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Abstract 

In the present thesis, the application of fracture mechanics in design and 
assessment of steel structures has been studied. 
 
The first case study concerns a ring-flange connection used in wind turbine 
towers. The flange is rolled from straight steel profile into a complete ring. 
Subsequently, at the ends of the ring are welded by way of electron beam 
welding. This weld providing the integrity of the ring-flange was designed 
against fracture. To avoid potential failure by fracture and/or fatigue, the 
fracture mechanics approach for engineering assessments (as described in the 
Swedish handbook for safty assessment of structures containing defects) was 
implemented to predict the maximum allowable crack size. Material properties 
along with the design stress and crack size are the three variables that must be 
taken in account in order to design a structure against fracture. To this end, 
toughness and mechanical properties of the weld metal were experimentally 
determined. The results confirmed that the material behaves in a ductile 
manner and the electron beam welding has a positive effect on material 
properties. The fatigue performance of the flange was examined using the 
fatigue load histogram experienced by the flange in its 20years lifetime. 
Detailed finite element analyses of the flange connection were conducted to 
determine stress distribution at the most critical location along a hypothetical 
crack plane. The stresses obtained from the finite element analysis were used to 
assess the fracture stability of the flange. The fracture and fatigue assessment 
results confirmed that the flange in question is susceptible to fatigue failure 
which turns out to be the governing criterion in order to define the maximum 
allowable crack size. Furthermore, a parametric study was carried out to 
investigate the effect of parameters such as crack eccentricity, material 
properties and crack geometry on the integrity of the flange connection. 
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The second case concerned the maintenance problem of roller bearings of 
relatively old bridges. These tend to rupture and no satisfactory explanation 
exists in the literature. Two broken specimens were supplied by the Swedish 
Transportation Authority (Trafikverket). These were first subjected to 
fractographic examination to determine the crack initiation location. Afterward, 
Charpy, compact tension, tensile and chemical composition specimens were 
machined out of the broken roller pieces and the respective tests were 
conducted. The results showed a very brittle material but no deviations from 
the prescribed material properties that were set forth in the 1967 certificate of 
application (Zulassung) of the rollers in question. To explain the observed 
failures a mechanical over-stressing condition was sought. Two such over-
stressing sources were investigated. First the Hertz contact solution 
traditionally used in the design of roller bearings (both DIN 4141 and EN 
1337-4) is valid for an infinite length cylinder. At the edges of the roller 
contact zone, stress singularities of the sort appearing in the case of a 
rectangular rigid body indenting an elastic half-space are likely to appear: 
three-dimensional finite element analyses were conducted and a 30% edge 
stress increase was established. As a second source of over-stressing the 
imperfections of welded I-beams according to EN 1090-2 were introduced into 
the FE model including, as before, the girder end, the roller assembly and the 
abutment. A wedge-type imperfection between the lower flange of the bridge 
girder and the lower support plate of the roller can create detrimental stress 
concentrations even at values no higher than 50% of the EN 1090 limits. 
Finally, the effect of the contact stresses in the roller was examined with a 
linear elastic fracture mechanics approach. It was found that surface cracks at 
the roller edge may become unstable in Mode-II when traversing the limits of 
the contact zone as this is the area of maximum shear stress: daily thermal 
cycles cause such cracks to go through a full plastic cycle as they are forced to 
swing past both edges of the contact area of the roller. This causes plastic strain 
accumulation at the crack tip of even small stable cracks: this mechanism 
causes them to grow until they become critical. A fracture assessment diagram 
for one of the broken rollers was computed. 
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Abstract in Swedish 

Föreliggande uppsats behandlar tillämpning av brottmekanik vid konstruktion 
och beräkning av bärande stålkonstruktioner. Tillämpning sker för två typfall. 
 
Det först studerade fallet gäller skruvade flänsförband i skarvar i vindkrafttorn. 
Flänsen formas ur en rak profil till en flänsring varefter ändarna fogas samman 
med elektronstrålesvetsning. Denna svets studeras i brottmekaniskt avseende. I 
syfte att undvika haveri via sprödbrott och/eller utmattning tillämpas en 
brottmekanisk approach (såsom beskrivet i the Swedish handbook for safety 
assessment of structures with cracks) för bedömning av maximalt tillåtna 
defektstorlekar. För att bedöma konstruktionens säkerhet med avseende på 
sprödbrott behövs kännedom om materialegenskaper, spänningar i 
konstruktionen samt defektstorlekar. Brottseghet och övriga mekaniska 
egenskaper undersöktes experimentellt och resultaten bekräftade att materialet 
är segt samt att elektronstrålesvetsningen har en positiv effekt på materialets 
egenskaper. Flänsens utmattningsegenskaper undersöktes med 
utmattningslastspektrum för 20 års drift. Detaljerade finit elementberäkningar 
gjordes för att bestämma spänningsfördelningen vid den mest kritiska 
positionen längs ett hypotetiskt defektplan. Dessa spänningar användes för 
bedömning av säkerhet mot sprödbrott. Beräkningar på brottmekanik och 
utmattning bekräftar att studerad fläns är känslig för utmattning, vilket visar sig 
vara det avgörande kriteriet vid definition av tillåten defektstorlek. 
 
Andra studerade fallet gäller underhållsproblem hos rullager på äldre broar. 
Dessa tenderar att gå sönder och tillfredsställande förklaringar saknas i 
litteraturen. Två defekta rullager tillhandahölls av Trafikverket. Dessa 
genomgick inledningsvis fraktografisk undersökning för att fastställa position 
för sprickinitiering. Därefter bearbetades provkroppar för Charpy-V prov, 
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dragprov och provning av kemisk komposition fram ur bitarna. Resultaten av 
dessa prov visade på ett mycket sprött material men inga avvikelser från de 
materialegenskaper som 1967 specificerades i materialcertifikaten för dessa 
rullar. För att förklara de observerade brotten undersöktes möjliga tillstånd av 
överspänningar. Till att börja med är Hertz lösning för kontaktspänningar 
(använd i både DIN 4141 och EN 1337-4) giltig för oändligt lång cylinder men 
i ändarna på ett rullager uppträder singulariteter. Finit elementberäkning 
påvisade en ökning av spänningarna med 30 % jämfört med Hertzspänningar. 
Som en andra möjlig källa till överspänningar infördes geometriska 
imperfektioner i enlighet med EN 1090-2 i beräkningsmodellen, vilken 
inkluderar ände av svetsade I-balkar, lagerarrangemang och landfäste. En 
kilformad imperfektion mellan brobalkens underfläns och lagerrullens nedre 
stödplatta kan generera skadliga spänningskoncentrationer även vid 50 % av de 
tillåtna impefektionerna i EN 1090. Slutligen studerades effekten av 
kontaktspänningar i lagerrullen med linjär brottmekanik. Det visar sig att 
ytsprickor vid rullens ändar kan bli instabila i modus-II när kontaktzonens 
gränser passeras eftersom denna area har den högsta skjuvspänningen; dagliga 
termiska cykler orsakar sådana sprickor att genomgå en hel plastisk cykel då de 
är tvingade att passera fram och tillbaka över båda kanterna av lagerrullens 
kontaktyta. Detta genererar ackumulering av plastiska töjningar vid 
sprickspetsen även hos små stabila sprickor och denna mekanism orsakar 
tillväxt till dess de blir instabila. Ett diagram för bedömning av sprödbrott är 
uträknat för en av lagerrullarna. 
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1 INTRODUCTION 

1.1 Background 

The causes of most failures in engineering structures can be categorized as 
following: 
 


 Application of a new manufacturing process or material which may 
result to an unexpected failure. 

 

 Neglecting important parameters during design or construction of the 

structure. 
 
In the first instance, a new technology or material may be placed into service 
only after extensive analysis and testing. Fracture mechanics can be used as a 
tool for designing the structure manufactured by new fabrication process or 
material against potential failures. For example in Chapter 3, a design 
guideline is developed based on fracture mechanics to enable designers to 
ensure that the ring-flange connection manufactured using a new fabrication 
process (electron beam welding instead of forging) has sufficient crack 
tolerance to avoid potential failure.  
 
In the second instance, important parameters are overlooked in design or 
construction of the structure. As an example, in Chapter 4, a fractured bridge 
roller bearing designed in 1970 is studied. As, during this period, computer 
simulation was not easily accessible, the designer had to rely on analytical 
mathematical tools (e.g. the Hertz solution). However, the design procedure 
developed at that period does not take into account temprature variations over 
the depth of the bridge superstructure and manufacturing errors (e.g. wedge 
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imperfection). In this case study, fracture mechanics is used in order to 
investigate the mechanism that causes the frequent roller bearings failures; the 
critical length and position of the crack in the roller due to the daily thermal 
cycle of the bridge superstructure is computed. 
 
1.1.1  Ring-flange connection of wind towers 

The demand for electrical energy generated from renewable sources is 
constantly increasing; wind power is expected to be the main source of 
renewable energy for the next 20 years. The fact that the maintenance cost of a 
turbine is independent of its power makes high-power turbines more attractive 
from the operational cost point of view. This leads to ever increasing heights 
for the supporting towers, therefore creating the need for large diameter flange 
connections between the tower sections. The flanges can be forged or, more 
economically, rolled from steel profiles and welded. The drawback of forged 
flanges is the costly fabrication process and the scarcity of suppliers in Europe. 
This leads to long delivery times and elevated costs for this strategic part. 
Rather than forging, electron beam welding (EBW) can be considered for high 
quality and low distortion welding of the flange.  
 
Flange connections in wind towers have always been manufactured by way of 
forging. Therefore, design standards are already established for the forged 
flanges. A key technical barrier is to develop a design guideline based on 
fracture mechanics (more specifically an engineering critical assessment 
(ECA) procedure) to enable designers to ensure that the electron beam welded 
flange has sufficient crack tolerance to avoid potential failure by fatigue and 
fracture.  
 
To this end, a fracture mechanics approach was used to predict the maximum 
size of a hypothetical crack thus allowing the material to operate safely for the 
required design lifespan. The assessments were carried out based upon the 
applied stresses and material properties. The fatigue loading data for the design 
of an existing flange was provided by the wind turbine manufacturer. Material 
investigation including compact tension (CT), Charpy and tensile tests, was 
performed to determine the fracture toughness and strength properties of the 
weld metal. In addition, to investigate the effect of the fracture mechanics 
design parameters, a sensitivity analysis was performed.  
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1.1.2 Bridge roller bearings 

Roller fractures are a well-known issue in bridge maintenance [49]. The author 
was involved in a relevant research project assigned by the Swedish 
Transportation Authority (Trafikverket) to the Steel Structures group of the 
LTU. Two broken bridge roller bearings specimens manufactured by the Fritz 
Kreutz Steel Mill, Düsseldorf were supplied and the mission was to analyse the 
specimens and pinpoint the reason of the failures. Fractographic observations, 
material properties tests and chemical analyses were conducted in order to 
extract information as to the fracture mechanism. The findings showed a rather 
brittle material (X40Cr13) that complied with the original 1967 German 
Transportation Ministry Approval (Zulassung) of these components. These 
conditions concerning the manufacture and use of these products were also 
found and studied in the text of the approval [50]. The checks that were 
required were reiterated and it was found that the fractured rollers were 
properly designed according to the applicable standards. 
 
The focus was to reveal faults in the design procedure with which these 
products were calculated. First, the idea that the solution of Hertz is accurate in 
the plane of the roller's cross section but fails towards the ends of the roller was 
investigated. In fact seen in its longitudinal-vertical plane, the roller almost 
perfectly resembles a rectangular indenter acting against an elastic half-space: 
a closed-form solution for this problem exists for an infinitely rigid indenter. 
The particularity of this solution is that it presents a singularity at the 
extremities of the roller. Given that the contact zone extremities is precisely 
where the cracks of the fractured specimens appear to have initiated, this 
theoretical trait of the problem appeared a good starting point for numerical 
simulation. In addition, this aspect of the roller bearing contact behaviour is not 
included in the provisions of the codes (EN 1337-4 or DIN 4141) regarding 
roller resistance design.  
 
As a second reason for the observed of failures, it was investigated in the 
direction of imperfections in the parallel alignment of the contact plates that 
transfer the bridge reaction to the roller drum via unilateral contact (wedge 
imperfection). It is known that very small amounts of pre-existing gap cause 
large variations in the resulting contact stresses. It was attempted to identify 
sources of misalignment imperfections in the present Eurocode framework and 
was able to identify several relevant sources: out-of-squareness imperfections 
(as per [55] Table D.2.1(4)), flange flatness imperfections ( as per [55] Table 
D.2.1(5)), intrinsic plate misalignment (as per [43] 6.7.1) and temperature 
variations over the depth of the bridge (as per [42] 5.2.2.3). All the above 
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provided estimates for the range of values of the wedge imperfection and were 
used in a comprehensive FE model of the roller bearing assembly that included 
the part of the girder imparting the reaction (along with the stiffeners) and the 
reinforced concrete abutment. The results showed that roller safely designed at 
an 85% exploitation ratio may exceed its designated allowable contact pressure 
with an as low as 1/800 imperfection. This result explains the fact that the 
allowable contact pressure principle can, in fact, explain the frequent failures 
of the roller bearings but needs to be applied mostly at the roller edges that the 
middle part (where the traditional Hertz formulas work accurately). 
 
A conclusive investigation concerning the reason of these failures is not well 
established in the literature [49]. Maybe the best approach towards an 
explanation of the observed fractures was done by Schindler in [60] where his 
swinging Hertzian shear field idea is presented. This idea was applied in a 
plane linear elastic fracture mechanics (LEFM) context. Material and 
geometric data from the broken specimens were used. Various surface crack 
sizes were tested and finally, a fracture assessment diagram for the roller was 
drawn. A repetition of the process in a three-dimensional context is scheduled 
for the immediate future. 
 

1.2 Objectives and research questions 

1.2.1 Ring-flange connection of wind towers 

The overall aim of this part of thesis was to develop a design guideline based 
on the engineering critical assessment approach for ring-flange connections of 
wind turbine towers. The main objective focused on the prediction of the 
maximum allowable size of a hypothetical crack using fracture mechanics 
principles. Another objective was to demonstrate the influence of parameters 
such as material properties, crack eccentricity, crack geometry and fatigue 
crack growth data as recommended by various standards, to the maximum 
allowable size of crack. 

The following key research questions have been tried to answer: 
 

(a) Is the proposed defect assessment procedure capable of predicting the 
maximum allowable size of crack in the flange connection? 

 
(b) Can finite element (FE) method be used to determine location and size 

of the most critical crack of the ring-flange connection? 
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(c) Does the welded joint of the flange connection have sufficient 
toughness and strength so that potential failure by fracture and fatigue 
may be avoided? 

 
1.2.2 Bridge roller bearings 

The part of the thesis addressing the issue of the roller bearings failures was 
organized around the following research questions: 
 

(a) Can the roller failures be attributed to some design flaw? 
 

(b) To propose and verify a mechanism that may provide quantitative 
knowledge concerning the frequent roller bearings failures. 

 
(c) To propose a mechanism that will have the potential to provide life 

estimates for rollers in-service. 
 

1.3 Limitations 

1.3.1 Ring-flange connection of wind towers 

(a) The direct measurement of fracture toughness is always preferable. 
Since a very limited amount of material was available, fracture 
toughness tests using CT specimens were performed as those consume 
less material than the single edge notched bend (SENB) tests. However, 
the results did not fit to any of the standard type load-displacement 
curves. Therefore, the fracture toughness of the material was 
determined using Charpy V-notch impact testing. 

 
(b) Only fatigue assessments of the exposed to the air, ferritic steel flange, 

were performed. 
 

(c) The defect assessment of the flange was not performed using crack data 
detected by non-destructive testing (NDT). An initial size of the crack 
was assumed and the location of the crack was determined using stress 
analysis considerations. 

 
1.3.2 Bridge roller bearings 

There are limitations in the results obtained within the present work, mainly 
due to time and computational power constraints: 
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(a) The FE models in the full roller bearing contact analyses do not use a 
material law that would describe crushing of the concrete. It was 
assumed that containment reinforcement ensures cracking control 
underneath the bearing. 

 
(b) The roller contact was assumed frictionless (computational complexity 

constraint). Introducing friction and imposing the thermal bridge 
expansion as input to the FE model, will give better estimates of the 
contact stresses. 

 
(c) The LEFM was conducted in a two-dimensional context. Although this 

provided stable crack-length estimates, a three-dimensional analysis 
would be better suited. 

 
(d) The wedge-type imperfections are essentially assumed. Measuring 

actual bridge roller bearings and repeating the computations with these 
values would be of great value. 

 

1.4 Methodology 

1.4.1 Ring-flange connection of wind towers 

To achieve the objectives and arrive at proper answers to the research 
questions identified, the following methodology was adopted. 
In the first step, experimental work which was performed together with TWI 
within the RINGMAN project has been explained. The aim was to determine 
the flange strength and toughness properties.   
 
Thereafter, the loads that govern the design of wind flange were identified. In 
addition, the behaviour of the ring-flange connection was studied using FE 
analysis. After evaluating the FE results the focus shifted to determining 
stresses that could induce plastic collapse or lead to failure by fracture.  
 
Finally, a defect assessment approach was employed to predict a maximum 
allowable crack size using material properties and stresses determined in the 
previous steps. Any crack larger than the calculated maximum allowable size 
should be understood as guarantying failure at some instant within the expected 
lifespan of the structure.  
 
The general methodology for assessing a ring flange connection is shown by 
the flowchart in Figure 1-1.  
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Figure 1-1: Methodology for defect assessment of the ring-flange connection  
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1.4.2 Bridge roller bearings 

The objective of this part of the thesis is to gain insight to the reasons that 
cause the fractures of the bridge roller bearings. To this end one has first to 
assess the existing condition of the broken specimens and then examine the 
conformity of that to the regulatory framework governing the design of the 
fractured piece. If everything is found in order, the design checks that were 
followed must be analysed for possible shortcomings. 
 
First the original certificate of the broken specimens had to be found. There 
one can find all the necessary elements allowing to back-trace the original 
design procedure and compute the design strength that was expected. 
 
Then, it should be whether the broken roller operated within its design 
envelope. This comprises checking the load it received from the bridge and the 
verification of its material properties. Chemical composition showed that the 
correct steel allow was indeed used. Moreover, mechanical tests (tensile 
strength, Charpy and CT tests) established that the roller was indeed delivered 
according to specification. Application of the design rules set forth in the 
specification showed an exploitation coefficient of around 85% with respect to 
the resistance provided by the manufacturer plus an additional 30% margin of 
safety that the manufacturer chose to introduce into the product. 
 
Explanation of the failure of the roller proceeded with the examination of the 
validity of the design methodology itself. The Hertzian contact analysis 
conducted in the plane of the roller drum cross section does indeed provide 
results that appear safe. However the contact problem on a longitudinal plane, 
i.e. one containing the axis of the cylinder is related to an analytical solution 
that generates contact stress singularities at the extremities of the cylinder. This 
situation called for a complete three-dimensional FE analysis of the roller 
bearing complex including the underlying abutment and the part of the girder 
in the immediate vicinity of the bearing. 
 
Then another aspect not included in the traditional roller design procedure was 
investigated: that of the eventual misalignment between the upper and the 
lower support plates of the roller. Although such a misalignment is practically 
inevitable given the difficulties of the bridge assembly and erection process, its 
influence on the stress state of the roller was not taken into account.  
 
Last, a LEFM approach was pursued. Mode-II surface cracks at the zones of 
contact stress concentration discussed before were studied in the context of 
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plane stress. In particular the daily rotation of the roller (due to the thermal 
expansion of the deck) was investigated and the particular position of the crack 
as it traverses the Hertz stress field was determined. This made possible to 
determine the Mode-II critical crack size and the construction of a fracture 
assessment diagram for the roller under investigation. The repeated daily 
transition of the crack through the two antisymmetrical maximum shear stress 
lobes of the Hertzian stress field provides a mechanism of crack growth and 
has the potential to obtain remain life estimates for the roller. 
 

1.5 Structure of the thesis 

The thesis consists of five chapters. A brief summary of the content of each 
chapter is presented below: 
 
Chapter 1 presents a brief introduction of the subject’s background including 
objectives and expected research achievements, limitations, research 
methodology, structure of the thesis and a list of publications are described in 
short. 
 
Chapter 2 covers a state of the art in the relevant research field. The chapter 
starts with an overview of the fracture mechanics research and specifically, 
development of the engineering critical assessment standards and procedures. 
It then moves on to discuss the studies from literature on the relevant topic.  
 
Chapter 3 describes the application of the fracture mechanics in design of the 
ring-flange connection in wind turbine towers against fracture. It describes the 
details of tests conducted on the samples containing weld metal in the 
laboratory, which have been used to provide input data for the defect 
assessment of the flange. In addition, it describes the design stresses for the 
flange connection including fatigue loads that the flange experience during its 
lifetime and static stresses. Three-dimensional finite element models are 
developed to investigate the static behaviour of the flange subjected to the 
design bending moment. Moreover, a sensitivity analysis on the input data was 
carried out.  Finally, the conclusions are drawn from the research presented. 
 
Chapter 4 is dedicated on the investigation of the frequently observed fractures 
of bridge roller bearings. The study is based on the material verification of two 
such fractured specimens provided by the Swedish Transport Authority 
(Trafikverket). As no apparent deviations of the material properties, or signs of 
corrosion were observed, the investigation proceeds along the line of detecting 
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discrepancies between the design assumptions and the realistic mechanical 
conditions of operation of an existing roller. Three-dimensional FE analyses 
are conducted and the resulting contact stress distributions are compared to the 
allowable contact stresses prescribed in the relevant regulatory framework. In 
addition, the effect of the alignment imperfection between the bridge 
superstructure and the abutment, disregarded in the original design procedure, 
is investigated. Last, a LEFM approach is pursued and the critical crack length 
of surface cracks in the roller cylinder is determined. 
 
Chapter 5 is the last chapter of the thesis and sums up the conclusions 
achieved. The relevant research questions are discussed and some suggestions 
for future works are provided. 
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2 STATE OF THE ART 

2.1 Fracture mechanics research  

In 1920, Griffith [2] published a quantitative relationship between crack size 
and fracture stress. Irwin [3] and Orowan [4] extended the Griffith approach to 
metals by considering the energy dissipated by local plastic flow. In 1956, 
Irwin [5] developed the Griffith theory in a form which is more useful for 
engineering assessments. In 1938, Westergaard [6] developed a semi-inverse 
method to analyse stresses and deformations at the tip of a sharp crack. Irwin 
[7] used the Westergaard’s method to describe the stresses and deformations at 
the crack tip using a single constant that later became known as the stress 
intensity factor. Williams [8] used a different method to derive crack tip 
solutions at the same time. In 1960, Paris et al. [9] applied fracture mechanics 
principles to fatigue crack growth. 
 
The principles of linear elastic fracture mechanics (LEFM) were fairly well 
established around 1960. Therefore, between 1960 and 1961, Irwin [10], 
Dugdale [11], Barenblatt [12] and Wells [13] performed analyses to correct for 
plastic deformation at the crack tip. In 1968, Rice [14] developed a method 
using the concept of energy release rate to describe the nonlinear material 
behaviour at the crack tip. He showed that this nonlinear energy release rate 
can be integrated along an arbitrary contour around the crack, which he called 
the J-integral. 
 
For all the above mentioned fracture mechanics results, numerical methods 
such as the finite differences, collocation, Fourier-transforms were used for the 
solution of crack problems. All these methods were replaced by the FE method 
following the rapid development of computer science in the 1960s. At the same 
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period, another method called the boundary element (BE) method appeared for 
crack problems. Recently, the FE method and the BE method are mainly used 
for numerical simulations. In recent years, the amount of publications dealing 
with the application of FE method for analysing the structures containing 
cracks is unmanageable. Today, new numerical methods are already 
developing such as the mesh-free FE method/BE method, the discrete element 
method, particle methods and the extended finite element method (X-FEM) 
[15]. 
 

2.2 Development of engineering critical assessment standards and 
procedures 

The fracture mechanics based fitness-for-purpose (FFP) approach is most 
commonly referred to as structural integrity assessment (SIA) or engineering 
critical assessment (ECA). FFP is not a new concept and has undergone 
extensive development in the past 45 years. In 1970, the British Standard 
Institution (BSI) set up a committee to draft an acceptance standard based on 
early experience in application of the techniques to industrial problems. 
Following the BSI efforts, PD 6493 [16] was published in 1980. In parallel 
with the development of PD 6493, Revision 1 of the so-called R6 procedure 
[17] was published by Central Electricity Generating Board (CEGB) in 1976. 
The advantage of the R6 procedure over that of PD 6493:1980 was that the two 
static failure modes were taken explicitly into the account in one operation. 
Following the improvements of PD 6493, the BSI published an extensively 
revised edition as BS 7910 [18] in 2000. The fundamental part of the BS7910 
is that contained in Clauses 7-10 which correspond, respectively, to the 
fracture, fatigue, creep and other failure modes (see Figure 2-1). A windows 
based integrated software package by the name of Crackwise [19], is developed 
by TWI, which automates the fracture and fatigue assessment procedures based 
on BS 7910.  
 
In 1989, SAQ Kontroll AB (presently INSPECTA Technology) published a 
handbook for safety assessment of structures containing defects [20]. The 
handbook contains information on rate of crack growth due to fatigue or stress 
corrosion, stress intensity factors, load solutions, residual stresses and fracture 
toughness data. The assessment procedure was developed based on the R6 
method and the Swedish nuclear regulation. A windows based software named 
SACC [21] has also been developed which automates assessments described in 
the handbook. 
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Figure 2-1: BS 7910 clauses 
 
At the same time, other assessment procedures were developed for the analysis 
of various modes of failure, such as the American ASME, Section XI [22] and 
the Chinese SAPV-95 [23] in the nuclear sector or the Japanese JSME 
procedure [24] and the French RCC-MR [25] all widely used in industry. 
 
Between 2002 and 2006, the European fitness for service network [26] devised 
the FITNET FFS procedure [27], a document which covers the failure analysis 
of components under fracture-plastic collapse, fatigue, creep and corrosion.  
 

2.3 Stresses and deformations at a crack tip  

Stresses and deformation in front of a crack tip depend on how the cracked 
body is loaded. A crack can experience three types of loading (see Figure 2-2). 
The opening mode, Mode-I is characterized by opening of the fracture surfaces 
symmetrically with respect to the initial crack plane. The two fracture surfaces 
are displaced perpendicular to each other in opposite directions. In Mode-II, 
the two fracture surfaces slide over each other in opposite directions in a 
direction perpendicular to the crack front. The tearing mode, Mode-III, is 
associated with local displacement of the two fracture surfaces over each other 
in a direction that is parallel to the line of the crack front. A cracked body can 
be loaded as one or combination of two or three modes.  
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(Clause 7) 

Creep crack growth 

 

 

 

(Clause 9) 

Other modes 
 

Corrosion 
Buckling 
Leakage 
Yielding 
Erosion 

 
(Clause 10, Annex G) 

Fatigue 

-Fracture mechanics 
-Quality categories 

 

 

(Clause 8) 



FRACTURE MECHANICS IN DESIGN AND ASSESSMENT OF EXISTING 
STRUCTURES: TWO CASE STUDIES 

16 

 

Figure 2-2: The three modes of loading that can be applied to a crack [1] 
 
Westergaard [6], Irwin [7] and Williams [8] presented a closed-form 
expressions for the stresses of a cracked body, assuming isotropic linear elastic 
material behaviour subjected to external forces.  For example, it can be shown 
that the stress field at the vicinity of a linear elastic cracked body loaded in 
Mode-I is given by: 
 

                                                    ( )
2

I
ij ij

K f
r

� �
�
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� �

                                     2-1 

 
r and θ are as defined in Figure 2-3. According to Equation 2-1, the stresses at 
the crack tip are proportional to 1 r  . Thus, the stress will tend to infinity 
when r trends to zero. This condition is called “crack tip singularity”. 
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Figure 2-3: Definition of the coordinate axis ahead of a crack [1] 
 
It has to be emphasized that the Mode-I (opening) and Mode-II (sliding) of 
fracture are the most common modes for engineering structures and therefore, 
most experimental and analytical methods has been devised for these modes. 
The stress fields in the vicinity of Mode-I and Mode-II crack tips are 
summarized in Table 2-1. 
 
Table 2-1: Stresses in the linear elastic, isotropic material in the crack plane 
 Mode-I (Opening) Mode-II (Sliding) 
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As a linear elastic material is assumed, the strain components can be 
determined by Equation 2-2. Knowing the strain components, the displacement 
components are determined for Mode-I and Mode-II. 
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The displacement of the fracture surfaces close to the crack tip for Mode-I and 
Mode-II are summarized in Table 2-2.  
 

Table 2-2: Crack tip deformations in the linear elastic, isotropic material 
 Mode-I (Opening) Mode-II (Sliding) 
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2.4 Fracture toughness testing 

The resistance of material to crack extension is measured by fracture toughness 
test. A critical value of the stress intensity factor IcK  can be considered as the 
fracture toughness value as the material behaves in a linear elastic manner prior 
to failure with negligible small scale crack tip plasticity. The first standard for 
fracture toughness testing was developed by the American Society for Testing 
and Materials (ASTM). This section focuses on the ASTM Designation: E-399 
standard [28], which is widely used to measure IcK . The compact specimen, 
the single edge notched bend (SENB) specimen, the arc-shaped specimen, the 
disk specimen and the middle tension (MT) panel are specimens which are 
permitted in the ASTM standards (see Figure 2-4). Of all the numerous 
specimen designs and test methods, the compact tension (CT) and the Charpy 
specimens are discussed in the following sections. 
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Figure 2-4: Standardized fracture mechanics test specimens: (a) compact 
specimen, (b) disk-shaped compact specimen, (c) single-edge-
notched bend (SENB) specimen, (d) middle tension (MT) 
specimen, and (e) arc-shaped specimen [1] 

 
2.4.1 Compact tension test 

The standard compact specimen is a single edge notched rectangle which is 
fatigue pre cracked at the notch tip: it is loaded in tension perpendicularly to 
the notch. The purpose of introducing the fatigue pre crack is to simulate an 
infinitely sharp crack to agree with the fracture mechanics theory. The fatigue 
crack should be 0.05 W ahead of the machined notch to eliminate any effects of 
the geometry of the machined notch. The crack starter notch should be 
machined precisely at the centre of the two supporting holes and perpendicular 
to the specimen surface. The crack starter and fatigue crack configuration for a 
chevron notch are shown in Figure 2-5. The crack length (total length of the 
crack starter notch plus the fatigue crack) should be between 0.45 and 0.55 W.  
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Figure 2-5: Crack starter and fatigue crack configuration for the chevron 

notch [28] 
 
The crack length a, the thickness B and the width W are important 
characteristics dimensions for the CT specimen. The general proportions of the 
CT specimen are shown in Figure 2-6.  
 

 
Figure 2-6: Specimen design [28] 

 
ASTM E399 ([28], A4) recommends a preliminary validity check to design the 
appropriate specimen dimensions. The equations that control size requirements 
are the following: 
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In order to calculate the fracture toughness of materials, the CT specimen is 
loaded to failure and load-displacement is monitored. Thereafter, the 
appropriate type of load-displacement curves is used to determine the critical 
load, QP  (see Figure 2-7). 
 

 
Figure 2-7: Principle types of load-displacement behaviour [28] 

 
The crack length a should be measured using the average of three 
measurements of the crack length 1a , 2a  and 3a . The crack length 2a  must be 
measured at the centre of the crack front; 1a  and 3a  measures at midway 
between the centre and the end of the crack front on each side (see Figure 2-8).  
 

 
Figure 2-8: Measuring the crack length a 

 
Once QP  and crack length a are determined, the fracture toughness QK  can be 
computed from the following expression: 
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where 
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Finally, the validity requirements of the QK  as computed by means of the 
above mentioned equation can be simply checked by Equation 2-3, 2-4 and 2-
7. 
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2.4.2 Charpy test  

Direct determination of the fracture toughness using fracture toughness testing 
such as SENB and CT is always preferable, but where this is not possible, the 
toughness properties of welds can be evaluated using the Charpy V-notch test.  
Standard Charpy impact testing involves striking a standard notched specimen 
with the dimensions 10×10×55 mm. A controlled weight pendulum drops from 
a set height towards the notch (see Figure 2-9). The energy absorbed in 
fracturing (toughness of material) the specimen is measured. 
 

 
Figure 2-9: Charpy testing machine 
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Charpy test shows a brittle to ductile transition with increasing temprature (see 
Figure 2-10). The transition is associated with a change in the microscopic 
fracture mechanism: void coalescence at high temperatures and cleavage at low 
temperatures. In fracture mechanics standards, material quality of steels is 
defined in terms of this transition temprature. The transition temprature is 
specified as a certain minimum absorbed energy (e.g. 27 J or 40 J), which has 
to be absorbed at a given test temprature ( 27 JT  or 40JT ). 27 JT  is defined in 
Figure 2-10. 
 

 
Figure 2-10: Schematic Charpy impact testing result 

 
BS 7910 ([34], Annex J) recommends a method for the estimation of fracture 
toughness from Charpy data under quasi-static loading conditions. This method 
consists in taking three correlations including lower shelf and transitional 
behaviour, lower shelf transitional behaviour based on the master curve 
approach and upper limit for matK . The units for the fracture toughness matK  

using the presented approach are MPa m ; in order to convert this into 
3 2N mm  units, it should be multiplied by 31.63. 

 
A lower bound relation (Equation 2-8) for lower shelf and transitional 
behaviour can be used to estimate the fracture toughness when the Charpy 
transition curve data is not available (e.g. for design purposes). 
 
                                 � �� �0.2512 20 25 / 20mat VK C B� �� � �� �                           2-8 
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Next relation is given for lower shelf and transitional behaviour based on the 
master curve, where the Charpy temprature for energy of 27 J or 40 J has been 
established. The fracture toughness transition curve based on the master curve 
approach can be described using Equation 2-9. 
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For ferritic steels, a correlation between the 27 J and 40 J Charpy transition 
temprature is described as follows. 
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To avoid overestimating the fracture toughness in materials with low upper 
shelf Charpy energy, the following equation should be used to limit fracture 
toughness values estimated according to the lower shelf and the master curve 
approach:  
 
                                                     0.54 55mat VK C� �                                    2-11 
 
Thus, fracture toughness must be estimated as the lower value of Equation 2-8 
and 2-9 or Equation 2-9 and 2-11 in order to ensure conservative estimates. It 
should be noted that the lower bound relation (Equation 2-8) is conservative 
with respect to the master curve approach (Equation 2-9) for temperatures 
below 27 JT  or 40JT  but can be optimistic (at 0.05fp � ) at higher temperatures 
([34], Annex J). 
 

2.5 Fracture mechanics design philosophy 

Material properties, along with the design stress and crack size are three 
variables that must be taken in account in order to design a structure against 
fracture. Fracture mechanics provides a mathematical relationship between 
these variables. For example, the fracture condition for an infinity large plate 
containing crack is given by: 
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In most cases two variables are unknown and the knowledge about unknown 
variables is required to determine the third.  As an example, a wind turbine 
flange connection is designed against fracture in Chapter 3. Hence, the 
toughness value of the flange is experimentally determined. The stress on the 
connection is then set according to the design stresses provided by tower 
manufacturer. Having toughness and design stress, the maximum allowable 
crack size is defined. 
 

2.6 Failure assessment diagram 

Brittle fracture and plastic collapse are two common causes of structural 
failure. Structures with sufficient toughness properties may not be susceptible 
to brittle fracture, but they can fail by plastic collapse due to overloading. 
Dowling and Townley [29] and Harrison, et al. [30] presented the concept of 
failure assessment diagram (FAD). To assess whether a crack is acceptable or 
unacceptable in a structure, the FAD method consider the interaction between 
brittle fracture and plastic collapse as two different criteria. Hence, both crack 
growth and plastic collapse can be treated by mean of failure assessment 
diagram. The FAD axes represent dimensionless parameters known as stress 
ratio rS  and stress intensity ratio rK . The horizontal axis represents the 
mechanics of material with respect to stress and loading condition and the 
vertical axis is the fracture mechanics part of the problem. In 1976, the CEGB 
introduced a method, which became known as the R6 procedure. Following the 
R6 method, the BSI introduced a procedure, which was utilized a three-level 
approach. The three-level FADs assess cracks in structures at an appropriate 
level of accuracy and complexity. The current version of the R6 approach also 
contains three level of assessment; however the details at each level differ for 
the two approaches. The Swedish handbook for safety assessment of structures 
containing defects ([20], 2.1) utilizes the R6 method option 1. This method 
uses the lower-bound FAD described by Equation 2-13.  
 
                            � � � �2 61 0.14 0.3 0.7exp 0.65r r rK L L� �� � � �� �                      2-13 
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Here, the upper limit of rL  is defined by Equation 2-14 for materials with and 
without yield plateau. The cut-off is to prevent localized plastic collapse and it 
is where, maxr rL L� .  
 

                      max
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L L �
�

�
(% � �
(
!

                                                          2-14  

  
where, f�  for non-nuclear components is given by: 
 

                                                   
2

y u
f

� �
�

�
�                                               2-15 

 
Equation 2-13 is plotted in Figure 2-11. The curve represents a locus of 
assessed points. If the assessment point is lying inside the failure assessment 
line, the crack under assessment is acceptable; otherwise if the assessment 
point falls outside the failure assessment line, the crack is unacceptable and 
leads to failure.  
 

 
Figure 2-11: Failure assessment diagram 

 

For materials with a yield plateau  

For all other cases 
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2.7 Fatigue crack growth parameters  

Figure 2-12 shows the evolution of stress versus time for a constant amplitude 
loading.  
 

 
Figure 2-12: Definition of stresses 

 
Fatigue tests have shown that the main loading parameter that governs fatigue 
crack growth is the stress range [31]. However, for non-welded details, the 
stress ratio or the mean stress also affects the fatigue life. It should be noted 
that for the other parameters including mean stress, stress ratio can usually be 
neglected in design, particularly in design of welded structures. The stress 
range, mean stress and stress ratio are described by Equation 2-16, 2-17 and 2-
18, respectively.  
 
                                                  max min� � �� � �                                           2-16 
 

                                              � �max min
1
2mean� � �� �                                      2-17 
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In fatigue, only nominal tensile stress contributes to crack growth, as a crack 
closes under compressive stress. Thus, the stress range contributed to crack 
growth is calculated by Equation 2-19.  
 

                                      
max min min

max min

max

          0
                    0

0                         0

� � � �
� � �
� �

� � � $
� �
� �

0
0

                              2-19 

 
The stress state at a crack tip is uniquely characterized by the stress intensity 
factor. The stress intensity factor can be written as � �K aY a� �� , where �  
is the applied nominal stress to the structure far away from the point of stress 
concentration at the crack tip (see Figure 2-13).  
 

 
Figure 2-13: Definition of nominal stress 

 
Therefore, for similar values of stress intensity factor variations the crack 
growth rate will be the same. According to Equation 2-19 the stress intensity 
range is defined by Equation 2-20.  
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2.8 Fatigue crack growth  

Fatigue is characterised by initiation of a micro-crack in a structural detail 
subjected to cyclic loading and its subsequent constant propagation. Fatigue 
crack growth behaviour in metals is shown in Figure 2-14. The fatigue curve is 
a log-log plot of da dN  versus K�  which is often divided into three 
continuous stages: crack initiation, stable crack growth and unstable crack 
growth.  
 

 
Figure 2-14: Typical fatigue crack growth behaviour in metals [1] 

 
Crack initiation takes place at Region-I. This region is sensitive to 
microstructure features such as grain size, environment and operating 
temprature [32]. There is an asymptotic fatigue threshold 0K�  for very low 
values of K� . For stress intensity ranges smaller than this threshold crack 
growth will usually not occur.  
 
Paris and Erdogan [33] postulated a power law relationship in Region-II. They 
suggested an empirical equation governing fatigue crack growth (see Equation 
2-21).  
 

                                                       mda A K
dN

� �                                             2-21 
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where, A and m are material constants that are determined using curve fitting to 
an experimentally obtained fatigue crack growth curve. 
  
In Region-III, the crack growth rate is no longer linear and the curve 
approaches asymptotically the vertical line. Due to large scale yielding the 
plastic zone surrounding the crack tip can no longer be neglected in this region. 
Therefore, LEFM cannot be used to evaluate the data in this region and 
nonlinear fracture mechanics should be employed instead. 
 
In general, established approaches for fatigue design of welded structures use 
the stress range regardless of the applied stress ratio R. Therefore it is assumed 
that the yield strength magnitude tensile residual stresses usually exist in weld 
zones. Thus, both simple and post-weld heat-treated (PWHT) welds can be 
dealt similarly. However, the weld that has not been subjected to the PWHT 
contains residual stresses that affect the mean stress value in the weld. For 
fatigue assessment of structures, it is needed to take into account the stress ratio 
by superimposing the applied stress and residual stress.  
 
ASME, Section XI [22] and BS 7910 [34] are the most widely accepted 
standards for the crack growth analysis in industry. Figure A-4300-1 of ASME, 
Section XI, Appendix A provides crack growth reference curves for translating 
stress intensity factor at the crack tip into crack growth rates for carbon and 
low alloy ferritic steels exposed to air. These reference curves take into account 
the effect of stress ratio R and recommend fatigue crack growth data for 
different values of R (see Table 2-3). 
 
Table 2-3: Recommended fatigue crack growth data for ferritic steel operating 

in air [22] 
R m A K MPa m� �� � �  

2R �2�   3.07 93.785 10�)   � � max1 / 3R K�   

2 0R� % 0   3.07 93.785 10�)  maxK   

0R $   3.07 � � 3.0799.734 10 2.88 R ��) �   max minK K�   
 
Recommendations for fatigue crack growth in BS 7910 ([34], Table 4) are 
available in the form of simple laws and more precise two-stage relationships 
(see Figure 2-15).  
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Figure 2-15: Schematic crack growth relationships [34] 

 
The two sets of parameters including mean and mean plus two standard 
deviations (mean + 2SD) for 0.5R 0.5  and 0.5R $  are recommended (see Table 
2-4). However, for safety and in order to allow for the influence of residual 
stresses, the mean + 2SD laws for 0.5R $  should normally be used to assess 
welded components. 
 
Table 2-4: Recommended fatigue crack growth laws for steels operating in aira 

[34] 
Mean curve 

R 
Stage A 

(Mean curve) 
Stage B 

(Mean curve) 
StageA/StageB 
Transition point 

3/2[ / ]K N mm�  m Ab m Ab 
0.5R 0.5  8.16 261.21 10�)  2.88 133.98 10�)  363 
0.5R $  5.10 184.80 10�)  2.88 135.86 10�)  196 

Mean + 2SD 
0.5R 0.5  8.16 264.37 10�)  2.88 136.77 10�)  315 
0.5R $  5.10 172.10 10�)  2.88 121.29 10�)  144 

a: Mean + 2SD for  0.5R $  values recommended for assessing welded joints 
b: For  da dN  in mm cycle  and  K�  in 3 2N mm  
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2.9 Fatigue crack growth under variable amplitude loading 

The constant amplitude loading is not a realistic loading pattern for structures 
such as wind turbine towers and bridges. These structures experience variable 
amplitude loading during their lifetime instead. Figure 2-16 gives an 
illustration of a variable amplitude loading.  
 

 
Figure 2-16: Illustration of variable amplitude stress-time history [31] 

 
The variable stress history is usually translated to a stress range histogram. A 
stress range histogram is determined by presenting the stress ranges and the 
associated number of cycles in descending order (see Figure 2-17).  
 

Figure 2-17: Illustration of stress range histogram 
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2.10 Crack growth prediction for variable amplitude loading  

To predict the fatigue crack growth under variable amplitude loading, a crack 
growth law must be selected. As mentioned earlier, the well-known Paris law 
(Equation 2-21) can be considered. Using the Paris law together with the 
following relation: 
 
                                                 ( )K aY a� �� � �                                        2-22 
 
the number of cycles required to make the crack propagate from an initial 
depth 0a  to a final depth Na  is given by: 
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For constant amplitude loads, the integral can be directly solved and the 
number of cycles can be calculated using the stress intensity factor as a 
function of the crack depth and the crack growth law. However, the integral in 
the case of variable amplitude loading is much more complex to solve. The 
cycle-by-cycle approach can be used to determine the number of cycles and 
thereof, the expected fatigue life. To predict the variation of the crack depth 
with the number of cycles, the cycle-by-cycle approach calculates the crack 
depth at each cycle.  
 
A computer program developed based upon cycle-by-cycle approach must 
allow implementation of several steps as described below. 


 Definition of the initial crack size and the component geometry.  

 Definition of fatigue load histogram.  

 Determining the geometry function, � �Y a  that is used to calculate 

stress intensity factor range for the introduced crack geometry using the 
crack size and stress range. In order to determine � �Y a , some computer 

programs use a tabulated list of values for interpolation.   
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 Definition of the crack growth law parameters (e.g. see Table 2-3 and 
Table 2-4). 


 Checking that 0K K� � 0K0�KK . At low values of stress intensity factor K�  

the rate of crack growth da dN   falls off dramatically. Therefore, it is 
assumed that the crack growth below a threshold stress intensity 
range 0K�  is insignificant.  


 Determining the crack size in each cycle. 
 

                                                      i i
daa
dN

� �                                                2-24 

 
            and the new depth of crack is calculated by:  
 

                                                   0
1

i

i j
j

a a a
�

� � �,                                           2-25 

 

 Checking that 0 Na aNaN  and repeating all the above mentioned steps to 

calculate the crack growth until the last cycle.  
 
Figure 2-18 shows a flow chart of a fatigue growth simulation under variable 
amplitude loading using Paris law. 
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Figure 2-18: Flowchart of a computer program for cycle by cycle fatigue crack 

growth analysis  
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3 RING-FLANGE CONNECTION OF WIND 
TOWERS 

3.1 Introduction 

The demand for ever higher wind power turbines is constantly increasing. This 
calls for higher and higher towers to support those wind turbines. Most of large 
tubular wind towers are manufactured in sections of 20-30 m long with flanges 
at either end that are bolted together on-site. The flanges can be forged or, 
more economically, rolled from steel profiles and welded. Currently, forged 
flanges are at a disadvantage due to a costly fabrication process and only very 
few suppliers worldwide. Therefore, a quicker and more effective way of 
manufacturing large diameter flanges would be welcomed by the industry. 
Design codes and manufacturing techniques for wind towers have been 
established during the last decade as competition in the industry becomes all 
the more intense. Investing in welding and production automation is an issue of 
utmost importance to maintain profitability. Rather than forging flanges, 
electron beam welding (EBW) is proposed for the flange fabrication as it offers 
many advantages for thick section flanges. EBW permits deep penetration and 
single pass-welding. It improves welding efficiency with increasing flange 
thickness compared to conventional welding processes such as submerged arc 
welding (SAW). A ring-flange connection typically is a straight steel bar rolled 
into a circular shape and subsequently welded with a lengthwise seam to make 
a closed ring. Figure 3-1 shows the manufacturing process of a ring flange 
connection using the EBW technique.  
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Cutting  

 

Rolling 

 

EBW using local vacuum chamber 

 

Heat treatment 

 

Milling 

 

Drilling boltholes 

Figure 3-1: Manufacturing process of ring-flange connection using EBW 
technique 

 
Due to the high fatigue demand of about 8 910 10�  cycles during the towers’ 
lifespan, special focus on the fatigue resistance of the weld joints is required. In 
order to meet requirements of fracture and fatigue design, a standardised design 
guideline, based on a fracture mechanics approach has to be developed. 
Fracture mechanics will be used to predict the maximum allowable crack size 
to avoid potential failure by fracture and/or fatigue. In addition, a parametric 
study is carried out to investigate the effect of parameters such as applied 
stresses, material properties and crack geometry on the fracture and fatigue 
performance of the flange connection.  
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3.2 Experimental work on flange connection 

The flange material should have sufficient fracture toughness to avoid brittle 
fracture of tension components at the lowest service temprature expected to 
occur within the design lifespan of the structure. Thus, the experimental work 
using tensile, Charpy and CT specimens is performed to measure the strength 
and toughness properties of specimens extracted from the EB welded sample. 
The measured fracture toughness, yield strength and ultimate strength of 
material are used as input data for ECA of the flange connection. In addition, 
metallographic examination is carried out to investigate the effect of heat 
treatment on the weld microstructure.  
 
3.2.1 Specimen design and sampling method 

A commercial grade hot rolled steel plate of grade S275NL is used. Two 
rectangular cross sections are cut from the steel plate and machined to produce 
butt weld trial pieces representative of a typical flange cross section (see Figure 
3-2).   
 

  

Figure 3-2: EB welded sample  
 
The tensile test specimens are sectioned transversely to the weld joint with the 
weld line being at the centre of the gauge length. CT and Charpy specimens are 
extracted transversely to the weld line the notch location being at the centre of 
the weld (see Figure 3-3). 
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The CT and Charpy specimens positioning within a weld line is extremely 
important both in terms of the notch orientation and the specimen location. 
Quite a small dislocation of the notch can have a significant influence on the 
results obtained from the tests.  
 

 

 

 

 

 

 

 

Figure 3-3: Positioning of specimens within the weld line 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EB weld  
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3.2.2 Tensile tests 

Round shape test specimens are used to determine the yield and ultimate 
strength of the welded joint. Specimens are threaded at the ends, since they are 
too small to fit in the grip of the testing machine. As an example, the nominal 
stress-strain curve obtained from specimen #1 is shown in Figure 3-4.  
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Figure 3-4: Stress-strain curve: specimen #1 

 
The corresponding mechanical properties are listed in Table 3-1. 
 

Table 3-1: Mechanical properties of tensile specimens 

Sample # Yield strength 
[MPa] 

Ultimate strength 
[MPa] 

Elongation 
(%) 

1 292 473 32.09 
2 296 473 33.88 
3 303 480 36.20 
4 284 469 36.90 
5 285 464 36.83 

 
Mean value 292 472 35.18 
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It is observed that the failure occurred at the base metal well away from the 
weld metal, meaning the strength of the weld metal is higher than the base 
metal (see Figure 3-5). The fracture surface has a fibrous and cup-and-cone 
texture. Therefore, both the fracture surface and the extensive stretching of the 
material corroborate that the material behaves in a ductile manner. The broken 
tensile specimens are shown in Figure 3-5. 
 

 

 

 

 
 

Figure 3-5: Tensile specimens before and after testing (the weld metal is marked 
by red rectangular)  

 

 

 

 

 

 

 

 

 

5 mm 



Ring-flange connection of wind towers 

 43 

3.2.3 Metallography 

Metallographic examination is carried out on one tensile specimen. The sample 
is sectioned and the broken pieces are prepared by diamond polishing and 
etching to determine the microstructural characteristics of the weld and base 
materials (see Figure 3-6).  
 

 

 
Figure 3-6: Prepared sample for metallographic examination 

 
On macro examination, the weld is difficult to characterize even after etching, 
but it is showing a faint texture alterations due to a small difference in grain 
size and orientation. The weld zone is marked by dark blue marks (see Figure 
3-6 and Figure 3-7).  
 

  

Figure 3-7: Macro-photograph of the weld region 
 

Weld metal 

Base metal Base metal 

5 mm 
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A light optical microscope (LOM) photograph of the weld region is revealing 
the presence of the fine-grain microstructure, which is comprised of the ferrite-
pearlite structure (see Figure 3-8). The weld metal has finer and more uniform 
structure, while the structure of the base metal is coarser than that of the weld.  
 

 
Figure 3-8: Light optical microscopy (LOM) photograph of the weld region 
 

 

 

 

 

 

 

 

 

Base metal Base metal 

Weld metal 
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3.2.4 Fracture toughness tests using compact tension specimens 

Since a very limited amount of material was available, it has been decided to 
perform fracture toughness tests on CT specimens which consume less material 
than the SENB specimens. It is observed that the weld metal material at 10 C� C  
behaves in a ductile manner and the crack tip opening displacement (CTOD) 
exceeds the limit of the clip gauge well before reaching the maximum load 
point maxP   (see Figure 3-9). It is found that the crack extension versus load 
data do not fit any standard type of load-displacement curves. Therefore, it was 
decided to estimate the fracture toughness of material using Charpy V-notch 
impact testing. 
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Figure 3-9: Load-displacement curve for CT specimen after heat treatment 

tested at 10 C� C  
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3.2.5 Charpy V-notch impact tests  

Charpy V-notch impact tests are performed to assess the fracture toughness of 
EB welded flange. However, to address future flange life management, it is 
needed to obtain more statistics on the flange embrittlement. Charpy V-notch 
specimens are tested at temperatures ranging from 70 C� C  to 20 CC  which is 
shown in Figure 3-10. Since a very limited amount of material was available, 
only few tests are performed at the upper shelf. The focus shifted to performing 
more tests at the lower shelf and transition region in order to study the 
behaviour of the material in the most severe operational conditions. 
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Figure 3-10: Charpy V-notch energy absorption for impact testing of 

specimens at various temperatures  
 
Figure 3-11 shows the fracture surface of specimens tested at the lower shelf of 
the transition curve. The fracture surface at 70 C� C  is bright and flat overall 
while it is gray and a pair of ears are squeezed out on the side of the 
compression face of the specimen at 50 C� C . It can be observed that the 
material at 70 C� C  is brittle and failed by cleavage while the toughness is 
rapidly increasing at 50 C� C  as cleavage becomes more difficult. 
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 70 C� C  60 C� C  50 C� C  

 
Figure 3-11: Fracture surfaces produced at the lower shelf of transition curve 
 
The Charpy V-notch impact values are used to estimate the fracture toughness 
value. The fracture toughness of the flange at 50 C� C  (the most severe 
operational condition) is determined using the Charpy values in terms of 27 JT  
and the master curve approach. To ensure a conservative estimate of fracture 
toughness, the value of 27 JT  is determined from the lower bound transition 
curve at 50 C� C .  
 
Table 3-2 shows the required parameters for the calculation of the fracture 
toughness using the approach described in Section 2.4.2. 25KT C� C  and 

0.05fp �  are recommended by BS 7910 ([34], Annex J). The fracture 
toughness is chosen as the lower value calculated by the master curve approach 
and the upper shelf approach. Therefore, the fracture toughness value of 
69.58 MPa m  is calculated for the flange shell thickness of 24 mm (see Table 
3-2). 
 

 

 

 

Failure line 
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Table 3-2: Fracture toughness data 
Parameters  S275NL (weld metal) 

VC   27J   

27 JT   50 C� C  
0T   68 C� C  

T   30 C� C  
KT   25 CC  

B   24 mm   
fp   0.05  

� � matK master curve   72.68 MPa m   
� �matK upper shelf�  69.58 MPa m  

matK  69.58 MPa m  
 
3.2.6 Results and discussion 

Upon completion of the tensile and Charpy impact tests for the specimens 
containing weld metal, the measured results are compared to the EN 10025 
([35], Part-3) recommendations for S275NL grade. Table 3-3 shows that the 
EBW has a positive effect on the yield strength and ultimate strength. 
Furthermore, the same amount of energy is absorbed at 50 C� C , subsequently 
leading to similar fracture toughness. It can be concluded that the existence of 
homogeneous microstructures in the weld metal after heat treatment is 
contributing to the enhancement of the material properties (see Figure 3-8). 
 
Table 3-3: Comparison between material properties recommended by EN 

10025 and measured from the tests for S275NL grade 

S275NL 

minimum y�  u�  Charpy V-notch longitudinal 

- .MPa  - .MPa  Temperature 
minimum 
absorbed 
energy 

at 24 B mm�  C� �� ��C��C  - .J  
Experiment 292 472 -50 27 
EN 10025 265 370 to 510 -50 27 
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3.3 Design stresses  

The stresses to be considered for the ring-flange connections ECA are 
discussed in this chapter. Therefore, the loads that govern the design are 
established. 
 
The external loads acting on a turbine are mainly due to the wind and self-
weight. To ensure that the supporting tower can withstand these loads, the 
flange connection should be analyzed for the fatigue loads it is bound to be 
subjected to, during its entire lifespan.  
 
3.3.1 Fatigue stresses 

The qualification and definition of wind induced fatigue loads in towers 
depends mainly on the wind conditions at the site. Since, the stress ranges vary 
during the lifetime, knowledge about these variations is required. A stress 
spectrum represents the combination of number of cycles and stress ranges 
during the structure’s lifespan. The stress spectrum must be used in order to 
identify the stress ranges using a cycle counting method. The spectrum can be 
reduced to a histogram where for each block of cycles a respective maximum 
stress should be assumed.  
 
Here, the fatigue load histogram of a flange connection is provided by a wind 
turbine manufacturer, giving the number of cycles for each stress range (see 
Figure 3-12). As shown in Figure 3-12, the number of cycles in the lowest 
stress range is one hundred million while the highest stress range has less than 
ten cycles. The presented load spectrum is used to assess the integrity of the 
flange connection.  
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Figure 3-12: Fatigue load histogram of the flange in its 20 years lifetime 
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3.4 Finite element analysis of the flange connection 

The most basic structural model of a wind turbine tower is that of a cantilever. 
As a result, the stresses induced by the design bending moment at the section 
of interest are determined by the respective lever arm.  
 
In recent decades, the finite element method has been widely adopted in the 
structural field. The FE method is a very powerful tool to study behaviour of 
complex geometries such as the flange connection. Therefore, detailed FE 
analysis of the flange connection loaded by principle-bending induced stresses 
is performed to elucidate the static behaviour of the flange due to the applied 
cantilever moment.  
 
In addition, in stress analysis of a structure containing cracks, the knowledge of 
the stress intensity factor as a function of the applied load and geometry is 
required. The stresses to be considered in the defect assessment of the flange 
connection are those which result from the stress analysis of the defect-free 
flange connection. To determine those stresses, it is essential to calculate the 
primary membrane and bending stresses that contribute to plastic collapse and 
fracture of the flange. Therefore, a FE approach is developed to determine the 
stress distribution at the position of a hypothetical crack in the flange 
connection.  
 
3.4.1 Description of the flange finite element model  

The geometry of the ring-flange connection is shown in Figure 3-13. Totally 96 
bolts, M48, grade 10.9, are used for the connection.  
 
To investigate the effect of imperfections on the stress distribution at certain 
cross sections two cases are considered: one including a perfectly flat flange 
and another where the flange has an 1 mm out of flatness imperfection.  
 
A FE model faithful to the realistic geometry of the bolt and nut assembly is 
generated. Preloading of the bolts is applied using the turn-of-nut method. The 
complete model of the ring-flange connection is made comprising 48 bolts in 
symmetry boundary condition. The complete model is used to analyse the 
influence of the flange imperfection on the connection behavior in terms of 
bolts preloading and ultimate bending moment.  
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Figure 3-13: Bolted ring-flange dimensions 
 
3.4.2 Geometry, boundary conditions and mesh 

The FE model consists of a 180° segment of the flange and shell with 48 bolts 
modeled with symmetry boundary conditions. Upper and lower surfaces of the 
shells are fully kinematically constrained by means of master nodes. All 
degrees of freedom of those master nodes are restrained except the rotation in 
Z direction for the sake of applying the global bending moment (see Figure 
3-14). Free side surfaces of the flange and shell are assigned translational 
symmetry boundary conditions in the Z direction (see Figure 3-14). 
 
The Geometry of the bolt and nut parts is shown in Figure 3-14. Bolt and nut 
are modeled with threads in order to achieve preloading of the bolt by turn-of-
nut method. Tetrahedron solid elements C3D4 are used to generate the mesh. 
Global element size for bolt and nut is considered to be 11 mm, while in the 
threads zones it is reduced to 5 mm.  
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Figure 3-14: Geometry and boundary conditions of the flange (left) and bolt 
(right) 

 
Two different geometries of the flange are analyzed: first, the perfectly flat one 
i.e. without initial gap; second, the geometry of the flange is modified in order 
to reproduce the with 1mm initial gap imperfection along one third of the 
circumference, as shown in Figure 3-15. The gap is assumed only along the 
outer edge of the flange, while there is no gap on the inside. 
 
Eight node hexahedron solid elements with reduced integration C3D8R are 
used for the flange and shell mesh as they offer good results for a reasonable 
computation time. The global element size used is 8.5 mm, while the shell is 
meshed with four element layers through the thickness in order to properly 
simulate bending. 
 
General contact interaction properties with normal behavior (“hard” 
formulation) and tangential behavior (“penalty” friction formulation) are used. 
A friction coefficient of 0.14 is used for bolts and nuts threads surface pairs, 
0.3 for nuts and washer’s surface pairs and 0.45 for all other surface pairs in 
the model. 
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Figure 3-15: Initial gap in the flange connection 
 
3.4.3 Loading and analysis method 

The design bending moment of the connection considered here (at a height of 
29.3 m) is provided by the wind turbine manufacturer as 48500 kNm. 
Appropriate concentrated moments with opposite signs ( 22900EdM �  kNm) 
are applied to the upper and lower master nodes of the shells (see Figure 3-14). 
 
Preloading of the bolts is applied with turn-of-nut method. Hexagon edges of 
nuts are coupled to the master nodes in the center line of each nut, as it is 
shown in Figure 3-16. Those master nodes are turned by applying changes in 
boundary conditions as rotations around axis parallel to the bolt shank. For the 
present study, a rotation of 1.12 radians was needed in order to achieve the full 
preloading force of ,Cd 0.7 960p ub sF f A� �  kN, according to EN 1993-1-8 [36] 
for M48, 10.9 grade bolts. Vertical stresses after the preloading of the bolts are 
shown in Figure 3-16, together with value of achieved preloading force 
obtained in the model by integrating nodal forces over the cross section of the 
bolt. Increased stresses in the bolt can be noticed in the threads zone near the 
nut. 
 



Ring-flange connection of wind towers 

 55 

 

nut  reference point

kinematic constraints

  

Figure 3-16: Preloading of the bolts 
 
The ABAQUS/Explicit [61] dynamic solver is used to solve the FE model. 
Explicit solver is known to be robust for those kinds of analyses incorporating 
complicated contact interactions coupled with large deformations and nonlinear 
behaviour. It does not have the usual convergence issues of implicit solvers. On 
the other hand, analyses can last too long if the real dynamic response of the 
model is required. In the case analysed here, the loading is assumed to be 
quasi-static. Dynamic solvers can also be used to efficiently solve quasi-static 
problems by using either time or mass scaling techniques. A variable non-
uniform mass scaling technique offered in ABAQUS is used as it has large 
advantages when compared to the usual time scaling method. The time 
increment is set to a value of 55.0 10t s�� � ) . Artificial step durations are 
adopted for the loading steps: preloading - 5 s and design bending moment -10 
s. Care must be taken in the selection of the time increment to avoid significant 
inertia influences on analysis results. Smooth amplitude functions are used for 
all loading steps (master node rotations and moments) to roll out the impact 
behaviour and excitation of the model with unnecessary inertia forces.  
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3.4.4 Material models 

The nominal stress-strain curve obtained from tensile testing of the flange (see 
Figure 3-4) is transformed to true stresses and true strains for input in the 
ABAQUS plasticity model. An isotropic plasticity with initial modulus of 
elasticity 0E  of 210 GPa, and Poisson’s ratio of 0.3 is used for bolts, flanges 
and shells. Bolts, washers and nuts are set to have nominal values of stress at 
the yield strength of 900 MPa and ultimate strength of 1000 MPa with 
elongation after failure of 10% according to [37] for bolt 10.9 grade (see Figure 
3-17). 
 

 
Figure 3-17: Nominal stress-strain curve of bolt 10.9 grade 

 
3.4.5 Results and discussion  

All results are given for a load level corresponding to the design bending 
moment ( 48500EdM � kNm) for the both cases analysed in the present study 
(with and without the initial gap). Two cross sections along the circumferential 
path are considered for all cases: B01 – corresponding to the location of the 
most loaded bolt in tension and B01/B01 – cross section between the two most 
loaded bolts (the symmetry plane) (see Figure 3-19). 
 
To study the appropriate parameter correlating fracture and fatigue 
performance under complex loading, the use of maximum principle stress as 
well as deviatoric stress measures such as von Mises and Tresca, has been 
investigated in [38]. The most commonly used criterion in welded structures is 
the maximum principle stress. Therefore, contour plots of maximum principle 
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stresses in cross sections B01 and B01-B01 are given in Figure 3-18, together 
with vectors designating their respective directions. 
 

  
B01 B01-B01 

Without initial gap 
 

  
B01 B01-B01 

With 1 mm initial gap 
 

Figure 3-18: Contour plots of maximum principle stresses at cross section B01 
and B01-B01, with and without 1mm initial gap at the design 
bending moment   

 
In general, the location and value of maximum stress (for a particular loading 
condition) identify the crack initiation location. Therefore, the stress 
distribution on the stress classification line (SCL) is extracted. This stress 
distribution is applied to a hypothetical crack plane located at the maximum 
stress area (see Figure 3-19). 
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Figure 3-19: The location of circumferential path (left) and SCL (right) 

 
Figure 3-20 shows the vertical stress distribution extracted along the SCL at the 
most critical crack plane. Considering the presented results, it can be concluded 
that the cross section B01 corresponding to the location of the most loaded bolt 
in tension with perfect flatness of the flange, is the most critical crack plane. In 
addition, it is shown that the flange with 1 mm initial gap is less critical in the 
shell since the overall tension stresses are lower. 
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Figure 3-20: Vertical stress distribution along the SCL extracted at B01 and 

B01-B01 cross sections of the flanges with and without 1 mm 
initial gap 
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3.5 Defect assessment approach 

In the current study, defect assessment is conducted within the framework of 
Swedish handbook for safty assessment of structures containing defects [20], 
using ProSACC [21], a software package distributed by INSPECTA 
Technology. 
 
ProSACC automates the fracture, fatigue and stress corrosion cracking 
assessment procedures as described in the handbook, in order to calculate 
possible crack growth due to fatigue or stress corrosion and to calculate the 
reverse margin to failure due to plastic collapse and fracture. The critical crack 
sizes can then be computed for a wide range of components containing cracks 
(see Figure 3-21). An additional benefit of the software is its ability to perform 
sensitivity analysis for the input parameters such as applied stresses, fracture 
toughness, crack geometry etc.  
 

 

 
Figure 3-21: Screenshot from ProSACC software 
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3.5.1 Fracture assessment  

Fracture assessment is performed to investigate the effect of fracture toughness 
and crack eccentricity on cracks of critical size subjected to static loading 
conditions. A series of sensitivity analyses are carried out for a range of crack 
length/depth (aspect ratio) from 1 to 10. The different aspect ratios of length 
and depth of cracks are chosen so as to cover the size range of both deep and 
shallow cracks. Due to the used stress intensity factor and limit load solution 
for embedded crack in ProSACC, the possible crack dimensions to analyse is 
limited by Equation 3-1. The respective stress intensity factor solutions for the 
assessed cracks are presented in [21].  
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2 2
0 0.9
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% %
                                        3-1 

 
The corresponding critical crack size for all crack geometries is obtained from 
intersection of the critical assessment line with the failure assessment line 
(FAL) (see Figure 2-11). It should be noted that the eccentricity and crack 
aspect ratio have been kept fixed for all cases. 
 
The fracture assessment proposed for the embedded crack in plate which can 
be applied on other types of cracks. In the case of an embadded crack, plate 
geometry can be used instead of more complex flange geometry (see Figure 
3-22). Due to the absence of curvature, the flat plate produces more 
conservative result compared to the corresponding crack in the curved 
geometry of flange connection. The plate containing the crack is assumed to be 
large in comparison to the crack length to avoid the influence of edge effects 
on the results. 
 
The stress distribution used for fracture assessment was determined by FE 
analysis at the most critical location of the flange (see B01 without gap in 
Figure 3-20). ProSACC resolves the hence determined stresses into membrane 
and bending components using the equations provided in ASME, Section VIII 
as below [39]. 
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a 

 

b 

 

Figure 3-22: (a) two possible crack locations on EB-weld cross section (yellow 
c/s, crack shown in red) and on tower wall to ring- flange weld 
(crack shown in green) 

 (b) Generic elliptical crack defect in plate of width t with 
 eccentricity e 
 
In Figure 3-22, the geometry of the crack discussed in the present paragraph is 
depicted. The plane of the figure is that of the EB weld i.e. perpendicular to the 
circumference of the flange ring. The main stress system acts perpendicularly 
to the plane of the sketch shown in Figure 3-22b. 
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3.5.2 Fatigue assessment 

Once the critical crack size is determined using fracture analysis and FAD, the 
crack propagation under the specified fatigue loads is considered. A fatigue 
assessment is performed to investigate the effect of crack eccentricity and 
crack geometry on the fatigue performance of the flange connection.  
 
In addition, recommendations of ASME, Section XI and BS 7910 are used in 
order to assess the conservatism of these procedures on predicting the 
maximum allowable crack size. The recommended fatigue crack growth laws 
for steels operating in open air according to ASME, Section XI and BS 7910 
are summarized in Table 2-3 and Table 2-4, respectively.  
 
The fatigue load histogram used in this assessment is based on a design life of 
20 years for the flange connection (see Figure 3-12). The stress ranges are 
applied to the assumed initial crack from the lowest value to the highest one. 
Then, the final crack size is calculated for a set of crack aspect ratios ranging 
from 1 to 10. Finally, the maximum initial size of crack which may propagate 
without causing failure until the last cycle is accepted as the maximum 
allowable crack size. 
  
In ProSACC, due to the stress intensity factor and limit load solution used, the 
possible crack dimensions of embedded cracks to analyse are limited by 
Equation 3-4.  
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3.6 Results and discussion 

3.6.1 Effect of material properties on fracture performance of the flange 

In Section 3.2 the material properties of the EB welded flange connection made 
of S275NL were determined. Apart of consequences related to the welding, a 
parametric study is proposed to investigate the effect of material properties on 
the fracture performance of the flange connection. Thus, the EN 10025 
recommendations ([35] Part-2 and Part-3) for several hot rolled structural steels 
are used (see Table 3-4). It should be noted that the fracture toughness matK  is 
calculated for all grades using the recommended 27 JT  and the master curve 
approach (see Section 2.4.2). 
 
The fracture assessment is carried out for several S275 grades including 
S275JR, S275J0 and S275J2 for a centric embedded crack in the material. This 
leads to a parametric study based on different fracture toughness values. Figure 
3-23 shows how the size of critical crack varies with respect to the material 
properties of different S275 grades. A look on the acceptance criteria predicted 
in Figure 3-23 demonstrates that the critical size of crack for S275J0 and 
S275JR compared to S275J2 is reduced by up to 7% and 13%, respectively as 
the fracture toughness is reduced by 16% and 27%, respectively. 
 
In addition, S275NL is taken into account to consider the effect of the 
normalizing process on the results. Figure 3-23 indicates that S275NL and 
S275J2 predict almost the same acceptance criteria. Comparing material 
properties of S275NL and S275J2, the fracture toughness appears decreased by 
25% for the latter; on the other hand, the ultimate strength appears increased by 
10% for S275J2.  
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Table 3-4: Material properties according to EN 10025  

Material 

minimum y�  

- .16  40B mm% %  

minimum u�  

- . 100B mm %  27 JT  matK   

- .MPa  - .MPa   C� �� ��C��C  MPa m� �
� �  

S275JR 265 410 20 37.82 
S275J0 265 410 0 43.62 
S275J2 265 410 -20 52.10 
S275NL 265 370 -50 69.58 
S355NL 345 470 -50 69.58 
S420NL 400 520 -50 69.58 
S460NL 440 540 -50 69.58 
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Figure 3-23: Critical crack size calculated for different grades of S275 



Ring-flange connection of wind towers 

 65 

Furthermore, a fracture assessment is performed for normalized steel grades 
([35] Part-3) to investigate the effect of yield strength and ultimate strength. In 
Table 3-4 there can be seen that the fracture toughness of all normalized steels 
has the same value. As shown in Figure 3-24, higher grades predict the larger 
critical size of crack, subsequently leading to safer acceptance criteria. The 
acceptance criteria predicted for S355NL, S420NL and S460NL are 
approximately increased by 20%, 30% and 35%, respectively as compared to 
S275NL.  
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Figure 3-24: Critical crack size calculated for normalized steel grades 
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3.6.2 Effect of eccentricity on fracture performance of the EB-weld 

A similar approach is used to demonstrate the effect of crack eccentricity. The 
acceptance criteria are calculated for centric embedded crack (e = 0 mm) and a 
range of embedded cracks with eccentricity from 1 to 7 mm. As shown in 
Figure 3-25, some critical crack sizes correspond to eccentric cracks that have 
not been presented and an eccentricity of up to 7 mm is taken into account 
(according to Equation 3-1).  
 
The results show that the eccentric embedded cracks represent more critical 
acceptance criteria compared to the centric crack (e = 0 mm). A reduction of 
critical crack size of up to 8% can be seen between each of the acceptance 
criteria (e.g. between e = 1 mm and e = 2 mm) in Figure 3-25. 
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Figure 3-25: Critical crack size calculated for different crack eccentricities 
using fracture assessment 
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3.6.3 Effect of eccentricity on fatigue performance of the EB-weld 

Figure 3-26 shows the acceptance criteria calculated for centric and eccentric 
embedded cracks.  
 
Due to the geometry of the problem, a crack eccentricity of 10 mm is the 
maximum value of eccentricity (see Equation 3-4). The results show that the 
eccentric embedded cracks lead to tighter acceptance criteria as compared to 
the centric crack. This is because, in the final crack growth stage, the remaining 
net ligament ahead of the crack tip is smaller and therefore the crack tip 
develops higher local stresses. For all eccentricity values it appears that varying 
the crack aspect ratio from 1 to 10 results to a critical size reduction by 70%. 
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Figure 3-26: Critical crack size calculated for different crack eccentricities 
using fatigue assessment 
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3.6.4 Effect of crack geometry on fatigue performance of the flange  

As shown in Figure 3-27, three types of cracks are considered:  

 A circumferentially oriented internal surface crack in the cylinder,  

 A circumferentially oriented external surface crack in the cylinder and  

 An embedded crack in a flat plate.  

The third case concerns two possible crack locations. The methodology is the 
same regardless of whether the crack under consideration is at the EB weld or 
the flange tower wall weld.  
 

   
a b c 

Figure 3-27: Crack geometries: (a)circumferentially oriented internal surface 
crack in the cylinder; (b)circumferentially oriented external 
surface crack in the cylinder; (c) embedded crack in the flat plate  

 
It is observed that the final depth of crack decreases as the aspect ratio 
increases. Considering the crack geometry, the embedded crack represents the 
most conservative acceptance criterion for deeper cracks (aspect ratio of 1, to 
3) whereas for these shallow cracks (aspect ratio of 5 to 10) a maximum 
allowable crack size is predicted assuming a circumferentially oriented internal 
surface crack in the cylinder (see Figure 3-28).  
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Figure 3-28: Critical crack size calculated for different crack geometries using 
fatigue assessment   
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3.6.5 Effect of applied defect assessment procedure on fatigue 
performance of the flange 

To examine the use of ASME and BS 7910 for estimating the crack growth, the 
fatigue assessment is performed according to the recommended fatigue crack 
growth laws as stated in BS 7910 and ASME for structures operating in open 
air or other non-aggressive environments. In order to diminish the beneficial 
effect of compression stresses in the BS 7910 procedure, only the conservative 
crack growth data presented by the mean plus two standard deviations 
(mean+2SD) for a stress ratio 0R $  in stages A and B are used (see Table 2-4).  
 
Comparison between the results obtained using BS 7910 and ASME proves the 
BS 7910 to be most conservative in both stages. The critical crack size 
predicted by means of BS 7910 stage B is approximately reduced by 30% as 
compared to the ASME prediction for most of the aspect ratios. The only 
exception is the circular crack where the respective crack size is only reduced 
by 15% compared to the ASME prediction (see Figure 3-29). The acceptance 
criterion developed by BS 7910 stage A is approximately 10% more 
conservative than ASME for most of the aspect ratios except for the circular 
cracks where it shows no discrepancy. 
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Figure 3-29: Critical crack size calculated conditions using fatigue assessment 

(according to ASME and BS 7910 fatigue crack growth laws) 
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3.6.6 Fracture and fatigue assessment of the EB-weld  

The stress field used in fracture and fatigue assessments was derived from the 
stress distribution determined by FE analysis at the most critical location of the 
flange (see B01 without gap in Figure 3-20) and the fatigue load histogram of 
the tower provided by the manufacturer (see Figure 3-12), respectively. The 
results obtained from fracture and fatigue assessment of centric embedded 
crack are used to determine the most critical failure mode. Figure 3-30 shows 
that the assessed flange is susceptible to fatigue failure which turns out to be 
the governing criterion to define the maximum allowable crack size. Fracture 
assessment of the static stresses is revealed that the maximum allowable size of 
crack is increased by 58%, as compared to the fatigue assessment. In the 
special case of a circular crack, the respective percentage is 43%. 
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Figure 3-30: Critical crack size calculated for centric embedded crack using 
fracture and fatigue assessment 
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4 BRIDGE ROLLER BEARINGS 

4.1 Introduction  

The present chapter is dedicated to the study of fractures observed in roller 
bearings of bridges. It is a known fact from literature [56] that fractures of 
roller bearings happen with alarmingly high frequency thus making them a 
serious maintenance cost issue. Although corrosion has been blamed as a 
factor, it fails to explain the better part of them. Roller bearings now in service 
were designed in the 70's or earlier by means of the Hertz solution for the 
unilateral contact between a cylinder and an elastic half-space. The design 
objective was that contact stresses derived thereof do not to exceed certain 
maximum allowable values defined in the regulations [46],[50]. Given the 
extend of the observed failures, the approach undertaken in the present thesis is 
 

(a) To verify the traditional design procedure for the rollers in the light of 
an inclusive FE model taking into account the abutment and the bridge 
girder in the vicinity of the bearing so as to obtain a realistic contact 
stress distribution and then compare the derived stresses to the 
allowable values. 
 

(b) Investigate possible imperfections related to the bearing assembly that 
are already prescribed in the existing steel structures Eurocode 
framework. Then include these imperfections (that mainly have to do 
with the alignment between the superstructure and the abutment) and 
examine the resulting contact stress distribution. 
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(c) Apply linear elastic fracture mechanics (LEFM) approach to determine 
the maximum allowable crack size and also, take into account the 
variation of the stress field due to the motion of the bearing due to the 
daily as well as seasonal thermal expansion and contraction of the 
bridge superstructure. 
 

The essence of point (a) is the hypothesis that the Hertzian contact solution, 
used by designers in the past, although mathematically accurate for the plane 
problem does not accurately describe the contact stress distribution of a finite-
length cylinder. Next, the investigation of the effect of misalignment is taken 
up: as the traditional design approach was Hertzian i.e. two-dimensional this 
aspect was not taken into account in the rollers that are now in service. Another 
factor is that the computational capability to treat a contact problem of the 
appropriate size was not available in the 70's and earlier.  
 
As small gaps may induce significant alterations of contact stresses, the 
hypothesis that imperfections may in fact constitute a realistic reason beyond 
the observed failures is assessed. The same FE models used for the testing of 
(a) can, with only small modifications, verify issues related to (b). 
 
Finally with regard to (c), a LEFM approach, inspired by an idea of Schindler 
[59] is undertaken in order to determine the maximum stable crack size in the 
roller. Here, a two-dimensional FE analysis on the cylinder cross section plane 
is undertaken as the present study is intended to constitute only an initial 
approach to the matter. As the observed fractures initiate at the edge of the 
roller drum, the fact that the local Hertzian field at the plane of symmetry is 
one of hydrostatic compression, hardly explains the observed result of the 
unstable crack propagation in terms of a perfectly symmetric surface crack. 
Therefore, the LEFM analysis focused on the maximum shear stress lobes that 
develop at the two edges of the contact area between the cylinder and the 
support plate. Hertzian or plane stress FE analysis both show that the 
maximum shear in the cylinder cross section develops in the interior of the 
roller right above the point where the contact surface ends. Moreover, as the 
roller rotates due to the bridge's thermal expansion a surface crack traverses the 
maximum shear lobe twice every day. Given this fact, the purpose of the 
LEFM analysis is to determine the critical crack size taking into account the 
load on the bearing and the properties of the material. 
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4.2 Observed roller failures and laboratory investigation 

The fractured section of the roller bearings belongs to the Skellefteå and the 
Ölands bridges brought to the Luleå University of Technology (LTU) 
laboratory for investigation. Figure 4-1 shows the failed roller and the roller 
bearing system used in the Skellefteå bridge.  
 

 
Figure 4-1: Photograph of the Skellefteå failed roller 

 
The fractographic is carried out to define the most probable locations in the 
roller for the initiation of the crack which eventually resulted in the roller 
failure and to define as accurately as possible the conditions which existed 
during the growth of the crack. 
 
The following mechanical tests are performed to assess strength, toughness and 
chemical composition of the failed rollers:  
 

(a) Tensile tests at ambient temprature 
 

(b) Charpy impact tests at -20 /C  
 

(c) CT tests at -30 /C  
 

(d) Chemical composition tests 
 



FRACTURE MECHANICS IN DESIGN AND ASSESSMENT OF EXISTING 
STRUCTURES: TWO CASE STUDIES 

76 

4.2.1 Fractography 

Macrographs of the fractured roller of the Skellefteå bridge are shown in 
Figure 4-2.The origin of failure ( 1A  and 2A ), beachmarks from crack 
propagation ( 1B  and 2B ), location of the final fracture (C) and the direction of 
crack propagation (arrows 1 and 2) are apparent. It is observed that the paint 
coating layers on the contact surfaces of the roller are removed (D).  
 

 

 

  
 

 

Figure 4-2: Photograph of the fractured surface of the Skellefteå roller 
showing: ( 1A  and 2A ) initial cracks; ( 1B  and 2B  ) beachmarks 
from crack propagation; (C) final fracture zone; (D) wear on 
contact surface of the roller; (arrows 1 and 2) indicate the 
direction of crack growth 

 
The patterns on the fracture surface show that the most probable fracture 
origins are two surface cracks located at the edge of the roller, where the roller 
is in contact with the support plates ( 1A  and 2A  in Figure 4-2). The 
beachmarks are characteristics of fatigue that are propagated from the initial 
sites to the location of final fracture. 
 
A radial segment of the roller including fracture surface and beachmarks is 
sectioned, polished and etched to determine the microstructural characteristic 
of the material (see Figure 4-3a). Optical microscopy is shown that the 
microstructure consists of the finely dispersed carbides in a martensitic matrix 
(see Figure 4-3b). The direction of crack propagation is perpendicular to the 
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contact surface. It must be noted that there is no indication of corrosion at the 
characterized sample. 
 

a 

 
 
 

 

  

b 

  
Figure 4-3: Fractography. (a) Sample preparation. (b) Optical micrograph of 

the roller material 
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4.2.2 Specimen design and sampling method 

The bridge rollers are made of X40Cr13, the quenched and tempered steel. Due 
to the high hardness of the material, wire electrical discharge machining (w-
EDM) is used to manufacture specimens. The CT and the Charpy specimens 
positioning is extremely important in terms of the notch orientation. To 
consider the direction of the crack propagation, the notch is oriented parallel to 
the fracture surface. 
 
The specimen design and configurations in the fractured rollers of the 
Skellefteå and the Öland bridges are illustrated in Figure 4-4.  
 

a 

 

b 

  

c 

   
Figure 4-4: a) Specimen design: (a) five Charpy (yellow), three CT (green), two 

tensile (blue) and one chemical composition (red) sample; (b) 
Extracted specimens from the Skellefteå (left) and the Öland bridge 
(right) rollers; (c) Manufactured tensile, Charpy and CT specimens  
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4.2.3 Tensile tests 

Tensile test is performed using flat cross section specimens (see Figure 4-5). 
The specimens are extracted in the longitudinal direction, as shown in Figure 
4-4. Due to the high strength of the material, it is difficult to obtain reliable 
results. Thus, it is decided to perform two tensile tests for each roller using 
testing machine with a maximum power of 250 kN.  
 

   
Figure 4-5: Tensile specimen (left), testing machine (right) 

 
Nominal stress-strain curve obtained from tensile tests is shown in Figure 4-6. 
The corresponding mechanical properties are listed in Table 4-1.  
 

Table 4-1: Mechanical properties 

Sample Yield strength 
[MPa] 

Ultimate strength 
[MPa] 

Elongation 
[%] 

Skellefteå-1 1478 1586 1.11 
Skellefteå-2 1194 1194 0.65 
Ölandsbron-1 1266 1828 3.63 
Ölandsbron-2 1254 1738 2.39 
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Figure 4-6: Stress-Strain curves 

 
As shown in Figure 4-6, the Skellefteå-2 sample is showing no post-yield 
strength. Therefore, a minimum value of the yield strength ( 1200 MPa0 ) and 
a minimum value of the ultimate strength ( 1500 MPa0  ) can be considered for 
the Skellefteå bridge rollers material (see Table 4-1). 
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4.2.4 Charpy V-notch impact tests  

Charpy impact testing is used to examine the ductility of the material (see 
Figure 4-7). Five Charpy tests are performed for each roller. The specimen’s 
notches have been oriented in a direction parallel to the fracture surface. 
 

 

 

 
Figure 4-7: Charpy specimen 

 
Charpy test is performed at -20 /C and the measured absorbed energy is listed 
in Table 4-2. The low amount of energy absorbed in fracturing the test 
specimens together with the appearance of the fracture surface (see Figure 4-8) 
corresponding to a brittle failure. 
 

Table 4-2: Charpy test results 
Sample Nr. Cv (J) 

Sk
el

le
fte

å 1 2.83 
2 3.14 
3 3.46 
4 2.83 
5 3.46 

Ö
la

nd
sb

ro
n 1 3.78 
2 4.11 
3 4.79 
4 4.45 
5 4.11 

 

 
Figure 4-8: Charpy specimen fracture surface at -20 /C 
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4.2.5 Fracture toughness tests using compact tension specimens 

The CT specimen is used to determine the fracture toughness of the failed 
rollers (see Figure 4-9). Three CT tests are performed for each roller. The 
specimen’s notches are oriented in a direction parallel to the fracture surface of 
the rollers. It should be noted that due to the brittleness of the material, one of 
the specimens is broken even under cyclic loading for producing the fatigue 
precracking.  
 

 
  

  
Figure 4-9: CT specimen 

 
It is observed that the material behaves in a brittle manner and all specimens 
are failed completely before achieving nonlinearity (see Figure 4-10). The 
crack extension versus load data exhibit Type III behaviour in Figure 2-7. In 
this case, maxQP P� . 
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Figure 4-10: Load-displacement curves obtained for the rollers at -30 /C 

 
To calculate fracture toughness, the procedure presented in Section 2.4.1 is 
used. The validity requirements of this procedure are checked by the three 
following equations. 
 

                                                     max 1 1.10
Q

P
P � 1.10                                              4-1 

 

                                                    
2

, 2.5 Q

y

K
B a

�
� 
� �
� �
� �

$                                           4-2  

 

                                               0.45 0.51 0.55a
W% � %                                       4-3 

 
where 
 

QP �  load (see Table 4-3 and Figure 4-10) 
B �  specimen thickness = 15 mm 
W �  specimen width = 45 mm 
a �  crack length = 23 mm 
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Fracture toughness value is computed for each specimen using Equation 2-5 
and the results are summarized in Table 4-3. 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4-3: Fracture toughness data 
Sample - .QP kN   3/2[ / ]QK N mm   

Skellefteå-1 8.10 801.76 
Skellefteå-2 7.81 773.05 

Ölandsbron-1 8.12 803.74 
Ölandsbron-2 7.34 726.53 
Ölandsbron-3 8.10 801.76 
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4.2.6 Chemical composition analyses 

Depending on the used alloys in the manufacturing process different properties 
of the material can be expected. Table 4-4 shows the common alloys used in 
the manufacturing process of steel and their effect on the material properties.  
 

Table 4-4: Effect of different alloys on the steel material properties[40] 
Properties C Si Mn P S Cr Ni Mo Al N 
Ultimate strength  + + + + - + + + + + 
Elastic limit + + + +  + + +   
Ultimate elongation - - - -  + - - - - 
Hardness + + + +  + + + +  
Hardenability + + +   + + +   
Toughness (Charpy) - - + - - - + -  - 
Arc weldability - - + - - -  + - - 
Thermal resistance + +  + - + + +   
Corrosion resistance  +  + - + + +   
+ Positive effect, - Negative effect 
 
The elemental analysis is carried out to determine the chemical composition of 
the roller. As shown in Table 4-5, the main alloying elements are chromium 
(Cr) and carbon (C). Due to the high content of carbon and chromium, the 
material has high hardness in combination with some corrosion resistance, 
respectively. 
 

Table 4-5: Chemical composition (nominal)% 
Sample C Si Mn P S Cr Cu Mo Al Ni V N 

Skellefteå 0.434 0.44 0.36 0.02 0.011 14.05 0.072 0.09 0.009 0.26 0.013 0.034 

Ölandsbron 0.441 0.35 0.31 0.014 0.004 13.78 0.038 0.02 0.077 0.08 0.016 0.022 

 
The material has revealed chemical composition and the microstructure (see 
Figure 4-3b) typical of the martensitic stainless steel (X40Cr13).  
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4.3 Design approaches for roller bearings 

Bridge bearings are specific structural elements that transfer the support 
reaction of the bridge superstructure to the abutments or piers. A thorough 
account of the forms of bridge bearings in service is given in [49]. Among 
these, roller bearings can be understood be a choice of the past as elastomeric 
bearings have taken over the market for good. However, roller and rocker 
bearings were the only option before the advent of modern elastomeric 
bearings [56]. As a result, a great number of roller bearings are still in service 
in existing bridges in Europe ([41] Part-4) where it is stated that this is 
probably the main reason they are included in the Eurocode EN 1337-4 [43]. A 
detailed discussion of the regulatory framework pertaining to bearings can be 
found in [44]. In fact, technology has shifted to elastomeric bearings and 
mechanical bearings are viewed as outdated with elevated maintenance costs 
[45]. 
 
The resistance value of a roller bearing is provided in EN 1337 ([42] par 6.7.1) 
as a function of the roller length, radius and ultimate strength. Analogous 
approaches are followed by other countries ([47] par 3.2). However, the design 
of roller bearings in the past was done by way of limiting the stresses arising 
on the contact surface [46]. The calculation of these was traditionally done by 
means of the Hertzian contact assumption. As, during this period, computer 
simulation was not easily accessible, the designer had to rely on analytical 
mathematical tools as shown below. 
 
In this section the theory concerning the roller design is given, the Skellefteå 
roller is checked and some FE plane stress as well as three-dimensional 
analysis results are presented and discussed. 
 
4.3.1 The Hertz solution to the contact problem 

The essence of the traditional approach for the roller design problem is 
summarized by the concept of the maximum allowable contact stress. The 
calculation of the average contact stress is possible by way of the closed form 
solution given by Hertz in 1881. The respective formulas for p  the maximum 
contact pressure and 1  the contact radius have the following form: 
 

(a) For the case of contact between two spherical bodies of radius 1r  and 2r  
pressed against each other by a force F  
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(b) For the case of contact of a sphere pressed against a flat plate (half-

space) by a force F  
 

                                                     2
2

1

10.388p FE
r

�                                      4-6 
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(c) Two cylinders of length L , in mutual contact along a generatrix, 

pressed against each other with a total force F  
 

                                                 1 2

1 2

10.418 r rp FE
L r r

�
�                                   4-8 

 

                                                   1 2
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L r r
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                                  4-9 

 
Note that here and as well as in (d), 1  is the half-width of the contact strip. 
 

(d)  A cylinder lying on an elastic plate, pressed by a force F  against it: 
 

                                                
1

10.418p FE
Lr

�                                          4-10 

 

                                                     11.52 rF
E L

1 �                                           4-11 
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From Equation 4-10 and 4-11 the following relations can be written for the 
usual case of a cylindrical roller of radius r and length L, material characterized 
by a modules E that supports a load F  
 

                                                    min 2
max

0.175 FER
Lp

�                                      4-12 

 

                                                     max 0.418 FEp
LR

�                                      4-13 

 
From Equation 4-13 the minimum radius for a roller can be determined if a 
maximum allowable contact pressure is determined. 
 
For the case of a roller lying upon a support plate of different material, the 
following formulae can be used. 
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and 

                                                          max
2Fp
bL�

�                                           4-15 

 
where b  is the contact zone half-width, F  is the total force applied to the 
bearing, L  is the length of the cylindrical roller, maxp  is the maximum contact 
pressure and 1 2 1,  ,  E E �  and 2� , respectively are the elastic moduli and 
Poisson’s ratios of the two cylinders. 
 
In the case of contact between a cylinder and an elastic half-space R2 is 
infinite. Also, if the material of the roller and the supporting medium is the 
same and, in particular, steel � �1 2 0.3� �� �  the Hertz formulas take the 
simpler form that is used in design. 
 
The Hertzian approach is based upon a closed form elasticity solution and as 
such it is exact as long the real structure conforms to the mathematical 
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assumptions. As major discrepancies between a real roller bearing and the 
mathematical model one could mention: 
 

(a) The underlying elastic half-space where the cylinder lies is not 
homogeneous: there exists a rather thick support plate (usually 50-100 
mm) that distributes the pressure on the concrete so as to avoid 
crushing. 
 

(b) The real roller is not a cylinder of infinite length as the mathematical 
model assumes. 

 
The second discrepancy is rather worrying view of another known contact 
mechanics result: the stress distribution under a rigid indenter to an elastic 
half-space loaded by a linear load P per unit length (see Figure 4-11). 
 

 

Figure 4-11: Rigid indenter to elastic half-space 
 
For this case the contact stress c�  is given by the relation [52]: 
 

                                                   
2 2c
P

b x
�

�
�

�
                                          4-16 

 
which obviously produces infinite values at the edges where the denominator 
becomes zero. Of course the roller is not infinitely rigid but, given the fact that 
many of the observed failures initiate at the roller edges, a three-dimensional 
analysis of the full roller assembly appears to be necessary. 
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4.3.2 The support plates 

The supporting plates also have to be undergoing some design checks. In both 
the traditional approach [42], [46] as well as the more recent EN 1337 [43] the 
concrete under (or over) the support plate must be checked against crushing. 
The concept of distributing the force transferred through the contact surface 
over a dihedral angle (90 degrees or, even following a more mathematically 
rigorous investigation, no larger than 120 degrees) exists in both the old 
German National code and the EN 1337-4 standard. 
 
One more check for the support plates not required by the European Norms 
[42], [46] is required by the US regulations ([48] par 8.4.3 (D)) and has to do 
with the bending resistance of the plate in the direction perpendicular to the 
roller axis. 
 
4.3.3 Allowable stresses values 

Some examples of allowable contact pressures for some materials are provided 
in Table 4-6. The notations H and HZ denote the permanent and the transient 
loading, respectively. The allowable stress values given in columns (2) to (9) 
correspond to various stress values that may not be exceeded in the design of a 
structure. Note that these limits vary depending on the mechanism that 
generates the stress as well as on the nature of the loading. 
 

Table 4-6: Allowable stresses for some old steel grades in MPa [46],[50] 

Material 

Bending 
induced 
Tension 

Bending 
induced 

Compression 

Axial 
Compression 

Contact 
Stresses (8)/(2) 

H HZ H HZ H HZ H HZ  
(2) (3) (4) (5) (6) (7) (8) (9) (10) 

GG-14 45 50 90 100 100 110 500 600 11.11 
GS-52.1 180 200 180 200 180 200 850 1100 4.72 

C35 200 220 200 220 200 220 950 1200 4.75 
St37 140 160 160 180 160 180 650 800 4.64 

St52-3 210 240 210 240      
1.4034       2300 2500  

 
Column (10) of Table 4-6 gives the quotient of the allowable stress in tension 
induced bending to the allowable contact stress and is very useful when no 
relevant data are available for a particular material. The extremely high values 
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of the contact stress that were allowed were justified by the localized character 
of the contact surface and the special surface hardening treatment that is always 
applied to the contact surfaces. 
 
For the X40Cr13 roller-specific material (numeric material code 1.4034) no 
bending stress is specified in [50] as the roller drum and the contact plates are 
not subjected to any. However, the experimental verification in Table 4-1, 
determined the yield strength of 1200 MPa and the ultimate strength of 1500 
MPa for Skellefteå roller material. 
 
It should be noted here that in DIN 1050 (general rules for steel structures 
following and allowable stresses approach), DIN 1072 and the predecessor of 
the DIN 4141 for roller design, the computed stresses were obtained for load 
values that were not multiplied by any load safety coefficients neither divided 
by any material safety factors. 
 
The allowable contact pressure prescribed in Table 4-6 for the Fritz Kreutz 
roller prescribed in the 1967 certificate [50] comes along with a manufacturing 
constraint: roller drum edge flat surfaces incisions like the one shown in Figure 
4-12 were precluded due to, apparently, having caused failures. This is no 
surprise as using them creates an inward corner at the precise point where the 
shear stress field attains its maximum (see Figure 4-19). These incisions had 
the purpose of providing kinematic stabilization of the roller against 
superstructure movements and were substituted in later designs by an 
appropriate gear-and-tooth-ruler system. 
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Figure 4-12: Bridge roller bearing with incision 
 
4.3.4 Roller resistance according to EN 1337 

The norm concerning the design of roller bearings presently in force in Europe 
is EN 1337-4 [43] and became enacted around 2004. Therein, the bearing 
capacity per unit of length of a roller is prescribed by Equation 4-17. 
 

                                               
2

2

123 u
Rd

d m

fN R
E 2

3 � ) )                                       4-17 

 
where R  is the radius of the roller, uf  is the ultimate strength of the roller 
material, dE  the elasticity modulus and m2  the partial safety factor of the 
material as given in EN 1992 to EN 1999 (recommended value 1m2 � ). 
Special mention is made to eventual eccentricities of the reaction imparted 
upon the bearing that have to be considered by means of EN 1337-1, 6.10.3. 
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4.3.5 Roller resistance according to IRS 

The Indian railway standard (IRS) for bridges gives a simplified version of the 
Hertz formula without any material coefficients involved [47] (see Equation 4-
18). 
 

                                                      

1 2

10.8 1 1P

D D

�
�

                                      4-18 

 
where p  is the linear bearing capacity of the bearing in kp/mm (1 kp = 10 kN). 
The diameters D1 and D2 are explained in Figure 4-13. 
 

 
Figure 4-13: Definition of 1D  and 2D  

 
For the case of a flat support plate, Equation 4-19 obviously takes the form: 
 
                                                          10.8P D�                                              4-19 
 
which, compared to the EN 1337 formula (Equation 4-17) for the case of S235, 
turns out to be 3.8 times more conservative. This should be not perceived as 
over conservative given the widely spread practice in the Indian railways 
maintenance agency to use segments cut from disused train roller axes as 
bearings. 
 
4.3.6 The AASHTO standard 

The US approach to the roller strength is contained in the AASHTO 
specification [57]. The respective formulas read 
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for diameters 25d 25 inches and 
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for diameter 25 125d 125d  inches. Here yF  is the minimum yield strength in 
tension of either the roller or the bearing plate. The quantity p  is the allowable 
linear bearing pressure in lb/inch along the contact line of the roller. 
 
4.3.7 Comparison of resistance between old DIN 4141, AASHTO and EN 

1337-4 
 
Comparing the strength for a roller of diameter D=130 mm (as the one used in 
the Skellefteå and Öland bridges) made of X40Cr13, by way of using Equation 
4-13 and 4-17 one respectively obtains: 
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for every mm of roller length. The respective value provided by the 
manufacturer was 8.52 kN/mm and both rollers had a net total drum length of 
541 mm. This value indicates that the manufacturer used a 1.300 safety margin 
coefficient. 
 
Note here that, as ultimate strength of the material a nominal ultimate material 
strength of 1500 MPa was taken from Table 4-1. Given the high brittleness of 
the specimen Skellefteå-2 is considered to have developed premature failure 
and is not taken into account. 
 
Following now the AASHTO formula described above, one can obtain the 
following values: using the roller material yield strength taken form Table 
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4-1and the conversion factors 1 MPa = 145.037 psi and 1 inch = 25.4 mm, a 
resistance per unit length of the roller contact line 
 

                1200 145.04 13000 130600 24727.84 
20000 25.4

p lb in) �
� ) ) �              4-24  

 
or, 4.33 kN/mm. This value appears to be rather conservative compared to the 
results of the other two approaches. In addition, the AASHTO directive 
requires the minimum yield strength of the roller or the base plate to be taken 
into account. The Skellefteå roller is resting on a St52 bearing plate for which 
the allowable stress for the HZ condition (permanent plus variable loads) is 240 
MPa. Using this value, the AASHTO rules result to a per-unit-length roller 
resistance of only 0.586 kN/mm which is in the an order of magnitude less than 
the old DIN 4141 and the EN 1337 results as calculated by Equation 4-23 and 
4-24. This reflects the fact that the St52 material is not suitable for a roller 
element. 
 
As depicted in Figure 4-14, the roller comes in contact with the element 
marked as #1. These are the so called “pressure plates”, they are 26 mm thick, 
they are made of X40Cr13 and are snug tight fitted into element #2 which is 
the support plate made of St52-3 material. In the Certificate [50] of these 
rollers, it is mentioned that the contact plate and the support plate “can be taken 
as one” for the base plate stresses verification. Therefore the yield strength to 
be used in Equation 4-24 is subject to whether the aforesaid contact plates are 
in fact used and are of sufficient thickness. All these issues are left to the 
manufacturer. 
 

 
Figure 4-14: Drawing of the Skellefteå roller 

1 2 
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4.3.8 Imperfections affecting the roller 

According to EN 1337-4 ([43], 6.7.1) when designing a roller one has to take 
into account eccentricities and moments. However the effects of imperfections 
are not mentioned but, instead, a limitation of 1/1000 is set forth for the parallel 
alignment of the contact plates in the sense of the roller axis (wedge 
imperfection). Other wedge imperfections related to the observed failure 
patterns the investigation of the failure regard as relevant especially for old 
bridges are the following: 
 

 The out of squareness imperfection of the lower girder flange according to 

EN 1090-2 ([55], Table D.2.1 (4)) that may be held responsible for edge 
rollers failures. 

 

 The flatness imperfection of flanges according to EN 1090-2 ([55], Table 

D.2.1 (5)) that may be held responsible for both edge failures as well as 
middle part failures. 

 

 Temperature differences during erection according to DIN 4141-1 [42]. 
 
It might be argued that the out of squareness imperfection can be eliminated by 
means of an appropriate installation procedure involving the injection of mortar 
bedding underneath the bottom support plate as described in [54]. However, 
the correct execution of this procedure is not easily verifiable for old bridges as 
for these, scarce execution records exist. 
 
The effect of the flatness imperfection of the girder's lower flange is not 
relieved by the mortar bedding injection technique and, combined with the 
inevitable presence of a web stiffener over the roller can lead to severe contact 
stress concentrations at the roller edges. Another unwanted consequence can be 
the induction of bending along the axis of the roller leading the failure in the 
middle part. 
 
Finally, temperature differences that have to be taken into account for the 
design of bearings irrespectively of temperature loads prescribed in other codes 
are given in DIN 4141-1 ([42], Table 3) where it is also stated in ([42], 
5.2.2.3), that the rotation caused by differences in temperature between the 
upper and the lower part of the bridge have to be undertaken by the bearing. 
Applying this requirement to a typical double I-girder bridge cross section one 
can obtain the imperfection angle ω as: 
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where α is the thermal expansion coefficient of steel, S is the girder distance, h 
is the girder depth and  
 

                                                    1,2 1,2d T kT T2� � )�                                       4-26 
 
where T2  is 1.35 and 1,2kT�  is 20 CC  ( 1 15kT� �  and 2 5kT� �  as per [43], 
Table 3). The factor 2 in the denominator is due to the fact that thermal 
expansion is assumed to happen symmetrically with respect to the vertical 
middle axis of the bridge. For a typical case where S = 8.0 m, h = 2.0 m the 
rotation angle ω is 1/1500. The twisting of the girder that results henceforth, 
will affect the roller due to the presence of the web stiffeners the presence of 
which, prevents this rotation from being absorbed as a mutual rotation between 
the flange and the web of the girder. Now adding the temperature-induced 
wedge imperfection to that of the allowable misalignment (as per [43] 7.4) it is 
obtained 1/1500 + 1/1000 yielding 1/600. This is a minimum value of wedge 
imperfection that one will not be able to eliminate even if (a) and (b) are 
eliminated and the mortar injection technique is properly implemented. 
 
4.3.9 Loads analysis of the Skellefteå bridge roller 

Following the Hertz contact stress approach presented above, the rollers of 
Skellefteå bridge are investigated. The respective roller bearing is from Kreutz-
Edelstahl and is supplied by a designated allowable load of 4610 kN. The 
diameter is 130 mm and the cylinder is made of two segments, each 276.5 mm 
long with a 41 mm incision in between to provide stability against lateral loads. 
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The minimum yield strength measured was 1194 MPa. In Table 4-6, the 
relation of the maximum allowable contact stress to the yield strength is taking 
for example the St37 which is roughly equivalent to S235, equal to 
600/235=2.55. In our case, the respective ratio is of the maximum allowable 
contact pressure to the yield strength is 2171/1194=1.82 which is quite 
conservative. 
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The load of the roller was recalculated in the analysis performed by 
VECTURA ([58] par. 3.3.4) is 2403 kN (self-weight) and 1501 kN (max traffic 
load). Considering that, in the allowable stress method the safety coefficients 
were included in the stress limits of the material, these two load values can be 
added without any load safety factors. The result is 3904 kN which is still 
lower than the nominal resistance for the roller which is 4610 kN. The 
respective exploitation coefficient is 0.85. Consequently, the design load 
(allowable load) for the Skellefteå roller is � �4610 2 276.5 0.85 7085) ) � N per 
mm of its length.  
 
Therefore, the fracture of the roller cannot be explained in the context of the 
plane Hertzian contact approach. 
 
The contact radius α for the maximum load of the roller is 
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4.4 Plane stress finite element model results 

In the present section the results of a detailed plane stress FE analysis for a 
roller – support plate system are presented. The roller diameter is 130 mm, the 
support plate thickness is 35 mm and distance from the contact line to the 
support plate edge is 100 mm. The support plate is kinematically fixed at its 
lower side. The material law considered is linear as the Skellefteå bridge 
sample showed very limited post-yield strength. Imposed displacement is 
applied to the meridian plane of the roller (only a quarter is discretised as 
double symmetry is assumed). 
 
In Figure 4-15 the maximum von-Mises stress of the roller is plotted with 
respect to the applied vertical displacement. An obvious non-linearity is 
evident. It is due to fact that increasing load causes the contact radius to expand 
therefore reducing the contact pressure. 
 
 

 

 
 

Figure 4-15: Maximum von-Mises stress in the roller as function of applied 
vertical displacement 

 
The reaction force-displacement behavior of the roller is slightly non-linear 
owing to the flattening of the contact zone that makes the system stiffer as 
applied force increases (see Figure 4-16). Note that the designer prescribed 
load of 4610 kN is obtained for a vertical displacement of 0.2 mm imposed on 
the meridian plane of the roller. 
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Figure 4-16: Reaction force – displacement relation for the roller 
 
The horizontal stresses in the roller develop a compressive zone at the 
immediate vicinity of the contact zone that may reach quite high values. In the 
case shown in Figure 4-17, when the roller reaches the tensile stress of 700 
MPa along the plane of symmetry, the compressive contact stress near the 
contact zone is around 4800 MPa. 
 

 
Figure 4-17: Horizontal (x-direction) stresses (MPa) in the vicinity of the 

contact area 
 
As the vertical stresses in the vicinity of the contact area reach a similarly high 
value (see Figure 4-18) the result is a state of hydrostatic compression for the 
material on the inside of the contact zone. This property of the material stress 
state in the vicinity of the contact zone can be understood as the reason for the 
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elevated values of allowable contact stress (see Table 4-6). 
 

 
Figure 4-18: Vertical (y-direction) stresses (MPa)  in the vicinity of contact 

area 
 
The parts of the roller where yielding should be expected become evident from 
the shear stress field shown in Figure 4-19: the higher shear values occur at the 
edges of the contact area, a few millimetres inside the surface. 
 

 
Figure 4-19: Shear stresses (MPa) in the vicinity of the contact zone 
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4.5 Three-dimensional finite element modelling of roller bearing 

As demonstrated in Section 4.2 where the Skellefteå roller was both assessed 
by means of plane elasticity methods as well as subjected to a number of both 
old and contemporary regulatory checks, there does not appear to exist any 
obvious reason justifying the observed failures. In order to shed more light on 
the mechanisms causing the frequent roller failures, a three-dimensional FE 
approach will be undertaken so that a more accurate assessment of the stress 
state of the roller may be obtained. 
 
The practical advantage of a three-dimensional FE model over a plane 
elasticity approach is that information on the distribution of the contact stresses 
along the length of the roller can be obtained. In particular, deviations of the 
contact stress distribution from uniformity will be investigated in an attempt to 
address two major issues: 
 

(a) Possible roller drum edge contact stress concentrations as discussed in 
the last part of Section 4.3.1. 
 

(b) Contact stress concentrations caused by imperfections in the alignment 
of the bearing plates as discussed in Section 4.3.8. 

 
The obvious reason is that eventual contact stress concentrations may render 
the classical design approach inaccurate, especially given the brittle nature of 
the roller material which is hardened steel. The latter is blamed in the literature 
[49] as the cause of compromised corrosion and fatigue resistance. 
 
4.5.1 Description of the finite element model  

The geometric characteristics of the roller used in the FE analyses are shown in 
Figure 4-20. The total length of the gross contact area of the roller is 334 mm. 
Due to the 61 mm channel in the middle, destined to prevent sideways 
movement of the support; the net contact area is 273 mm. The diameter of the 
roller is 130 mm for the two load bearing drums and 85 mm for the short 
connecting shaft in the between. The material law considered is linear as the 
Skellefteå-2 sample showed very limited post-yield strength. 
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Figure 4-20: Drawing of the roller 

 
The FE model of roller bearing is consisted of a roller in contact with four 
contact plates. These contact plates are supported by two support plates. The 
upper support plate is attached to a flange, web and web stiffeners. The lower 
support plate is lying on a mass of concrete. A sideway motion control rib is 
filling the space between two drums of the roller. All parts are modeled using 
realistic dimensions except that the fillets at the corners of the roller are 
neglected. Figure 4-21 shows the three-dimensional model of the roller bearing 
used in the study. The model dimensions parts in this figure are summarized in 
Table 4-7. 
 
Within the context of this thesis, the finite element program ABAQUS [61] is 
used. A three-dimensional FE simulation of the roller bearing is performed. 
The static solver ABAQUS®/Standard is applied to determine the stress 
distribution at the contact zone, yielding in accurate results. 
 

Table 4-7: Dimensions of model parts according to Figure 4-21 
Parts  Dimensions (X)Y)Z) [mm] 
Lower contact plate  152)26)190 
Upper contact plate  157)26)190 
Abutment  1890)1000)720 
Flange  750)40)1000 
Stiffener  750)2500)12 
Web stiffener distance  120 
Web plate 12)2500)1000 
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Figure 4-21: Geometric objects of the FE model: Roller (blue), contact plates 
(red), support plates (green), sideway motion control ribs 
(yellow), flange, web stiffeners and web (orange) and concrete 
abutment (gray) 

 
4.5.2 Element type and mesh 

All parts of the assembly are modeled using the element type C3D8R, which is 
a first order reduced integration continuum element. The reduced integration 
element C3D8R is selected due to a lower order integration scheme to define 
the stiffness matrix and consequently reduces the overall computation time 
particularly in three-dimensional models. However, these elements are prone to 
hourglassing due to the presence of only one integration point. Therefore, they 
can deform in such a manner that the strain calculated at these integration 
points is zero, leading to an uncontrolled distortion of the element. This 
behavior can be avoided using a reasonably fine mesh in the area where the 
deformation is expected.  
 
Figure 4-22 shows how the different parts and regions of the model are 
meshed. On both roller drums and contact plates, geometrical sub-objects are 
defined where the finer mesh is generated so as to obtain accurate results 
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regarding the distribution of the contact stress. The ‘structured’ meshing 
technique is used for all parts with Hex shape elements.  
 

   

   
   

Roller 
   

   
Contact plates, support plate and sideway motion control rib 

 

Figure 4-22: Meshing of the different parts and regions of the model 
 
4.5.3 Contact interactions  

Contact is one of the most important nonlinear and discontinuous phenomena 
in this FE modeling. In contact problems, an overpressure can arise between 
contact surfaces when an idealized hard contact relationship is introduced, but 
penetration of one surface the other is not permitted.  
 
ABAQUS®/Standard [61] provides three approaches for modeling contact 
interactions: general contact, contact pairs and contact elements. Contact 
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simulations using general contact or contact pairs are surface based and are 
defined by specifying self-contact surfaces and surface pairings. Contact 
elements are provided for modeling contact interactions that cannot be modeled 
by general contact or contact pairs. General contact or contact pairs are 
basically recommended to use if possible.  
 
A general surface-to-surface smooth contact (no friction) is assumed to 
simulate the interfaces behavior. Finite-sliding contact formulation is used for 
modeling the interaction between contact pairs.  
 
To obtain an appropriate contact simulation, the master and slave surfaces 
should be chosen correctly. As a general rule, the slave surface should have a 
finer mesh than the master surface and if the mesh densities are almost equal, 
the slave surface should be the softer body. Otherwise, the contact simulation 
will be quite time consuming.  
 
4.5.4 Boundary and load conditions  

To simulate the roller bearing problem, load control and displacement control 
methods can be applied. In load control method, a concentrated force can apply 
on the flange. When using displacement control, a downward displacement can 
be imposed on the flange. In the current study, the top cross section of the 
flange is vertically displaced down by 1.44 mm and it is restrained from the 
sideways translation (see Figure 4-23).  
 

 

 

Figure 4-23: Displacement applied to the top surface of the flange 
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Also, the models of the web-lower flange intersection were locked as to 
sideways displacement in the cases where the wedge imperfection was applied 
(see (d) in Section 4.5.5 and Figure 4-29). 
 
A master node is defined at the center of the bottom cross section of the 
concrete abutment. The master node is fully kinematically constrained to its 
respective cross section using the coupling constraint as shown in Figure 4-24. 
All degrees of freedom of this master node are restrained. The total load per 
unit length can be obtained by extracting the reaction force on the abutment 
master node.  
 

 
Figure 4-24: Master node at the bottom of abutment coupled to the whole 

bottom surface  
 
To allow only for rotational movement of the roller, the transverse and 
longitudinal movement of the roller is prevented by applying proper boundary 
conditions on the nodes located at the center of the two extremities of the 
roller. These two nodes are representative of the circular steel shafts connected 
to the bearings that prevents the roller from translation (see Figure 4-25).  
 
 

 

 
Figure 4-25: Boundary conditions at the center of two extremities of the roller 
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4.5.5 Finite element analysis results 

For the assessment of the roller behaviour, the following factors that might 
affect the contact stress distribution are investigated: 
 

(a) The extension of the support beyond the end of the roller (see Figure 
4-26). 

 

  
Figure 4-26: Illustration of the extension of the contact plates 

 
(b) The thickness of the support plate (see Figure 4-27). 

 

  
Figure 4-27: Illustration of the thickness of the support plates 

 
(c) The position of the web stiffener with respect to the roller (see Figure 

4-28). 
 

 
Figure 4-28: Illustration of the positioning of the web stiffener with respect to 

the roller 
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(d) The magnitude of the wedge imperfection (see Figure 4-29). 
 

 
Figure 4-29: Illustration of the wedge imperfection (it is highly exaggerated) 

 
Concerning the reasons that these factors were chosen as likely to affect the 
contact stress distribution the following remarks can be made. The extension 
length of the plate past the cylinder end is important due to the formation of a 
bending stress system in the plate as per the simple structural system shown in 
Figure 4-26. Actually this bending stress state in the plate can be heavily 
affected by the contact stresses distribution between the support plate and the 
concrete therefore making it necessary to assess the influence of the extension 
length. The thickness of the support plate is of importance for the very same 
reason. Finally the alignment of the roller to the web stiffener that actually 
delivers the girder reaction force to the bearing is obviously a factor to 
consider. 
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The numerical simulations that are conducted are listed in Table 4-8. 
 

Table 4-8: Definition of the case studies 

# Code Stiffener 
Position 

Plate 
Thickness 

Extension 
Length 

Wedge 
Imperfection 

1 A-50-E0-0000 A 50 78 0 
2 A-50-E0-1600 A 50 78 1/1600 
3 A-50-E0-0800 A 50 78 1/800 
4 A-50-E0-0400 A 50 78 1/400 
5 A-80-E0-1600 A 80 78 1/1600 
6 A-80-E0-0800 A 80 78 1/800 
7 A-80-E0-0400 A 80 78 1/400 
8 A-50-E1-0000 A 50 50 0 
9 A-80-E0-0000 A 80 78 0 

10 B-50-E0-0000 B 50 78 0 
11 B-50-E1-0000 B 50 50 0 
12 B-80-E0-0000 B 80 78 0 

 
It is noted here that throughout the present paragraph the term “contact stress” 
refers to the maximum contact stress that appears at the centre of the contact 
area. Also a dashed line is drawn indicating the maximum allowable value of 
the contact stress for the variable loading situation which is 2500 MPa. This 
value is particular for the Fritz Kreutz rollers and the X40Cr13 material. The 
horizontal axis gives the coordinate along the contact line of the roller starting 
from the centre. For the cases where no wedge imperfection is taken into 
account and therefore symmetry exists, the contact stresses are given for only 
one of the roller drums. 
 
First the influence of the thickness of the support plate is investigated for the 
web stiffener position (A) that is, in alignment with the roller. The contact 
stresses for cases #1 and #9 are shown in Figure 4-30. As obvious, the 
influence on the contact stresses is rather negligible for the two plate 
thicknesses considered (50 mm, 80 mm) that can be considered as practical 
limits for this dimension. 
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A 50 mm VS 80 mm 0 78E �  mm 

 

 

 

 
Figure 4-30: Influence of support plate thickness on maximum contact pressure 

– stiffener aligned 
 
For the web stiffener in 60 mm offset from the roller (position (B)), the 
respective maximum contact stress distribution is shown in Figure 4-31. It can 
be seen that the thick web plate generates a characteristic dip at the contact 
stress towards the edge of the roller. 
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B 50 mm VS 80 mm 0 78E �  mm 

 

 

 

Figure 4-31: Influence of support plate thickness on maximum contact pressure 
at offset stiffener position 

 
Varying the support plate extension past the end of the cylinder (as shown in 
Figure 4-26) gives the results shown in Figure 4-30. Again it is seen that the 
shorter support plate used in case #11, had no effect on the contact stresses 
near the edge of the roller (see Figure 4-32). It may be stated here that keeping 
the width of the contact plate as close as possible to that of the roller is a wise 
practice followed by quality roller bearing manufacturers. 
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A 50 mm 0E  VS 1E   

  

 

 
Figure 4-32: Influence of the extension of support plate 

 
Next, the influence of the position of the web stiffener with respect to the roller 
is investigated. 
 
In Figure 4-33, a contact stress difference of 3.6% is observed between the two 
positions of the web stiffener with respect to the roller axis: position (A) which 
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is directly over the roller and position (B) where the stiffener is taken at a 
position with a 60 mm offset with respect to the roller axis. The influence one 
can see here if that as the maximum contact stress is reduced when the load is 
exercised through the support plate (position (B) – case #10) and not directly 
through the web stiffener (position (A) – case #1). 
 

 

A VS B 50 mm 0 78E �  mm 

 

  

 
Figure 4-33: Web stiffener directly over the roller (#1) and having a 60 mm 

offset (#10), 50 mm plate 
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The respective contact stress differentiation for the thick support plates is 
shown in Figure 4-34. 
 
The thicker plate behaves differently when the web stiffener is in the offset 
position creating a characteristic anomaly in the distribution of the contact 
stress towards the roller edge (case #12). 
 
In all the cases presented so far, the influence of the support plate thickness, the 
position of the stiffener and the extension of the plate resulted to minor effects 
as far as the maximum contact stress is concerned. What is important is the 
severe contact stress peak at the roller edge which was commented before (as 
related to the rigid indenter model discussed in Section 4.3.1). This stress 
concentration is about 30% of the average contact stress and, as it coincides 
with the point where the observed cracks have initiated, is probably the 
mechanical reason of the observed failures. 
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A VS B 80 mm 0 78E �  mm 

 

  

 
Figure 4-34: Web stiffener directly over the roller (#9) and having a 60 mm 

offset (#12), 80 mm plate 
 
In Figure 4-35, the effect of the wedge imperfection discussed in Section 4.3.8 
is presented. Six cases are presented: for each of the two considered support 
plate thickness values namely 50 mm and 80 mm, three values of the wedge 
imperfection are applied: 1/1600, 1/800 and 1/400. The horizontal axis of the 
graph ranges from -150 mm to +150 mm as, in the wedge imperfection case, 
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the symmetry of the system is destroyed and therefore the contact stress is 
plotted for both the drums of the roller. A thin line is used for the 50 mm plate 
and a thicker one for the 80 mm plate. All curves are plotted for the position 
(A) of the web stiffener i.e., aligned with the roller axis. The maximum 
allowable contact stress of 2500 MPa is indicated by a dashed red horizontal 
line. 
 

 

A 50 mm VS 80 mm 
1

400
 , 1

800
, 1

1600
 

  

 
Figure 4-35: Maximum stress distributions for various wedge imperfection 

values 
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The adverse effects of introducing the wedge imperfection are rather obvious: 
the maximum allowable contact stress is exceeded even for the least of the 
considered imperfection values of 1/1600. Therefore, taking into account the 
discussion on the sources and magnitudes of the wedge imperfection, it can be 
stated that an obvious cause for the frequent failures of the roller bearings has 
been demonstrated. 
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4.6 Fracture mechanics study of the cracked roller using two-
dimensional finite element analyses 

In the present section a fracture mechanics model for a roller is numerically 
verified. The calibrated model is used subsequently to predict unstable crack 
lengths and positions for a bridge roller to explain the observed failures. 

4.6.1 Verification of the finite element model against the experimental 
results and formulae in the literature 

The first step of every numerical analysis considers the verification of the 
numerical results against experimental tests and/or theoretical formula. 
Pursuing this objective, the fractured roller investigated by Schindler [59], [60] 
is selected for verification purpose. The obtained results of linear elastic FE 
analyses are compared with Schindler’s experimental and analytical results. 
This roller is then adopted as the case-study for the parametric study to 
investigate the effect of the roller rotating due to a daily thermal expansion on 
the crack growth. 
 
4.6.1.1 Experimental results  

Here, the experimental test performed by Schindler [59] is described. The 
experimental test involved disks of 20 mm thickness sliced from a cracked 
roller. The diameter of the roller considered in the validation was 140 mm and 
the axial length about 500 mm. The initial length of crack was taken equal to 70 
mm. The critical loads were measured for the cracked specimen exposed to 
symmetrical loading (Figure 4-36, load case (a)) and one-sided force (Figure 
4-36, load case (b)). 
 

 
Figure 4-36: Cracked roller exposed to compressive radial force [59] 
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The critical loads obtained by Schindler are listed in Table 4-9. 
  

Table 4-9: Experimentally determined critical loads [59] 
Loading case  [ / ]crF N mm  

a 25900 
b 21700 

 
In the current study, the roller exposed to the symmetrical loading (load case 
(a)) is selected for verification purpose. 
 
4.6.1.2  Analytical solutions 

Schindler [60] has shown that IIK  causes the crack growth and IK  the 
subsequent material separation. In order to determine both IK  and IIK , load 
case (b) in Figure 4-36 being the most unfavourable load case is taken into 
account. This system can be decomposed into an anti-symmetrical system B 
and symmetrical system C, which are only loaded in Mode-II and Mode-I, 
respectively (see Figure 4-37).  
 

 
Figure 4-37: Decomposition of the load case (b) in antisymmetrical and 

symmetrical system [59]. 
 
Stress intensity factor for Mode-I and Mode-II according to Schindler [59] are 
given by: 
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To calculate the Z value 1I , 2I  and 3I  are given by: 
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where  
 

                                                       0
0

aA
D

�                                                    4-36 

 
0a  is the width of the contact area of the crack faces near the crack month. It 

can be assumed to be approximately the width of the Hertzian contact area. It 
should be noted that in the present case 0 0.02A �  is assumed according to 
[59]. Inserting the experimentally determined critical forces (see Table 4-9) for 
70 mm length of crack and 140 mm roller diameter in the above mentioned 
equations results to the values listed in Table 4-10. 
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Table 4-10: Theoretically determined stress intensity factors  
Loading case  3 2 IK N mm� �� �   3 2 IIK N mm� �� �  

a 1815 0 
b 1450 2270 

 
4.6.1.3 Verification of the finite element model 

A two-dimensional plane stress finite element model with thickness of 1mm is 
developed in Abaqus/Standard [61]. The roller has a radius of 140 mm and is 
assumed to be elastic, with Young's modulus of 210 GPa and Poisson's ratio of 
0.3.  
 
The contact problem is modelled as a deformable disk being pressed against 
flat, rigid plates. A surface to surface smooth contact (no friction) is assumed. 
The deformable roller is defined as slave surface. The master surfaces are 
defined by specifying the rigid plates. 
 
The roller is loaded by applying a displacement to the upper rigid plate in the 
vertical direction; all other motions of the plate are restrained. The lower rigid 
plate is fully restrained. Since the contacting surfaces undergo negligible 
sliding relative to each other, one point at the centre and one point at the top of 
the roller are constrained not to move horizontally (no sliding). 
 
The crack has a length of 70 mm and is modelled as an internal partition 
embedded inside the roller (see Figure 4-38). The introduced crack is called a 
seam crack in Abaqus. The crack extension direction is specified with the q-
vector at the crack tip. In a two-dimensional model, crack defines as a region 
containing edges which are free to move apart. Therefore, a smooth contact (no 
friction) between crack edges is assumed. 
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Figure 4-38: Seam crack and crack extension direction 

 
A refined mesh in the vicinity of the crack tip is generated using the “swept 
meshing” technique (see Figure 4-39). To obtain reasonable results for LEFM, 
the elements around the crack tip are subtended angle of 10°. The quadratic-
reduced integration plane strain elements CPE8R are used. Second-order 
elements are used to obtain a mesh singularity at the crack tip. A value of 0.25 
is used for the mid-side node parameter. Collapsing of elements with single 
node at the crack tip is controlled by degeneration of elements. 
 

 

 

 

 

Figure 4-39: Plane roller mesh (left); close up of crack tip (right) 

Seam crack 

q-vector 
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In Table 4-11, FE-computed and analytically determined Mode-I stress 
intensity factors are compared. As the load experimentally determined value of 
25900 N per millimetre of the roller length is taken (see Table 4-9). An 
excellent level of agreement is observed. The numerical and theoretical results 
are indicating 2.4 % scattering. 
 

Table 4-11: Stress intensity factor Mode-I calculated by FE analysis and 
theoretical formulas for crack length of 70 mm 

Results 3 2 IK N mm� �� �  3 2 IIK N mm� �� �  
FE 1860 0 

Theory  1815 0 
 
To show the Mode-I (opening) of the crack and stresses at the crack tip, the 
von-Mises stress distribution using a deformation scale factor of 20 in x- 
direction is shown in Figure 4-40. 
 

 
Figure 4-40: von-Mises stresses in the roller with 70 mm crack 
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4.6.2 Effect of the rotating of the roller on the crack growth 

The examinations of the fractured rollers showed that the catastrophic cracks 
originated at the surface of the roller extremities (see Figure 4-2). Due to a 
daily thermal expansion of the bridge girder, an existing radially oriented 
surface crack in the roller extremities is forced to rotate around the mean 
position causing the Mode-II stress intensity factor. 
 
The aim is to identify the critical size and the most unfavorable location of the 
crack during the daily thermal cycle. For this purpose, the design load 
(allowable load) of this type of roller was computed to 7085 N/mm (see Section 
4.3.9 and the geometry of the roller in Figure 4-14). The fracture toughness of 

3/2800 /N mm determined in Section 4.2.5 is taken. The previously verified FE 
model is employed. Three crack lengths a  of 3, 3.5 and 4 mm and four crack 
locations S 3  of 1, 2, 3 and 4 mm are considered (see Figure 4-41). The roller is 
loaded until Mode-II stress intensity factor attains the fracture toughness value 
of the material. At this point the applied load is recorded. In order to 
investigate the level of acceptance of cracks in terms of stress intensity factor 
Mode-II and rolling of the roller, a fracture assessment diagram is constructed. 
 

  
Figure 4-41: Schematic of the crack length and its location 

 
The vertical axis represents the dimensionless ratio of the Hertz design load 
(see Section 4.3.1 and 4.3.9) over the LEFM critical load determined by FE. 
This ratio is denoted by7  (see Equation 4-37). The horizontal axis represents a 
ratio between the width of the contact area S  (see Figure 4-41) and the 
absolute crack offset. This dimensionless parameter is denoted by8 (see 
Equation 4-38). 
 

                                                         Design

Critical

F
F

7 �                                              4-37 
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                                                           2 'S
S

8 �                                                4-38 

 
The computed results are plotted as following. The dashed line presents the 
fracture assessment line (FAL) criterion. 
 

 

 

 

Figure 4-42: Fracture assessment diagram for a roller with various sizes a of 
radial surface cracks 

 
The practical consequence of the diagram in Figure 4-42 is that for various 
combinations of crack position/crack size the LEFM-load can exceed the 
design load of the roller. The crack tip going twice a day through the maximum 
shear stress zones (see Figure 4-19) makes evident the presence of a low cyclic 
fatigue (LCF) mechanism that will induce the growth of the crack. 
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4.7 Results and discussion 

The basic question addressed by the present chapter was to determine whether 
a sound mechanical reason for the observed fractures can be determined. The 
first issue addressed was whether there exists a violation of the existing 
regulatory framework under the real conditions of operation of a roller 
designed by the Hertzian contact approach. The numerical results of the FE 
analyses showed that such violations do, in fact, exist. The allowable contact 
stress is exceeded in two circumstances: at the external roller drum edges even 
at the absence of alignment imperfections and, along the full length of the 
contact line when alignment imperfections are taken into account. The 
imperfections in question are prescribed in newer regulations and concern 
temperature variations over the depth of the bridge superstructure and 
manufacturing errors as discussed in Section 4.3.8. It is therefore concluded 
that, given the findings of the present study, a higher coefficient of safety 
should have been taken into account in the design of bridge roller bearings. The 
30% margin the manufacturer appears to have tacitly assumed (see Section 
4.3.7) in the particular roller modelled in Section 4.5 turns out to be 
insufficient. It is interesting to note that the inherent manufacturer bearing 
capacity tolerance as calculated in Section 4.3.7 and the local edge contact 
stress concentration (in the absence of imperfections) found in Section 4.5.5 
are comparable therefore implying the possibility this to have been a known 
design problem. Evidence corroborating to this is the fact that the 1967 update 
of the certificate of the Fritz Kreutz rollers included the exclusion of the end-
surface incision of the roller drum included in earlier designs for the purpose of 
kinematic stabilization of the roller against superstructure thermal expansion 
movements (Figure 4-12). This incision is in fact a design fault as it contains 
inward corners at a point where contact stresses are at a maximum (see Figure 
4-19). The results of the experimental tests showed a brittle material but no 
deviations from the material properties prescribed in the certificate of 
application of the rollers in question (see Section 4.2 and 4.3.7) 
 
The fracture mechanics investigation determined the critical crack length and 
the most likely mechanism of fracture that is Mode-II and has the particularity 
to be associated to the roller movement due to the daily thermal cycle of the 
bridge superstructure. The LEFM numerical study is an initial one and was 
confined into a two-dimensional context (see Section 4.6). The fracture 
mechanism studied additionally provides the potential to generate remaining 
life-time estimates for a roller based on the LCF fracture in the plastic zone the 
inevitably exists at the tip of the assumed cracks. 
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5 CONCLUDING REMARKS AND FUTURE 
WORKS  

5.1 Conclusions 

The safe and cost effective use of the ring-flange connection in wind turbine 
towers depends on the proper fabrication process, quality check procedure and 
consistent in-service inspection. Despite tight quality checks during the 
fabrication process, the existence of defects in the structure is possible and due 
attention should be focused on defining the most critical areas of the ring-
flange which is done by FE analysis. In addition, the engineering critical 
assessment (ECA) of possible defects is necessary in order to determine the 
critical crack size beyond which the flange connection may fail prematurely 
either due to plastic collapse and/or unstable crack growth. Key input 
parameters are material properties, stresses and crack geometry and position. 
Therefore, material testing and stress analysis by advance FE method were 
carried out to determine the input data for ECA of the ring-flange connection. 
 


 Material strength and toughness were determined by means of tensile 
and Charpy impact testing, respectively. Tensile and CT results 
confirmed that the material behaves in a ductile manner. It was shown 
that the EBW combined with the PWHT lead to the fine and uniform 
microstructure in the weld metal. 
 


 Detailed FE analysis was conducted to calculate the stress distribution 
at the most critical location for a hypothetical crack plane. It was shown 
that the cross section at the transition area between the ring-flange and 
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the shell is the most critical crack plane (see stress classification line 
(SCL) in Figure 3-19). 

 
A parametric investigation was carried out to evaluate the effect of fracture 
toughness, crack eccentricity, crack geometry, and various defect assessment 
procedures on the ring-flange connection integrity. The following conclusions 
can be stated:  
 


 Material properties have a considerable effect on the fracture 
performance of the flange connection. The critical size of crack for 
S275J0 and S275JR as compared to S275J2 were found to be reduced 
by up to 7% and 13%, respectively. This can be attributed to the lesser 
fracture toughness of S275J0 (16%) and S275JR (27%), respectively. 
Comparing normalized grades of hot rolled steels, higher grades 
resulted to larger critical crack size and subsequently safer acceptance 
criteria. The acceptance criteria predicted for S355NL, S420NL and 
S460NL were approximately increased by 20%, 30% and 35%, 
respectively, as compared to S275NL.  

 

 The crack eccentricity has a significant influence on the maximum 

allowable crack size under fatigue loading conditions. The critical crack 
size calculated for 10 mm eccentric embedded crack was approximately 
reduced by 70% compared to centric embedded crack. 

 

 With respect to the crack geometry it was found that the embedded 

crack presented toughest acceptance criterion for deeper cracks 
whereas, for shallow cracks, the circumferentially oriented internal 
surface crack resulted to be the governing one.  

 

 Comparing the results obtained according to BS 7910 and ASME 

Section XI, the fatigue assessment procedure; it was found that ASME 
predicts less conservative acceptance criteria. 

 

 The results obtained from fracture and fatigue assessment of centric 

embedded cracks confirmed that the assessed flange is susceptible to 
fatigue failure which turned out to be governing criterion with respect 
to the maximum allowable crack size.  
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With regard to the roller bearing fractures part the following conclusion were 
arrived at: 
 


 The frequent failures of the rollers are explained as the maximum 
allowable contact stress was found to be exceeded due to a number of 
factors that were investigated in the thesis. First, the methods of 
calculation used in the period that these were designed, lacked the 
numerical refinement that is available today. Although the rollers 
appeared to be properly designed when the Hertzian contact approach 
was applied, they turned out to significantly overshoot their allowable 
contact stress limits when examined by way of three-dimensional FE 
modelling. Second, the issue of imperfections of alignment of the 
support plates, an issue that can only be addressed in the context of 
three-dimensional FE analysis, is of much greater importance and 
should be held responsible as the most probable cause of the frequent 
fractures. 

 

 The crack growth mechanism that was established has to do with 

Mode-II surface cracks in the contact zone. These grow by means of an 
LCF mechanism associated to the daily full crack tip stress reversal that 
happens due to the thermal expansion of the bridge girders. 

 

 The LCF tip-plasticity crack growth mechanism appears to be a solid 

base for the numerical estimates of the remaining life of in-service 
rollers. 

 
5.2 Research questions 

In this section, the answers to the research questions set in Section 1.2, are 
recapitulated. 
 

(a) Is the proposed defect assessment procedure capable of predicting the 
maximum allowable size of crack in the flange connection? 

 
It has been shown that the proposed ECA approach [20] is useful for 
predicting the maximum allowable size of crack in the ring-flange 
connection. The fracture and fatigue performance of the ring-flange was 
assessed and it was found that the flange is susceptible to fatigue failure 
which turns out to be the governing criterion to define the maximum 
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allowable crack size. In addition, the effect of fracture design 
parameters on the integrity of the flange was investigated.  

 
(b) Can finite element (FE) method be used to determine location and size 

of the most critical crack of the ring-flange connection? 
 
FEA was used to define the maximum principle stresses in tension and 
assume the most critical crack location. However, the crack propagation 
scenario and the critical crack size were estimated by ECA approach 
(see Section 3.4).  

 
(c) Does the welded joint of the flange connection have sufficient 

toughness and strength so that potential failure by fracture and fatigue 
may be avoided? 

 
It was shown that the ring-flange connection welded by the EBW in 
combination with PWHT provides sufficient toughness and strength 
due to the existence of homogeneous microstructures in the weld metal 
(see Section 3.2). 

 

With regard to the research questions set forth in Section 1.2.2 significant 
progress was made in the present thesis and answers were generated through 
advanced modelling and experimental investigations. In particular the research 
questions for the roller part were the following 
 

(a) Can the roller failures be attributed to some design flaw? 
 
The answer to this question is affirmative. In fact, two fractured roller 
specimens were examined. Both were found to comply with the 
material specifications as prescribed in [50] where the relevant 
licensing requirements/specifications are described. Careful observation 
of the nature of the fracture surfaces showed crack initiation at the 
edges of the roller drums. This observation is in agreement to the 
results of both theoretical predictions (in particular Equation 4-16) and 
the numerical analysis results in Section 4.5.5 that systematically show 
a contact stress concentration at the very same point were the cracks 
appear to have started. This aspect of the behavior of the roller, appears 
to have been taken into account in the design load designated by the 
manufacturer (as discussed in Section 4.3.7) but, evidently inadequately 
so. In addition, in the old method of design, the effect of imperfections 
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in the alignment of the contact plates was not taken into account. This 
fact may have rather dramatic effects on the final values of the contact 
stresses yielding significant local overloading of the roller: it was 
shown by three-dimensional FE modelling that the allowable contact 
stress limits were exceeded. Therefore, the fractures of the rollers can 
be explained if the allowable stress concept, by means of which they 
were in fact designed, is applied under realistic conditions and not, as 
done in the past, in a plane stress context only. 

 
(b) To propose and verify a mechanism that may provide quantitative 

knowledge concerning the frequent roller bearings failures. 
 

This was addressed in Section 4.6. It was found that a surface crack 
inside the contact zone is most likely to become unstable in Mode-II as 
it traverses the maximum shear zone lobes (see Figure 4-19). This is 
something that inevitably happens due to the thermal expansion of the 
bridge and the subsequent movement of the roller. In the context of the 
present thesis, critical sizes of such surface cracks were computed; they 
turned out to be rather small and easy to escape visual observation. 

 

(c) To propose a mechanism that will have the potential to provide life 
estimates for rollers in-service. 

 
This research question is connected to the second one (b) as it can be 
answered by means of the fracturing mechanism that was established: 
during the stable crack growth phase, surface cracks in the contact zone 
undergo a full shear stress reversal cycle. Crack tip plasticity can provide 
the answer to the life estimation problem by means of an LCF 
mechanism that leads to the growth of such cracks under the given 
loading conditions. 
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5.3 Future works 

The engineering critical assessment approach has been used to predict the 
maximum allowable size of crack in the ring-flange connection. A FE model of 
the flange was developed to identify the most critical area of the ring-flange 
connection as the initial crack location. Predicting the exact location of the 
crack initiation using a damage model [62] or a reanalysis algorithm [63] can 
be mentioned as areas for future work. In addition, the direction and magnitude 
of the crack growth due to the external cyclic loads acting on the flange can be 
computed by means of the X-FE method (as per [63]) or a generalized node 
release technique (as per [64]). 
 
In Chapter 4, the following steps could be undertaken: 
 
First, the work done with respect to the fracture mechanics approach (see 
Section 4.6) need to be continued in a three-dimensional context so as to catch 
possible shortcomings of the plane stress approach. This is essential for the 
second major goal that is to develop reasonable estimates for the remaining 
lifetime of old, in-service rollers.  
 
The second goal is the development of full three-dimensional numerical crack 
growth models for the rollers. This is the only way towards the generation of 
accurate remaining life estimates that constitute a very important result with 
respect to the design of an effective bridge maintenance policy for the bridge 
infrastructure, with obvious financial stakes. 
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