compared to the traditional nominal stress method
inspired design associations to introduce guidelines and instructions also for fatigue
design of plated structures using the hot spot stress. The hot spot stress, by
definition, is a fictitious value. Nevertheless, as demonstrated by Radaj [I], in
plate and shell structures it corresponds to the sum of membrane and bending
stresses at the weld toe.

The membrane stress, o,,em, Which is constant through the thickness is equal to
the average stress through the plate thickness. The shell bending stress, open,
has a linear distribution through the thickness and is equal to zero at the mid-
plane. The remaining self-equilibrating stress is the non-linear stress peak (o).
The magnitude of the latter stress depends on the weld toe shape and geometry
according to Niemi et al. [IT].

Hobbacher [10] suggests that for a given stress distribution o(z), the mentioned

Notch stress = omem + Oben + Onip

7

" o |~ * +€S

Figure 3.10: Membrane stress, plate bending stress and non-linear stress peak;
The three components of non-linear stress distribution through the plate thickness
at the weld toe ([11]).
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Figure 3.11: Structural stress in welded structural details

three components can be calculated according to:

Coem = % / : o(x)-da (3.8)
S t% ; (o(2) —o—mem)-(% —2)-de (3.9)
() = (&) — Omem — (1 — 2795) Gpon (3.10)

The structural hot spot stress (SHSS) disregards the notch effect caused by the
weld profile and comprises all other geometric parameters. As pointed out in [1],
the suppression of notch stress and the assumption of linear stress distribution
through the plate thickness, is a consistent way to define structural stresses at the
hot spot because a single-valued solution is achieved. Additionally, as the exact
weld profile is not known during the design phase, the exclusion of notch stress
appears to be reasonable. The notch effect is indirectly included in design S-N
curves as they are obtained from fatigue tests. Some examples of welded structural
details and structural stress distribution are shown in Figure [3.11]

As illustrated in Figure the perpendicular stress component to the weld
increases significantly in the vicinity of a weld toe prone to fatigue cracking. This
peculiarity of stress distribution in front of weld toe is primarily attributed to two
distinct stress raising factors:

o Macro-Geometric effect

e Weld notch effect

The introduction of local structural variations in welded structures causes the stress
in the vicinity of the weld toe to increase. The increase in stress due to macro-
geometric variations includes all stress concentration effects except the notch effect
induced by weld profile.

Additionally the stress near the weld toe increases dramatically due to the weld
profile. The introduction of a sharp transition at weld toe acts as a local stress
raiser that gives rise to a non-linear stress distribution through the plate thickness.

In a welded structure, the stress comprising the macro-geometric effects is desig-
nated as geometric stress. Structural hot spot stress approach is a local fatigue
evaluation method that is based on the geometric stress value at the hot spot.
However, the hot spot stress is an imaginary stress obtained by exclusion of the
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notch stress from the total stress at the hot spot. The conventional method for the
hot spot stress determination is to extrapolate the surface stress at certain reference
points to the weld toe. The surface stress can be obtained either from experiment
or appropriate finite element modeling. In addition to that, in the recent years by
further advancements of computational possibilities, other variants of structural
hot spot stress method have been developed. These methods are based on finite
element method and often require high computational power. Among these meth-
ods, particularly the approaches by Dong [31], Dong et al. [32], Xiao and Yamada
[33] and Poutiainen and Marquis [34] are remarkable and will be introduced and
discussed in this chapter together with the conventional structural hot-spot stress
approaches. Figure [3.13] shows a summary of the most common structural stress
calculation approaches.

Stress increase due to
[ local weld geometry

Surface stress

/—Geometric stress increase
/—Nominal stress

Y

Distance from weld toe

A
lExpected crack location at - SF*
the weld toe (hot spot)

v

Figure 3.12: Stress distribution near the weld toe

(b)

Figure 3.13: Alternative methods of SHSS calculation [30]: (a)Surface stress
extrapolation, (b)Through thickness stress linearisation, (c)Stress equilibrium at
distance 0 from the weld toe (Dong method)
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The structural hot spot stress concept is yet a research area in progress and a
high amount of ongoing researches are aiming to improve this method [24]. TIW
recommendations, which is one of the most comprehensive guidelines regarding
the structural hot spot stress approach, has undergone substantial revisions in its
section dedicated to the structural hot spot stress from 1996 to 2009. This alone
can confirm the high amount of research made to improve this method.

3.2.2 Applications

The structural hot spot stress approach was first used as a fatigue evaluation
method in offshore structures. It has been used for many years to assess the
fatigue strength of welded details particularly in tubular structures. However, the
implementation of the SHSS approach for other types of structures such as plated
details is a work in progress. Several research projects and institutes across the
world have been working to adapt this method in their field of application. It was
first in 1990 when Radaj [I] summarized the earlier investigations and developed
a local concept for geometric stress calculated according to the structural theo-
ries used in engineering. He presented applications of the new approach to several
welded plated structures.

As early as 1991, Petershagen et al. [35] re-evaluated [I] and concluded a gener-
alized hot spot stress approach for plated structures. Fricke and Petershagen [36]
applied the proposed model to complex plated ship details. The method has been
in progress since then and has been applied successfully to design of welded plated
structures in ships or bridges (e.g. [23, B7-40]) as well as in commercial vehicles

(e.g. [41]).

The structural hot spot stress approach is still a relatively new fatigue design
method in plated structures. It is not as widely used as the nominal stress method
and only a few design codes such as British Standard BS 7608:1993 [42] and Eu-
rocode3 ENV 1993-1-1 [9] have suggested the SHSS approach as an alternative
evaluation method. Eurocode 3 refers to the structural hot spot stress as ‘geo-
metric stress’ and was the first general design code to include it. Nevertheless,
it is deficient regarding the given instructions for the finite element modeling and
the hot spot stress calculation. ITW recommendations [10, [IT], on the other hand,
provide comprehensive instructions for designers in that regard.

Numerous applications of the structural hot spot stress approach in combination
with the finite element analysis, in different industrial fields, have demonstrated
the suitability of this method in the following situations:

e Where there is no clear nominal stress definition as a result of complex struc-
ture

e (Cases where the joint in question is not classified under the standard construc-
tional details in tables provided by the design code. This can be interpreted
as either the detail is not available in the code or some of its features do not
comply with the code requirement(s). In any of these cases, local approaches
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such as the SHSS approach can be alternative evaluation methods.

e If the calculation of the nominal stress is not straightforward and requires
post-processing, particularly when using a correspondent finite element model.
In such cases, it is recommended to use local approaches such as the SHSS
method in order to improve the accuracy of the fatigue life estimation of
component.

e In case of field or laboratory tests, where the stresses are derived from strain
gauge measurements, the SHSS method provides a valuable tool to place an
adequate number of strain gauges at appropriate locations and calculate the
hot spot stress according to [43].

One advantage of the structural hot spot stress approach over other local ap-
proaches such as the effective notch stress method or the LEFM method, is the
lower computational requirements and sensitivities of this method. The imple-
mentation of the SHSS approach in combination with the finite element analysis
requires a rather fine mesh at the weld region. Nevertheless, the mesh size require-
ments and consequently the demanding computational power is much higher in the
other mentioned methods. Moreover, the LEFM method is very susceptible to the
initial crack size and material fracture properties and therefore can be mainly used
in cases with a known crack size.

Another advantage of this method is the fewer number of required S-N curves than
the nominal stress method for fatigue life evaluation. At the time being, 1ITW
recommendations and Eurocode3 have defined only two FAT classes for fatigue
evaluation based on the SHSS approach; FAT90 for load carrying and FAT100 for
non-load carrying welded attachments. The fewer number of design classes irre-
spective of the joint geometry is consistent with the hot spot stress principal of
including the macro-geometric stress raisers.

Here, in order to distinguish the advantages of the SHSS approach over the nom-
inal stress method, an example of the fatigue life prediction of a structural detail
using both methods is presented. In this investigation, the fatigue life of a fillet
welded longitudinal non-load carrying attachment is calculated according to both
the nominal stress method and the SHSS approach. Figure depicts the in-
vestigated detail. The fatigue evaluation of this detail is thoroughly discussed in
Chapter ] Both IIW and [Eurocode3| define several fatigue classes based on the
attachment length (L) for this detail. As a result of this step-wise classification,
the detail exhibits an intermittent fatigue life whereas, the fatigue strength and
consequently fatigue life are continuous functions of the attachment length.

The fragmentizing of fatigue life of such details in codes is due to the fact that the
nominal stress method does not account for the geometric variations of a detail.
Thereby, codes and guidelines are compelled to subdivide its fatigue life by means
of a step function. The structural hot spot stress approach, on the other hand, does
not have this limitation and the structural hot spot stress FAT100 is applicable to
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Figure 3.14: Longitudinal non-load carrying attachments

this detail irrespective of its attachment length.

An investigation of longitudinal attachments of 100mm height and 10mm thick
plates is reported by Asa Eriksson et al. [23]. The investigated details were sub-
jected to an axial nominal tensile stress equal to 80 MPa. The structural hot spot
stresses were determined using finite element analysis for attachment lengthes of
40, 75, 150, 200 and 300mm. Figure [3.15] demonstrates the fatigue life prediction
of longitudinal non-load carrying attachments with varying gusset length accord-
ing to the nominal and the SHSS method using the reported data. It is apparent
that the SHSS approach obtains a continuous fatigue life for the specimens with
varying attachment lengthes. On the contrary, the nominal stress method reveals
an step-wise fatigue life for the detail. The discontinuous predicted fatigue life
obtained from nominal stress method can lead to either very none-conservative
predictions or fatigue lives which are substantially on the safe side. Furthermore,
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Figure 3.15: Futigue life prediction of longitudinal attachments as a function of
gusset length (Data partly from [23])
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it is apparent that Eurocode 3 has a different classification for this detail than
ITW recommendations. Comparisons of the fatigue test results of non-load carry-
ing longitudinal attachments with different gusset lengthes and those predicted by
the nominal stress and the SHSS approaches are presented in Chapter [ Having
compared the actual fatigue life of the detail with prediction models, the accuracy
and reliability of each method is identified.

Several investigations (|44}, [45]) on fatigue cracks initiating from plate edge have
shown that for the hot spot stress determination, plate thickness can not be a
good reference parameter. Therefore for plate edge fatigue cracks absolute posi-
tions for stress evaluation points are recommended [6]. Consequently, in order to
codify this, designer’s guide to the structural hot-spot stress approach [11] and ITW
recommendations [10], classify two types of hot spots in welded details:

e Type a in which the weld is located on plate surface

e Type b in which the weld is located at plate edge

Figure demonstrates the classification of hot spot types.

3.2.3 Experimental evaluation of the SHSS

Generally the stress analysis in the experimental investigations is accomplished
by employing strain gauges. The strain gauges are only capable of monitoring
the stress state at the surface of the component being tested. Thus, in order to
experimentally evaluate the SHSS, surface stress extrapolation would be the most
convenient method. The number and arrangement of the strain gauges depends
on the magnitude of bending stresses, the plate thickness and the hot spot type.
Figure[3.17]illustrates various arrangement of strain gauges for the SHSS derivation.

Type ‘a’ hot spots:

Figure 3.16: Different types of hot spots [10]
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For fatigue cracks initiating from a plate surface (Type a hot spot), previous studies
have reported that the area where the stress distribution is influenced by the non-
linear notch effect lies within a radius of approximately 0.3t to 0.4t in front of
the weld toe on the plate surface. Hence, in order to exclude the non-linear stress
peak, the first reference point is defined at 0.4t from the weld toe. For linear
extrapolation, the second point is chosen at 1.0t from the weld toe, see Figure [3.17h.
Hence, the structural hot spot strain is given by:

Ehs = 1.6760_4t — 0.6781.(),5 (311)

Where €g.4¢ and £1; are the measured strains from the strain gauges attached on
the plate surface at distances 0.4t and 1.0t from the weld toe, respectively.

In cases of pronounced non-linear structural increase towards the weld toe, linear
extrapolation underestimates the actual structural hot spot stress. An example
of such circumstances would be where a main plate is resting on a comparatively
stiffer support (e.g. welded cover-plate on a beam flange that is supported by
the web). Alternatively, a quadratic extrapolation method is suggested in which
the strain gauges are placed at 0.4t, 0.9t and 1.4t as shown in Figure [3.17b. The
structural hot spot strain is consequently obtained from:

Ehs = 2.5250.4,5 — 2.2460_9,5 + 0.7261_4t (312)

04t 105t
0.5t
04t
(a) % (b)

- e
\\/l ©

Figure 3.17: Strain gauges arrangement in plated structures in order to obtain the
structural hot spot stress: (a)Linear extrapolation of surface stress, (b)Quadratic
extrapolation of surface stress, (c)Absolute positioning of strain gauges for quadratic
extrapolation in case of plate edge attachments (Type b hot spot)
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Type ‘b’ hot spots:

As mentioned before for type b hot spots, the stress distribution in the vicinity of
the weld toe does not depend on the plate thickness. Therefore, IIW recommends
absolute positioning of the reference points at distances of 4, 8 and 12mm from the
weld toe for implementation of a quadratic extrapolation. Thus, the structural hot
spot strain is calculated as follows:

Ehs = 354mm - 358mm + €12mm (313)

Eventually, for a uniaxial stress state, the structural hot spot stress for both types
‘a’ and ‘b’ can be estimated from the Hook’s law:

Ohs :E'Ehs (3.14)

In case of multi-axial stress state, it is recommended to establish the ratio of the
longitudinal and transverse strains (g, /¢,) in order to improve the accuracy. The
mentioned ratio can be obtained by using rosette strain gauges or finite element
analysis (|[IT]). The structural hot spot stress can be obtained from:

1+V§—Z

1—0v2

O'hS:E'&Tx‘ (315)
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3.2.4 The SHSS evaluation using finite element method

Recent improvements of computational analysis methods along with the develop-
ment of powerful computers, have paved the way for the application of new fatigue
assessment methods. The SHSS approach as a relatively new fatigue evaluation
method have shown to yield potentially accurate results in combination with the
finite element method. Niemi and Marquis [38] have reported an accuracy range
of £10% for the results obtained by FEA.

Based on the definition of the SHSS, it should include all the stress raising effects
exempting those induced by the weld geometry. Except for very simplified models,
this can not be achieved by simple analytical calculations. As an alternative, finite
element analysis can be performed to determine it. However, the application of
FEA requires relatively more computational effort than the conventional nominal
stress method. On the other hand, The FEA results are found to be extremely
sensitive to the mesh size and type of finite elements at the weld toe region due to
the abrupt stress concentration. Therefore, a comprehensive guideline for the basis
of the structural hot spot stress evaluation using finite element method is required.

In 2006, ITW Commission XIII published an updated version of a designer’s guide
for the structural stress approach to fatigue analysis of welded components [T1].
This guide provides detailed instructions on the appropriate application of FEA to
evaluate the fatigue life of plate-type structures. In addition to that, Lotsberg [7]
has compared the mesh size and element type effect on the calculated SHSS for
various plated details. Based on the findings of this study, recommendations are
given for the finite element modeling and analysis procedure for such details.

It should be noted that, although currently a high number of sophisticated com-
mercial finite element analysis programs are available, it is still left to the analyst
to assess the results, simplify the model, define the suitable boundary conditions
and loads, and choose appropriate analysis and element types. It is also the analyst
responsibility to always check the creditability of the results by rough calculations.

In practice, there is a high demand for limiting the necessary computational power
and effort to determine the SHSS. As a result, relatively simple models and coarse
meshes are preferred. On the other hand, the model should be able to catch the
formation of steep stress gradients at the hot spot region. Primarily, two types
of elements are capable of capturing the plate bending; Shell and Solid element
models, see Figure [3.18

The simplest modeling alternative is offered by shell elements arranged in the mid-
plane of the associated plate. Shell elements are the most widely used element
types in the engineering applications since they require relatively less modeling ef-
fort and computational power. Therefore, as long as it doesn’t affect the accuracy
of the results, shell elements are the preferred meshing technique for the SHSS
determination. Besides, the fact that the modeling procedure occupies the greatest
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Figure 3.18: Typical finite element models for the plate-type welded joints:
(a)Shell elements without welds, (b)solid elements

portion of the time required for the SHSS calculation gives additional preferences
for the use of shell elements for this purpose.

Two types of shell elements exist; thin and thick shell elements. The thin shell ele-
ments behave according to the Kirchoff plate theory and thus the shear deformation
through the element thickness is neglected in these elements. On the contrary, thick
shell elements consider shear deformation through the element thickness by assum-
ing the Mindlin plate theory. Accordingly, thin shell elements are best adapted
for thin structures where classical shell theory is applicable, whereas, the thick
shell elements are better suited for situations where a realistic representation of
the plate stiffness is essential. In addition to that, 8-node isoparametric elements
are recommended by Fricke [6] for the SHSS analysis based on shell elements.

When using shell elements for evaluation of welded structures, the welds are usually
not modeled. Therefore, the plate attachments should be extended to the midplane
of the plate. However, this simplification might underestimate the stiffness of the
weld. Furthermore, in case of plate offsets (e.g. cover plates), or adjacent welds
the weld should be modeled. As illustrated in Figure [3.19, modeling the weld
in shell element models can be archived by several alternatives. [28] and [23]
have thoroughly investigated different proposals together with their advantages
and limitations.

The SHSS can also be obtained by using Solid element models, see Figure [3.18p.
Solid elements are particularly recommended in case of complex structures. One
layer of isoparametric 20-node elements in thickness direction yields reasonably
accurate results due to the quadratic displacement function and linear stress dis-
tribution. The linear distribution of stress in thickness facilitates the SHSS deter-
mination directly at the weld toe. However, when multi-layer solid element models
are used (e.g. when half of the plate thickness is modeled), the stress distribution
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Figure 3.19: Various alternatives of modeling the weld: (a)modeling the weld with
oblique shell elements, (b)modeling the weld with shell elements, (c)modeling the
weld with straight rigid link, (d)modeling the weld with straight rigid link and shell
elements with increased thickness, (e)modeling the weld with rigid bar, (f)modeling
the weld with solid elements

Rigid link
Shell element with
increased thickness

through the thickness becomes non-linear. Subsequently, to obtain the SHSS, the
through thickness stress should be linearized or alternative SHSS determination
methods should be used. Moreover, using several solid elements through thickness
drastically increase the computational model.

When analyzing large structures, modeling the entire structure with solid elements
is not often feasible due to the large resulting computational model. Further-
more, except for critical sections such as weld toes or attachment connections, the
parabolic shell elements also yield acceptable results in case of models with large
areas of thin plates. Additionally, the use of shell elements considerably reduce the
computational model size. Therefore, a solution is to use solid elements to merely
model the areas in the vicinity of the weld and switch to shell elements for the
connecting plates. Care should be given to provide adequate rotational stiffness at
the connection point as the shell elements normally can not transfer any moment
to the solid elements.

Another problem with solid element models is that by having a fine mesh at the
weld toe region the model size increases quickly. Sub-models are a good solution to
locally increase the mesh density while keeping a relatively coarser mesh for the rest
of the structure. In sub-modeling approach, the model with relatively larger mesh
is used to calculate the global deformation of the structure. This model is called
Global model. Having obtained the global stresses, a local model is constructed
to model the area in question with an appropriate mesh size needed to obtain the
stress accurately. Eventually, the deformations obtained from the global model are
used as boundary conditions for the local model (sub-model). Figure demon-
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strates an example of sub-modeling technique application to compute stresses at
the weld toe of a cope-hole detail with an extremely fine mesh.

When constructing a solid element model, tetrahedral elements can be used instead
of isoparametric elements. Tetrahedral elements, which are often available in CAE
(Computer Aided Engineering) softwares, are famous for the easy mesh generation
(free meshing technique). This feature dramatically reduces the time required to
establish a finite element model. However, the linear tetrahedral elements are not
suitable for the SHSS determination. Instead, only higher order tetrahedral ele-
ments with sufficiently fine mesh in the vicinity of the weld toe should be used.
Additionally, the results should beproperly verified by the analyst.

When using solid elements, the weld can be easily modeled with prismatic elements.
In addition to that, the gap between two plates is not needed to be modeled as it
has little influence on the results. Nevertheless, in case of plate offsets the gap has
to be modeled by a relatively small offset between the plates.

Finite element analysis of large structures with several critical points can be con-
ducted in two stages. In the first stage, the entire model can be constructed with a
coarse mesh. This way, the potential hot spots can be achieved. In the next stage,
either sub-modeling approach can be implemented or the mesh can be refined at
the hot spot regions.

The following recommendations should always be noted when using the finite
element method for the SHSS evaluation:

e The element types should be chosen to allow for a linear stress distribution
through the thickness. This can be obtained by adapting 8-node shell el-

s, S11
(Avg: 75%)

Figure 3.20: An example of sub-modeling approach to refine the mesh density at
the critical section
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ements or one layer of 20-node solid elements with reduced integration. If
a multi-layer solid elements are used, the non-linear stress peak should be
excluded by one of the available SHSS determination methods. Figure [3.21
depicts the recommended 3D element types for the SHSS determination using
FEM.

e In case of shell elements, the weld can be omitted. In such a case, it is
recommended to select the structural intersection point as the weld toe rep-
resentative. This is due to the weld stiffness underestimation as a result of
neglecting the weld.

e Linear elastic analysis can be assumed. In addition to that, the weld can be
assigned the same mechanical properties as the parent metal.

e The meshing and partitioning procedure of the area close to the weld should
be carried out in a way that the stress read out points, for post processing of
the results, lie on the elements’ integration points or nodal points.

e In case of using the nodal values at the evaluation points, the stress averaging
option for the intersecting shell or solid elements should be turned off. An
example would be the case of two adjacent elements where one is highly
stressed and the other one is not. If the element averaging is exploited,
the post processor software uses an average of the two element stresses for
the nodal value at the intersection point. This value is not valid and has
no practical serviceability. Therefore, it is recommended to only pick the
elements of interest in front of the weld toe for further evaluations.

e The ratio of the largest to the smallest element edge must not exceed 3.
e The mesh should be gradually refined at the weld region.

e [IW recommendations and Eurocode 3 advise to use the maximum principal
stress as the appropriate stress component if it is oriented within 60° of
the normal stress. Otherwise, the perpendicular stress component has to be

studied.

(a) (b) (c)

Figure 3.21: The recommended 3D element types for the SHSS calculation using
FEM: (a)8-node shell elements arranged at the mid plane of the plates, (b)20-node
isoparametric solid elements with reduced integration, (c)10-node parabolic tetrahe-
dral elements with sufficiently fine mesh at the hot spot
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e [f the possible misalignments are not considered in the FE model, the stresses
should be magnified by means of an appropriate stress magnification factor
provided by codes for different misalignment categories.

3.2.5 The SHSS according to surface stress extrapolation

Surface stress extrapolation is the conventional method to exclude the non-linear
stress peak from the surface stress and determine the SHSS. In this method the
SHSS can be achieved by extrapolating the plate surface stress towards the weld
toe at certain reference points located within a reasonable distance from the weld
toe where it is not influenced by the weld geometry. Comparative investigations
have shown that for the fatigue cracks initiating from the main-plate surface, the
reference points are located at distances from weld toe which are fractions of the
plate thickness. It is generally accepted that at a distance of 0.4t from the weld toe,
the stress is not anymore affected by the weld geometry, see Figure [3.22] However,
for attachments welded at a plate edge, plate thickness is not considered a relevant
parameter.

Accordingly, the FE results can be applied to the surface stress extrapolation. Nev-
ertheless, systematic stress analysis of various details with different element types
and mesh qualities have confirmed that certain rules for the finite element modeling
and stress evaluation have to be essentially followed to obtain comparable results
[6-8, 111 [46]. It has been observed that in case of two-dimensional FE analysis the
surface extrapolation results become unsensitive to the mesh size as long as certain
limits are met. However, it doesn’t always apply for the three-dimensional FE
analysis. Therefore, certain meshing recommendations have to be strictly followed
in order to have consistent results.

Notch stress

Stress increase due to
local weld geometry
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Distance from weld toe

Hot spot stress Extrapolation points

Geometric stress increase
Nominal stress

Surface stress

F - &— Expected crack location at F
the weld toe (hot spot) *

A 4

Figure 3.22: Stress distribution near the weld toe
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IIW recommendations [10], proposes two meshing densities for shell and solid el-
ements; Fine and coarse mesh. The requirements of the recommended meshing
techniques are presented in Table [3.1] Here the specifications and requirements for
each of these meshing techniques along with different extrapolation methods are
further discussed.

Fine mesh

It has been confirmed that the finite element models with a fine mesh generally
yield more accurate results. Niemi et al. [IT] recommends to particularly use a fine
mesh for the following:

e Where the stress gradient close to the hot spot is high
e Details with adjacent discontinuities

e Where a comparison between measured data and FEA results is carried out

For type ‘a’ hot spots the first element length should not exceed 0.4t in the loading
direction. As nodal stresses are exploited in fine meshes, one of the side edges of
the elements in front of the weld toe must lie on the extrapolation path. Thus,
the element width should not be more than w/2 (w being equal to the attachment
thickness plus two weld leg lengthes as shown in Figure . For type ‘b’ hot
spots the element length for the first three elements should not exceed 4mm. The
extrapolation procedures and formulas for various alternatives are given below:

e Linear extrapolation of type ‘a’ hot spots: Evaluation of nodal stresses at ref-
erence points 0.4t and 1.0t according to Equation|3.16/as shown in Figure [3.23h.

Ops — 1.67'0’0‘415 - 0.67'0’1.015 (316)

e Quadratic extrapolation of type ‘a’ hot spots: Evaluation of nodal stresses
at three reference points 0.4t, 0.9t and 1.4t according to Equation as
shown in Figure |3.23b. The quadratic extrapolation is recommended in cases
of considerable non-linear stress increase at the hot sot, sudden change in the
applied force direction or for structures with thick plates.

Ohs = 2.52'0’0.475 - 2.24'0’0.975 + 0.72'0'1.4,5 (317)

e Quadratic extrapolation of type ‘b’ hot spots: Evaluation of nodal stresses
at three reference points 4,8 and 12mm according to Equation |3.18] as shown
in Figure [3.24h.

Ohs = 3 O4mm — 3 O8mm T 012mm (318)

Coarse mesh

A relatively coarse mesh can also be used to determine the SHSS. A finite element
model with a relatively coarse mesh requires less computational power and is advan-
tageous over the same model with a fine mesh in this regard. In this method, in case
of shell elements the stresses at reference mid points and in case of solid elements
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the stresses at reference elements’ surface mid side nodes are linearly extrapolated.
Due to the singularity at the weld toe, the stress obtained from the first element is
slightly exaggerated. This compensates the uncertainty of linear extrapolation of
stresses obtained from approximately distant reference points. Thus, when using
a coarse mesh, the recommended elements sizes should be strictly followed and no
alteration is permitted. Niemi et al. [11] recommends to use a coarse mesh in the
following cases:

e The stress gradient close to the hot spot is not severely high
e Details with no other discontinuities close to the hot spot
e 8-node shell elements or 20-node solid elements are being used

e Stresses are obtained at mid points or surface mid side nodes

For type ‘b’ hot spots the first two element lengthes should not exceed 10mm. The
extrapolation procedures and formulas for different hot spot types are given below:

e Linear extrapolation of type ‘a’ hot spots: Evaluation of stresses at mid side
nodes of elements with lengthes equal to plate thickness at two reference
points 0.5t and 1.5t according to Equation [3.19] as shown in Figure [3.23.

Ohs — 1.5‘0’0.5,5 — 0-5'01.5t (319)

e linear extrapolation of type ‘b’ hot spots: Evaluation of stresses at mid side
nodes of elements with lengthes equal to 10mm at two reference points 5 and
15mm according to Equation 3.20] as shown in Figure [3.24p.

Ohs = 1~5'U5mm - 0~5'015mm (320)

Table 3.1: IIW ([10]) Recommended meshing and extrapolation methods for sur-
face stress extrapolation approach as illustrated in Figure[3.23 and[3.2]

Type of model Relatively coarse mesh Relatively fine mesh
Type a Type b Type a Type b
Element size Shell ¢ x ¢ 10 x 10mm <04t xtor <4 x4mm
max t X w/2" <04t x w/2
Solid ¢ xt 10 x 10mm <04t xtor <4 x4mm
max t X w <04t x w/2
Extrapolation Shell 0.5t and 1.5t 5 and 15mm 0.4t and 1.0t 4,8 and 12mm
points mid side points™ mid side points nodal points nodal points
Solid 0.5t and 1.5t 5 and 15mm 0.4t and 1.0t 4,8 and 12mm
surface center  surface center  nodal points nodal points

Y wis equal to Attachment thickness plus two weld leg lengthes

" Surface center at transverse welds, if the weld below the plate is not modeled

54 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



RERAANER Mt

04 o4 05t

10t 09t 15t

(a) (b) (c)

Figure 3.23: Hot spot type ‘a’ surface extrapolation method: (a)Linear surface
stress extrapolation at nodal points of fine mesh (as shown or finer), (b)Quadratic
surface stress extrapolation at nodal points of fine mesh (as shown or finer),
(¢)Linear surface stress extrapolation at element mid side nodes of coarse mesh
(fized element sizes)
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Figure 3.24: Hot spot type ‘b’ surface extrapolation method: (a)Quadratic surface
stress extrapolation at nodal points of fine mesh (as shown or finer), (b)Linear
surface stress extrapolation at element mid side nodes of coarse mesh (fized element
sizes)

Furthermore, care should be given to the design of welded joints with plate thick-
nesses higher than 25mm as the surface stress extrapolation method is not sensitive
to the plate thickness. In such cases, the the empirical thickness correction factor
that diminishes the fatigue strength has to be considered as follows:

Aoy (t > 25mm) = Aoyt = 25mm)(te/t)" (3.21)

According to [I1], the exponent n varies between 0.1-0.3 depending on the at-
tachment type such that n = 0.1 for longitudinal edge attachments, n = 0.2 for
butt-welded joints and n = 0.3 for fillet welded joints.
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3.2.6 The SHSS according to through thickness stress linearisation

A linear formulation of the non-linear stress distribution directly at the weld toe
is called through thickness stress linearisation, see Figure In this method,
first, the non-linear stress distribution is integrated over the plate thickness, then,
a linear distribution is generated from the outcome. Finally, the integration of the
resulting linear distribution produces the bending and membrane stress compo-
nents. These components can be used to derive the SHSS.

Many finite element analysis softwares, including Abaqus CAE, have the built in
post-processor to perform the linearisation procedure automatically. However, as
discussed before, the analyst should always ensure the credibility of the results. For
instance, when using the through thickness linearisation method, the analyst should
only make use of the elements in front of the weld toe while the nodal averaging
function is turned off. This can be explained by the fact that the weld metal, due
to its extra material, undergoes lower stresses, whereas, the elements immediately
in front of the weld toe withstand higher stresses. The nodal averaging procedure,
thus, lower the stresses at the weld toe which can result in an underestimation
of the computed SHSS. This can be particularly more troublesome in case of FE
models with relatively coarse meshes since they are not essentially constructed to
capture the stress raise at the sharp weld toe.

Similar to the surface stress extrapolation method, the through thickness lineari-
sation is mesh size dependent. However, according to Poutiainen et al. [46], the
through thickness linearisation method is more forgiving when it comes to mesh
requirements. When using solid elements to compute the SHSS by the through
thickness linearisation, it is recommended to use at least three isoparametric solid
elements in the thickness direction to gain an acceptable accuracy in the none-
linear stress calculation at the weld toe [23].

In conclusion, when using the trough thickness linearisation method, extra consid-
eration should be given to the nodal averaging. In addition to that, only elements
in front of the weld toe should be included in post-processing of the results and the
weld element and elements behind the weld toe must be clearly excluded.

Ops Notch stress
M 2 2

(0}
.<P X t$P>I

Figure 3.25: Through thickness stress linearisation at weld toe
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3.2.7 The SHSS according to Dong

Dong [31] and Dong et al. [47] have proposed another method for the structural
stress calculation similar to the trough thickness linearisation method but at a dis-
tance o from the weld toe. As approaching the weld toe, the obtained stress values
become affected by the asymptotic singularity caused by the notch. Consequently,
the local stresses near the notch are mesh size sensitive. The Dong method is
claimed to be mesh insensitive as it makes use of the stresses at a distance o from
the weld toe. In this method, the structural stress can be derived by establish-
ing the equilibrium conditions at the weld toe for the normal and shear stresses
acting in the distance 0, see Figure As a result, for a solid model with mono-
tonic through thickness stress distribution (Figure [3.26b), the membrane (o,,) and
bending o}, portions of the stress at the weld toe can be obtained from:

1 t
Om = ;/ 0. (y)-dy (3.22)
£ £ 3 !
Om*— t 0y — = / Gx(y)-y-dy—l—(;/ Tay(y) - dy (3.23)
2 6 0 0

In case of non-monotonic through thickness stress distribution, such as symmetric
fillet welded attachments or thick sections, the linearisation is performed to a finite
depth ¢; < t. According to [31I], the depth ¢; can be assumed up to a depth
where the transverse shear stress changes direction. Four double-sided welded joints
subjected to symmetrical loading configurations, the depth ¢; can be substituted by
t; = t/2. In addition, since the linearisation is performed partially to the depth ¢,
and the lower boundary at this depth is no more a free surface, the stresses acting at
the lower area at the depth t; have to be included in the equilibrium equations, see
Figure [3.26c. Subsequently by imposing equilibrium conditions between sections
A-A" and B-B’, it can be concluded that the structural stress components must

Weld
[T 6 5 5
Om Op Om, Sb
A B . AT E/Tx(}’) _'Il‘_'l p? g 7,(y)
> B ! =20 %T ol
t ! = I = NI L A
= ) A p—=B )
Y =R | to,(x) oY)
X t |
A B A B
(a) (b) (c)

Figure 3.26: The structural stress according to Dong: (a)Stress distribution trough
thickness at weld toe and at distance 0 from weld toe, (b)Linearized structural stress
through plate thickness at weld toe (section A-A) equilibrated by stresses at section
B-B, (c¢)Linearized structural stress through variable thickness (t1) at weld toe (sec-
tion A-A’) equilibrated by stresses at section B-B’
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Figure 3.27: The structural stress according to Dong in case of shell elements

satisfy the following conditions:

1 [h 1 /e
Om = i o.(y)-dy + 0l Tyo(x) - dx (3.24)
£ t n "
Um'§+0b'g = /0 ax(y)-y-dy—k(?/o Toy(y) - dy

+/06 o, (x)-z-dz (3.25)

In case of shell elements, as shown in Figure the structural stress calculation
procedure consists of transferring the global coordinate system to a local coordinate
system in which the local axes 2’ and 3’ are perpendicular and parallel to the weld
toe, respectively. The line forces and moments derived from the nodal forces and
moments can consequently being converted to the structural stress components at
Section A-A as given below:

(3.26)

Og = Oy, + 0p =

Jar 6(my’+5'f2’)
t + 12

Although the Dong method is claimed to be mesh insensitive even for hot spots
with steep stress gradients, investigations (|8, 46]) have shown a considerable mesh
sensitivity in case of solid elements. Disregarding the influence of the shear stresses
acting in the lateral faces of the elements has been found to be the reason for this
observation. This causes inaccuracies depending on the element size. Nevertheless,
according to [46], at § = 0.4¢, the influence of these extra shear forces is negligible.
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3.2.8 The SHSS according to Xiao and Yamada

Xijao and Yamada [33] have proposed an unconventional structural stress concept
based on the calculated stress at depth 1mm below the weld toe. The method is
founded on analysis results of a reference structural detail, a non-load carrying cru-
ciform joint with plate thickness of 10mm, see Figure [3.28 Finite element analysis
of this reference detail, revealed that irrespective of the weld toe geometry, at one
millimeter in depth the through thickness stress value drops to approximately the
nominal stress. Moreover, this stress is shown to be correlated with early crack
propagation phase.

In order to obtain the structural stress according to Xiao and Yamada, the finite
element model should be constructed with a necessarily fine mesh that is capable
of providing the stress at 1mm in depth with an acceptable accuracy. The au-
thors have determined 1mm as the maximum allowable element length. In case of
shell elements, Doerk et al. [8] have investigated the element size and type effect
on calculated Imm-stress. They reported a surprisingly lower obtained stress for
8-node shell elements compared to 4-node elements, having quadratic and linear
displacement functions, respectively. The singularity caused by the notch at the
weld toe is seen to be the reason, as it produces increased stresses at the plate edge
and consequently decreased stresses at the bottom edge of the element, i.e. Imm
in depth. Thus, it is recommended to use only elements without misdid nodes if
the element length is chosen equal to Imm. Furthermore, in case of hexahedral
elements the element length should not exceed the 1mm limit as well.

This concept has been verified by the authors by applying it to several welded
joints similar to the reference detail, such as longitudinal and transverse attach-
ments. The fatigue lives obtained from fatigue tests were plotted against the struc-
tural stress Imm in depth. The resulting diagram exhibited a sufficiently narrow
scatterband whose lower bound was corresponding to the design class FAT100.
Furthermore, Noh et al. [48] have employed this method for fatigue assessment of
load-carrying fillet welded cruciform joints and have confirmed its applicability to
fatigue assessment of load-carrying attachments.

, Fatigue strength of
Reference detail reference detail

N l{m RN
<‘J} o 'E> %A

>N

/
Fatigue strength
of object detail
(a) (b) (©)

Figure 3.28: Structural stress according to Xiao and Yamada [33]
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3.2.9 The SHSS according to Poutiainen and Marquis

As it will be discussed in Section regarding the SHSS design S-N curves,
ITW recommendations and Eurocode 3 define alternate fatigue design curves for
load carrying and non-load carrying attachments. In addition to that, as it was
discussed in Section [3.2.5] the conventional surface stress extrapolation method is
not sensitive to plate thickness. In order to obviate these limitations, Poutiainen
and Marquis [34] have suggested a multi-linear through thickness stress distribution
at the weld toe. The proposed method considers the more severe notch stress
concentration in case of load-carrying attachments by increasing the structural
stress instead of introducing separate design FAT classes.

Figure [3.29] illustrates how the proposed method superimpose a triangular stress
distribution on the linearized through thickness stress distribution at the weld toe.
Based on the relation between plate thickness and weld size, two or three linear
segments can be formed. The resulting multi-linear stress distribution varies with
weld size and can accordingly take the plate thickness and weld size effect into
account.

Figure [3.30] demonstrates the linearisation of the through thickness stress according
to this concept for two loading cases. As it is apparent, the multi-linear stress
distribution can be achieved by first integrating the stress to the depth 77 and
then from 77 to T. Thus, the modified structural stress according to Poutiainen
and Marquis can be calculated as:

Osq = Nsq " Onom (327)

where K, is the modified structural stress concentration factor and o,,,, is the
nominal stress in the base metal. The value K,, can be easily computed by the
following equations:

Oweld lw T
K, =1 1—=, l,<—= 3.28
+ Tnom < T) 2 ( )
Oweld T T
Ksa =1 -7 > lw 2 ~
* O nom <4lw> 2

Two load cases of tension only and bending only are presented in Figure [3.30] In

)
—
HHMHH
—

Figure 3.29: Structural stress distribution for fully load carrying welds, after [34]
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Figure 3.30: Structural stress according to Poutiainen and Marquis [5])

addition to that, this method is also applicable to structures subjected to a com-
bination of bending and membrane stresses. For such cases, the o,,, has to be
defined as for a bending only loading mode and thereafter Equation [3.28 can be
used to obtain K, and consequently the modified structural stress. FEM models
with relative coarse meshes of plate, shell or solid elements can be constructed for
stress analysis.

In order to verify the accuracy of this method, the authors have compared the
estimated fatigue strengthes of fully load-carrying attachments based on linear
elastic fracture mechanics (LEFM) and the proposed concept. The results show an
excellent correlation for different plate thicknesses and loading modes. Moreover,
the method is experimentally verified based on the published fatigue test results.
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3.2.10 Comparison of different SHSS determination procedures

Due to the increasing number of proposed methods for structural stress determina-
tion, several researchers have comparatively studied these methods. The compar-
isons have been mainly focused on the mesh sensitivity, applicability to different
welded joints, relative accuracy to estimate the fatigue strength of studied details
and the limitations of these approaches. This section aims to provide a summary
of some of these investigations.

Doerk et al. [8] compared the calculated structural stress based on the surface stress
extrapolation and Dong method for four different structural details. The surface
stress extrapolation is applied according to the recommendations for fine and coarse
mesh densities and the results appeared to be almost identical provided that certain
rules regarding the element types and sizes are followed. The results also confirm
the mesh insensitivity claimed by Dong in case of 2D problems. However, in case
of 3D models, the results obtained form different mesh densities exhibit an scatter
which is anticipated to be as a result of neglecting the transverse shear stresses in
the element sides. Eventually, since the SHSS definition suggested by both methods
is equivalent, the authors conclude the applicability of the same SHSS design S-N
curves irrespective of the adopted calculation method.

Poutiainen et al. [46] implemented through thickness stress linearisation at the weld
toe in addition to the methods exploited in the above investigation. In case of 2D
elements, the linear surface extrapolation approach is addressed as the most sensi-
tive method to mesh variations. When one element in thickness direction is used,
all methods are reported to yield consistent results. Additionally, in case of 3D
elements, the authors report a considerable dependency of the results obtained by
the Dong and through thickness stress linearisation methods to the element stress
determination procedure during post-processing. Nodal averaging, in particular,
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(a) The shear stresses acting on the element (b) The effect of § on the calculated Dong
stdes structural stress

Figure 3.31: The effect of element side shear components on the calculated Dong
stress, after [46]
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appeared to be a very influential factor when these two methods are used. The
effect of neglecting the stresses in the element sides when using Dong method ([§])
is also confirmed in this study, see Figure [3.31] The authors also show that at
0 = 0.4t this effect is negligible and both trough thickness linearisation at the weld
toe and Dong method yield the same results.

In a similar study, Fricke and Kahl [30] utilized the surface stress extrapolation,
Dong approach and Xiao and Yamada [33] method to compute the SHSS for several
structural details. They observed that the element sizes and properties as well as
the weld modeling in shell elements are the main reasons for variations of predicted
fatigue lives. However, the fatigue lives predicted by these three methods, which
were generally conservative compared to the fatigue tests, are reported to be com-
parable. Furthermore, the authors have asserted the existing beneficial residual
stresses as the main reason for the large differences between predicted fatigue lives
and the test results.

Notaro et al. [49] evaluated the fatigue strength of a widely used complex ship
detail using the conventional surface stress extrapolation method, the more re-
cent approach proposed by Xiao and Yamada [33] and experimental investigations.
Based on comparisons between the fatigue test results and fatigue lives obtained
from the two mentioned methods, the authors reported a good agreement between
the employed analytical and experimental fatigue evaluation methods.

Kim and Kang [50] investigated the application of surface stress extrapolation
method and the Dong method for attachments welded to the plate edge i.e. type ‘b’
attachments. They also experimentally verified the FE analysis by conducting fa-
tigue tests for 12 specimens. The results revealed a lower structural stress obtained
from the Dong method compared to the surface stress extrapolation method. Nev-
ertheless, comparatively evaluating, the fatigue life predictions using these methods
is reported to be in a better agreement with the test results than the predicted fa-
tigue lives obtained from the nominal stress method. In addition to that, the
authors have proposed the use of a thickness correction factor in conjunction with
the Dong method to derive more accurate results.

Fricke [51] assessed the fatigue life of partially load-carrying cover-plates and fully
load-carrying lap joints using both experimental evaluations and FE-based local
approaches. The surface stress extrapolation, Xiao and Yamada [33] method and
the method proposed by Poutiainen and Marquis [34] were the approaches ex-
ploited by Fricke [51] to determine the SHSS. The analysis results showed that the
surface stress extrapolation method yields similar results irrespective of the joint
type, although being slightly non-conservative. Moreover, the Xiao and Yamada
[33] approach appeared to give more consistent results with reference to the joint
type. The conservative results obtained from this method are mentioned to be
more reasonable when using the maximum principal stress. Similarly, the method
proposed by Poutiainen and Marquis [34] produced conservative results while being
more affected by the joint type alteration.
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3.2.11 Limitations

The structural hot spot stress method as a fatigue assessment method for plated
structures is still an inexperienced method compared to the nominal stress method.
Some of the most important shortcomings and limitations of this method are pre-
sented below:

e As it is depicted in Figure fatigue cracks can initiate either from surface
at weld toe or from weld root. At the time being, the structural hot spot
stress approach is only applicable to fatigue assessments of weld toe cracks, i.e.
Figure [3.32h—e. Thus, for cracks initiating from weld root, i.e. Figure [3.32f-,
other assessment methods such as the nominal stress or the effective notch
stress methods have to be used. The limitation of the SHSS to only surface
failures is considered as the main drawback of this method. It should be noted
that several investigations around the world are being performed to adapt
the SHSS approach for the weld root assessment as well ([I1]). However, this
topic is not yet included in any design code.

e The SHSS approach is a suitable fatigue assessment method only where the
evaluated stress is acting mainly perpendicular to the weld toe. ITW recom-
mendations [I0] proposes to use maximum principal stress acting in range of
+60° with the perpendicular to the weld toe. The assessment of other stresses
parallel to the weld or shear stresses should be done using other methods such
as the nominal stress method.

e At the moment, only surface stress extrapolation method is included in the
design codes and guidelines. As it was discussed earlier, this method of SHSS
determination has certain requirements regarding the mesh density. Besides,
in order to obtain results with an acceptable accuracy, the welds should be
modeled. Thus, the modeling procedure becomes more time-consuming and
cumbersome. In short, the uncertainty of the extrapolation procedure is
another drawback of the SHSS approach.

e The designer should verify in advance that the detail under investigation will

(a) (b) (©) ; (d) (e)

) (2 (h) (1) )

Figure 3.32: Different locations of crack initiation in the welded details, after [10]
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not fail from the root. This can be achieved by performing preliminary finite
element analysis, experimental evaluation of similar details or observation of
existing analogous details that have been cracked during their service life.

3.2.12 Fatigue design based on the SHSS

In contrast to the nominal stress method, when the design procedure is carried out
based on the SHSS approach, standard constructional details are not associated
with the design S-N curves. Instead, fatigue design classes (FAT) are attributed to
details with reference to the weld type [24]. Table represents the classifications
based on the weld type according to ITW recommendations [10]. As it is appar-
ent, the extensive number of constructional details defined for the nominal stress
method, are replaced with 9 weld types.

As reported by Maddox [39], the choice of appropriate SHSS design S-N curve is
considered one of the main issues regarding the SHSS application for plate-type
welded joints. At the moment, the relevant SHSS design S-N curves proposed by
Eurocode 3 and ITW recommendations are based on comprehensive evaluations of
available fatigue test data for fillet-welded cruciform joints and transverse attach-
ment joints [52]. The findings of these studies have led to the implementation
of FAT 100 for non-load carrying welds and FAT 90 for load-carrying welds. An
exception is the longitudinal edge attachments (L > 100mm) for which FAT 90
should be applied. Figure [3.33] demonstrates the recommended SHSS S-N curves
and pertinent definitions.
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Figure 3.33: Structural hot spot stress design S-N curves
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Table 3.2: IIW recommendations [10] design categories for steel plated details
based on the structural hot spot stress approach

No. Weld detail Description Requirements FAT
1 Butt joint As welded, NDT 100
S
2 Cruciform or T-joint K-butt welds, no lamellar tear- 100
with full penetration ing
D —b) K-butt welds
3 Non load-carrying fil- Transverse non-load carrying 100
let welds attachment, not thicker than
main plate, as welded
_>)
4 Bracket ends, ends of Fillet welds welded around or 100
longitudinal stiffeners  not, as welded
=)
5 Cover plate ends and As welded 100
similar joints
6 Cruciform joints with Fillet welds, as welded 90
load-carrying fillet
—b) welds
7 - Lap joint with load Fillet welds, as welded 90
_’) carrying fillet welds
4—
8 L < 100mm Type ‘b’ joint with Fillet or full penetration weld, 100
b short attachment as welded
9 L > 100mm Type ‘b’ joint with Fillet or full penetration weld, 90
o — long attachment as welded
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3.3 Effective notch stress method

The notch stress is the total stress at a local notch formed by the weld toe or the
weld root, based on linear elasticity theory. This stress concept, which includes all
the stress raisers effects at the local notch, is consisted of the sum of geometrical
stress and non-linear stress peak. Fatigue life assessment based on the notch stress
is known as the effective notch stress method. This method, that does not consid-
ers the elastic-plastic material behavior at the crack tip, is based on the highest
computed elastic stress at the critical points, i.e. weld toe and weld root.

The effective notch stress method was first introduced by Radaj and Sonsino [5], by
considering stress averaging in the micro-support theory according to Neuber Rule
with a fictitious radius of 1mm for plates thicker than 5mm [10]. As illustrated in
Figure [3.34] the reference notch radius is calculated assuming the worst case when
the transition radius is absolutely sharp (p = 0). However, in welded joints, the
real notch radius varies widely. When the micro-support length (p*) is extended
to 0.4mm with the appropriate constraint factor (2.5 for steel members), the final
notch radius becomes 1mm [53]. The rounding of the weld root and weld toe based
on the effective notch stress method is shown in Figure [3.35|

Fatigue analysis of welded joints using the effective notch stress method is briefly
included in the IITW recommendations [I0]. As shown in Figure [3.36, FAT225
can be used to design all the structural details irrespective of the loading type
and geometry. However, in order for the numerical methods such as the finite
element method to be capable of calculating the total stress at the critical sections,
a sufficient element density should be maintained. Thus, in order to get accurate
results, it is principally important in this method to model the anticipated crack
initiation area with an extremely fine mesh. This can be achieved by using 3D solid
elements as well as 2D planar elements as long as a certain mesh size is generated.

a. Actual notch with b. Substitute notch with fictitous
stress avaraging over p* notch radius resulting in g,

Figure 3.34: Neuber’s micro-support concept
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Guideline for the fatigue assessment by notch stress analysis for welded structures
[54] has recommended the appropriate element sizes for analysis according to this
method. It should be noted that, only nodal values are allowed to be used directly
for analysis of this kind. In addition to that, maximum principal stress component
should be used. Table lists the recommended element density for the analysis
based on the effective notch stress method.

o N
>

<

Weld root \Weld toe

Figure 3.35: Rounding of the weld toe and weld root in the effective notch stress
method
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Figure 3.36: The only proposed fatigue design S-N curve for all structural details

Table 3.3: Recommended element sizes for the effective notch stress method ap-
plication, after Fricke [57])]

Element type Relative size size for r=1mm
Quadratic <r/4 < 0.25mm
Linear <r/6 < 0.15mm
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4 Fatigue Life Assessment of
Longitudinal Non-Load-Carrying Attachments

4.1 Introduction

Longitudinal non-load-carrying attachments are commonly used in many fatigue
loaded structures such as ships, cranes, offshore structures and bridges. The uni-
versal use of this type of attachment has made it one of the most frequent fatigue
tested details.

In addition to that, it has been observed that the weld terminations often exhibit a
very poor fatigue performance. Longitudinal non-load carrying attachments have
been frequently employed to investigate this matter. On the one hand, these at-
tachments offer a simple way to create a severe notch of reproducible severity [2]
and on the other, since this detail is usually made symmetrical, the weld distor-
tions caused by bending effects can be disregarded. In this study, for simplicity,
the longitudinal non-load carrying attachments will be referred to as longitudinal
attachments. Figure demonstrates schematics of the most common type of lon-
gitudinal attachments.

For fatigue assessments based on the nominal stress method, the classification for
longitudinal attachments varies according to the attachment length. Nevertheless,
ITW recommendations [I0] and Eurocode 3 [9] propose dissimilar grouping for this
detail. Eurocode 3 groups it into several categories for attachments with lengths
less than 100mm, whereas IIW classification covers a wider range of attachment
lengths up to 300mm. Tables and list the instructions given by FEurocode 3
and ITW, respectively.

In this section the credibility of these classifications is investigated. The finite ele-
ment modeling procedure is comprehensively explained. Moreover, the influencing
factors such as the weld size, attachment height, attachment thickness etc. are
studied in more detail. Eventually, the findings are summarized and recommenda-
tions are given.

E L E L *g L
Figure 4.1: Longitudinal non-load carrying attachments
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Table 4.1: Fatigue classification of longitudinal attachments based on the nominal
stress method according to Eurocode3 [9]

Structural detail Description Requirements FAT
L Longitudinal attachments: L < 50mm 80
The detail category varies 50 < I < SOmim 71
according to the length of the -
attachment (L) 80 < L < 100mm 63
L > 100mm 56

Table 4.2: Fatigue classification of longitudinal attachments based on the nominal
stress method according to IIW recommendations [10)]

Structural detail Description Requirements FAT
L Longitudinal fillet weld L < 50mm 80
gusset with length L L < 150mm 71
L < 300mm 63
L > 300mm 50

4.2 Test database

Experimental fatigue test results for longitudinal attachments have been collected
from the 1950s till present. The test programmes including longitudinal attach-
ments have been performed for various investigations. FEvaluation of residual
stresses, material strength effect, welding process and material effect, post weld
treatment to improve fatigue behavior are some examples of these investigations.

Consequently, not all the test data can be included for further evaluations within
the scope of this study. Thus, the test database is re-analyzed and only the test
specimens in the as-welded condition are selected. The outcome is a total number
of 662 test results.

As a result of the high number of collected tests, a large range of variables are
covered by the tests. This can lead to high scatter of the results. Therefore,
the available tests were further classified based on different variables such as the
attachment length, main plate width and thickness, research programme etc. Addi-
tionally, this provides a solid basis for further evaluations of the influencing factors.

The statistical evaluation of the test data was performed according to Eurocode 3
requirements. The mean and characteristic value, respectively equal to 50% and
97.7% safety probability, were calculated for each test series.
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4.3 Literature review

Smith et al. [55] reported that dissimilar to the transverse attachments in which a
2D finite element analysis is adequate, the determination of Stress Concentration
Factor (SCF) in case of longitudinal attachments requires a 3D finite element model.
Additionally, Smith and Gurney [56] calculated the Stress Intensity Factor (SIF)
in longitudinal attachments using linear elastic fracture mechanics as follows:

Kweld:MK~Y~S'\/7TCL (41)

where K ¢4 is the stress intensity factor for the weldment, My is the weld geometry
correction factor, Y is the geometry correction factor, S is the applied remote stress
and a is the crack length. Based on the results, the authors suggested that the
fatigue life can be improved by:

e Decreasing the attachment length below 152.4mm
e Decreasing the attachment height below 50.8mm

e Decreasing the attachment thickness below 12.7mm

Increasing the weld leg length
e Decreasing the main plate width below 127mm

e Increasing the main plate thickness

Similarly, Hobbacher [57] derived a relation based on 3D FEA for the weld geom-
etry correction factor(Mp) of longitudinal attachments. He addressed the plate
thickness, attachment length, plate width and weld angle as the most important
fatigue life influencing factors. Dahle and Larsson [58] also investigated the influ-
encing factors on My by including the cold-lap defects in the FEM models.

Huther et al. [59] also performed experimental and analytical investigations on
longitudinal attachments with thicknesses between 4 and 20mm. The following
conclusions were obtained based on the parametric analysis:

e Length and height of the attachment have little influence on the calculated
SCF

e The SCF increases by increasing the attachment thickness
e The stress gradient decreases by reducing the attachment angle

e The stress gradient increases more quickly for symmetrical specimens com-
pared to non-symmetrical specimens (one-sided attachment)
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4.4 Finite element modeling and analysis

The finite element analysis program ABAQUS software version 6.9-2 [60] was imple-
mented for modeling and processing of the results. This program offers a wide range
of modeling possibilities and takes advantage of a comprehensive documentation.
In this section, the modeling procedure in the mentioned software is elaborately
explained.

4.4.1 Geometry

As it was mentioned in Section [4.3] the fatigue life assessment of longitudinal at-
tachments can be only investigated using 3D FE models. Therefore, shell or solid
FE models can be used in this case. The findings of several investigations, studying
the accuracy of various modeling techniques, have shown the good agreement of
solid element models with experimental measurements [0l 11, [61]. However, the
application of these elements with a relatively fine mesh, demands high computa-
tional possibilities in addition to the substantial modeling effort. As the aim of
this study is not to investigate different modeling techniques, solid element models
are employed to construct the FE models. In this way, the inaccuracies attributed
to the finite element analysis can be minimized.

At least one solid element model was created for each test series using the theoret-
ical reported values in the test documentation. Although the ABAQUS software
provides the possibility to model only portions of the symmetrical details, the whole
model were created in order to avoid possible errors at the boundaries of symmetry.
Furthermore, the FE models for this detail are not often huge and modeling the
entire structure does not require much higher effort.

When using solid models, the weld has to be included in the FE model. This can
be achieved by different techniques. It was previously reported by Akhlaghi [61]
that modeling the fillet welds in solid element models by chamfering two intersect-
ing volumes can cause minor problems at the edges. The ‘extrude’, ‘revolve’ and
‘sweep’ features provided by the part module of the software are other possibilities
to model the weld volume. Depending on the desired final shape of the weld, any
combination of the mentioned features can be used.

Figure illustrates a longitudinal attachment geometry in which the weld is mod-
eled by extruding the attachments to the main-plate applying a draft angle of 45°.
As it is apparent, the generated weld shape has sharp corners. By definition, as
long as the weld stiffness is included in the model, the weld shape does not have
considerable effect on the calculated SHSS. However, as the surface stress extrap-
olation method is employed to determine the SHSS, the severity of the notch can
affect the nodal stresses close to the weld and consequently the SHSS. A more
realistic weld shape can be generated by using a combination of extrude and re-
volve features as shown in Figure f.3] The demonstrated weld volume has been
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Figure 4.3: Modeling the weld with round corners in longitudinal attachments

generated by extruding the weld parallel to the attachment edges and revolve it 90°
around the attachment corners. Although, the latter procedure for weld genera-
tion is more time-consuming and cumbersome, it is believed to yield more accurate
results. Thus, in this study, welds with round corners have been generated for the
longitudinal attachments with end welds. Moreover, the gap between the attach-
ment and the main-plate is not modeled.

For the case of longitudinal attachments without end welds, modeling the weld end
is more controversial. Up to date, there is no explicit recommendation of how to
model a weld end for the SHSS determination. In addition to that, when omitting
the end welds during the welding procedure, the welder does not have full control
over the finished weld end angle. Therefore, several alternatives of modeling the
weld in attachments without end welds are investigated.

Figure [4.4] depicts the studied weld end FE models. The results revealed a varia-
tion of 11% for the determined structural hot spot stresses based on the different
models. It was observed that when the gap is modeled (Figure and c), the
computed SHSS is underestimated. Additionally, when the weld end is modeled
according to Figure [£.44, no clear extrapolation path can be selected for the SHSS
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Figure 4.4: Different techniques to model the weld end for thes case of longitudinal
attachments with omitted end welds

determination. This is a result of the abrupt introduction of the weld end at the
intersection point. Hence, with reference to the above discussion, the weld ends
for the case of longitudinal attachments with omitted end welds were modeled as

shown in Figure [£.4b.

4.4.2 Material properties

A typical steel with elastic modulus of F = 210G Pa and Poisson’s ratio of v = 0.3
was defined and assigned to the entire geometry including the welds. It should
be mentioned that, since elastic material behavior can be assumed for the fatigue
analysis of this kind, only elastic material properties are needed to be defined.

4.4.3 Loading and boundary conditions

As mentioned, elastic material behavior is assumed. Therefore, a linear elastic
analysis with stresses linearly proportional to the applied load can be defined. For
the sake of simplicity, two unit stresses equal to 1M Pa were applied on both sides
of the specimens. As a result, the actual stresses for each specimen and each load-
ing level can be obtained by multiplying the analysis results by the actual applied
stresses.

Furthermore, boundary conditions are chosen in such way to simulate the real ap-
plied boundaries during testing. In addition to that, boundary conditions should
be chosen to avoid stability and singularity issues in the FE model. Therefore, min-
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Tensile stresses of
magnitude 1MPa

|UZ=0 on this plane

| Uy=0 at this point

Figure 4.5: Loading and boundary conditions for the FE models; Identical for
both ends

imum translational restrains in directions other than the load application direction
should be provided. Figure demonstrates the applied loading and boundary
conditions for the FE models. It should be noted that, the boundary conditions
are identical for both ends of the specimens.

4.4.4 Partitioning, meshing and element types

The fatigue crack in longitudinal attachments initiates from the plate surface at
the weld toe. Therefore the hot spot can be classified under hot spots type ‘a’.

Figure 4.6: Partitioned area in front of the weld toe to allow for linear stress
extrapolation
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As it was discussed earlier, both linear and quadratic extrapolation methods can
be applied for this kind of hot spot providing that a fine mesh is constructed. In
this study both methods are implemented. Consequently, as for the SHSS deter-
mination the nodal stresses are recommended to be used, the geometry should be
partitioned in an appropriate way. The edges of the partitions should intersect at
the desired extrapolation nodes to facilitate the formation of element’s corners at
these points. Figure demonstrates a partitioned geometry utilized to calculate
the SHSS using a linear extrapolation.

The next step is to mesh the partitioned geometry to comply with the minimum
requirements of the mesh density at the hot spot area. The mesh size at areas far
from the hot spot does not need to be as fine as in the hot spot area. Thus, a
coarser mesh can be constructed in these areas. However, the transition from a
coarse mesh to a fine mesh should be gradual. This can be achieved by dividing
the transition area to several sub-partitions and gradually change the mesh density.
Another alternative is to define element nodes proportionally along the longitudi-
nal edges in the geometry such that more element nodes are attributed to regions
closer to the hot spot. Figure [4.7] illustrates the meshed model of the partitioned
geometry shown in Figure 1.6l As can be seen in this figures, a gradual transition
from coarse to fine mesh has been obtained by dividing the geometry to several
sub-partitions.

20-node isoparametric solid elements with reduced integration (C3D20R) are used
for all the models. In order to have more control over the element nodes, ‘Structured
meshes’ are generated at the areas close to the hot spot. However ‘Hex-dominated
meshes’ can be used for other areas further form the hot spot as this option provides
more flexible nodal placements. This will lead to a reduction in the total number
of constructed elements and reduce the model size considerably in some cases.
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Figure 4.7: The meshed model of the partitioned geometry shown in Figure
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4.4.5 Post-processing of the results

In order to calculate the hot spot stress by extrapolating the surface stress values
at certain reference points, the stress profile in front of the hot spot, i.e. weld
toe, has to be obtained. This can be archived by defining a path perpendicular
to the weld toe and extracting the stress field results. Figure [1.8 demonstrates an
example of a defined path in order to obtain the surface stress profile at the weld toe.

Having the stress profile obtained, the nodal stress values at the reference points
can be adopted to calculate the hot spot stress according to Equations |3.16H3.20
It should be noted that Niemi et al. [I1] have recommended to extract the stress
values while the stress averaging function of the post-processing software is turned
off. However, it has been confirmed by [61] that the averaging function mainly
affects the stresses at the weld toe itself and does not affect the calculated SHSS.
Therefore, in this study, the aforementioned feature was kept active.

Furthermore, since a unit stress (1MPa) was applied to the FE models, the output
was interpreted as the structural hot spot stress concentration factor (Kjs). Sub-
sequently, the equivalent hot spot stress (o gorspor) corresponding to the actual test
stress range (0 nominar) Were obtained as follows:

O Hotspot — Khs 0 Nomina (42)

Eventually, the corresponding SHSS S-N curve was plotted by replacing the nom-
inal stress with the calculated hot spot stress. The same procedure can also be
applied to obtain the effective notch stress S-N curves.

Path to read out stresses

Figure 4.8: A path defined along the extrapolation points to extract the stress data
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4.5 Influencing factors

The collected fatigue test data for this detail dates back to 1950. As a result, good
documentations of the tests were missing in most cases. For instance, the weld leg
length is one of the parameters that were missing in most of the tests. Therefore,
since the whole geometry including the welds had to be modeled, the effect of dif-
ferent parameters on the stress concentration factor is investigated. This way, in
case of a missing parameter in the test description, a reasonable assumption can
be made providing that its effect is proved to be negligible.

Moreover, by determining the effect of different parameters, the accuracy of the pro-
posed fatigue assessment classifications can be investigated. For example, fatigue
design regulations regarding both double-sided and one-sided longitudinal attach-
ments is identical according to IIW recommendations and Eurocode 3. Hence, in
order to check the reliability of this recommendation, finite element analysis have
been carried out to investigate the effect of detail symmetry. The effect of weld
size variation, attachment height, attachment thickness, chamfer angle, main-plate
width and thickness, and attachment length are other influencing factors that are
presented in this section.

4.5.1 Weld size effect

Weld size is one of the parameters that was often missing in the test documenta-
tions. However, due to practical considerations, the variation range of this parame-
ter is limited. In order to investigate this issue, a typical double-sided longitudinal
attachment with L=150mm and t=16mm were modeled using several weld throat
thicknesses within the practical range. The stress distribution in front of the weld
toe and the linearly extrapolated SHSS for different cases are plotted in Figure 4.9]
The results confirm that varying the weld throat thickness from 3.5 to 7 mm alters
the calculated structural stress concentration factor with less than 5%. Therefore,
the effect of varying this parameter within the range of practicality can be assumed
insignificant.

Nevertheless, IIW recommendations [10] has defined a minimum weld throat thick-
ness equal to one third of the main plate thickness. Thus, the defined minimum
weld throat thickness is assumed in case of an unknown weld throat thickness.

4.5.2 Attachment thickness effect

Similar to the weld size, there is a lack of information in a majority of the reported
tests for attachment thickness. Thus, the possible effects of varying the attachment
thickness was also investigated. The finite element analysis results of longitudinal
attachments with different attachment thicknesses are shown in Figure [4.10] It is
apparent that the calculated SHSS deviates less than 2% for different attachment
thicknesses and therefore the effect of this parameter on the structural hot spot
stress can be considered negligible.
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Figure 4.9: Stress distribution and extrapolated SHSS paths for longitudinal at-
tachments with various weld throat thicknesses
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Figure 4.10: Stress distribution and extrapolated SHSS paths for longitudinal
attachments with various attachment thicknesses
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In the current study, in case of unknown gusset thickness, the same thickness as
the main-plate was considered.

4.5.3 Chamfer angle effect

In case of chamfered longitudinal attachments, L > 100mm, with a chamfer angle
() less than 45°, Eurocode 3 upgrades the recommended fatigue class from 56 to
71, see Table[4.3] In this section, the possible effects of chamfering the longitudinal
attachments are investigated.

In a case study, longitudinal stiffeners with attachment angles varying from 15° to
90° were investigated by means of finite element analysis. All other parameters were
kept constant to eliminate further variations. As it is shown in Figure [£.11] when
plotting the SHSS concentration factor for different angles, the effect of chamfering
the angle vanishes for attachments with angles greater than 45°. However, those
with a sharper angle exhibit an abrupt decrease in the stress concentration factor.
Therefore, it can be concluded that a possible enhancing effect can be expected
from attachments with chamfer angles less than 45°.

In order to experimentally confirm this phenomenon, the test results of longitudinal
attachments with variable chamfer angles were collected. Unfortunately, no test
results with chamfered angles less than 45° could be found. However, the results of
a group of tests ([62]), in which the author investigates the influence of shape for
longitudinal attachments with two chamfer angles of 45° and 90°, were re-analyzed
using both the nominal stress and hot spot stress methods. The findings are plotted
in Figure [4.12| and [8.11a}, respectively. It is apparent that chamfering the corners
with a 45° has not improved the fatigue life of the detail. This observation is con-
sistent with the finite element analysis results plotted in Figure 4.11]

Further evaluations of the finite element analysis results showed that the corners
of attachments are only slightly stressed. As a result, by chamfering this area and
taking away the corners, the stress would not redistribute and the change in the
stress concentration factor would therefore be negligible. Nevertheless, removal of
the corners with a sharper angle redistributes the local stresses so that a smaller

Table 4.3: Fatigue classification of chamfered longitudinal attachments based on
the nominal stress method according to Eurocode3 [9]

Structural detail Description Requirements FAT
)

/ ‘ Chamfered longitudinal L > 100mm

'Q\/ attachments a < 45° &
N
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Figure 4.11: Structural hot spot stress concentration factor for chamfered longi-
tudinal attachments as a function of chamfer angle

portion of the applied load would be transferred to the attachment and the stress
concentration factor associated to the joint becomes less severe. Therefore, the
upgrade of the design class for these attachments seems to be reasonable.
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Figure 4.12: Fuatigue test results for longitudinal attachments according to the
nominal stress approach
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Figure 4.13: Futigue test results for longitudinal attachments according to the

structural hot spot stress approach
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4.5.4 Weld end effect

As it is depicted in Figure the collected test data for this detail were consisted
of two different attachment end configurations:

1. Attachments welded around ends (Figure [4.14h)
2. Attachments not-welded around ends (Figure 4.14p)

Eurocode 3 disregards the effect of end weld variation and suggests identical design
classifications for both configurations. Similar to the previous investigations, in or-
der to examine the credibility of this presumption, a case study was performed.
Finite element models of longitudinal attachments with different end weld config-
urations were constructed and analyzed. The effect of modeling the gap between
attachment and main-plate was also investigated by assembling the plates with and
without the gap.

Figure illustrates the analysis results in which a perceptible change in the
calculated SHSS for different end weld types is apparent. It is clear that the stress
gradient and the stress concentration factor is higher in case of attachments with
continued welds around ends. In addition to that, it seems that modeling the gap
has hardly influenced the calculated structural hot spot stress. This observation is
consistent with the IIW recommendations that suggests to disregard the existent
gap in the modeling procedure for details of this type. Figure demonstrates a
finite element model of a not-welded end attachment in which the gap is omitted.

The findings of the statistical evaluations of the test data are summarized in Ta-
ble 8.5l The re-analysis of the test data confirms the lower fatigue life of welded
round end details. However, as it was expected, the difference is not huge and
both test series can be assigned to the same design classification. Thus, it can
be concluded that omitting the end welds would not result in a significant varia-
tion of the fatigue life of this detail. Consequently, the identical classification of
longitudinal attachments irrespective of the end weld configuration seems to be

—L

(a) (b)

Figure 4.14: Different weld end configurations of longitudinal attachments:
(a) Welded round ends, (b)Not-welded round ends
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reasonable. Figure and Figure present the fatigue test results of welded
and not-welded end attachments, respectively.
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Figure 4.15: Stress distribution and extrapolated SHSS paths for longitudinal
attachments with various end weld configurations

Table 4.4: Statistical evaluation of the test results of longitudinal attachments
with and without end welds

Detail type Limm]t[mm] Tests Standard Mean value Characteristic
No.  deviation [MPa] value [MPa|

Welded ends 150  12.7 35 0.152 89.56 70.95

Not welded ends 150  12.7 68 0.099 90.35 77.59
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S, 811
(Avg: 75%)
+2.198e+00
+2.002e+00
+1.805e+00
+1.609e+00
+1.412e+00
+1.216e+00
+1.019e+00
+8.226e-01
+6.260e-01
+4.295e-01
+2.330e-01
+3.647e-02
-1.601e-01

(a) 3D deformed finite element model of a longitudinal attachment without weld ends

(b) Close-up of the mesh at the hot spot

Figure 4.16: The normal stress component plot, 3D solid element model of a
longitudinal attachment without weld ends
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Figure 4.17: Futigue test results for longitudinal attachments welded round ends
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Figure 4.18: Fuatigue test results for longitudinal attachments not-welded round
ends
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4.5.5 Width effect

As it was mentioned in Section , Smith and Gurney [56] have reported a possible
effect of the main-plate thickness on the stress concentration factor derived from
the linear elastic fracture mechanics analysis. In this section the effect of altering
the main-plate width on the fatigue behavior of longitudinal attachments is ana-
lyzed by adopting a case study approach. A number of finite element models of
longitudinal attachments with main-plate widthes varying from 40mm to 300mm
were created whereas the attachment length and all plate thicknesses were con-
stantly kept equal to 150mm and 12mm, respectively.

The resulting fitted curve in terms of the structural hot spot stress concentra-
tion factor as a function of the plate width is plotted in Figure [£.19] The figure
indicates clearly that as the main plate becomes wider, the stress concentration
factor increases. This effect is more pronounced for plates with the width of 50 to
150mm. Since most of the tests have a plate width in the mentioned range, it is
recommended to also consider this parameter for evaluations based on the nominal
stress method.

Longitudinal non-load carrying attachment
L=150 mm; t=12 mm; w= variable

Stress concentration factor
o

0 50 100 150 200 250 300

Main plate width (w) [mm]

Figure 4.19: Structural hot spot stress concentration factor for longitudinal at-
tachments as a function of main plate width
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4.5.6 Thickness effect

The effect of thickness on the fatigue behavior of welded details were discussed in
Section [3.1.3] It was concluded that as the plate thickness increases, the fatigue
life decreases. However, as mentioned in Section [4.3) Smith and Gurney [56] de-
termined a higher fatigue life for longitudinal attachments with thicker plates. In
order to clarify this contradiction, fatigue test results of longitudinal attachments
with 150mm gusset length and variable main-plate thicknesses were collected and
their characteristic design curves (mean curve minus two standard deviation) were
plotted in Figure Additionally, the corresponding SHSS for the investigated
specimens were determined and plotted in Figure [4.21] Table presents a sum-
mary of the statistical evaluation results of the test data based on both the nominal
stress method and the structural hot spot stress approach.

The statistical evaluations of the test results confirm the findings reported by Smith
and Gurney [56]. It is shown that, when using the nominal stress method, the de-
sign value for joints with plate thicknesses from 12.7mm to 25mm deviate from
70.95 MPa to 96.82 MPa. Nevertheless, when the SHSS method is applied, the
scatter reduces significantly and almost one design curve can be associated to all
details with different thicknesses. This observation is consistent with Eurocode 3
and [TW recommendations regarding the consideration of the thickness effect in
the SHSS approach for plate thicknesses less than 25mm.

Furthermore, a set of finite element models of longitudinal attachments were con-
structed to derive a relationship between the plate thickness and the SHSS stress
concentration factor. Accordingly, the plate thickness was the variable parameter
while other factors were set constant. The analysis results along with an expo-
nentially fitted curve are shown in Figure [1.22] It is apparent that a thicker plate
would result in a higher stress concentration factor. However, this effect vanishes
gradually for plates thicker than 16mm so that the SHSS concentration factor be-
comes almost constant for plates thicker than 20mm.

Table 4.5: Statistical evaluation of the test results of longitudinal attachments
with various plate thicknesses

Detail type Dimensions Data St.D. Nominal stress SHSS
L t AUmean AUC’ AO—mean AUC
Welded ends 150 12.7 35 0.152  89.56 70.95 120.52 95.48

Not welded ends 150 12.7 68 0.099 90.35 77.59 108.81  93.12
Not welded ends 150 15 30 0.142 99.82 80.27 113.2 91.03
Not welded ends 150 25 22 0.072 96.82 86.64 96.12 89.01
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Figure 4.20: Fatigue characteristic design values for longitudinal attachments
with various thicknesses according to the nominal stress approach
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Figure 4.21: Fatigue characteristic design values for longitudinal attachments
with various thicknesses according to the structural hot spot stress approach
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Figure 4.22: Structural hot spot stress concentration factor for longitudinal at-
tachments as a function of main plate thickness

As a conclusion, based on the two findings discussed above, the fatigue life of lon-
gitudinal attachments increases as the plate thickness increases. The fatigue life
variation due to thickness effect is considerable and several distinct design classes
can be assigned to identical longitudinal attachments with variable thicknesses.
On the contrary, when exploiting the structural hot spot stress approach, this phe-
nomenon is accounted for and subsequently the scatter of the test results reduces.
However, this is only valid for plate thicknesses less than 25mm and as recom-
mended by most of the codes, a thickness correction factor has to be applied in
case of thicker plates.
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4.5.7 Detail symmetry effect

Longitudinal attachment can be welded on either both sides or one side of the main
plate. In order to see the possible effects of this variation, a case study including
longitudinal attachments of 150mm long and 12.7mm thick was performed. The
attachments were welded on one side only or both sides of the main-plate. As
can be seen in Figure although the surface stress gradient is higher in case
of one-sided attachments, the final SHSS concentration factor is identical for both
cases. This finding is consistent with the conclusion drawn by Huther et al. [59]
regarding the influence of detail symmetry.

Furthermore, since two types of finite element meshes with either one or two el-
ements through thickness were generated, mesh sensitivity of the analysis results
can also be investigated. The results are evident that as long as the mesh density
satisfies the requirements of a fine mesh, increasing the element numbers at the hot
spot region would not affect the calculated structural hot spot stress.

From the discussion made here, it can be concluded that welding the longitudi-
nal attachments on both sides or one side of the main-plate does not affect the
fatigue life of the detail. However, it should be noted that, this conclusion is only
valid when severe out of plane deformations are prevented in case of one sided

attachments.
L L

=& One sided detail

—@— Double sided detail

= =3 == SHSS, One sided detail

= =% == SHSS, Double sided detail

&= One sided, 2 elements through thickness
——o— Double sied, 2 elements through thickness
SHSS, One sided, 2 el. through thickness
SHSS, Double sided, 2 el. through thickness

SHSS Consentration Factor

0.95 T T T T

0 20 40 60 80 100
Distance from weld toe [mm]

Figure 4.23: Stress distribution and extrapolated SHSS paths for double-sided and
one-side longitudinal attachments with L=150mm and t=12.Tmm
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4.5.8 Length effect

Length of the welded attachment is the only variable parameter that is included
in the fatigue design classification of longitudinal attachments based on the nom-
inal stress method according to Eurocode 3. Therefore, it is anticipated that the
stress concentration factor would deviate remarkably due to varying the attach-
ment length.

Similar to previous investigations, finite element models of longitudinal attach-
ments with varying attachment length were constructed to evaluate the SHSS con-
centration factor. In addition to that, the effective notch stress analysis were also
conducted to obtain the effective notch stress concentration factor as a function
of gusset length. Since an extremely fine mesh is required for the latter analysis,
sub-modeling technique were implemented. It should be noted that, although only
a small portion of the weld toe were sub-modeled, analysis could not be performed
using ordinary desktop computers. As a result, the model were submitted to a su-
per computer (cluster) for analysis. Details regarding the sub-modeling technique
and its application are elaborately discussed in Section [6.4] Figures and
show an example of the analyzed models.

The investigated finite element models as well as the analysis results are presented
in Table [£.6] Moreover, representative fitted curves of the obtained values are
plotted in Figures and [£.25] As can be seen, by increasing the length of the
attachments, the stress concentration factor, based on both the SHSS approach
and effective notch stress method, increases. It is apparent that the SCF rises
sharply by increasing the attachment length from 50 to 150mm. Afterwards, by
further attachment enlargement, the SCF increase rate gradually descends such
that it becomes almost steady for attachments longer than 250mm.

Table 4.6: Investigated finite element models and the analysis outcomes for length
effect investigation of longitudinal attachments; all dimensions are in mm.

Attachment Main plate Weld  Stress concentration factor
leg
length

Length Thickness Width Thickness SHSS Effective notch stress

50 12.7 100 12.7 6 1.235 3.445

75 12.7 100 12.7 6 1.282  3.713

100 12.7 100 12.7 6 1.313  3.917

150 12.7 100 12.7 6 1.352  4.165

200 12.7 100 12.7 6 1.366  4.283

250 12.7 100 12.7 6 1.372  4.307

300 12.7 100 12.7 6 1.373  4.322

350 12.7 100 12.7 6 1.374  4.326

400 12.7 100 12.7 6 1.374  4.327

92 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



1.42

Longitudinal none-load-carrying attachment
14 1 L-variable, t=12.7, w=100, Weld leg=6 [mm]

1.38 ~

136 -
1.34 -
132 -
13 -
1.28 -
1.26 - y
1.24 4

SHSS concentration factor

1 .22 T T T T T T
50 100 150 200 250 300 350 400

Length [mm)]

Figure 4.24: The structural hot spot stress concentration factor for longitudinal
attachments as a function of attachment length
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Figure 4.25: The effective notch stress concentration factor for longitudinal at-
tachments as a function of attachment length

Based on the above discussion, it can be concluded that the investigated length ef-
fect disappears after exceeding an attachment length of 250mm. However, it varies
significantly for smaller attachments. As a result, any fatigue design classification
of longitudinal attachments based on the nominal stress method has to specifically
consider the length effect for joints with attachments smaller than 250mm.
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Figure 4.26: 3D solid global model constructed for length effect investigation of
longitudinal attachments
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Figure 4.27: 3D solid sub-model constructed for length effect investigation of
longitudinal attachments
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4.6 Evaluation according to the nominal stress method

After a preliminary evaluation of the extensive number of collected fatigue test re-
sults for longitudinal attachments, a total number of 286 specimens were selected
for further evaluations. In the initial evaluation phase, inappropriate test data such
as tests with post-weld treatment, unusual ambient temperatures, negative stress
ratios etc. were excluded. Table lists a summary of the approved fatigue test
series.

The results from evaluating the test results based on the nominal stress method are
presented in Table[d.8 Tt is clear that for specimens with attachment plates having
a length up to 150mm, FAT71 seems to provide a good representation for the fa-
tigue strength of the detail. This complies very well with the recommendations in
ITW. For test data with L=200, the evaluated fatigue strength at 2 million cycles
is below the recommended fatigue category 63. Nevertheless, this category is only
composed of one test series in which the main plate is very thin. Therefore, it is
anticipated that by including more test data the characteristic value may improve.
However, according to the tests evaluated in this study, the recommended FAT
class of 63 seems to be unreliable. The test data are plotted in Figure [4.28].

Table 4.7: Dimensions and quantity of the evaluated fatigue test specimens for
longitudinal attachments; all dimensions are in mm.

Attachment Test data Main plate Attachment
length

Thickness ~ Width Thickness  Length
L=200 10 4 100 4 200
L=150 193 4.8-25.4 75-100 4.8-25.4 150
L=100 55 10-25 80-152.4 10-25 100
L=60 11 16 90 16 60
L=50 17 8 80 8 50

Table 4.8: Statistical evaluation of the test results of longitudinal attachments
based on the nominal stress method

Configuration Test data Aopean [MPa]  Aoe [MPa| St.D.
L=200 10 75.4 56.9 0.157
L=150 193 88.7 75.9 0.123
L=100 55 91.3 73.6 0.164
L=60 11 85.8 77.9 0.056
L=50 17 88.6 77.3 0.088
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Figure 4.28: Futigue test results for longitudinal attachments according to the
nominal stress approach

4.7 Evaluation according to the hot spot stress approach

The test results according to the structural hot spot stress approach are listed in
Table In addition to that, Figure depicts the test results according to the
SHSS approach obtained from both linear and quadratic extrapolation methods.
As can be seen, the test data associated to the joints with an attachment length
of 200mm have shifted upwards and now lie within the scatter band. This obser-
vation is confirmed numerically based on the results presented in Table 1.9 where
nearly the same characteristic value has been obtained for all details irrespective
of geometric variations.

When using the quadratic extrapolation, the standard deviation is 0.138 and the
slope 2.67 evaluated with free linear regression. The characteristic strength is 88.8
MPa. With a fixed slope of 3 the standard deviation becomes 0.150 and the char-
acteristic fatigue strength is 94.2 MPa. Linear extrapolation was also examined for
this detail, giving a standard deviation of 0.150 and characteristic fatigue strength
of 93.1 MPa. Considering the results in Figure it seems that FAT-category 90
should be used for this detail instead of the FAT100 which is recommended by the
ITW.
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(a) SHSS derived from the linear surface extrapolation method
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Figure 4.29: Fuatigue test results for longitudinal attachments according to the
structural hot spot stress approach
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Table 4.9: Statistical evaluation of the test results of longitudinal attachments
based on the structural hot spot stress approach, stresses are in MPa.

Configuration Test data Linear extrapolation Quadratic extrapolation
AOCpean Ao St.D. AOCpmean Ao St.D.
L=200 10 119.2  89.9 0.157  128.0 96.6 0.157
L=150 193 110.9  95.3 0.119 1122  96.3 0.120
L=100 55} 1177 88.9 0.214 121.8  92.3 0.211
L=60 11 102.6  93.2 0.0566  103.8  94.3 0.056
L=50 17 108.1  94.3 0.088  109.4 955 0.088

98 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3



5 Fatigue Life Assessment of Over-Lapped Joints

5.1 Introduction

Longitudinally loaded over-lapped joints with side welds are usually used in fatigue
loaded structures to join different sections to a gusset plate. As depicted in Fig-
ure [5.1] two possible failure modes exist for the longitudinally welded over-lapped
joints; failure from the weld toe at the main plate and failure from the weld end at
the cover plate.

The Eurocode 3 fatigue design classifications of this detail with reference to the
mentioned failure modes are listed in Tables and As can be seen, for lon-
gitudinally welded over-lapped joints cracked at the main plate, the classifications
are rather comprehensive. Depending on the length of the longitudinal welds and
the main plate thickness a wide range of detail categories varying from FAT40 to
FATS80 are associated to this detail. On the other hand, for the joints cracked at
the cover plate only one design category, FAT45, is proposed. Moreover since the
weld is load-carrying, irrespective of the failure mode, FAT90 is recommended for

Ae e
tm tm
() (b)

Figure 5.1: Fillet welded over-lapped attachments; (a)Cracked at the main-plate,
(b)Cracked at the cover-plate

Table 5.1: Fatigue classification of over-lapped joints failed at the main plate based
on the nominal stress method according to Eurocode3 [9]

Structural detail Requirements FAT
L < 50mm all ¢, 80
50 < L <80 all £, 71
se 80 < L <100 all ., 63
t
™ 100 < L <120 all ¢, 56
L>120 tm <20 56
Fillet welded ovgr—lapped AjOiI.ltS with 120 < L < 200 £ > 20 0
cra.ck at the main plate; Ao in the L > 200 20 < £, < 30
main plate
200 < L <300 tm > 30 45
L > 300 30 <t <50
L > 300 tm > 50 40
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Table 5.2: Fatigue classification of over-lapped joints failed at the cover plate based
on the nominal stress method according to Eurocode3 [9]

Structural detail Description FAT

Fillet welded over-lapped joints 45
with crack at the cover plate; Ao

t_ in the cover plate

m

Ac

assessments based on the structural hot spot stress method.

It is also noteworthy that Eurocode 3 limits the extent of the weld to a distance
d = 10mm from the plate edges. This recommendation stems from the high prob-
ability of the formation of weld defects such as undercuts or the melt away of the
plate edges. This is mainly due to the material deficiency at the plate edge to
conduct away the weld heat.

In this section, the appropriate finite element modeling recommendations regarding
the longitudinally welded over-lapped joints is given. Next, the credibility of the
recommended classifications is investigated using both the nominal and hot spot
stress methods. The structural Dong stress is also calculated to obtain the S-N
curve pertaining to the joints cracked at the main plate. In the following sections,
for the sake of simplicity, longitudinally welded over-lapped joints will be referred
to as over-lapped joints.
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5.2 Finite element modeling and analysis

Similar to the longitudinal attachments, 3D solid element models with a relatively
fine mesh were constructed to study the fatigue performance of the over-lapped
joints. As the general employed modeling techniques are similar to those discussed
in Section [4.4] only the distinct modeling procedures of over-lapped joints will be
presented in this section.

5.2.1 Geometry

The geometry of the over-lapped joints were constructed according to the theoret-
ical reported dimensions. However, no information was generally provided regard-
ing the weld termination shape. This parameter is important since in both failure
modes of this detail, the crack has been initiated from the weld terminations. In
addition to that, as mentioned in Section the codes have not yet provided
any guideline regarding the weld end modeling.

Figure [5.2] shows the investigated models to obtain the most suitable weld termi-
nation modeling procedure. The preliminary studies revealed that in case of an
over-lapped joint cracked from the main plate, the weld end can be modeled in
three different ways as depicted in Figures[5.2h—c. Figures [5.2d—e illustrate the
possible modeling alternatives in case of an over-lapped joint cracked from the
cover plate. In order to find the most suitable modeling alternative, finite element
models of an over-lapped joint with different weld terminations were constructed
and analyzed. The findings indicated that despite the negligible difference of the
calculated SHSS based on different techniques, modeling the weld end according

()

VA

(b) (©) (d) (©)

Figure 5.2: Different techniques to model the weld terminations of longitudinally
welded over-lapped joints
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to Figure in case of failure at the main plate and Figure in case of fail-
ure at the cover plate yields more acceptable results. It was observed that if the
weld end geometry is modeled as shown in Figure [5.2b and e, the obtained SHSS
value would be underestimated. On the contrary, modeling the weld termination
as shown in Figure [5.2h would cause the resulting SHSS to be overestimated. It
should be also mentioned that, in contrast to the longitudinal attachments, the gap
between the main and cover plates has to be modeled in case of over-lapped joints.

5.2.2 Partitioning and post-processing of the results

As discussed before, over-lapped joints can fail either at the main plate or at the
cover plate. Subsequently, the hot spot would be of type‘a’ and type'b’, respec-
tively. The constructed geometry should therefore be partitioned accordingly in
any of these cases. Figure demonstrates a partitioned geometry that facilitates
for the quadratic type‘a’ hot spot stress determination, whereas, Figure [5.4] shows

L

Figure 5.3: Fillet welded over-lapped joint model partitioned at the weld toe for
type ‘a’ hot spot stress determination

Figure 5.4: Fillet welded over-lapped joint model partitioned at the plate edge for
type ‘b’ hot spot stress determination
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the appropriate partitioning for the type‘b’ hot spot stress calculation.

Once the partitioned geometry is meshed, it can be submitted for static analysis.

Since the models were partitioned along the extrapolation pathes and reference

points, the nodal values of the perpendicular stress component can be extracted to

obtain the SHSS. Figure [5.5] shows the meshed geometry of an over-lapped joint

failed from the weld end at the main plate. As can be seen in Figure [5.5b, the
stresses along the defined path at the reference points can be determined to obtain

demonstrates the defined pathes

the SHSS according to Equation [3.17] Figure

(a) The meshed model of the partitioned geometry shown in Figure

O

~

O

X

D

Oy and Ty,
along this path

along this path

(b) Close-up of the mesh at the hot spot and (c) Extracted mesh at the hot spot and the pathes
the path and reference points used for the SHSS and stress components used for the SHSS deter-
determination according to the quadratic extrap- mination according to the Dong method

olation method

3D solid element model of an over-lapped joint failed form the weld

end at the main-plate

Figure 5.5
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Figure 5.6: Contour plot of 0., distribution as well as the extrapolation path and
reference points for the type‘b’ hot spot stress determination

to read out the through thickness stresses in order to calculate the structural stress
according to Dong as discussed in Section [3.2.7. An example of the Dong stress
calculation is presented in Appendix I.

Figure|5.6/shows the defined path and reference points used to evaluate the hot spot
stress for an over-lapped joint failed at the cover plate edge. The figure shows also a
contour plot of the perpendicular stress (o,,) as the appropriate stress component
for the SHSS calculation. Once the stress results are extracted, Equation can
be used to determine the corresponding SHSS value.

5.3 Evaluation according to the nominal stress method

The evaluation of fillet welded overlapped joints included 19 test specimens of which
10 failed in the main-plate and 9 in one of the cover-plates [63]. The geometrical
parameters that are considered for this detail are given in Table

In case of failure at the main plate, as shown in Figure the fatigue strength of
over-lapped specimens with longer cover plates (OM2) is slightly higher than the
specimens in series OM1. The dependency of the fatigue life on the weld length
has been recognized by Eurocode 3 as well. In addition to that, the lower fatigue
resistance of OM1 specimens can be a result of extending the welds all the way to
the plate edges. As it was discussed earlier, extending the welds to the plate edge
can be destructive by forming weld defects such as undercuts. Statistical analysis
of the test results reveals mean values of 73.4MPa for detail OM1 and 82.9MPa for
detail OM2. The characteristic value of all the test data according to the nominal
stress method is 61.8MPa with a standard deviation of 0.135. The obtained value
is consistent with FAT56 recommended by Eurocode.

The fatigue test results of over-lapped joints cracked at the cover plate are plotted
in Figure Similar to the case with crack at the main plate, the longer plates
exhibit an insignificant higher fatigue life. The standard deviation when all the
tests are considered is 0.151 when performing a linear regression analysis with a
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free slope, giving a mean value of 57.3MPa and a characteristic value of 46.4MPa.
With a fixed slope of 3, the characteristic value is calculated to 41.1MPa with a
standard deviation increasing to 0.169. It is worth mentioning that both Eurocode
and [IW neglect the plate length effect and recommend design classes 45 and 50,
respectively. While Eurocode recommendation appears to be a good representa-
tion, the IIW suggested FAT class seems to be optimistic, when the tests at hand
are evaluated.

Table presents the statistical evaluation of the fatigue test results of all over-
lapped joints with a fixed slope of 3.

Table 5.3: Dimensions and quantity of the evaluated fatigue test specimens for
over-lapped joints; all dimensions are in mm.

Detail Test Main plate Cover plate d
data

Thickness Width ~ Thickness Length

Cracked at the OM]1 5 12.7 114.3 12.7 108 0
main plate OM2 5 12.7 114.3 12.7 171.5 12.7
Cracked at the OC1 4 12.7 114.3 9.5 95.25 0
cover plate 0C2 5 12.7 114.3 9.5 171.5 12.7

Table 5.4: Statistical evaluation of the fatigue test results of over-lapped joints
based on the nominal stress method with a fixed slope of 3

Detail Test data AOean [IMPa] Aoe [MPa]  St.D.
Cracked at the OM1 5 73.4 48.9 0.161
main plate OM2 5 82.9 75.1 0.040
Cracked at the OC1 4 49.7 29.0 0.187
cover plate 0C2 5 58.1 45.3 0.113
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Figure 5.7: Futigue test results of over-lapped joints failed form the main-plate
according to the nominal stress approach
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Figure 5.8: Fuatigue test results of over-lapped joints failed form the cover-plate
according to the nominal stress approach
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5.4 Evaluation according to the hot spot stress approach

The hot spot stress S-N curve for over-lapped joints with crack at main plate are
plotted in Figure [5.91 A linear regression analysis affirms a reduced standard de-
viation to 0.120 for all the data in this case. The characteristic value for fatigue
strength is 80.3MPa which is lower than the recommended FAT90 strength in the
ITW. The number of available tests is of course rather limited to question the cred-
ibility of this recommendation. Quadratic extrapolation is recommended for this
detail as the stress increases very rapidly at the crack initiation point.

In case of over-lapped joints cracked at the cover plate, as it is shown in Figure[5.10],
the scatter of the test data seems to be reduced when the hot spot stress is used,
compared with the nominal stress method, and the two test groups lie within a
narrow scatter band. Linear regression analysis reveals a meaningful reduction of
standard deviation to 0.109 when using a free slope. With a fixed slope of 3 the
characteristic value becomes 98.9MPa. As mentioned before, since the welds are
load-carrying, fatigue detail category 90 can be assigned to this detail. Consider-
ing the evaluated tests in this study, FAT100 appears to give good representation.
However, more test data on similar details with various configurations of different
lengths and thicknesses are needed before a firm conclusion regarding upgrading
the current detail category can be made.

In conclusion, the recommended SHSS detail category 90 for over-lapped joints
with crack at the main plate seems to be incautious, whereas it is on the safe side
for over-lapped joints failed at the cover plate. In the next section, the former over-
lapped joints will be assessed based on the structural stress approach as proposed
by Dong [31]. The findings from this investigation will help to determine the
credibility of the proposed design category based on a hot spot stress calculation
procedure other than the conventional surface stress extrapolation method.
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Figure 5.9: Futigue test results of over-lapped joints failed form the main-plate
according to the structural hot spot stress approach
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Figure 5.10: Fatigue test results of over-lapped joints failed form the cover-plate
according to the structural hot spot stress approach
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5.5 Evaluation according to the Dong stress method

It was discussed in the previous section that the characteristic fatigue strength of
over-lapped joints with crack at the main plate, based on the SHSS approach, is
below the recommended FAT90. In this section, the hot spot stress according to
Dong [31] is implemented to derive the characteristic fatigue strength of the men-
tioned detail.

In the performed case study, the Dong stress was calculated for detail OM1 at
several various distances from the weld toe (). The results in terms of stress con-
centration factor are plotted in Figure [5.11] It is apparent that the obtained Dong
stress concentration factors decline as ¢ increases. This observation is consistent
with those reported by Doerk et al. [8] and Poutiainen et al. [46]. In addition to
that, it is clear that the first obtained value at distance 6 = 0.4-t,, drops sharply
as getting further away from the weld toe, while, the value obtained at 6 = 0.9-¢,,
seems to be stabilized. Figure demonstrates the employed pathes to extract
the appropriate nodal stress values for Dong stress calculation as explained in Ap-
pendix I.

Thus, the structural Dong stress concentration factors of over-lapped joints with
crack at the main plate were calculated at § = 0.9-t,,. Figure demonstrates
the corresponding structural Dong stress S-N curve for this detail. The statistical
evaluation of the results reveals a mean value equal to 120.2MPa followed by a
characteristic fatigue design value of 98.1MPa. The standard deviation of all test
data is equal to 0.118 which is slightly less than 0.120 in which was derived based
on the surface stress extrapolation method.

Subsequently, it can be concluded that the recommended hot spot stress FAT90 for
over-lapped joints failed at the main plate is reliable provided that the structural
stress is derived according to the Dong method. In addition to that, it is recom-
mended to calculate the Dong stress at a distance equal to 6 = 0.9-t,,.
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Figure 5.12: Futigue test results of over-lapped joints failed form the main-plate
according to the structural Dong stress approach
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6 Fatigue Life Assessment of Cover-Plates

6.1 Introduction

Partial-length cover-plates are usually welded to the flanges of steel bridge girders
in order to increase the moment capacity and consequently the allowable traffic
load and span of the bridge. Numerous studies [64-66] have shown that the cover-
plate end zones have a very low fatigue resistance, see Figure [6.1] According to
the most well-known fatigue design codes and guidelines, the cover-plate end is the
most severe of all details. Tables and list the fatigue design classifications of
cover-plate ends according to Eurocode 3 and IIW recommendations, respectively.
Both design codes, categorize the cover-plate ends based on the relative thickness
of the cover-plate to the main-plate i.e. flange. It is interesting to note that, except
for the cover-plates wider than the flange, the transverse end welds can be omitted.

In this section, firstly, the literature related to the cover-plate details are reviewed
and a comprehensive test database is built up. Afterwards, the advanced 3D finite
element techniques, used to study the fatigue behavior of cover-plate ends are
explicitly explained. Next, the effects of changing cover-plate ends are investigated.
Eventually, the fatigue strength of cover-plate ends is investigated according to the
structural hot spot stress and the effective notch stress approaches.

Fatigue crack

Figure 6.1: Schematics of cover plates with and without transverse end welds

Table 6.1: Futigue classification of cover-plate details welded on I beams based on
the nominal stress method according to Eurocode3 [9]

Structural detail Description Requirements FAT

te/tm <1 te/tm > 1

Cover plates in beams  t,, < 20mm - 56

and plate girders;

Single or multiple 20 <tm <30ty < 20mm 50

welded cover plates 30 <t, <50 20<t,<30 45

with or without

transverse end weld tm > 50 30 < t,, <50 40
- tm > 50 36
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Table 6.2: Fatigue classification of cover-plate details welded on I beams based on
the nominal stress method according to the IIW recommendations

Structural detail Description Requirements FAT
Fatigue crack ~ Find zones of single or te/tm < 0.8 56
multiple.welded COVET g8 < ¢/t < 1.5 50
plates with or without
transverse end weld te/tm > 1.5 45

6.2 Test database

The constant amplitude fatigue test results of 183 cover-plate specimens have been
collected [64,65]. The specimens accommodate a wide range of geometric variations
such as the cover-plate to main plate thickness ratio (¢./t,,) and the cover-plate
end shape; see Figure [6.2] and Table [6.3]

As it will be discussed in the next section, the majority of test programmes investi-
gating the fatigue behavior of as-welded cover-plate details were conducted before
1980. Since then, the conducted researches were mainly focused on the fatigue life
enhancement of cover-plate details by post-weld improvement techniques such as
grinding and peening. Therefore, as the assessment of post-weld treated specimens
is not within the scope of this study, the latter group of tests was excluded.

Fatigue crack Fatigue crack Fatigue crack
t ts t;

Detail CP A Detail CP B Detail CP C

Fatigue crack
Fatigue crack
t
tC

Detail CP D Detail CP E

Figure 6.2: Different cover-plate test configurations
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Table 6.3: Dimensions and number of evaluated fatigue test specimens for cover-
plate details; all dimensions are in mm

Detail Test Main plate Cover plate te/tm
Thickness Width Thickness Width

CP Al 30 9.525 171 19.05 114 2

CP A2 102 9.525 171 14.3 114 1.5

CP A3 5 19.05 127 12.7 101.6 0.67

CP B 5 19.05 127 12.7 101.6 0.67

CPp C 6 19.05 127 12.7 101.6 0.67

CP D 5 19.05 127 12.7 101.6 0.67

CP E 30 9.525 171 14.3 229 1.5

6.3 Literature review

Munse and Stallmeyer [67] performed a series of fatigue tests at the University
of Illinois to investigate the effect of detail geometry on the fatigue behavior of
flexural welded members such as cover-plates. With respect to beams with partial
length cover-plates, the authors concluded the followings:

e Tapered partial length cover-plates have greater life than square ended cover
plates. However, the difference is insignificant.

e Omitting transverse end welds increases the fatigue life by a small percentage.

e A gradual transition in thickness or width of flanges is the most effective way
of increasing the fatigue strength.

A review of the early work, which was mostly done at the University of Illinois,
was reported by the Task Committee on Flexural Members (1967). The main find-
ing was that changing the cover plate end shape results in comparable fatigue lives.

Fisher et al. [65] tested 193 beams with various square-ended cover-plates that
were made of three different steel types and subjected to various stress ranges.
This study specified the stress range and the detail type as the fatigue strength
determining factors. It was also found that the following variations of cover-plates
does not influence the fatigue life:

e Cover-plates with or without transverse end welds
e Cover-plates wider or narrower than the flange
e Cover-plates up to 19mm thick

e Single or multiple cover-plates

The only exception was the not-welded end cover-plates wider than the flange which
exhibited a much shorter fatigue life.
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6.4 Finite element modeling techniques

Welded cover-plate details on I beams are more complex in terms of the finite
element modeling than the previous studied details. The constructed model is of-
ten very big which makes it difficult to maintain the mesh quality requirements.
Moreover, cover-plate details are also assessed based on the effective notch stress
method. As it was discussed in Section [3.3] this approach requires an extremely fine
mesh in which meshing the entire model according to that will lead to a drastically
large model. Thus, sub-modeling technique is used for the effective notch stress
analysis. In addition to that, loading and boundary conditions should be defined
in such a way to be compatible with the performed tests. In this section, the pe-
culiarities of the finite element modeling of welded cover-plate details according to
both the structural hot spot stress approach and the effective notch stress method
are thoroughly discussed.

6.4.1 Global model

In order to calculate the SHSS, a global model is constructed for each test series.
Furthermore, since the cover-plate details are also assessed according to the effec-
tive notch stress method, this model is used to obtain the displacements along the
boundaries of the corespondent sub-model. As it is shown in Figure [6.3] due to
the symmetrical nature of the conducted tests, only half of the tested specimens is
modeled. Similar to the over-lapped joints, a symbolic one millimeter gap is mod-
eled between the cover-plate and the flange. One the one hand, since the model
size is still relatively large, it needs to be divided into small portions in order to
allow for a gradual refinement of the mesh size at the critical locations. On the
other hand, since the displacements along the boundaries of the sub-model have
to be calculated, partitions should be created around the entire periphery of the
sub-modeled region. Figure [6.3(d illustrates the partitioned area at the weld toe of
a square-ended cover-plate that facilitates the sub-modeling application.

Figure demonstrates the applied boundary conditions and loads. As can be
seen, symmetric boundary conditions with respect to the ‘x axis’ are defined along
the symmetry plane of the beam. Additionally, boundary conditions corresponding
to a roller restrain are defined along the support edge. Further, since linear elastic
analysis can be assumed, the beam is loaded with an arbitrary pressure load at the
load application surface. The hand calculations of the resulting displacements and
stresses at the mid-section of the beam are compared with the analysis results in
order to verify the model.

Similar to the performed 3D analysis in the previous sections, 20-node isoparametric
elements are used. Moreover, due to the sharp stress gradient at the cover-plate
end zone, quadratic surface stress extrapolation is performed to calculate the SHSS.
These extrapolation points are distinguished in Figure [6.3d.
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Figure 6.3: 3D finite element model of an I beam with welded cover-plates:
(a)Modeled geometry, (b)Partitioned model, (c)Applied loads and boundary condi-
tions, (d)Partitioned cover-plate weld toe area accommodating the SHSS calculation
and the sub modeling application

6.4.2 Sub model

As discussed before, in order to maintain the extremely fine mesh required for the
effective notch stress method, sub-modeling technique is used. This section aims to
provide a short and general guideline regarding the application of 3D sub-modeling
technique.

A sub-model uses the displacements obtained from the global model as the bound-
ary conditions. Therefore, the nodal coordinates of a sub-model must be identical
to its coordinates as a part of the global model. The sub-model can be constructed
separately or obtained by cutting away the excessive parts of the global model
surrounding the sub-modeled area. If the latter is used to obtain the sub-model,
its nodal coordinates would be automatically properly placed. Otherwise, the sub-
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model should be transferred to the correspondent position. Figure shows the
sub-model pertaining to the weld toe region shown in Figure [6.4(.

Once a sub-model geometry is constructed, the critical areas at the weld toe should
be modified in accordance to the effective notch stress method. For the detail in
question, the weld toe has been reported as the crack initiation area. Thus, the weld
toe of the sub-model is rounded with a 1mm radius. Furthermore, the sub-model
needs to be partitioned into smaller divisions to allow for a gradual transition from
a coarse to a fine mesh at the weld toe region. A method to achieve this mesh
quality is illustrated in Figure [6.4p.

The next step is to assign the proper boundary conditions to the relevant surfaces
of the sub-model. As previously mentioned, a sub-model uses the displacements of
its global model as the boundary conditions. Hence, on this basis it may be inferred
that, the boundary conditions have to be applied along the sub-model’s faces which
are connected to the global model. In addition to that, since 3D solid elements are
used, the boundaries has to be restrained for all three degrees of freedom. This
type of boundary condition resembles the continuity of a sub-model as a part of a
global model. Figure [6.4e shows the selected surfaces of the sub-model to assign
proper boundary conditions.

I
I

i (e)

Figure 6.4: Sub-modeling technique
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Eventually, a suitable mesh has to be generated for the prepared sub-model. In
order to obtain a more flexible mesh with better element aspect ratios, a ‘hex-
dominated sweep’ mesh is recommended. Moreover, by using the Abaqus ‘redefine
sweep path’ feature and setting appropriate meshing pathes, a better mesh quality
can be achieved. A generated mesh using the above mentioned recommendations

are shown in Figure and e.

Figures[6.5)and [6.6] demonstrate the finite element models of a semicircular concave-
ended cover-plate detail.

6.4.3 The nominal stress calculation

In order to calculate the hot spot stress, the nominal stress at the outer most fiber
of the flange should be calculated. This can be done by using either simple elastic
beam calculations or by linear extrapolation of the stress distribution at a distance
from the weld toe which is not affected by the local stress raiser i.e. weld. An
example of the latter method is shown in Figure [6.7]

100
90 - Surface stress

— -+ Linear extrapolation

Stress [MPa]

O T T T T
0 50 100 150 200 250

Distance from weld toe [mm]

Figure 6.7: The nominal stress calculation from the FEA output by linear extrap-
olation of the surface stress distribution in front of the weld toe
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6.5 Cover plate end shape effect

As tt was mentioned in Section [6.3] several research programmes have shown that
altering the cover-plate end shape yields comparable results. However, as plotted
in Figure [6.10] the exhibited fatigue lives of the cover-plate details illustrated in
Figure [6.8] slightly differs. The SHSS analysis results of the investigated cover-
plate end configurations are plotted in Figure [6.9] As it is apparent, Type F end
configuration has the lowest stress concentration factor. This observation is con-
sistent with the test results in which the mentioned cover-plate end configuration
has shown the highest fatigue life. The fatigue test results according to the SHSS
are plotted in Figure [6.11]

Fatigue crack Fatigue crack Fatigue crack
t tz t

Type A Type B Type C

Fatigue crack Fatigue crack Fatigue crack
c c t

t t

Type D Type F Type G

Figure 6.8: Various configurations of cover-plate end shapes

B Quadratic extrapolation

1.95 A Linear extrapolation
1.85 A
1.75 A
1.87
1.65 -
: 1.76 1.75
1.55 1 1.62 1.61

1.45 T T
Type A Type B Type C Type D Type F Type G

Cover Plate End Shape

Stress Concentration Factor

Figure 6.9: Various configurations of cover-plate end shapes
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Figure 6.10: Futigue test results of cover-plate details with different end shapes

according to the nominal stress method
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Figure 6.11: Fatigue test results of cover-plate details with different end shapes
according to the structural hot spot stress approach
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6.6 Evaluation according to the nominal stress method

Conforming to the data shown in Figure and Table [8.4] the fatigue strength of
cover plates seems to be particularly affected by the ratio t./t,,. It is apparent that
cover plates with the lowest t./t,, ratio exhibit the highest fatigue strength. How-
ever, this effect disappears for details with ¢./t,, > 1. These details demonstrate
the same fatigue strength. Moreover, as the fatigue test results of cover plates with
various end shapes lie latently within the same scatter band, it can be concluded
that changing the cover plate end shape does not affect the fatigue strength of
cover plate details. While Eurocode has limited the effect of t./t,, to ratios only
less than and higher than one, ITW considers several intervals. Consequently, con-
sidering the evaluated data in this study, Eurocode 3 recommendations appear to
be more consistent.

Table 6.4: Statistical evaluation of the cover-plate test results using linear regres-
sion analysis with a fived slope of 3

Configuration Test data ACpean [IMPa]  Acc [MPa| St.D.
te/tn, = 0.67 21 79.7 64.8 0.147
t/tm=15 132 62.2 54.4 0.104
te/tm =2 30 62.7 54.3 0.103

1000 -

Nominal stress range Ac [N/mm?]

<o |00
100 -
A t.c/tm=0.67
¢ tc/tm=1.5
O tc/tm=2
- = =Mean value t.c/t. m=0.67, m=3
Mean value t.c/t.m=1.5, m=3
— - - Mean value t.c/t.m=2; m=3
10 . i . iy
10,000 100,000 1,000,000 10,000,000

Number of load cylces [N]

Figure 6.12: Fatigue test results of over-lapped joints failed form the main-plate
according to the nominal stress method
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6.7 Evaluation according to the hot spot stress approach

The test results of all cover-plate details evaluated using the structural hot spot
stress approach are shown in Figure[6.13] As it was expected, the geometrical effects
of different shapes and configurations are implicitly accounted for by the hot spot
stress approach and all the data lie within one scatter band. This observation is
supported by the statistical analysis as well. The standard deviation of all test data
decreases significantly from 0.149 in the nominal stress approach to 0.116 for the
hot spot stress approach. The recommended FAT100 seems also to be a reasonable
representation for the fatigue strength of this detail.

1000 1

100

A t.c/t.m=0.67
¢ tc/tm=1.5
O tc/tm=2
= = —Mean value t.c/tm=0.67, m=3

Hot spot stress range Ac [N/mm?]

Mean value t.c/tm=1.5, m=3
— - - Mean value t.c/t.m=2; m=3

— - = Detail class 100
10 f ey

10,000 100,000 1,000,000 10,000,000

Number of load cylces [N]

Figure 6.13: Futigue test results of over-lapped joints failed form the main-plate
according to the structural hot spot stress approach
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6.8 Evaluation according to the effective notch stress method

The test results according to the effective notch stress approach are shown in Fig-
ure [6.14] It is apparent that although the scatter of the test data is reduced
compared to the nominal stress method, they don’t lie within one scatter band.
The reason for this anomalous observation is assumed to stem from the fact that,
when using effective notch stress method, the exact weld geometry should be mod-
eled in order to obtain accurate results. However, the precise weld geometry is
often unknown when assessing the test data or in the design phase.

The statistical comparison between the three investigated evaluation methods is
listed in Table [6.5] FAT225 based on the effective notch stress approach seems to
be in a good agreement with the evaluated test data for this detail.
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100

A t.c/t.m=0.67
¢ tc/tm=1.5
O tc/tm=2
= = =Mean value t.c/t.m=0.67, m=3
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Effective notch stress range Ac [N/mm?]

— - - Mean value t.c/t.m=2; m=3

— - = Detail class 225

!
T

10 t
10,000 100,000 1,000,000 10,000,000

Number of load cylces [N]

Figure 6.14: Fatigue test results of over-lapped joints failed form the main-plate
according to the effective notch stress approach

Table 6.5: Statistical evaluation of the cover-plate details according to different
evaluation methods using linear regression analysis with a fived slope of 3

Evaluation method A pmean [MPa]  Ace [MPal St.D.
Nominal stress method 64.2 53.0 0.149
Hot spot stress approach 136.5 117.6 0.116
Effective notch stress method 289.7 230.3 0.135
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7 Fatigue Life Assessment of Cruciform Joints

7.1 Introduction

As presented in Table [7.1], the assessment of root failure of cruciform or tee joints
based on the nominal stress method, is categorized under the fatigue design class
FAT36 irrespective of the joint geometry and the code. ITW recommendations pro-
pose an increase of FAT class 40 for the joints with a/t < 1/3, where a is the throat
thickness of the weld and ¢ is the thickness of the load carrying plate. It should be
noted that the misalignment of the load-carrying plates should not exceed 15% of
the thickness of the intermediate plate.

When it comes to local stress approaches, since the root cracking cannot be investi-
gated by the structural hot spot stress approach, the effective notch stress method
is proposed as an appropriate substitute. In this method the fatigue design class
FAT225 is claimed to be applicable to all details provided that the maximum prin-
cipal stress is used.

In this section, after building up a large test database, various influencing factors
on the fatigue life of load-carrying cruciform joints with root failure are investi-
gated. In addition to that, specific recommendations regarding the finite element
modeling and analysis of load-carrying cruciform details is given. The credibility
of the current design categories based on the nominal and the effective notch stress
approach is investigated. Eventually, the capability of the effective notch stress
method to predict the crack initiation and propagation path is examined through
a case study.

Table 7.1: Fatigue classification of the weld root cracks based on the nominal
stress method

Structural detail Description FAT

Root failure in fillet welded load-carrying cru- 36
ciform joints
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7.2 Test database

A great number of tests have been carried out for this detail. However, a good
documentation of the tests is not available for most of them. Therefore, in the test
selection procedure, tests with more details and better documentation have given
a higher priority to be included. Figure shows a summary of all the 25 selected
test series. The selected test series are consisted of a total number of 317 fatigue
test data and cover a wide range of miscellaneous specimens [68H76].

In order to facilitate further references, based on the dimensions of the tested spec-
imen an ID is assigned to its test group. For instance, a test group designated
as M9M25C6L5 has been performed on specimens made of 9mm and 25mm thick
plates as the main loaded plates on sides of the joint and a 6mm thick intermediate
plate welded with a weld leg length of 5bmm. In case of joints with equally thick
side plates, the repetitive variable is dismissed.
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Performer 1D Stress Weld geometry Residual | Test
Ratio Leg Penetration | Angle Welding method stresses | data
R) Length depth
Kainuma et al | M14M14C14 0 6 0.5-32 45 CO2 gas metal arc welding | Eliminated 7
2005
Kainuma etal | MIM14C14 0 6 0.5-32 45 | CO2 gas metal arc welding | Eliminated 9
2005
Kainumaetal| M9M14C6 0 6 0.5-32 45 | CO2 gas metal arc welding | Eliminated 9
2005
Kainuma etal| M9M25C6 0 6 05-32 45 | CO2 gas metal arc welding | Eliminated 10
2005
Kainuma et al MI16L7 -1 0 7 n/a 45 CO2 gas metal arc welding | Eliminated 3
2006
Kainuma etal | MI6L7 - S1 0 V7H14 n/a Scalene | CO2 gas metal arc welding | Eliminated 3
2006
Kainumaetal| MI16L7 - S2 0 V14H7 n/a Scalene | CO2 gas metal arc welding | Eliminated 3
2006
Kainuma etal| MI16L7 - CV 0 7 n/a Convex | CO2 gas metal arc welding | Eliminated 3
2006
N.N. 1980 M25L19 0 19 n/a 45 Manual arc welding Preheated 5
N.N. 1980 M251L.22 0 22 n/a 45 Manual arc welding Preheated 3
N.N. 1980 M38L24 0 24 n/a 45 Manual arc welding Preheated 5
N.N. 1980 M38L33 0 33 n/a 45 Manual arc welding Preheated 7
N.N. 1980 M25L21 0 21 n/a 45 Manual arc welding Preheated 5
Neumann A. MI5L10 0.3 10 n/a 45 Manual arc welding n/a 11
1958
Neumann A. MI15L10 0.3 10 n/a 45 Semi-automatic submerged n/a 8
1958 arc welding
Neumann A. MI5LI10 0.3 10 n/a 45 Automatic submerged arc n/a 7
1958 welding
Neumann A. MI2L11.3 0.26 11.3 n/a 45 Low-hydrogen electrode n/a 27
1966 0.32 manual arc welding
0.12
0.09
-0.72
-0.39
Macfarlane M12.7L8C32 0 7.9 n/a 45 Rutile electrode manual arc n/a 8
D.S. 1965 welding
Haibach E. MI10LS.5 -1.0 8.5 n/a 45 Rutile electrode manual arc n/a 17
1966 0 welding
Haibach E. MI10L8.5 0 8.5 n/a 45 Rutile electrode manual arc Stress 7
1966 welding relieved
Haibach E. MI10LS.5 0 8.5 n/a 45 Rutile electrode manual arc Stress 7
1966 welding relieved
Haibach E. MI10L5.7 -1.0 5.7 n/a 45 Rutile electrode manual arc n/a 25
1966 0 welding one pass
Haibach E. MI10LS8.5 0.57 8.5 n/a 45 Rutile electrode manual arc n/a 36
1966 0.33 welding two passes
0.67
Haibach E. et MI10LS.5 -1.0 8.5 n/a 45 Rutile electrode manual arc n/a 81
al 1968 0 welding two passes
Latzin K. 1974 M14L6.3 -1.0 6.3 n/a 45 Manual arc welding n/a 11

Figure 7.1: Summary of the selected tests of the root failure of load-carrying
cruciform joints
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7.3 Finite element modeling and analysis

As discussed earlier, the structural hot spot stress approach is not applicable in
case of root failures. Therefore, the effective notch stress method is implemented
to assess the fatigue performance of load-carrying cruciform joints. Due to the
constant cross section of the detail through the depth, a 2D analysis is sufficient.
This section aims to describe the finite element modeling and analysis procedure
of load-carrying cruciform joints using the effective notch stress method.

7.3.1 Geometry and partitioning

Load-carrying cruciform joints are usually symmetrical with respect to both or one
axis. Therefore, it is often satisfactory to model one quarter or half of the detail.
Additionally, as mentioned above, the detail geometry is uniform through the depth
and a 2D analysis is sufficient.

In this study, the theoretical reported values are used to model the geometries.
Afterwards, the required modifications according to the effective notch stress con-
cept are applied to the FE models. The sharp transitions from the plate to the
weld toes are replaced with smooth transitions with 1.0mm radius. Also, a 1mm
radius notch is introduced at the weld root such that the tip of the radius touches
the root of the real notch. Figure demonstrates an example FE model of a
load-carrying cruciform joint prepared for the effective notch stress analysis.

In order to mesh the modeled geometry according to the effective notch stress

X-Symmetric
boundary conditions —

R=1 .Omn{

| IMPa unit stress }1

.
“—R=1.0mm
[ T /. -
(a)

(b) “ Y-Symmetric
boundary conditions

Figure 7.2: 2D finite element model of a load-carrying cruciform joint :
(a)Modeled geometry with respect to the effective notch stress requirements,
(b)Loading and boundary conditions applied on the partitioned model
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requirements, it has to be partitioned in several smaller regions. In another words,
since an extremely fine mesh is required at the crack initiation sites, the model
should be divided into partitions to allow for a gradual transition from a coarse
to a fine mesh at the mentioned areas. Figure[7.2b shows a partitioned model
as well as the applied loading and boundary conditions. Similar to the previous
analysis, a unit tensile stress is applied on the pertaining boundary of the model.
The boundary conditions are also defined along the symmetry planes as illustrated

in Figure [7.2p.

7.3.2 Meshing, Element type and analysis procedure

Figure shows a typical generated mesh for the discussed detail. As can be seen,
for increased accuracy, a finer mesh than that proposed by the ITW recommenda-
tions is constructed at the weld root. In order to obtain the exact desired mesh,
‘structured mesh’ is generated at the critical areas while the rest of the model is
meshed using '’Quad-dominated’ free mesh control.

As recommended by Fricke [54] quadratic plain strain shell elements are chosen
as the appropriate element type for the analysis of this detail. Once the model is
analyzed using a static analysis procedure, the maximum principal stress as the
pertinent stress component can be directly exploited. For the analysis of the detail
in question, the maximum obtained stress value at the weld root is considered as
the effective notch stress. Since a unit nominal stress is applied, the obtained value
is regarded as the effective notch stress concentration factor. Figure [7.4] shows the
maximum principal stress contour plot for a sample detail.

.......

R R T HH A PR

Figure 7.3: 2D meshed finite element model of a load-carrying cruciform joint
with special consideration given to the weld root as the crack initiation area
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Figure 7.4: Maximum principal stress contour plot of a load-carrying cruciform
joint

7.4 Influencing factors

In this chapter several factors which can affect the fatigue life of load-carrying
cruciform joints will be studied in more details. However, the investigated param-
eters are limited to those which can be assessed by the available fatigue analysis
approaches and have been provided with adequate information via the test reports.

7.4.1 Stress ratio (R) effect

In order to investigate the effect of stress ratio on the fatigue life of this detail, the
tests which were carried out by different R ratios were used to produce S-N curves
of the test results. In cases that the stress was provided in the plate section, the
equal stress at the throat section is calculated and replaced, see Section [7.4.4]

It is shown in Figures and that the stress ratio has a significant effect on
the fatigue life of the specimens. It is apparent that the tests with a negative stress
ratio have generally exhibited a higher fatigue life than those tested with R=0. As
the effect of stress ratio can not be accounted for when using the effective notch
stress approach, only the tests with a positive stress ratio have been considered in
this study.
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Figure 7.5: Futigue test results of identical load-carrying cruciform joints tested
with different stress ratios
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Figure 7.6: Fatigue test results of identical load-carrying cruciform joints tested
with different stress ratios
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7.4.2 Welding method effect

Figure demonstrates the effect of welding method on the fatigue life of geomet-
rically identical details but welded with different techniques. It is apparent that
the welding method can affect the results such that the manually welded details
reveal a significantly lower fatigue resistance that the other cases. Thus, it can be
concluded that, the welding technique should be considered as an effective factor
in comparisons of the test results.

It is interesting to note that, none of the fatigue assessment methods including the
nominal and the effective notch stress approaches, consider this effect. Therefore,
similar to the stress ratio effect, only details made with the same welding technique
have been studied.
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Figure 7.7: Futigue test results of geometrically identical load-carrying cruciform
joints welded with different techniques
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7.4.3 Weld shape effect

Fricke et al. [77] have reported an effect of the modeled weld geometry using the
effective notch stress method. Since the weld geometry is precisely modeled for
analysis based on this method, it is of great interest to assess the capability of this
method to reduce any possible scatter of the test results caused by the variations
of the measured weld shapes. Therefore, a group of tests performed by Kainuma
and Mori [69] on specimens with the same plate thickness but different weld shapes
were selected, see Figure The authors have also measured the fabricated spec-
imens and reported the mean measured values as can be seen in Figure [7.9]

The test results are plotted in Figure [7.16, It is apparent that as long as the weld
leg length in the direction of the load application is constant, the shape of the
weld is almost ineffective. On the contrary, increasing the leg length in the load

Weld Shape

b

|4H| ‘ iz

S1-specimen
|<_.|

S2-specimen

A
(o
8]
[\

v

|
| 335

PN
I-specimen

+ M

p 160 S e 160 . |l ez, |I ,
16 CC-specimen CV-specimen
Figure 7.8: Fatigue tested load-carrying specimens with different weld shapes,
after [69]
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Figure 7.9: Shapes and dimensions of the analytical models, after Kainuma and

Mori [69]
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(a) (b)

Figure 7.10: 2D finite element models of load-carrying cruciform details with
different weld shapes: (a)Test series S1, (b)Test series C'V

application direction has resulted a higher fatigue life. As the effective notch stress
method claims to be shape independent, the discussed scatter of the test results
is expected to diminish provided that the exact weld geometry is modeled. Sub-
sequently, having mentioned that the authoress have reported the mean measured
dimensions of the fabricated specimens, these values have been used to construct
the finite element models. Figures and b, depict the analyzed FE models of
the test series S1 and CV, respectively. As it can be seen, the obtained effective
notch stress value for the CV-specimen is considerably larger than that for the
S1-specimen. This observation is consistent with the test results where the S1-
specimen exhibited a distinguishable higher fatigue life than the other specimens
including the CV-specimen.

Eventually, the re-analyzed fatigue test results according to the effective notch
stress approach are plotted in Figure It is apparent that the existing scatter
of the test results is clearly reduced and all the test data lie within a uniform scatter
band. Thus, it can be concluded that a single effective notch stress design curve can
be assigned to similar specimens with different weld shapes provided that the exact
weld geometry is known. In another words, the effective notch stress method is ca-
pable of reducing the scatter caused by varying the weld geometry. This conclusion
makes the effective notch stress method a suitable fatigue assessment approach for
the existing structures in which the precise specimen dimensions are known.
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Figure 7.11: Fatigue test results of similar load carrying cruciform joints with
various weld shapes according to the nominal stress method; all dimensions are in
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Figure 7.12: Futigue test results of similar load carrying cruciform joints with
various weld shapes according to the effective notch stress approach
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7.4.4 Stress calculation effect

The stress used to produce the nominal stress S-N curves could be either the stress
in the plate or in the weld throat section. The majority of the tests tabulated in
Figure [7.1] have been documented using the stress in the plate section. However,
Eurocode 3 and IIW explicitly request to base the analysis on the stress at the
weld throat section. The effective notch stress method also makes use of the stress
at the weld throat section as the corresponding nominal stress to obtain the stress
concentration factor. In this study, in case of reported stress values at the plate
section, the stresses are re-calculated at the weld throat section as follows:

ay, = (s+ Py,)- cos(d)
F
Y(ay 1)

Ow —

where a,,, weld throat thickness; s , weld leg length; P,, weld penetration depth;
0, weld toe angle; o, stress at the weld throat; F', applied force and [ length of
the weld.

7.4.5 Residual stresses effect

The measurements of residual stress distribution in the cruciform details indicate
the existence of favorable compressive residual stresses at the weld root. Therefore,
evaluating the test results without considering this effect could lead to an overes-
timation of the fatigue life. Figure affirms that even for a specimen with a
small weld size, eliminating the residual stresses can result in a lower fatigue life.
It should be noted that a higher profitable residual tensile stresses is expected for
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Figure 7.13: Fatigue test results of analogous load-carrying cruciform details with
different residual stresses
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the details with thicker weld throats. Therefore, it is recommended to investigate
the test results with eliminated residual stresses in order to obtain reliable findings.

7.4.6 Detail configuration effect

Kainuma and Mori [69] tested load-carrying cruciform joints with different plate
thicknesses as shown in Figure The minimum stress level of the conducted
tests was set higher than the minimum required for opening the weld root gap. As
a result, the effect of residual stresses on root crack propagation was eliminated.
As can be seen in Figure [7.16] the plotted fatigue test results exhibit a noticeably
large scatter.

Figure demonstrates an analyzed finite element model of one of the tested
specimens. Only half of the detail is modeled due to its symmetry with respect
to the horizontal axis. It was observed that in all the analyzed models, the max-
imum effective notch stress appeared at the side with thicker plate. This finding
is supported by the reported failure locations of the actual test specimens. The
fatigue test results of the load-carrying cruciform joints with different detail config-
urations according to the effective notch stress approach are plotted in Figure [7.17}
As can be seen, the scatter of the test results is meaningfully reduced so that one
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Figure 7.14: Fatigue test specimen configurations, after Kainuma and Kim [68]
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Figure 7.15: The analyzed finite element model of detail MIM14C14
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Figure 7.16: Fatigue test results of the load carrying cruciform joints with various
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Figure 7.17: Fuatigue test results of the load carrying cruciform joints with various
detail configurations according to the effective notch stress approach
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design category can be assigned to all the details irrespective of their miscellaneous
configurations.

7.5 Evaluation according to the nominal stress method

As it was discussed in the beginning of this chapter, both Eurocode 3 and IITW
recommendations, propose the nominal stress fatigue design category 36 for root
failures of any kind. In this section, the credibility of this recommendation is ques-
tioned by means of evaluating the collected fatigue test results of load-carrying
cruciform joints. Considering the findings of the investigated influencing factors,
the collected test data were refined to exclude the irrelevant test series. Sub-
sequently, only the tests conducted with positive stress ratios were included for
further investigations.

The corresponding fatigue test results, evaluated according to the nominal stress
method, are plotted in Figure As the characteristic value of the evaluated
tests is higher than the suggested design category, it can be concluded that FAT36
seems to be a good representative for this detail. Nevertheless, the test data exhibit
a large scatter which may be mainly due to the stochastic nature of the root failures.
In addition to that, as the higher band of the test results is consisted of specimens
with relatively thick welds, the discussed effect of residual stresses may be another
reason for the large present scatter. As a conclusion, although FAT36 can be a
good representative of the majority of the test results, it may be on the unsafe side
for specimens with severe configurations e.g. test series MIM25C6.

7.6 Evaluation according to the effective notch stress method

Figure [7.19| shows the fatigue test results of this detail evaluated according to the
effective notch stress method. It is apparent that the test series which exhibited
low fatigue strengthes, have shifted up to the main scatter band. Although the
obtained characteristic design value is lower than the proposed FAT225, it appears
to be an acceptable design category for this detail based on a visual assessment of
the re-analyzed data.

Moreover, similar to the evaluation according to the nominal stress method, the
specimens with relatively thick welds show a considerably higher fatigue life based
on the effective notch stress method. As discussed in the previous section, this
observation may be due to the favorable compressive residual stresses at the weld
root. Thus, a considerable reduction in the scatter of the test results by excluding
these test series is anticipated. Eventually, it is concluded that the effective notch
stress method can reduce the scatter of the test data in case of the root failure of
load-carrying cruciform joints provided that the scatter is caused by geometrical
variations. As a result, a single fatigue design category, FAT225, can be assigned
to these details irrespective of the detail geometry.
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Figure 7.18: Fatigue test results of the load carrying cruciform joints according
to the nominal stress method
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7.7 An investigation of crack propagation path

It is a well established fact that the fatigue cracks start and propagate perpendic-
ular to the stress direction. Taking this general rule into account, this section aims
to investigate the applicability of the effective notch stress method to predict the
crack initiation and propagation path. This is achieved by comparing the calcula-
tions with the experimental results. Figure depicts the tested specimen by
Kainuma and Mori [69] in which the authors have reported an angle between 10 to
15 degrees for the crack propagation path.

In order to investigate the crack propagation path by means of finite element analy-
sis, a corresponding finite element model as shown in Figure was constructed
and partitioned. The partitions were created in a way to divide the weld geometry
to small portions distributed every 15°. Figure shows the maximum principal
stress contour plot of the analyzed model.

(b) (c)

Figure 7.20: The investigation of crack propagation path: (a)A root failed spec-
imen, after Kainuma and Mori [69], (b)Partitioned 2D finite element model,
(c)Mazximum principal stress contour plot
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Figure 7.21: The transformation to the maximum principal stress directions

Due to the fact that the crack propagation is a function of both the stress direction
and magnitude, the maximum principal stress value is not merely helpful. Hence,
in order to calculate the direction of the stress, Si1, S22 and Sio are measured
along each partition. The maximum principal stress direction (), as illustrated in

Figure [7.2]] can be calculated as follows:

2. 2.
20 = arctan (¢> = arctan <A) (7.1)
Yy

Ogg — O S11— S22

Eventually, having calculated the maximum principal stress direction, the perpen-
dicular component of it to each partition can be simply calculated. Figures
and demonstrate the distribution of the calculated stress component along
each partition in the weld section. As can be seen, the section oriented at an angle
of 15° is the critical one and the crack is anticipated to initiate and propagate
along this section. As this observation is consistent with the experimental results,
the effective notch stress method is believed to be capable of predicting the crack
propagation path. It should be noted that extra consideration should be given to
the exploited stress components.
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8 Fatigue Life Assessment of Cope-Hole Details

8.1 Introduction

Large span bridges made of steel girders are generally fabricated in several splices
due to transportation limitations and section variations. Consequently, the bridge
splices have to be joined together in the field with welded or riveted connections.
When welded connections are used, and in order to facilitate for the transversal
butt welds in the flanges and avoid weld crossing, cope-holes are introduced in the
girder web, see Figure 8.1 As a result, the risk of incomplete weld penetration at
the intersection of web and flanges would be reduced. Additionally, cope-holes give
access for the application of none-destructive testings to ensure the weld quality.
However, the recent advancements of welding technologies have eliminated the
necessity of cope-holes in such connections by improving the welding process and
material. Nevertheless, bridge construction companies in some countries such as
Sweden yet prefer to use cope-holes in welded girder splices for practical and safety
considerations.

From a structural point of view, the existence of cope-holes results in an abrupt
reduction of the stiffness of the section which causes high stress concentration areas
mainly at the weld toes. This will lead to a relatively lower fatigue strength of this
detail compared to the other constructional details in a bridge girder. Table
represents the considerable reduction of fatigue life of beams with cope-holes.

Eurocode-3 [9] recommends fatigue design class FAT71 for welded joints with cope-
holes in which the design stress is considered based on the stress in the flange, see
Table This design criteria for cope-holes is comparatively lower than the same
for stiffeners and other common welded joints in girders. Subsequently the design
stress for cope-holes will govern the design of the section at a low stress level which
is not economical. Therefore, an increase in fatigue design class of cope-holes is of
great interest of bridge designers.

The available fatigue tests for this detail are limited [40], [78-80]. Further fatigue
tests are carried out in this study in order to evaluate the recommended fatigue

Table 8.1: Fatigue behavior comparison of several spliced beams, after Stallmeyer
and Fisher [7§].

Splice type Average Crack initiation area Fatigue life
cycles for percentage
failurex10?

Beams without 1315.2 Root of fillet weld in the region of 100%
splices a change of electrode

Beams with 428.8 Initiated at the top of cope-hole 32.6%
cope-holes only

Beams with 217.4 At the edge of cope-hole in the 16.5%
welded cope-holes flange base material
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Figure 8.1: Application of cope-holes in a bridge girder: (a)Cope-hole at a splice
due to section change, (b)Cope-hole at a splice due to transportation limitations

Table 8.2: Futigue classification of the cope-hole details based on the mominal
stress method according to Eurocode 3

Structural detail Description FAT

Cope-hole details: Ao based on direct stress 71
in the flange

Fatigi® erack

design class of cope-holes. Moreover, structural hot spot stress approach and effec-
tive notch stress method have employed to investigate the validity of recommended
design classes based on these approaches. As the mentioned methods require fi-
nite element analysis, the well known IIW recommendations [10] are adapted in
order for the results to be comparable with previous studies and recommendations
[10, 8T]. The evaluation of the current fatigue test data reveals a noticeable depen-
dency of the fatigue life to the available amount of shear stresses at the cope-hole
section. This phenomenon was previously addressed in [40] as well. However, this
finding has been criticized not to be a good representative for bridge girders by
virtue of the cope-holes being placed in sections with high shear and small bending
stresses. This loading condition is very unlikely to be experienced by splices in real
bridge girders. Moreover, the bridge girders have generally a stiffer section than
those tested in laboratories. For this reason, the shear deflections and consequently
additional stresses may not be considerable. In the current study, several existing
bridge girders are further analyzed to investigate the effect of shear stresses on the
fatigue life of splices with cope-holes in full scale bridge sections.
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Furthermore, an influence of altering the cope-hole shape on the fatigue life has
been reported in [37]. Cope-holes with different shapes redistribute the stresses at
the weld toe differently which leads to a change in the stress concentration factor.
This effect in conjunction with different loading modes is thoroughly investigated
by means of finite element analysis. In conclusion, the effectiveness of reshaping
the cope-hole is examined by comparisons of fatigue lives.

Eventually, the effect of post-weld treatment on the fatigue life enhancement of
cope-holes is investigated analytically and experimentally. Burr grinding and ul-
trasonic impact treatment methods are compared and the application instructions
are given. Conclusively, a new fatigue design class for post-weld treated cope-hole
details is proposed.
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8.2 Existing fatigue tests

The number of available fatigue tests for cope-hole details is limited. However, a
total number of 29 constant amplitude fatigue test results of as-welded specimens
from 4 different sources [40, [78-80] are collected to evaluate fatigue strength of
this detail. In addition to the existing fatigue tests, a new test series on axially
loaded specimens with cope-holes was conducted. The test program was aimed to
verify the current available guidelines regarding cope-holes and was carried out at
Chalmers University of Technology (CTH). Table [8.3|represents a detailed overview
of various test configurations as illustrated in Figure 8.2

As listed in Table .4 the fatigue strength of the evaluated cope-hole details is
very inconsistent. A closer look at the results in Figure [8.3| reveals that despite the
conspicuous geometrical variation of details CH1,CH2 and CTH, they exhibit al-
most identical fatigue strength. However, detail CH4 which is more similar to CH1
shows a dramatic fall in terms of fatigue strength. A more thorough assessment of
the tests, reveals a pronounced dependency of fatigue life of cope-hole details on
the ratio of shear stress to normal stress in the specimens (7,/0,,) , see Figure [8.3]
It is clear that the relatively low fatigue strength of details in the test series CH4
is due to the presence of considerable shear stresses in the web at the intersection
of flange and web at the weld toe of cope-hole.

The destructive effect of shear stresses on the fatigue life of cope-hole details has
been previously confirmed in [40]. Therefore, evaluation of the test results, based on
the nominal stress in these details, should consider the ratio 7, /0, as an important

—— = i = Fatigue crack -
goe? {,,/L"f
Detail CH1 = 4 b
Detail CH2 .
Detail CH3 ] < .
S penil cHa ‘ff Detail CTH
(a) Euxisting fatigue tests from literature (b) Specimen tested at CTH

Figure 8.2: Schematics of various cope-hole test configurations

Table 8.3: Dimensions and quantity of the evaluated fatigue test specimens for
cope-holes; all dimensions are in mm.

Detail Test data Main plate Attachment Ta/Om Ref.
Thickness Width Thickness Radius

CH1 7 25.4 127 4.8 25.4 0 [78]

CH2 8 9 200 9 35 0 [80]

CH3 7 8 80 6 26 0.2 [79]

CH4 7 16 50 9 25-40 0.7-1 [40]

CTH 4 20 100 8 50 0 -
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Figure 8.3: Fatigue test results of cope-hole details distinguished by the shear to

normal stress ratio

Table 8.4: Statistical evaluation of the cope-hole test results using linear regression

analysis with a fixved slope of 3.

Detail ACmean Ao Standard Deviation
N/mm? N/mm?

CH1" 83.8 —~ -

CH2 88.9 71.9 0.093

CH3 74 64.7 0.055

CH4 30 16.7 0.345

CTH 95.2 82.7 0.044

" Statistical evaluation is not possible due to only one stress level.

parameter that affects the fatigue strength of cope-hole details. While this has been
recognized in ITW, the Eurocode 1993-1-9 assigns detail category 71 to cope-hole

details irrespective of the ratio 7,/0,,.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:3

149



8.3 Influencing factors

8.3.1 load effect

The discussion in this section aims to illuminate the damaging effects of shear
stresses on fatigue strength of cope-holes. According to structural mechanics prin-
cipals, total displacement of a section along a beam which is subjected to an ar-
bitrary loading, is composed of displacements due to normal and shear stresses
(Figure . Although, it has been argued that the deflection due to shear can
be generally neglected in long span beams, the local effects of such deformations
may be prominent. To illustrate the point clearly, the deformations of a beam
section with cope-holes are further studied, see Figure [8.4b| It is apparent that as
a result of the presence of shear, a relative displacement () is induced between the
sections before and after the cope-hole. Furthermore, considering that the lateral
support of flange provided by web is no longer available in this section, the flange
undergoes an additional deformation. In this instance, the flange plate is analogous
to a beam with both ends fixed enduring an additional moment (M,44) due to the
relative displacement of the two ends (0).

As demonstrated in Figure[8.4d the additional moment introduces secondary bend-
ing stresses (0,444) through the depth so that the total stress (o) at the inner surface
of the flange at weld toe undergoes abrupt variations. The total stresses at the cope-
hole weld toe on the inner surface of a flange at the tension side increases at one
end and decreases on the other end. This peculiarity of stress state at a cope-hole
section instigates the weld to experience higher stresses than the anticipated design
ones.
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(a) Bending and shear deformations of a simply sup- (b) Bending and shear deformations of
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(c) Stress distribution through flange at weld toe

Figure 8.4: Schematic model for beam deformations
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To enlighten the importance of stress variations at cope-hole sections due to shear
deformations, the discussed model is investigated numerically. The relative de-
formation of beam ends can be obtained by subtracting the shear deflections of
sections before and after the cope-hole. For a cope-hole with radius R,, located at
x = Ly it yields

0= wS(L1 + ch> - wS(L1 — ch) (81)
where -
ws(x) = Giéi) (8.2)

and the shear area (A;) for an arbitrary section can be calculated based upon the
conservation of energy law as follows

1 V2 1 [ 72

— =—[| =dA 8.3

2GA, 2 / G (83)
Having obtained ¢, the additional moment can be calculated using Euler-Bernoulli
beam theory:

6E10

Moaa = m (8.4)
However, further investigations have confirmed that the 2R.,/t; and the 7,/0.,
ratios have also a considerable effect on stress redistributions through the flange
depth. In order to consider the secondary stress redistribution, further finite ele-
ment analysis of a satisfactory number of cope-hole details were performed. Accord-
ing to the results, the additional stress at the edges of the beam with a normalized
cope-hole detail with Rp.y = 25mm, can be obtained from:

Maddtfi QRCp
2[f Umteref

Oadd — (85)
As can be seen, by introducing a normalized cope-hole radius, the results can be
linearly extrapolated for any other cope-hole detail geometry. However, as also
mentioned by Eurocode 3, the cope-hole radius has to be limited to less than
60mm. From Equations and [8.5], the additional stress at the inner edge of the
flange at the weld toes is given by

3Et;6 7, 2R,
4 Rgp Om teref

(8.6)

Oadd =

Eventually, the total utilized stress at the weld toes of cope-hole is obtained through
superposition:
O = 0p £ Ogdd (8.7)

In order to further evaluate the proposed model, finite element analysis of several
beams with cope-holes are performed. Figure |8.5|shows the FEA results of a cope-
hole subjected to high shear stresses. It is apparent that the introduced shear
deformation model is valid and stresses at weld toes have undergone significant
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changes.

Evaluating the findings of load effects, it is anticipated that by modifying the nom-
inal stress according to Equation for specimens where cope-hole experiences
high shear stresses, the destructive shear effect should be implicitly covered. In
order to highlight this issue, the previously discussed tests reported by [40] are im-
plemented. The mentioned test specimens were tested under severe shear stresses
and consequently exhibited absolutely poor fatigue strength. However, as plotted
in Figure when modifying nominal stress, the data lie within the scatter band
of all tests, cf. Figure 8.3, This observation confirms the fact that when using
modified nominal stress for cope-holes a single design FAT class can be used for
various loading conditions. Furthermore the fact that calculated modified nomi-
nal stresses for this test series are up to three times larger than the conventional
nominal stresses, is an evidence of the significance of stresses induced by shear
deformations.

On the other hand, bridge girders have generally stiffer cross sections than those
tested in laboratories. Thus, it is of great interest to assess the participation
of additional stresses induced by shear deformations to total stresses at such stiff
sections. Likewise, investigating the criteria used by designers to place splices along
a beam and accordingly the loading experienced by cope-holes can shed light on the
severity of load effects in bridges. A survey, including a railway and a traffic bridge,
is conducted to illuminate the ambiguities of load effects in existing bridges. The
results of this study, which are presented in Appendix III and Appendix IV, appear
to reaffirm the proposed model for additional stress calculation. Figure shows
the finite element model of the investigated composite bridge based on the effective
notch stress method. Moreover, as there is no conclusive criterion regarding the
splices location, cope-holes are prone to endure high 7,/0,, ratios e.g. splices close
to mid support in multi-span bridges. In conclusion, the shear effect must be
recognized and considered in fatigue design of bridges with cope-hole details.

Stress distribution

200 = = = Nominal stress

G, [N/mm2]

35 0 35

Distance from the cope-hole center [mm]
(a) Deformed 3D solid model (b) Surface stress distribution in front of weld

toes in cope-hole

Figure 8.5: FEA results of a cope-hole subjected to high shear stresses
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Figure 8.6: Futigue test results of cope-hole details according to the modified
nominal stress
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Figure 8.7: The finite element model of an investigated existing composite bridge
based on the effective notch stress method
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8.3.2 shape effect

Finite element analysis of specimens with cope-holes has revealed that the weld toes
at introduced gap undergo severe stress concentrations. Therefore, it is anticipated
that by altering the cope-hole shape and consequently the local stress distribution
around it, an enhancement in fatigue strength would be achieved. In order to
investigate the local stress distribution of cope-holes with different shapes, FEM
analysis has been carried out for beams with four disparate cope-hole shapes as
shown in Figure 8.8

As a result of the applied loading configuration, the cope-hole in the middle ex-
periences merely bending stresses, whereas the side holes undergo a combination
of shear and bending stresses. The 7,/0,, ratio is the highest for the cope-holes
closest to the support.

As it is apparent from Figure [8.10a] for the cope-holes located in shear-present
regions, the normal stress derived from FEM notably rises on the side of cope-hole
closer to the support and drops on the other side. On the other hand, the center
cope-hole endures a symmetric stress distribution with stress peaks at the weld toes.

P=100kN  P=100kN

) ) ) ) )
A A

(a) Four point bending beam configuration

\\

Circular Triangular
7\
Semi-Elliptical Elliptical

(b) Different cope-hole shapes investigated by FEM

Figure 8.8: Cope-hole shape effect investigated models; All dimensions in mm.
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Figure[8.10D]illustrates the stress distribution in front of second cope-hole for differ-
ent shapes. A quadratic extrapolation of the stresses according to IIW recommen-
dations [10] has been done to obtain structural hot spot stress at the weld toe as an
acceptable criterion to compare different shapes. It is apparent that the triang