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Abstract

Extension of fatigue life in ship steel structural connections is commonly attained by interfering with
the weldment or by affecting local parameters of the detail. In this study, structural details are
approached macroscopically and a methodology is pegpthat aims in minimizing the fatigieduce

stress values developed at hot spot locations in order to maximize the fatigue life of the detail studied.
This is attained by developing and solving a structural optimization problem. The methodology is
implemented into three separate ship structural details at a Bulk Carrier; the lower hopper knuckle
connection, the lower side frame bracket toe and the side framing bracket to upper sloping connection
of a Bulk Carrier. The steps of the methodology proposeldde: (a)establishing othe direction of
fatigueinduce stress component, (lolentification ofthe structural member(s) affecting this stress
component, (c) setting wgnd solvinga size optimization problem, and (d) settingaw solvinga
structuraloptimization problem.

The proposed methodology is first implemented at the lower hopper knuckle connection of a Bulk
Carrier. The methodology resulted intwo-objective structural optimization problem where the
objective functions were the st values at two hot spot locations and the design variables were
geometry characteristics of thdetail The solution of the optimization problem resulted in a
differentiated configuration of the lower hopper knuckle connection, compared to the original
configuration. The resulting fatigue life of the modified configuration is extend&@ Byyears Next,

the proposed methodology is applied at the lower side frame bracket toe. The methoekltiggl in
settingup and solvinga singleobjective structual optimization problemwhich resulted ina
differentiated end bracket configuration and in fatigue life extensfotihe detailby 13.37 years.
Finally, the proposed methodology was implemented at the side framing bracket to upper sloping
connection. Thanethodology resulted in a single objective size optimization problem which altered
plate thickness parameters of the detail and extended the fatigue life of the detail by 10.83 years.

The development and implementation of the proposed methodology h&s Uséful conclusions
regarding the fatigue and strength characteristics of these specific details as well as details with similar

configuration.
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1 Introduction

1.1 Research Context

1.1.1Fatigue in shiptructures

Fatigue of steel components is referredagithe gradual degradation of the material which
eventually will lead to failure and occurs under loads which change in time and are lower or even

considerably lower than the static strength of thd steeent concerne@Pook, 2007)

The phenomenon of fatigue was first studieanetallurgical term$y Ewing and Humphrey
in 1903 and they showed that metal fatigue damage in a plain specimgates asa surface
phenomenonThey demonstrated that in a ductile metallic material, bands of slip lines will form on the
surface of grains under fatigue loading. These slip lines will ea#intturn into cracks, howevenly
one crack will gain considerable depth which will calse dection to be reduced until static failure
takes plac€Pook, 2007)

The type of loading that induces fatigue, commonly referred to as fatigue loading, occurs due
to fluctuating stresgload) applied to machine components or structural parts and is below the yield
strength of the material. It is a problem that affects aolyilm part or component, such as aircraft wings,
ships at seandturbines(Campbell, 2008)

Regarding ship structures, fatigftacture problems anelativelyrecent issues since they did
not concern the shipbuilding indugtuntil the 1970s. Low and medium strength ship steels were used
that had only issues with brittle fracture due to temperature. However, as high performance ships
emerged, fatigue fracture issues emerged as well. EmplblyigTensileSteel (HTS)at firstin deck
and bottom, in order to increase yield strength, and later on in local struateressed the fatigue

problems in ship structure@©zguc, 2017)

In ship structures, fatigue loading is applied throughout their gelifecsinceheyhave to cope
with several sequences of variable amplitude loading cycles. As the ship travels through the sea, waves
can result in bending the shipbds keel upwards,
causing the ship tbe ina hogging ora sagging staterespectively. In the case of the ship being at
hogging state, the deck of the ship is in tension whilst the bottom is in compression. Similarly, when

the ship isin a sagging state, the deck of the ship is in comprassiailst the bottom is in tension.



Along with these variations, loading and unloading the vessel will cause further stress cycles to its hull
(Tomita, et al., 2004Viao, 2009)

From a mathematic point of vieviatigue loading is a stochastic process @amal be described
by a varying force that depends on tjni€t), and is applied in some time intervals. In constant
amplitude fatigue loading, the loading cycles can be clearly distinguished. @gden{ constant
amplitude loading is a simplification tfie loading patterns thatstructuralmembewill encounter in
its service life. There, the designers had to cope with the issue of using the constant amplitude loading
data to predict the fatigue lives of structural parts that encountered a wide raagialde amplitude
loading patterns. The exploration of fatigue of metal components under variable amplitude loading is

known as the study of cumulative dam#@Beok, 2007)

A large number of constant amplitude fatigue tests have been conducted imetallic
specimens. The test results are highly sensitive to the surface finish. The results are presented in terms
of the nominal surface stress and are establisheasfiyminghat the specimen will remain elastic.
Results are presented adlfurves. Tlse are plots on a logarithmic scale of varying stress (S) versus

the number of cycles to failure (N) with a curve to fit the individual data pg#atsk, 2007)

1.1.2Extending fatigue life by structural optimization of steel structural connections

Two of the main factors that give rise to fatigue phenomamehe welding of the steel
membersandthe configuration of ship structural details. In general, the process of extending the fatigue
life of a welded steel connection can follow two paths; onedirygupostweld treatmentg&nd weld
repair techniques and another by looking into the shape/configuration of therdeteistionGuedes
Soares & Garbatov, 2015)

To extend fatigue life in a welded steel connection of a ship structure, offshore structur
machine parts, etditerature mostly have addressed that by employing specific post weld treatments
such as TGl dressing, hammstotpeening, ultrasonishotpeening and high frequency mechanical
impact(North, 1997 Yalchiner & Barsoum, 2017)

Another wayto deal with fatigue is by rexamining the configuration of the detisilquestion
in order to reduce the values of stress range develbpttht way, the fatigue life of the detail can be
extended. To attain this, structural modificatiom ¢ employed with the aid of optimization tools.
This process is widely used in several engineering fi¢@sedesSoares & Garbatov, 2019 this

study; structural optimization is employed in order to extend the fatigue life of ship structural parts.
Structural optimization; Problem formulation

The process of structural optimization involves the determination of the best material

distribution in a physical volume domain in order to safely carry the applied loading conditions. To
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attain this, the constints set by manufacturand use must be considered. Some examples include
reducing stress, modification of its natural frequency, manufacture with conventional or advanced
methods. There are three kinds of structural optimization: (a) size, (b) slthfm® topology(Querin,

etal., 2017)

a. Size optimizationin size optimization, the engineer knows how the structure will look like but
does not know the size of the components that for the structure. One example is rttuss st
where the overall dimensions are known but not the «esBonal dimensions of each truss

member (se€igurel.l) (Querin, et al., @17).

Figure 1.1: Example of a size structural optimization problem in a truss structure (Querin et al, 2017, p. 2)

b. Shape optimizatianin this case, the unknown is the contour or part of the boundary of a
structural domain. The unknown boundary can be set as a number of nodes whose location is
unknown or as an unknown equation as-igure 1.2 where the functiori(x,y) is sought to
describe the shape of the struct(€hristensen & Klarbring, 2009Ruerin, et al., 2017)

$$$§,$/f(xy)
<>

4>

!
!

X /
~o }1‘
P

Figure 1.2: Example of a shape optimization problem (Querin et al, 2017, p. 2)

The process of shape optimization for fatigue strength improvement is widely used by
researchers. In that case, the researchers tmdir®s whee control points are inserted at the
boundaries of the steel member in order to find its optimal shape and increase its fatigue performance.
These control points move throughout the optimization process and finally form the optimized
shape/configurationfahe joint.(Das, et al., 2008/Nu, 2005 Wilczyfiski, 1997 Xu & Minghua, 1990
Grunwald & Schnack, 199Fanni, et al., 1994McDonald & Heller, 2004Pedersen, 2013)



c. Topology optimizationThis is the most general category of the three. In this case, the engineer
does not know the shape or size of the structure. Two major features of topology optimization
are that the elastic property of the material, as a function of its density, caoveatpe entire
design domain, and that material can be permanently removed from the design domain. One
example is illustrated iRigure1.3 at a topology optimizatio problem of a truss. Some bars at
the optimal design are remové@dhristensen & Klarbring, 2009; Querin, et al., 2017)

Initial design Optimized design

F F

Figure 1.3: Example of topology structural optimization problem at a t(@wistensen & Klarbring, 2009, p. 6)

When topology optimization is employed to enhance the fatigue capacity of a given structure,
that means that certain part of that structure might change properties or even be removed. An example
could be certaiplateswhose thicknesses or section diameters might chang&yogeometric entity
whose change in length or width is important in order to increase the fatigue capacity of the overall
structure(Gentils, et al., 2017; Bagherpoora & Xueminb, 2017; Couceir,,e2016)

The proposed methodology includes size optimization where the plate thickness of critical
members is affected, astructuraloptimization, where the geometry of the case study detail is altered.

1.2 State ofthe art

Structural optimization is widely used in the automotive industry, aerospace and civil
engineering. However, in ship structuifeseems to be emerging rather than maturing (as happens in
the above mentioned industries)structuraloptimization, the material layh is sought to be optimised
in a given design space by employing usually finite element analysis in order to assess the proposed
design based in specific constraints set by the engineer. It is considered to be a concept that promotes

innovative design anitlis employed mainly to develop lightweight and ddendly structures.

The concept oftructuralo pt i mi zati on of the structureds | a
fatigue requirements is emerging in ship structure design. The following Tablesthe latest
studies that involvstructuraloptimization in ship structurg®Nubli, et al., 2022)For each study it is
described the object studied, the optimization method followed, the constraints integrated in the
analysis, the optimization objective of the study and the method by which each proposed solution (by

the optimization process) is evaluated



Tablel.1: Comparison of past studies in topology optimization of theuain ship structures

Author (year) Object Optimization Constraints Optimization Evaluation  of
method objective the  proposed
solutions
Yu et al (2015) Bulk carrier/ Genetic Geometrical Maximum volume of Inner shell
Oil tanker algorithm constraints cargo oil tanker/cargo parametric
hold model
Qiu et al (2016) Primary SIMP method Von mises stres« Minimum weight of FEM analysis
support (see §2.9.2) constraints hull structure
members in BESO method
cargo tanks (see §2.9.2)
Shen et al Primary SIMP method Minimum weight of Harmonised
(2018) support (see §2.9.2) hull structure Common
members in Structural Rules
cargo tank (HCSR) and
region for oil FEM analysis
tankers
Liu et al (2019) sStiffenersat the SIMP method Casting Two-stage optimization Parametric finite
bow (prow (see §2.9p constraints  tomethod with muiple element model
stiffeners) avoid cavities.load cases based on a @
Casting model to optimize the
constraints  arelocation and
based onsize of ship prow
pseudedensity stiffeners.
formula, whereFirst to find the optimal
the pseude load paths and material
densities oflayout in the SP.
elements aloncSecondly, size
the same line inoptimization to optimize
the castingthe
direction areskin  and  stiffener
inserted geometrical dimension:
simultaneously
Suetal(2019) Basi c A ICM Method Accumulated Minimum volume Nominal stress
structure (see §2.9.8 damage method
Andric et al Bulk carrier OCTUPUS CSR Geometrical -Reduce  structura FEM analysis
(2020) constraints weight
-Increase  of the
overall structural
safety
Kendibilir et Typical ship Standard Volume Minimization of total Peridynamics
al. (2021) mid-section optimality constraints strain energy structural
criteria (OC) analysis: each
method particle is
assumedto be
the ensemble o
infinitesimally
small volumes
Silva- Ultra large MATLAB The minimum Minimization of torsion The value of the
Campillo, et containership  optimization value is the box weightobtained by hotspot, in
al., 2021 (tosion box) toolbox algebraic sum of using as desigr terms of the von
the cu-out variables geometrica Mises
height parameters  of  the stress and fatigue
The maximum torsion box structure  life, is carried
value depends out using the
directly on the Finite Element
value set as ¢ Method (FEM)
passage for en by  ANSYS®
board workers Workbench
2017 software.
Kendilibir &  Reference Peridynamics Volume Strain energy desity PD method
Kefal, 2023 bulkhead topology constraints in creates a
geometry of optimization locations where particlebased
trailing suction (PD-TO) the longitudinal discretization of
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hopper dredger framework PD-  frames are the physical
(ship) TO is ageneral mainly located geometry  and
nonlocal according to integrates  the
optimization classification forces acting on
strategy that rules to support each particle due
performs the hull rigidity to the nonrlocal
minimization of interactions.
strain energy
density as the
objective
function and uses
predefined
volume fractions
as optimization
constraints
Armanfar et Yachtand Oil  Evolutionary Tie constraints Minimize the weight of Finite element
al, 2024 tanker optimization to the modelled the structure while analysis
lattice structure ensuring the mode
and support remains within the
elements to the elastic region
ship hull
This study Bulk carrier Evaluation Constraints Minimize fatigue FEM analysis
structural concerning inducestress developet
optimization geometry at hot spot locations o
method limitations  of the local structures
CSR studied

As it is evident from the above Tabructuraloptimizationin ship structuress mainly used
for weight minimization. In some cases it has been ueedchieve bettestrength requirements
(Kendibilir et al, 2021; Liu et al, 2019). The difference tthé$ study makes is that it uses structural
optimization in ordetto achieve bettefatigue requirementshence fatigue lifeMore specifically, it
aims in rearrangingthe geometry ofhe details studied in order to minimize the hot spot stress values
developed. This will dramatically assist in maximizing fatigue life. However, apart from studying
specific case study details of a ship, this study steps forward by proposing a methodology aiming in
maximising the fatigue lifeof ship structural details whicis developed by the conclusions drawn

examining case study details and literature.

1.3 Outline of the thesis

This thesis aimat developing a methodology to extend the fatigue lifstop steel structural
connectionsThe methodology will beapplied in ship steel structural connectiggmone to fatigue

fractureaiming to extend thefiatigue life.
To this end, the structure of the thesis is formulated as follows.

In the next Chapter, the issue of fatigue in ship strastisranalysed. fSt, the matter of fatigue
in steel components is addressed by exploriag amicroscopic and theat amacroscopidevel. The
literature on fatiguén ship structures is thereviewedby examining, first, the loading that occurs in

swch an environment which induces fatigue issues. Then, the parameters that induce fatigue issues in
6



steel welded joints of ship structures are presented. Next, the several ways of applying and distributing
loads to the analysis are presented. Following tha different methodologies that aimcalculatng

the number of cycles to failure based on a specific value of stress range are documented. After that, the
variousapproaches that can be employed to determine the stress values at the Hot Spat kreation
reportedalong withtheir advantages and limitations. The review continues by establishing the different
methodologies of design against fatigue faluand ways to improve fatigue life by topology
optimization. The literature review concludes by éxjing fatigue analysis by the use of the finite
element methodThe final part of the Chapter includes an analysis of the basis fihitgeelement

formulationof Abaqus/CAE since that is the finite element software employed in this study.

In Chapter 3themethodology is proposed that aims at improving the low fatigue life of a steel
structural connection. The methodology targets at reducing the developed high stressisrsge
the Hot Spot location(sThe aim of the methodology is to employ stural optimization (size and/or
structura) in order to modify the configuratiogo that lower fatigue induce stress values will be
developedand also change theNscurve used for fatigue analysis, where possgaehat lower fatigue

damage will be desloped

In Chapted, the proposed methodology is applied to a common hot spot area of a bulk carrier;
the lower hopper knuckle connectiofhe first step is to conductfatigue analysis of thease study
detailusing thefinite elementmethodby means of Abaqus/CAE softwaikéhe fatigue lifds calculated
using Minero6s Rule and t he idcondugtediy¢he use af thestivor i but i
parameter Weibull distributionhe cumulative damage ratie estimated using the fatigudamage
resulting from the stress range occurring at eachingawndition.For this purpose, a cargo hold model
is first generated, which extends over the lengtthideholds (the midhiphold andone hold on either
adjacent sideand transversely ovehe full breadth of the hutrosssection Following that a sub
model of the area of interdstextracted in order to calculate the hot spot stress of the connection and
to estimate the fatigue life of the structural detail.Hot Spot locations of th area as instructed by
IACS are studiedFor the application of loads at the mqdile Equivalent Design Wave (EDW)
concept wherespecific dynamic load cases for each loading condition are asséssadployed
Following this the EDW that causes the giiest stress range at each loading conditias employed
for the fatigue analysito calculate theumulative fatigue damage ratio. EAEBW has a different
effect on ship hull response. TE®Wswere explored both theoretically and numerically in order t

establish the one that causes the highest damage to the location examined.

In Chapter 5 the fatigumduce stressomponenf the lower hopper knuckle connection is
identified and the critical structural members astablished The t er nt tfucrrailt inteamb esrt:
includethe structural members that transfer fatiguauce stressomponentA sensitivity analysis to

the plates that form the connection is performed to identify those critical members



In Chapter 6a size optimization problem f®rmed based on the findings of the previous
Chaptemwhere the weight of the structure is taken as a constraint of the praietine minimum plate
thickness requirements are considered when the upper and lower bounds of the design variables are set
After the solution of the problem is identified, a detailed fatigue analysis is conducted at the detail, with
theoptimizedplate thicknesses, in the same manner as it was conducted in Chapter 4. Finally, the results
are compared with thariginalfatigue life results of the detail in order to identify differences that accrue

for fatigue life values.

In Chapter 7a structuraloptimizationproblemof the configuration isetin order to reduce
thefatigueinduceal stresscomponenthatis developed at critidahot spotiocations of the detail. These
critical locations arehosen to b¢he top layer otheinner bottom platehot spotl) andtop layer of
hopper platelot spot2). To this end, the geometric parameters that affect stress values are identified
and areset as the optimization problem design variables. The solution of the optimization problem is
achieved by coupling finite element code with a muitibjective optimization code based on
evolutionary algorithmdrinally, an appropriate optimaket ofdesign variables choserand isfurther

examired

In Chapter 8the modifieddetailidentified in Chapter s examinedwith regardto its fatigue
capacityand compared witkhe original configuration The results showed that the fatigue life at the
modified configuration is increasdxy 12.87years Also, the structural applicability of the modified
configuration inbulk carriersis exploredby carrying out a detailed stress assessresee whether
stress values exceed the limitations set by IAZI®4) and a buckling check is performedie plates
modified.

In Chapter 9the proposed methodology is implementedriotherwell-known hot spot area
of a Buk Catrrier: the lower side frame bracket fOiee original fatigue life of the detail was at 16.63
years, which wabelow the design fatigue liféhe critical structural members were identified as the
hopper sloping plate and the web plate. Nexdjze optimization problemvas solvedising theplate
thickness values of the aforementioned memhbsrdesign variableshile keeping the weight of the
structure constanis a result, the fatigue life was increased by 4.93 years reaching the value of 21.56
years. As this value was still beyond the liofiR5 yearsastructuraloptimization problenwas set and
solved for the detail. Then, a fatigue analysis was carried out in order to appraise the changes
implemented. The new fatigue life is at 30 years which is 8.44 years adtiezifatigue life of tte
connectioraftersize optimizatioomodificationsand a total of 13.37 years added todhginal fatigue

life of the detall

In Chapter 10, the methodology is applied at the side framing bracket to upper sloping
connection of the case study vessel, Whg also a welknown hot spot area of a bulk carrighe

original fatigue life of the connection was at 24.73 years which is slightly beyonehadihgin of 25
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years. Thereforeg size optimization problem was solved by using the plate thicknesses of the critical
plates of the connection as design variables. The critical plates were identifiedtapside sloping

plate and the web frame. The new fatigue life was calculate@lysz8s, which is 10.83 years added to
the initial fatigue life.

In Chapter 1 the conclusions of the work presented are discuasesell as the innovatory

aspects and new findings of this studiie limitations of the study and suggestions for futurekvaioe
also outlined



2 Fatigue in ship structures

2.1 Introduction

In this chapter the topic of fatigue in ship structures is discusséidst, the topic of fatigue in
steel components is addressed by exploring it at a microscopic and then at aopactegel. Fatigue
in ship structures is then considered by examining, at first, the type of loads that occur in such an
environment which induce fatigue issues and following, thatv they are integrated in the process of
fatigue life calculation usinthe SN curves. In the next section, the process of fatigue life calculation
is introduced by examining the potential methods to calculate the long term distribution of loads and
the several approaches to calculate the stress value at a hot spot Ibeatipan exploration of fatigue
analysis by the use of the finite element method is conducted. Since in the present thesis the finite
element code employed is Abaqus/CAE, a discussion of the basis of the f.e. formulation that is used by
this software is madated. Finally, the parameters that govern fatigue issues in steel welded joints of
ship structures are presented. The parameters analysed concern weld shape, material properties, weld

imperfections, residual stresses and local geometry.

2.2 Fatigue of SteeComponents

Fatigue of steel components refers to the gradual degradation of the material which eventually
leads to failure and occurs under loads which change in time and can be considerably lower than the
static strength of the material concerned. Emmtstatic strength implies the value of load that causes
failure in one application. The loads responsible for the fatigue phenomenon are called fatigue loads.
These loads are cyclic, however the cycles are not always of the same amplitude or clearly
distinguished. When a fatigue load has clearly distinguished cycles it is called a cycli®tmd
2007)

2.3 Mechanism of Fatigue

The phenomenon of fatigue was first studied metallurgically by Ewing and Humfrey in 1903,
when they showed that metal fatigue @am in a plain specimen initiates as a surface phenomenon.
They demonstrated that in a ductile metallic material, bands of slip lines will form on the surface of
grains under fatigue loading. These slip lines eventually turn into cracks, however, oatgawill
gain considerable depth, and this will cause the area to be reduced until static failure takPopkace

2007)
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Regarding the question as to why fatigue cracks develop in the surface of the material, the
answer is becaushe surface graingathe weakest. This is because a surface grain is the only part in
a polycrystal that is not fully supported by adjoining grains. Because the slip systems in neighboring
grains are not connected to each other, when a grain has a free surface it will gagtically much
more easily than if it was in the body of metal surrounded by other dFaivst, et al., 1974 Surface
grains deform plastically at the lowest stress, which results in the formation of a microcrack within a
grain.Due tointergranular slip, such micro plasticity can occur at stresses that are much lower than the
tensile yield stres@Pook, 2007)If additionally the component is exposed to a corrosive environment,

because the surface grains are in direct contact withrtiesphere, these will be the most affected.

The former fact was thoroughly studied in the 1930s by Orowan, Polanyi and Taylor who
showed that plastic deformation could be explained using dislocation theory. Dislocations can progress
if the atoms fronone plane break their bonds anebmnd with atoms at the terminating edge. A half
plane of atoms moves in response to shear stress by breaking and reforming a line of bonds, one or

more, at a timgVirginia, 2015)

Plastic deformatiorof the material meass that a limited number of atomic bonds is broken by
the translation of dislocations. The force required to break the bonds of all the atoms in a crystal plane
instantaneously is high, however, the translation of dislocations makes possible for atdjasenta
crystal planes to slip one past another at much lower stress values. The energy needed to translate is
low and dislocations travel within a grain of the material. Thessallel slip planes group together
forming slip bands, which can be seen wéih optical microscope\ slip bandcan be seen assingle
line, but itis in fact made up of closely spaced parallel slip plaseshown irFigure2.1 (NDT, 2014)

~100 Atomic

. * / ~10,000
i/ Atomic
,‘/ §/ Diameters
-

Boundaries

Grains’

Figure2.1: Slip bands on a grain

(Sourcehttps://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/deformatign.htm
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The resistance to crack initiation relies heawly surface roughness, residual stresses and
environment. However, these factors are all difficult to control. An important fact is that slip takes place
in a number of parallel planes. Slip that occurs when a load is applied will not simply reverseevhen th
load is removed. Under fatigue loading reverse slip takes place in nearby planes giving rise to the
development of intrusions and extrusions. Because slip lines traverse a grain, the cracking path is

transgranular and not intergranu{Rook, 2007)

Intrusion

surface

Figure 2.2: Intrusions and extrusions of slip planes formed at the surface of a component due to fatigue loading

(Sourcehttps://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/fatigue.htm

2.4 Fatigue issues in ship structures

The fatigue phenomenon occurs due to a fluctuating stress that is applied to machine
components ostructural parts which is considerably below the ultimate strength of the material and
sometimes below the yield strength of the material. It is a problem that affects any mobile part or

component. Such parts or components could be aircraft wings, sbg@satturbineCampbell, 2008)

Fatigue fracture problems in ship structures did not concern the shipbuilding industry until the
1970s. Low and medium strength ship steels were used that had only issues with brittle fracture due to
the high transitionemperatures of the steels used up to that time. However, as high performance ships
emerged, fatigue fracture issues emerged as well. EmplélgigTensileSteel (HTS)increased the
fatigue problems in ship structures as most of i8feRls have a lowradk intolerance threshold,
expressed bil.. Nowadays, fatigue issues are of importance since high strength steels are widely used

in marine structures that operate in much more demanding environments than in(Bardist 2008)

2.4.1 Stress cycles applied

There are three specificading patternghat induce fatiguéCampbell, 2008)

(a) Tensile stress appligtiat isconsideraly high,
(b) Large enough variatiobetweerthe maximum and minimum applied stress, and
(c) Sufficiently high number of cycles of fluctuatistress
12
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There are many types of stress variations that a strunterabercould encounter in its service

life. Some of the most common are illustrateérigure?2.3.

(a) Fully reversed loading

(c) Random or spectrum loading

Figure 2.3: Most common stress variations causing fatigue

(Source: Campbell, 2008,243)

During their service life, ships have to cope with several sequences of variable amplitude
|l oading cycles. As a ship travels through the se
wave crest is amidships, or otherwise downwards causenghip to be in hogging or sagging state,
respectively. In the case that the ship is in a hogging state, the deck of the ship is in tension whilst the
bottom is in compression. Similarly, when the ship is in a sagging state, the deck of the ship is in

compession whilst the bottom is in tension. Along with these variations, wave impact of the side shell

13



structure of the vessel will cause further fatigue loading of the hull stru€tigriee?2.4 illustrates the
sequence of hogging and sagg(igmita, et al., 2004viao, 2009)

(a) Hogging state of the hull (b) Sagging state of the hull

\—i/\;j \V\J/g

“— Tensile stress in deck -

—ep Compressave stress m keel o P »
? = Temmle stress m keel =

. 7 . -

Figure 2.4: Hogging and sagging effect on the ship's hull

(Source:https://www.tc.gc.ca/eng/marinesafetytigd 46094-construction150.htm)

Therefore, since the loading scheme applied to ship structures varies from tension to

compressin the most common stress cycles applied to a ship structural part are of thigeeea.3a.

2.5 Fatigue Loading

From a mathematical point of view, fatigue loading is a stochastic process and can be described
by a varying force F that depends on time, m)ichis applied in some time intervals. Alternatively,
it can be described by a reference stress S at aisgeéifrence point in terms of time, S(t). However,
whenthe material behavior is linear elastic, the two approaches are equ{dekf 2007)

In constant amplitude fatigue loading, the loading cycles can be clearly distinguished, as shown
in Figure2.5. For the phenomenon of fatigue in steel structural members, the maximum and minimum

values of stress as well as the number of cycles are the important (Rctoks2007)
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Figure 2.5: Cycles of constant amplitude loading (Pook, 2007, p.16)

Constant amplitude loading is a simplification of the loading patterns that the structural member
will encounter in its service life. Therefore, designers have to cope with the issue of using the constant
amplitude loading data in order to predict thegfiadi lives of structural members that encounter a wide
range of variable amplitude loading patterns. The investigation of the fatigue response of metal
components under variable amplitude loading is known as the study of cumulative damage. In 1924
Miner pralicted the fatigue life of ball bearings assuming that damage accumulates linearly with the
number of revolutions. Similarly, Langer and Miner proposed that fatigue damage for a given stress
level can be considered to accumulate linearly with the numlstress cycles. This idea is known as
thePalmgrenMiner ruleorMi n e r 6Based am thePalmgrdiner rule, if a component is stressed
at S and has a life of Ncycles then the fatigue damage aftecycles will be W/Ni. For each cycle the
damage \ be 1/N.. Similarly, if it is stressed at.Sthe damage for each cycle will be 1/bis depicted

inFigure26. The mathematical expression of Minerds rt

ep
Op

It is also known as thinear damage ruléPook, 2007)
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Number of cycles

Figure 2.6: SN curve (Pook2007,p. 45)

2.5.1 SN (Wohler) curves

A large number of constant amplitude fatigue tests have dm®ucted using plain metallic
specimens. The test results are highly sensitive to the surface finish. A lot of fatigue tests were carried
out in circular cross sections and they were tested in rotating bending. This is a machine employed for
fatigue testig of steel specimens developed by R.R. Moore. The rotating beam type machine can be
used for a simple supported or a cantilever beam. For a simple supported beam, a specimen with circular
cross sectiorsinserted and held at its ends in special holdeisloaded with two bearings set at equal
distances from the center of the span. Equal loads are placed in those bearings by means of weights that
produce a uniform bending moment at the specimen. At the same time a motor rotates the specimen
(Figure2.7). For the case of rotating cantilever beam type, the specimen is rotated while a gravity load

is placed at the free end of the specimen (Kaufman, 2008).

In that case the mean stragaszero and the loading cycles were sinusoidal. The results are
presented in terms of the nominal surface stress and are established by assuming that the specimen will
behave elasticall\Results are presented adlSurves. iese are plots on a logarithmic scale of stress

amplitude (S) versus the number of cycles to failure (N) with a curve to fit the individual data points.

) Motor
Specimen

M Cycle

counter

g
Lr

Weights =

Figure2.7: R.R. Moore rotating beam machine (Sour€ampbell, 2012, p. 148)
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The SN data used for fatigue damage calculations are developed under load resulting in a
principal stress acting normal to the weld toe line, in the case of steel welded connections. However, in
real structures, the principal s direction may not be normal to the weld. The larger the angle of the
principal stress is to the weld, the more conservative the fatigue damage calculations are, based on the
assumption that the stress acts normal to the weld (Rigo &Rizzuto, 2008 The rulesassume that
stress acting at 45 degrees to weld normal line is equivalent to a stressaatiagito weld line. For
principal stresses acting outside 45 degrees of the weld normtidihi®V SN curve for stress acting
parallel to the weldine is applied in the rules in the form of a stress correction factor ¢fB.Report,

Pt. 1, Ch. 9, 8§2.9, 2014).

Failure is defined as the fracture of the specimen in two parts, however other definitions might
be used, such as the appearance of & afa specific size. The number of cycles to failure is called
the fatigue life or endurance of the specimen. If failure occurs in less thayclés, this is called low
cycle fatigue and for higher endurance it is called high cycle fa(igaek, 2007) Additionally, it
should be noted thatIS curves are plotted against the number of cycles and not in terms of time due
to the fact that for metals the number of cycles to failure is independent of the test frequency when the
frequency is less than 200 Kkzrost, et al., 1974)

When the standard-8 curves do not apply, fatigue testing is carried out in order to generate
representative -8l curves. However, due to cost and time restrictions, in most cases the specimens are
of smallscale which does not ail for tolerances and statistical variations to be included as they do in
large scale testing. DNYGL states that they should be included when generating-theusves. Op
of the most recent method to overcome the aforementioned difficulties is to implement the stochastic
finite element method. By employing this method, additional uncertainty in tolerances, loading and
material can be consider@darsen, et al., 2021)

2.5.2 Fatigue limit

As seen from the-8l curves inFigure2.8, the higher the stress level, the lower the number of
cycles the material can withsid prior to failure. However, as also noted, for steels there is a limiting
stress level, below of which no matter how many load cycles are applied to the material, it will not fail;
it will have infinite fatigue life. This is thenduranceor fatigue limt of the materiaBudynas &
Nisbett, 2014)
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Figure 2.8: Comparison of fatigue behavior in steel and alumin@agakjian 1995; taken from Campbell, 2008, p. 246)

Metals usually have a fatigue limit of about@5% of their tensile yield streng{Campbell,
2008) This is related to the existence of solutes (carbon, nitrogen) in their synthesis. Solutes prevent
dislocation motion at small displacements or strairms. éxample, aluminum alloys do not have a
fatigue limit, because of the absence of solutes in their synthesis that would prevent dislocation motion
(Ashby, 1989)

2.5.3 Multiaxial Fatique

Literature on multiaxial fatigue states at first that nearly all stratttomponents are subject
to multiaxial fatigue loading during their service life. Nevertheless, one stress component usually
dominates. Thus, for analysis purposes, a multiaxial loading can be simplified by considering a uniaxial

stress condition.

The pupose of a multiaxial fatigue criterion is to calculate an equivalent stress that will be
compared with the uniaxial mechanical properties of a metal. Multiaxial fatigue criteria are widely used
in the analysis of multiaxial fatigue loading. This fieldcigrrently in a state of rapid development
however, and it is not yet possible to make statements as to which multiaxial fatigue criteria are most

appropriate in specific conditioriBook, 2007)

2.6 Fatigue life calculation process

In this section the proces$fatigue life calculation isxaminedAt first, the methods available
to calculate thdong-term distribution of loads and stresses are presented. Next, the approaches to
calculate the stress value at the hot spot locations are examined. Havingerlitidavalue of stress
developed at a hot spdhe SN curves can be employed by which the number of cycles to failure can

be estimated and then, the fatigue life is established.
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The processlescribed aboves schematically representedfigure2.9 and further explained

at this section

Type of analysis

Spectral analysis Simplified method Equivalent Design Wave Method

O Calculate RAO of loads [ Determination of fatigue loads [ Select critical EDW

O Calculate RAO of stresses O Long-term distribution of stress O Structural analysis

O Long-term distribution of stress range O Long-term distribution of stress range
range

l » Stressapproach <

Nominal Stress Structural Hot Spot Stress Effective Notch Stress

O Only includes stress raise from O Includes the membrane and shell O Includes parameters of the weld
macro geometric effects bending stress geometry and non-linear material

[ The non-linear stress peak is behavior at the notch of the root

introduced by the S-N curves

A 4

_— S-N curves -—

v

Fatigue life

Figure 2.9: Process of fatigue life calculation

2.6.1 Long termdistribution of loads and stresses

A shipbs |ifetime is approximately 20 to
variety of weather conditions, heneeve spectraThis total lifetime can be considered to be a
summation of short time intervals of a few hours of duratidrere the sea state will remain constant.
The significant wave height (Hs) wvalues that
lifetime will have some kind of distribution. In the same way, the lifetime response history of the ship
can beregarded as a seriessiforttermepisodes. Thehorttermresponse is the determination of the
structural response for a specific sea state. It can be assumed 8tairtierm stress range response
follows a Rayleigh distribution, therefore, tlmng-term probability Ps (S>So)f the resultant stress

range exceedin§ois obtained combining:

0 Theshorttermprobability of the stress range exceeding a specific Viadue

U The probabilityp(Hs, Tm)encountering each sea stateracterizedy the average
signi ycant Msandé¢he tean pgrioiim

U The probabilityp( Yiof occurrence of the heading angleand

U The probability of occurrengg(V) of the maximum speed or reduced speed.

Taking the abovementioned, tlimg-term probability of stress ranggexceeding the value of
Sofor a given loading condition is calculated.
19
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Thelongtermdistribution of stress range for the structural detail under question is provided by
performing these calculations for various value$ofTo express the calculation fattigue life by a
closed form equation, a probability distribution that provides the best fit to the calculated distribution
of stress ranges is sought. Considering that fatigue is a cumulative phenomenon as opposed to other
limit states, the Weibull disbution appears to be the function to express the-teng distribution of
stresses. More specifically, it has been found thalotigetermdistribution of hull girder stresses can

be expressed satisfactorily by the tparameter Weibull distribution @yhin, 2010).

P(S)

Figure 2.10: Weibull probability density function (Beghin, 2010, p-112)

Figure2.10 shows the Weibull distribution plotted for different values of the shape parameter,
k. Based on results of-aea measurementsranges from 0-2.0 for large tankers and bulk carriers.
Thevalue of the shape paramekatepends on the dominant period of the hull structural response and
the wave environments considered. Its accurate measurement is of high importance since the value of
fatigue life calculated is very sensitive to variationshef shape parameter (Beghin, 2010; Blagojevic
et al, 2002).

For fatigue life calculations tHeng-termdistribution of stress ranges is identified based on the
long-term load historyby whichthe distribution of stress variations over a long period roétare

established.

In the case of ship structures, this process should be conducted congttkeragations in
sea routes, ship speed, and loading conditions.pftfde of the long-term load history requiret®

account for the loads that can infleerthe fatigue lifeSuch loads aréBeghin, 2A.0):

Still water loads (for example cargo loads)
Transient loadssuch as thermal stresses
Waveinduced loadshat are loaddirectly generated by the action of wayves

Vibratory loadsresulting from main engine or propeller vibratory forces

o~ w0 nh e

Impact loads such as bottom slammiagd
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6. Residual stresses.

Still water stresses may change significantly, depending on the type pfrshipvoyage to
voyage. Regarding the thermal stresses, these can occur in several cases such as-expesgder
areas where they depend mainly on the daily changes of air temperature, in seasonal variations or due
to temperature gradients that ocoudifferent parts of the ship (below and above the waterline). Hence
still water and thermal stresses, which are very low frequency, may be considered as static stresses
whoseeffect is to modify thenean stresgalue Loads occurring by the action of wessare considered
to be the most important contributors to fatigue damage. There are several methods to account for these
loads and construct the stress history. The most common in ship design is to carry out a direct ship
motion and load analysis. The effs of impact and vibration loads are also accounted for when
necessary. Finally, residual stresses from welding in ship structures are present and can be classified

into the following two categorig8eghin, 20.0):

1. Local stresses, which are close towedd and are selbalanced over the cross section of the
member.These stressamnbe reduced by heat treatment or local yielding caused by peak
wave loading

2. Regional stresses which are uniform throughout a member and abalseifed within the
structue. Unlike local stresses, they are not easily reduced by heat treatment or by peak

loading.

In the following paragraphs the methods used to account for-iwdueed loads in order to
calculate théong-termdistribution of loads and stresses in fatigualgsis areanalysed and also shown
schematically irFigure2.11. ( " RAOO0 st ands for Response Amplitude

LONG-TERM DISTRIBUTION OF STRESSES
|

! ] }
SPECTRALFATIGUE ANALYSIS SIMPLIFIED METHOD EDW METHOD
1. Computation of the RAO of the loads 1. Deterrm.nat\on of fatigue Ic-)ad-s ) Computation of the RAO of loads
2. Transfer to the structural model 2. Calculation of long-term distribution of ) )
. Perform spectral analysis to obtain the
3. Perform structural analysis for each stress range .
binati £ A headi long-term distribution of loads
combination of frequency and heading 3. Derive the EDW for the dominant load and
from the RAO of loads to construct the Lo )
load combination factors to be applied
RAO of stresses OR
4. Perform spectral analysis to obtain the 1. Use the EDWs for the dominant load and

long-term distribution of stress range LCFs to be applied provided at CSR

QO Perform structural analysis to obtain the
associated stresses

O Repeat the process for all EDWs selected as
critical

U The stress obtained will be used to
calculate the scaling factor of the Weibull
distribution to construct the long-term
distribution of stress range

Figure 2.11: Methods to identify the lontgrm distribution of stresses

21



2.6.1.1 Spectral fatigue analysis

At the spectral based fatigue analysis the sea state is characterized by the spectral energy.
Moreover, scatter data about differentegtion of waves and wave heights are employed to simulate
the sea state. Then, the stochastic method of structural analysis is used to analyse the structural response
and dynamic analysis is used to generate the dynamic characteristics of the strattae swde
shapes (Nallayarasu et al, 2010).

The long-term distribution of stresses is determined by conducting a direct ship motion and

analysis in order to:

U Calculate the transfer functiofRAQO) of ship motions, load effects, and stresisgs
using unitamplitude and a range of wave periduisading angles and ship speeds

U To identify the response specthistresses for various wave spectra, heading angles
and shipspeedsby transferring the RAO of loads to the model and performing
structural analysis

U To determine thshortterm structural response for various sea states, heading angles,
and shipspeeds.

U To build the longtermdistribution of stress range giving the probabif{&) of the
stress rangexceeding a specified val$g.

Even though a shipncounters several different loading conditions throughout its service life,
for the plethora of cargo ships, the most important of these are two: fully loaded and ballast loading.
Therefore, the calculation of loads and stresses may be limited to tlwesertshtiongBeghin, 2A0).

2.6.1.2 Simplified fatigue analysis

The process of calculating theng-term distribution of loads and stresses as introduced in
82.6.1 is complicated and time consuming, therefore classification societies have developed an

alternative in which simplified procedures are employed for the calculation of loads and stresses.

In this analysis ifferent basic loading casese considered; these bring together the different
dynamic effects of the environment on the hull structure thus, aiminglculating the stress ranges

that occur. The load cases include the following load components:

U Global loading Kull girder load$
U External sea pressures

U Internal inertial and fluctuating loadsie to accelerations

The design loads provided by the sddication societies are based different levels of
probability of exceedance and the resultant {@rg distribution of stressesymmation of hull girder

andlocal bendingstresses) is assumed to be represented by-pdvameter Weibull distributionf the
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Weibull shapeparameter of the loagerm distribution of stresses is known, the choice of the extreme

stress range and thasociated probability of exceedanceddoet affect the fatigue damage.

However, there are many uncertaintissociated witthe shape parametirat rely on theype
of ship, sailingroute and location of the structural detail

2.6.1.3 Equivalent design wave concept

An alternativeapproach, intermediate between #pectral and simplified analgstermed
flequivalent rgular wave conceptwasdevelopedirst by Bureau Veritas (2000and carbe used for
the determination ofhe longterm distribution of stresseResults of fatigue analyses that have been
conducted for various types of ships show that the governingdactahe fatigue life of structural

details are:
1. The vertical wave bending moment,
2. The horizontal wave bending moment,
3. The wave torsional moment, only when applicable,
4. External sea pressures, and
5. Inertial loading due to accelerations

For each of the abovementioned load effects (dominant loads), an equivalent regular wave is
created, characterized by the wave height, wave
length so that the maximum response for the load effect studidake equal to its value provided by
the Rules for the probability of exceedance considered. The amplitude of the other effects (secondary
loads) is provided by a ship motion analysis considering that the ship is positioned on the equivalent
regular wavéBeghin, 2010). The load combination factors between the dominant and secondary loads
represent their relationship aade calculated from transfer functions and phase angles between the
dominant and secondary load respor{sdxS 2003 Kim et al. 2006)

The basis of the EDW method explained above is exactly the same for strength and fatigue
assessments. The applicability of the EDW method for the estimation of the maximum stresses has been
demonstrated for any probability level. In order to confirm thaiegbility of the EDW method for
fatigue analysis, direct strength analysis has been carriédraahkers and bulk carrie(ABS, 2003
Kim, et al., 2006)In fatigueassessment, the stress obtained will be used to calculate the scaling factor
of the Weibulldistribution used to construct the long term distribution of stresses for fatigue damage

computation.

As mentioned above, it is assumed that the long term distribution of stresses follow a two

parameteiVeibull distribution. These parameter® d@he scaling factor that corresponds todtress
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range at a selected probability level and a shape parameter. In theory, any prdbaéllitpuld be
selected for this stress range if the shape parameter is well specified. It was obismugbdtha
irrespectively from the 8! curve used and from the structuel@ment assessed the largest contribution
to the fatigue damage was given by stress rangesobability level around 19(IACS, TB Report,
2014) It was also demonstrated that if we tartiet stress range at the probability level contributing

the most to the fatigue damage, the final results are less sensitive to the shape parameter used.
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Figure 2.12: Influence of the shape parameter usedstress ranges at different probability levels (TB Report Pt. 1, Ch. 4,
Sec. 2, 2014)

As illustrated inFigure2.12, it can be observed that for probability level of21the variation
of the shape parametdpbes not affect much the fatigue life, while for other probability levels any
deviation of theshag parameter from unity could lead to totally different res@@nsidering the
above, the design loads for fatigue assessment in theHa8RonizedRules which areemployedin
the present studgyederived at probability level of 10 1n order to keepimplicity, the shape parameter
for thereconstruction of the load/stress history can be kegfTBReport Pt. 1, Ch. 4, Sec. 2, 2014

2.6.2 Stress approach

In this section the methods that can be employed in order to determine the stresat\hkies
hot st locationghat will be used in the fatigue analysis are presented. These me#moeapplied
to a steel structural detail in which a detailed fatigue analysis is performed. Detailed fatigue analysis is
conducted in connections where high stress values are anticipated to be developed; these locations are
called hot spotéHobbacher 2016)

2.6.2.1 Nominal stress approach

At the nominal stress approach, the stress calculated in the area considered does not include the
stress raise that occurs due to the presence of welds, but includes the stress raise that is caused due to
macrogeometric effects sicas large cubuts at the vicinity of the joint. Also, the nominal stress
approach does not take into account the varying dimensions of the structural detail, which is an obvious
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downside of the method. Elastic behavior is assumed throughout the afisigsis et al. 2006
Hobbacher 2016

2.6.2.2 Structural hot spot stress approach

When studying fatigue failure by crack initiation in way of the weld toe, the structural hot spot
stress approach is an advance on the previous method as the dimensions of taeedatah into
account. The stress that is calculated at the expected fatigue crack location is called the structural hot
spot stress. This stress includes the stress components of membrane and shell bending stress but not the
nortlinear stress peak tha ¢caused by the notch at the weld toe. The notch effect is included in the hot
spot SN curves Figure2.13 portrays the stress components that the method calcutaamembrane
stress ({imen), the shell bending stres.) and the notlinear stress peak that is introduced by tH¢ S
curves {np) (Hobbacher 201,0Niemi et al. 2006)

The use of the structural hot spot stress approach was made possitgloying fnite

element analysis and fine mesh arédsbbacher 201;(Niemi et al. 2006)

Notch stress = G, + O, + O

= +i+§

— I
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Figure 2.13: Stress components at the hot spot locations (Hobbacher, 2010, p. 235)

The hot spot stress from FE modslgstablished by measuring the distance to stress read out
point from theweldintersection line and not the true weld toe even if the weld is not incindlee FE
model. The justification for this procedure is that gitress level at the true weld te#l in many cases
be too low due to reduced stiffness compared to a model with weld includegins on the other hand
that the stress level at the read out point measured from intergemtibmay give conservativesults.

The benefit is simpler modelling procedf@ Report, Pt. 1 Ch. 9, §2.7, 2014).

Thelimitations of the methodarethat a) itsapplicationis limited tosurface crack failures and
b) the uncertainty ofhe extrapolation proceduriat is used tobtain the structural hot spot stress at
the hot spot aredn order to be accurate, the fine meshing rules of the hot spot areaslshstuictly
followed. Moreover, to implement this approach, the designer has to verify that the weld will mot fail
way ofthe root or inner defectk the case of weld root failure, the effective notch stress approach can

be implementedThishoweveralso has limitations in its scope of applicatfericke 2012Pook 2007)

However, apart from thedemitations, the hot spot stress approach is ‘@sthblished for

tubular structures, shipbuilding and other ai@asmi et al. 2006)
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2.6.2.3 Effective notch stress approach

The notch stress arising at the root of the weld is equal to the totalestsessing linear elastic
material behavior. In order to allow for the statistical scatter of the parameters of the weld geometry
and norlinear material behavior at the notch of the root, the real weld detail is replaced by an effective
one. In the case structural steels it has been verified that an effective notch root radius of 1 mm gives

sufficiently accurate results. In the fatigue assessment procedure the effective notch stress will be
compared with a common fatigueNscurve(Pook, 2007)

This stres is limited to a small area and considers stress concentrations that occur as a result of
structural geometry and the notch effect. Therefore, in mathematical terms the effective notch stress can
be expressed as:

Where:
" dis the notch stress,

, . is the hot spot stress,

U :is the stress concentration factor due to the geometrical configuration of the detail,

Cc-

dis the weld shape concentration factor, and

U : is the total stress coantration that is associated with the structural and weld geometry
(Beghin, 2@0).

Radius = 1 mm

Figure 2.14: Effective notch stress concdptobbacher, 1996p. 30)

The method is valid for welded joints that are expected to fail from the weld toe or root. Other
causes of fatigue failure, such as embedded defects, are not covered by the method. Moreover, it cannot

be applied when there are stress components paralle tweld or the root gap. Also, it is limited to
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plate thicknesses that are equal to or greater than &k, 2007) Although this method seems
attractive from an engineering viewpoint there are still many questions under investigation, such as the
size of the fictitious notch when there is plane and-pfane shear loading, and the effect of small
imperfections on weld notch¢Radaj, et al., 2006)

2.6.2.4 Limitations of these methods

There are several local approaches for conducting fatigue analysis oflweldponents. The
variations do not only accrue from different traditions or schools of thought but from the fact that
different fatigue problems have distinct solutions. Some versions of the approaches have resulted from
research projects that were fund®dindustrial groups such as the automotive industry, while other
versions were developed in order to explain experimental results. Standardization of local approaches
is not possible because such a standard would have to include several parametard, fdata many
applications. However, this does not imply that some sort of standardization is not possible in limited
areas of application. Guidelines that are formed for specific areas of application aim to attain this exact
purposg(Radaj, et al., 2006)

2.7 Fatigue analysis using the finite element method

In order to calculate the fatigue lives of the hot spot locations, stress range values have to be
obtained first. For direct assessment, a tidiegensional (3D) finite element model can be employed
where the aim would be to obtain stress values. In the present thesis, the commercial software
Abaqus/CAE (v.4) is used. Abaqus/CAE is widely used to calculate stress values from its finite
element models. It has several options for mesh generation, geomatiggiment and many types of

material behaviour can be simulated such elastic, efdastic, etc.

In the following section the method employed and the equations solved by the software in order

to identify the stress values at a model are presented.

2.7.1 Fornulation of the finite element method in the finite element software used

The procedure followed by Abaqus/CAE in order to calculate the requested stress values,
forces, etc. is the displacemdrdsed finite element method. This method is an extensioneof th
displacement method of analysis of beams and trusses. The basic steps followed by the method are
outlined below{Abaqus, 2003Bathe, 201%

1. First, the structure is idealized as an assemblage of beam and truss elements that are connected
at joints
2. Then, the unknown joint displacements that define the displacement response of the structural

idealizationare defined
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3. Next, the force balance equations that correspond to the unknown joint displacements of the
previous step are formulated and solved.

4. After the force balance equations are solved, the beam and truss element displacements are
known, therefore the internal element stress distributions can be calculated.

5. Finally, based on the assumptions set on the outset of the analysis, the resultsedgbe st

and displacements are interpreted

The concept of the displacemdrdsed finite element solution is based on the principal of
virtual displacements, also called principle of virtual wdtke virtual work principle can be physically
interpreted ashe rate of work done by the external forces subjected to any virtual velocity field to be
equal to the rate of work done by the equilibrating stresses on the rate of deformation of the same virtual
velocity field, or simply, the total internal virtual wolik equal to the total external virtual work. The

adjective Avirtual o implies that the virtual

d

factual 6 di splacements that the structure is su

displacements are independent from the actual displacements and are used to establish the following

integral equilibrium equation (Abaqus, 2003; Bathe, 2014).

2.8 Parameters affecting fatigue strength in welded joints

As discussed above and especially in 82t mechanism of fatigue involves several
microstructural parameters such as metallurgical properties. However, many other factors play a
significant part as well. In this section, the parameters affecting fatigue capacity of a welded steel
connection willbe analyzed.

To show the significance of a welded connection for the fatigue strength of aEgiaié2.15
includes the 9N curves for a simple plate, a plate with a hole and a welded joint. It is obvious that by
welding a plate that carries load will reduce its fatigue strength significantly. The curve shows that in
all three cases the plate has an endurimie In the case of the welded joint the endurance limit, is
substantially lower than in the other two cases which means that the stress range that has to be applied
in order to not develop a crack is substantially lower. For a simple plate this igiapisdy 250300

MPa while for the welded joint the endurance limit reduces to approximately 260d@Rwbell, 2012)
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Figure 2.15: SN curves for a simple plate, a plate with a hole and a welded joint §Belin 2012, p. 282)

The reasons why the presence of a weld can have such a great impact to the fatigue strength of a

plate can be summarized as follof@ampbell, 2012)

U Stress concentrations arising from the weld shape and joint geometry,
U Stress concerdtions caused by weld imperfections,
U Stress concentrations due to welding residual stresses.

In the subsequent sections the influence of these factors will be considered in more detail.

2.8.1 Weld shape parameters and joint geometry

A welded connection will aéfct the fatigue behavior of a loaded plate as the welding will
change its crossectional dimensions in the location where the weld meets the base material. In general,
any modification of the crossectional geometry of a loaded plate will give rise tesst concentrations.

The magnitude of the stress concentration as well as its location depends upon joint geometry and the
direction of the loadCampbell, 2012)Figure2.16 illustrates the geometrical parameters of-ift

geometry and the weld profile. Further down, the influence of each parameter will be explored.
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Weld toe parameters

Figure 2.16: Geometry parameters of the weld shape and joint geometry that affect the stress concentration in the area:
weld toe radius (r), weld anglel), main plate thickness (T), attachment plate thickness (ttott@e length (I, weld leg
length (I) (Campbell, 2012)

2.8.1.1 Size and thickness effect

It is knownfrom fatigue testinghat anincreasen plate thicknessauses @ecrease in fatigue
strength This is called théthicknesor sizee f f and desigrstandardsake thisthickness effect into
account for fatiga assessmerfYamamoto, et al., 2013)

The size effect is dependent upon the thickness of the main plate (T) and the size of the
attachment (t) such as the thickness of a transverse plate on a cruciform jolustraget inFigure
2.16. If the thickness of the attached plate increases, more stress will move towards the weld toe region,
therefore fatigue crack initiation witiccur earlier. In many fatigue design standards (such as the IACS
Common Structural Rules) the thickness effect is considered by modifying the strestorarages

where the plate thickness is larger than the reference plate thickness (=221tsingrg,2016)

In general, the size effect is included to account for cases where the actual plate thickness of
the structural component differs in geometry than those of test specimens used in a laboratory from

which the SN curves have been derived.

The size #ect has been studied by Berge (1985) who conducted fatigue testing. He concluded
that by increasing the size of a given type of specimen whilst keeping everything else constant, will

lead to a decrease in fatigue strength. Two different mechanismsearéouexplain the size effect.

The first is the statistical effect, which is based on the fact that fatigue is a weakest link process
formed in locationsvhere stresses, geometry, defects and mapedpkrties combine to form optimum
conditions for fague crack initiation and growtfiherefore, byncreasinghe size of a specimen will

statistically produce locatiorikatare moreprone to fatigue failures.
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Independent of the statistical effect of sirewelded joints there is alsgpatethickness effect
This effect has been noted experimentafig leads to decreased fatigue strebgtanincrease implate
thickness. This phenomenon is attributedvidd technology and residual stresses, which tend to be
more adverse for heavy sectiorelds However, platethickness primarily influences the fatigue
strength of welds througthe effectof geometry, whichs independendf any dher effects of plate
thickness.To describe the effect of size in fatigue failures in weld toes, Berge (1%&%),ausimple

geometric modelRigure2.17) and made the following assumptions:

a. Welded joints of the same type in various plate thicknesses are geometrically similar
(typical for loadcarrying welds).
b. Initial conditions of fatigue crack growth are independent of plate thickoessk deptla

= const).

Figure 2.17: Simplified model to describe the effectto€kness in fatigue failure developing from the weld toe

(Source: Berge, 1985, p. 424)

Under assumption (a), the stress distributions across thedoadng plates in the crack growth
plane are geometrically similaand thus asteeper stress gradiearises inthe thinner joint. Hence,
under assumption (b), the initial crack in the thinner plate will expertmserstressthan the initial
crack of the same length in the thicker plate, causing a smaller initial crack growth rate in the former
case.The difference in initial crack growth rate overmatches the difference in crack length to cause

fracture; hence the thinner joint will have a longer fatigue(Bferge, 1985)

The absolute magnitude of plate thickness is also important, as reportedtivyasinGurney
(1986). They showed that for the series of cases of the plate thickness being 10mm, 15mm, and 20mm
the fatigue strength increases consistently. The maximum increase was by a factor of 3, when the
thickness was increased from 6 to 38mm. Bhigly was conducted computationally involving-a 3

dimensional elastic analysis using a finite element program. The loading of the specimens was
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equivalent to any member being loaded with uniaxial loading with a longitudinal fillet weld attachment
(Smith & Gurney, 1986)

Hobbacher (2010) recommends accounting for reductions in fatigue strength due to plate
thickness when this exceeds 25mm. The Common Structural Rules (2012) have incorporated this
parameter by modifying the value of the stress range thatkie tised for the-N curves, when the
plate thickness is greater than 22mm. This is inserted in the analysis through a reduction factor due to
plate thickness. Therefore, the value of 22mm is an important threshold, beyond of which there will be
reductiors in fatigue behaviofHobbacher, 201QJACS , 2012)

Yamamoto et al (2013) concluded that the thickness effect on fatigue strength depends upon
the changes in the thickness of the attached plate rather than that of the main plate. This is because
fatigue strength is characterized by stress concentration and stress gradient at weld toes, which depend
on weld size. Specifically, in the case of ship structural design, this is determined on the basis of the
thickness of the attached plate. Moreover, theynted that in cases in which the attached plate
thickness remained constant, the thickness effect was rather small. This is because stress concentration
and stress gradient are not so sensitive to an increase in main plate thickness. Lotsberg's (2016)
rea®ning on the importance of the attached plate thickness is in agreement with that of Yamamoto et
al (2013). Lotsberg (2016) reports that if the thickness of the attached plate increases, the stress in way
of the weld toe region will increase, leading tdieafatigue crack initiation.

2.8.1.2 Effect of weld shape geometry

The parameters of weld geometry that affect stress concentration and therefore influence the
fatigue performance of the welded joint are: weld toe radius (r), attachmeottoeelength (L) weld
angle ¢) and the profile of the weld surface (convex, concave or straight).

concave

N

\
\\ Y

__)t

Figure 2.18: Convex, concave and mitre weld profile

(Source:https://www.sciencedirect.com/topics/engineering/fitleld )

The weld profile can be concave round fillet, convex or straight fillet weld profile (mitre) as

illustrated in Figure 2.18 Of those three, the concave round fillet profile has better fatigue
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characteristicgLee, et al., 2015)Campbell, 2012)This is because all the weld shaperahteristics

in this case are better. The weld toe radius is higher and the weld angle is decreased which are desirable
for better fatigue performance. According to Lapman (1997) changing the weld angle frian22@®

will increase fatigue strength by a factor of (Lapman, 1997)

Moreover, the ratio of attachment length, (illustrated inFigure 2.19) to thicknessT, is
important. By decreasing it from 2.0 to 0.375 will increase the fatigue strength by 20%. The significance
of the attachment length has been also noted by Maddox (1991). He explains that the magnitude of load
transfer to the connection will increase if the ©iz¢he attachment is increased, due to increase of the
stress concentration at the weld toe. However, the important parameters will depend on the type of the
detail. Of particular importance is the value of the attachment leng{Méddox, 1991) Figure2.19

illustrates the attachment length in two cases of a plate with a weldment.

Figure 2.19: lllustration of the attachment length (L) (Maddox, 1991, p. 51)

As stated above, the most influencing parameter is the weld toe radius. By increasing the weld
toe radius from 1mm to 8mm the fatigue strength can be incré&gs80%. It is important to note that
the values Lapman refers to are the result of experimental analysis. They have also been confirmed by
finite element stress analysis in the weld area. The results might be confirmed but in each case that a
researcheexamines might be slightly different (different loading pattern or joint geometry), the results

are not generalized for all cases, so the general spirit should be kept and not the exact values.

The effect of weld leg lengitt) was examined by Smith andiey (1986) using experimental
analysis. Finite element linear elastic analysis was also performed and was found to be in agreement. It
was concluded that the effect of weld leg length on fatigue life is rather small for the specimens
examined Smith & Guney, 1986)
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2.8.2 Effectof material properties

Researchers have examined thoroughly the relationship between fatigue strength and material
propertiesAs Pang et al (2013) pointed oin,1870s, Wohlerestablished @roportionalrelationship

among the fatige strengthil, and tensile strengtfii, for ferrous metatsti,=0.4~0.5 iy,

However, itwasfound that the fatigue strength either maintainastant or decreases with
further increasing the tensile strengitlihich means thahe aforementioned linear relation is no longer
heldat highstrength leve{Pang, et al., 2013Pang et al (2014) highlighted the fatat he relatioship
among fatigue strength and tensile strength can be expressed by the relevant Murakami equations for
high-strength steels, but there is no generic single formula to satisfactorily describe the relation between

fatigue strength and tensileestgth for materials with a wide strength range.

2.8.3 Weld Imperfections

Assuming there is an ideal model of a steel plate with a fillet weld loaded in the transverse
direction, then by the stress analysis it will be concluded that the stress concentradicat the weld
toe Kas3. This is comparable to the stress conce
illustrated inFigure2.15, the fatigue strength of the welded plate is significantly lower, leading to the

conclusion that other factors are implicated in the process. (Campbell, 2012).

Weld imperfections can be all@d for to up to a certain extent, either by avoiding them during
fabrication or by including their effect in the design process. However, there are other microscopic
features that come into play to which the large difference in fatigue strength thadsniigure2.15
has been attributed to. These features are small, sharmetaliic intrusions that are present in most,
if not all, welds. The source of thesetfaas is not exactly known yet; however, it is believed that slag,
surface scale and nanetallic stringers from dirty steel are the main causes. Therefore cracks will
initiate early on the life of the weld due to the combined effect of these aforemenfiaateres with

the stress concentration caused by the weld geortteampbell, 2012)

Defects in welds are categorized usually in two shape types; volumetric and planar. A
volumetric defect arises when the ratio of the weld height to width approaclwgswiile a planar

defect arises when the width is very small in relation to the hégirtioni, et al., 2012)

Therefore, planar imperfections such as hydrogen cracks or lack afalideision should be
avoided, as they will considerably reduce thé@tat life of the detail. On the other hand, volumetric
imperfections such as slag inclusions and porosity are tolerated up to a certain level, as the resulting

notch effect for these imperfections is much lower than in the case of the wélatopbell, D12)
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2.8.4 Welding residual stress

If there is no stress transferred from the surface of an object to its internal region by the
application of an external load, the stresses inside the material are at equilibrium and are called inherent
or original stressedkesidual stresses are one type of inherent s{fdwsu, et al., 2014)They are
normally found in the weldment area and result from thermal expansion and contraction produced by
the welding process, because of constraints provided by the fabricatian fotttines and due to the
distortion of the structure caused by fabrication. This stress is also called reaction stress. These stresses

are selfbalancing meaning both tensile and compressive stresses exists.

Tension

Longitudinal
residual stress

Transverse
residual stress

Figure 2.20: Typical residual stress distribution in welded joint (Maddox, 1991, p.26)

Transverse to the weld toe the residual stress is normally tensile and is equal to the yield stress.
When a load cycle is applied to the compongmd superimposed with the residual stress field and the
resultant stress can reduce from the yield stress level (shakedown effect). The range of each cycle will
not change, however, the effective mean stress can be significantly different to therappliestress
as illustrated irFigure2.21 (Campbell, 2012)Hence, when there are high residual stresses, the mean
stress effect can be very sm@flacDonald, 2011)
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Figure 2.21: Superposition of applied and local welding residual stresses (Campbell, 2012, p. 288)

Reducing the residual stress by use of a-pestl treatment can be beneficial only if the applied
stress rage is partially or fully compressive, so that it results in the elimination of tensile residual stress.
This is because in medium and higfinrength steels, tensile macro residual stresses must be strictly
avoided because they result in a change in theaseapic dimensions of the plate and can induce crack
initiation and crack propagation which are harmful to the fatigue strength of the structurgTdétel,
et al., 2002)

For fully applied tensile loads post welded heat treatment will not improeefatigue
performance. Hence, it is important to understand beforehand the nature of the applied loads in order to
decide whether heat treatment should be applied to a structuralGatajbell, 2012)

2.8.5 Local geometry

The local geometry of a steel stuctl connection is a significant issue that can induce fatigue
due to the development of high stress values. This issue can occur when, due to local geometry, stress

singularities might occur.

The stress analysis of thin elastic plates is based ogeheralized plane stress theory of
elasticity using classical plate theory. Stress singularities can occur in the mathematical solutions of
thin, isotropic plate problems. There are at least three cases where stress singularities may appear. These

three caes are presented below.

(1) First, is the case of a static plate under concentrated forces or moments. In this case the stress
components at the points of application (r=0) become infinitely large. Hence, it can be said
that point forces cause stress singtits of the typéO(Inr) and point moments result in stress

singularities of the typ®(1/r) as r approaches zero.
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(2) Second, there are stress singularities that occur when boundary conditions change in type. The
order of stress singularity at this case itheftype/ o This is the same order of singularity

that occurs in stress fields developed near the root of cracks in linear elastic cracked body
problems.

(3) Third, there are stress singularities in plates that occur due to plate gesmetrymplies a
sudden change of direction in the boundary conditions or an abrupt change in boundary
domainof the plates. Polygonal regions are a common place for this type of singularity to
occur. One typical example is the problem of sectorial pldtés.found that singularity
appears in the stress field at acute corner angles and is of thé drder . The exponent
(en1) represents the order of the singularity, which depends on the boundary conditions along
the two radial edges at angularcers or reentrant corners of plates and ategardless of
the loading conditionBoonchareon, et al., 2013)

2.9 Improve fatigue strength by topology optimization

2.9.1 Cateqories of structural optimization

Competitive market has forced engineers to peednnovative designs with reduced costs and
design time but equally functional. This urged an evolution in the design methodology assisted by the
development of high speed computer technology. What was traditionally happening at the design stage
-trial and error processhas been replaced by scientifically driven methods of rational design and
optimization. One example is structural optimization. Structural optimization is a tool that aims in
producing designs with maximum efficiency while achieving @eméjectives such as the amount of
material needed. At this type of optimization it is essential to clearly define the objectives of the
problem, the design variables, and the constraints. The aim would be to maximise or minimise the
objective function byhanging the design variables in a certain domain under the specified constraints
(Zargham, et al., 201§Rozvany, 2009)

Structural optimization is categorized into three types: size, shape and topology.

(1) The objective of size optimization is to identify the optimal design by modifying size
parameters, continuous or discrete. These can be the optimal thickness diswibaijiate,
or the optimal crossectional dimensions of truss structures or frames. The domain of the
structure will remain fixed. Since shape and topology of the structure will remain constant, only
limited improvement can be achieved therefore, sizenggdtion would normally take place
in the detailed design process stage.

(2) At the shape optimization process the topology will be fixed but the domain of the structure
will vary. In most cases this process is implemented for identifying the opsinagde of
external boundary surfaces or curves. This type of optimization is normally employed at the
preliminary design stage. However, there is a limitation to the application of shape
optimization; the topology of the structure is set from the outs#tdgesigner and cannot be
modified during the optimization process.
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(3) Topology optimization overcomes this limitation by inserting parameters of the layout of the
structure to the optimization process. The topology optimization method (TOM) was developed
after size and shape optimization methods. Michell (1904) employed the first study in topology
optimizationand several researchers have extensively studied this method by incorporating
numerical methods to the proc€Bendsge & Kikehi, 1988) As mentioned above, during a
size or shape optimization problem, the topology is fixed. As opposed to the shape or size
optimization method, the initial design domain is a grand structure, such as a rectangular plate
in two dimensional dégn problems. In a typical topology optimization problem the parameters
would be the: support conditions, applied loads, structure volume and several other additional
design restrictions. The unknowns of the problem would be the: physical shapandize
connectivity of the structureTherefore, topology optimization can be employed as a pre
processing tool for size and shape optimization.

According to Murat and Tartar (1985), topology optimization can be divided into two classes:
discrete or continuum strtures(Murat & Tartar, 1985)Topology optimization for discrete structures
has been implemented for structures such as trusses and frames. The outcome of a topology
optimization problem for a discrete structure will resalain optimal member, mutual connectivity or
position of the structural membefn the other hand, the implementation of the topology optimization
method to a continuum structure will determine the optimal design by indicating the best geometries
and caviy locations in the design domain. This method enables the creation of highly efficient and new
design concepts, compared to shape and size optimifatogham, et al., 2016)

2.9.2 Topology optimization approaches

In this setion the topology optimization approaches that solve the continuous topology

optimization problem are summarized.

Homogenization approach

Bendsoe and Kikuchi (198&)ere the first to employ the topology optimization method using
numerical methods. In 198Bey introduced the homogenization method to identify optimal topologies
in structural designin this approach, the structural element is understood in a broad sense as being
characterized by the loads supposed to carry, the volume and design requiseipposed to fulfil
such as stress and strain limitations. The method allows you to predict the topology of the structural
member but will results in a nesmooth estimate of the exact form of its shape boundary. Therefore, a
second step is needed that sists of a traditional boundary variation optimization based on the design
computed on the first step. This method has serious computational drawbacks because it cannot estimate
the eventual optimal topology of the mechanical element. The authors oveticsnigy using
compostes of apriori simple form to describe the body by a density function that can take values in
the interval [0,1] instead of only O or 1. Therefore, it results in a sizing problem which at the same time
allows you to estimate theptimal distribution of the material, hence the optimal si@smdsge &
Kikuchi, 1988)

38



Density approach

After the homogenization approach to topology optimization was introduc&®ndsge and
Kikuchi (1988) other researchdiBendsge (1989) and later others (Zhou and Rozvany 1991; Mlejnek
1992) suggested the smlled SIMP (Simplified Isotropic Material with Penalization) or povesy
approach, whiclaimed atreducing the complexity dhe homogenization approach by improvihg
convergence to-Q solutiongSigmund & Maute, 2013)

In order to ensure wepjosed and mesh independent solutions one needs to introduce, one needs
to introduce restriction®estriction methods for SIMP problems havealepgedthrough the years and

are categorized intone, two and threfield approacheéSigmund & Maute, 2013)

Levelset approach

The levelset approach was first introduced by Osher and Sethian (1988) and then by many
other researchers have (Sethian 1999; Allaire et al. 2002, 2004; Wang et al. 2003). At this approach,
the boundary of the design is defined by the ze
structure is defined by the domain where the level setitmtakes positive values. Lately, numerous
levelset methods have emerged which can be classified by the approach for discretizing the level set
function, the approach for mapping the level set field onto the mechanical model, and the approach for
updatng the level set field in the optimization procéSgmund & Maute, 2013)

Phase field approach

In the phase field approach, the material distribution is deschipele aidof a phase field
variabl e (. T leivadueswlase todl inlthe voud iarld Ivaleksatlkere is material. In
phase field approaches the interface between material and void is described by a diffuse interfacial layer
of a thickness which i s pr op oAttheé ioterfack the pbasedields ma | |
d rapi dl y wilohangeatswaleetBlark,et al., 2012)

Evolutionary structural optimization (ESO)

Xie and Steven (1993) were the first to conduct topology optimization using binéaplea.
The basis of this was that inefficient material can be excluded from the structure using sensitivity
information. This method was called Evolutionary Structural Optimization (ESO). The method gained
popularity especially after convergent and mestependent solutions were presented by Huang and
Xie (2007)who proposed a Bilirectional ESO (BESO). In the BESO method, the structure is usually
first considered as a full solid design and a target volume is used to quantify the amount of removed/add

material until convergence, only allowing {0,1} variabl@celli & Sivapuram, 2019)

By using binary variables in the solution of problems such #tridcture interaction, the

change betweesolids and voids/fluids is cleartiefined and the equilibrium conditions at the interfaces
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are explicit. However, the update scheme is based on a target volume, therefore always requiring the
presence of a volume constraint in the optimization formulation. This precludes problemsrsashs as
minimization or multiple constraints to be solved in a schematic(Rigglli & Sivapuram, 2019)

2.9.3Implementation of topology optimization fdesign of ship structures

Nowadays, with the advancement of computer teldyyy the method of topology
optimization is employed by several researchers that aim to identify the optimal topology of a structure.

Some applications are mentioned above.

Kong et al (2008) employed the ESO method for topology optimization by propasing a
integrated evolutionary optimization algorithm (IEOA) combined with genetic algorithm (GA), random
tabu search method (TS) and response surface methodology (RSM) in order to improve the convergent
speed. This method was employed in the problem of maimgpihe fresh water tank that is placed in

the rear of ship designed to avoid resondiomg, et al., 2008)

Su et al (2019) employed topology optimization for the optimal design of a structure by
considering itdatigue characteristics. A fatigue life filter function was used in order to identify the
influence of fatigue in structural topology optimization and then, the model and solution method of
fatigue topology optimization for continuous structures were megpdased on the independent
continuous mapping method (ICM). A fatigue topological optimization model was established were the
objective was to find the optimal layout of structure with minimum material under the constraints of
fatigue life(Su, et al., 2019)

Sekulski (2010) employed a developed tool for the solution of the unified problem of the multi
objective optimization of topology and scantlings of the seagoing ship hull dimerssed on
evolutionary algorithmsA conputational example was developed using the sjgged passengear
twin-hull ferry. The investigations resulted in developing a number of advanced algorithms employing
Paretedomination relatiorfSekulski, 201Q)

It is clear that the use of evolutionary algorithms approach for the solution of a topology
optimization problem is a useful and important tool for the design of ship structures as many researchers

have employed it.

2.10 Concluding remarks

In this Chapter aiterature review of fatigue in welded steel structural connections was
conducted. Important aspects of this issue were explored that will be employed in further chapters of
this thesis. In the following chaptarmethodology is proposed that aims in exiegdhe fatigue life

of steel structural connections bynimizing the peak stress values developed at hot spot locations
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3 Proposed methodology to extend fatigue life of a steel structural
connection

3.1 Introduction

In this chapter a methodologyiistially proposed that aims to cope with low fatigue life of a
steel structural connection. The methodology targetsdifying geometric characteristics of the detail
studied in order to redudke developed high stress range at the hot spot locatidhésteps proposed
include, first, the identification of the fatigtileduce stressomponentsNext, the structural members
by which this stress component is carried are identified. Following that, as a first step towards extending
the fatigue life of the deitastudied the plate thickness of the aforementioned members is maodified. In
the case of the resultant fatigue life still being at an unacceptable level, a further step can be
implemented at which the geometrical characteristics of the said membergetedta

3.2 Methodology to extend fatigue life of steel structural connection

The methodology proposed regarding the extension of the fatigue life of a steel structural
connection focuses on reducing the stress range develomemnatonhot spot locationgwelded
connections, notchesBy that way a higher value of N (cycles to failure) will be selected at-tie S
curves, thus providing higher fatigue life of the detail studied. A different value of N can be also selected
by changing to a different-8 curve.This can happen if a welding exists in the hot spot locations of
the detail studied and then is removddwever,in high values of stress range the choice-0f &irve
has little importance, as illustratedrigure3.1. To be more precise, the curves (B/C, that concern base
material, among D that concerns welded connection) begin to widen in approximateRcisi&s.

This will result in a notable difference in thalue of N when the magnitude of the stress range is less
than 300 MPa approximately, for a naelded connection (curves B and C) or 250 MPa for a welded

connection (curve D).

The basic design curves for@ir environment are represented by linear gxdiation between

log(gpd and log(N) as follows:
i 11 adiXxh
Where:
1T 1T ¢JIiich
Where:
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K2: Constant related to mearNScurve,

K1: Constant related to desigrNscurve,

U: Standard deviation of log(N)

@ Stress range at 16tress cycles, related to desigiN®urves

The value of the aforementioned parameters is provided in the ®R8852024, Ch. 9, Sec. 3,
§4.1.4)

. Design stress Design stress
Ky Standard ; eviation Kz range at 107 range at 2x10¢
Class m cycles cycles
K, log K, log,.d K, Ao, N/mm? N/mm?
B 2.343E15 | 15.3697 | 4.0 0.1821 1.01E15 100.2 1499
c 1.082E14 | 14.0342| 35 0.2041 4.23E13 78.2 1239
D 3.988E12 | 12,6007 | 3.0 0.2095 152E12 b3.4 913
Figure 3 : Basic design S-N curves, in-air environment
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Figure3.1: SN curves (IACS 284, p.549)

The steps of the methodologyoposednclude :
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The steps are analysed further down.

3.2.1 Establishment of the fatigtinducing stressomponent

This step concerns the identification of stremsiponenthat causes fatigue damage in the case
study detail.This is conducted based on the Rules (IACX]). If the case study detail concerns a
welded connection, then the direction that causes fatigue damage is that of normal to the weld toe line
(82.5.1) If the case study detail contains a notch such as a hole or a joint, the direction of stress that
matters to the fatigue analysis is that which is directed towards the(ha@$H 2024, Ch. 9, Sec. 5)

3.2.2 Identification of the structural memberflat affectthe development of fatique induce

stress component

After establishing the stresemponenthat causes fatigue damage to the case study detail, in
this step the structural member(s) that carry this stress component are identified. These members will
be in the same direction as the stress identified in the previous step. For example, stresses in a transverse
direction will be transferred through transverse structural elements, stress in the longitudinal direction
will be transferred through longitudinal méers and so on. However, for complex connections, it is
advised to conduct a sensitivity analysis in order to identify all structural members that affect stress
concentrationAt the sensitivity analysis the objective will be the identification of théeplavhose

slight change of thicknesgecrease the stress value at the hot spot location studied.

3.2.3 Level 1 modificationSet upasize optimization problem

As a first step towards minimizing the fatigineluced stresses is the modification of thickness

of the structural member(s) identified at Step 2. The sensitivity analysis that has been conducted at the
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previous step will help deciding whether to increase or decrease the values of plate thicknesses of the
said structural memberghen, a size optimizatn problem is set upy constraining the weight of the
structure to be constant while maintaining the minimum plate thickness requireiifentsext step
includes a detailed fatigue analysis of the configuration in order to appraise the modifications
implemented. Based on the result of the fatigue life calculation it should be decided whether the new
fatigue life calculated is acceptable or further changes should be conducted in order to further increase

fatigue life.

3.2.4 Level 2 modificationSet upa structual optimization problem

As a further step towards increasing the fatigue life of the detail in question, the geometry of
the structural member(s) identified at Step 2 is/are stubjedetting up a topology optimization
problem The objective of theptimization problem will be the minimization of the fatigue induce stress

component identified in Step 1.
Regarding the appropriate selection of design variables:

- If the structural member(s) have a rectangular geometry, the only modification that can be
conducted is to change heiglitence that will be the design variable®y that way, the
second moment of inertia of the member will chatigerefore its stress value will be
modified.

- If the structural element of interest has an abnormal geometnariisytar characteristics
should be studied in order to identify the geometrical features that cause stress ifhesgse.

geometrical features will be inserted to the optimization problem as design variables

At this point, t has to be noted that other parametanrshave positive effect in reducing the
fatigue induce stress component developed at the hot spot loshitiad Such parameters are the
stiffener size and transverse web plate spacing (such as frames, webghaijpgrand topside water

tank plates).

- The increase of stiffener size, increases the section modulus, thecafopovide positive
effect in decreasinthe longitudinal stress component developed.
- Reduced transverse web plate spacing increaseaufipors of the structure transversely,

hencecanprovide positive effect in reducing the transverse stress component developed.

However, in both cases, especially for swrse plating (due to their size), the structure's
weight is significantly increasewhich stems away from current practices that aim in reducing the

weight of the structuréherefore, these parameters are not included in the present study.
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3.3 Concluding Remarks

This chaptelanalysedhe methodologyroposedhat aims at extending the faie life of a
steel structural connectiday reducing the peak stress values developed at the hot spot laca@liens
methodology can be implemented for welded or-wetded connections, and concerns structural

members with rectangular as well as abnomgeaimetries.

Next, the methodology will be applieat the lower hopper knuckle connection of a large bulk
carrier. This is a welknown area for being prone to fatigue cracks. The first step however, is a fatigue
analysis of the detail examined in ordeidentify its original fatigue life. This is included in the next

Chapter.
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4  Implementation of the methodology to the lower hopper knuckle
connectionfatigue analysis

4.1 Introduction

In the presenthapter a fatigue analysis of the lower hopper knuckle connection of a bulk
carrieris conducted using théinite lementmethod by means ahe Abaqus/CAE softwareThe
stresses obtained will be used to calculate the scaling factor of the Weibull distrilsetioio wonstruct
the long term distribution of stresses for fatigue dancageputationThe fatigue lifeis thencalculated
based on linear cumulative damage summation (Palrdiem er 6 s r ul e) cormbi ned w
curve

4.2 Case study vessel

In this stud, the case study vessel is a bulk carrier of 18WT. Bulk carriers are merchant

ships and they represented appr oxi motatsth, 2018 1. 15 %

The principal dimensions and key characteristics of the case stipdgre shown iTable4.1.

Table4.1: Key characteristics of the case study vessel

Type of ship Bulk Carrier BC -A

Hull type Single skin

Length overall, LOA 292.00 m

Length between perpendiculars, LBP 283.00 m
Breadth moulded, B 45.00 m
Depth moulded, D 24.80 m
Scantling draught, T 18.20 m
Design draught, T 16.50 m

Maximum service speed 14.9 knots

4.3 Casestudy detail

The connection of the inclined hopper plate, inner bottom plate, girder and web floor plate at a
bulk carrier is called lower hopper knuckle connectibias proven to be a quite challenging detsil
terms of identifying its fatigue strefrgtiue to its complex geometry which leads to high stress value
developmen{Fischer, et al., 2018)his specific structural detail is chosen for further examination
becausetiis particularly prone to fatigue cracks and hasrbésted as such by IACGACS, 2021).
Figure4.1 shows the exact location of the lower hopper knuckle connection.
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Figure 4.1: Location of the hopper knuckle connection at the ship's midsaipingand 3d view

The lower hopper knuckle connectionbmlk carriers is one of the main fatigue prone areas, or
as commonly called hot spotshich means that@etailed fatigue analysis is requiredbe conducted
in order to establish whether theidate life of thedetailis equalto or greater tharthe design fatigue
life of the ship which is set at 25 yedtACS 2024 Liao et al. 2015)

4.3.1 Locations of hot spots

The specific hot spot locations at the lower hopper knuckle connection that will most likely

lead to low fatigue life are depictedkigure4.2. More specifically,

Hot spot 1inner bottom plate, on cargo tank side
Hot Spot 2:Hopper sloping plate, on cargo tank side
Hot Spot 3: Bottom layer of inner bottom plate

Hot Spot 4Bottom layer of hopper sloping plate

Hot Spot 5: At side girder

O O O O O o

Hot Spot 6: Scarfingpracket to the inner bottom plate.
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Figure 4.2: Hot spot locations of lower hopper knuckle connection (IA0%)

4.4 Fatigue analysis

Contemporaryliterature andthe IACS Rules present thiparticular structural detailas a
possible location dbw fatigue life Therefore, it immecessaryo conduct a fatigue analysis at the design
stage, in order to establisthetherits fatigue life is in compliance with the desigtifjue life of the
ship structure whichas mentioned previouslig not to be taken less th&5 yearqIACS 2024; Liao
et al. 2015)

In the present study,lgh-cyclefatigue analysi®f thedetailis conductedThestructural hot
spot stress approahemployed, which is a wedlstablished method in the fatigue design of sHips.
structural hot spot stress applies to welded joints for which the fluctuating principal stress acts
predominantly transverse to the weld toe and the potential fatigueisragpected tanitiate at the

weld toe or en@Niemi, et al., 2006)

For the determination of structural hot spot stress, researchers have developed FEA methods
for the determination of structural hot spot stress at the-tweldThese methods are categorized into
thecalculation of the structural hot spot stress by extedipm of the surface stress at different reference
points on the outer surface of the plate to the vi@ddl or linearization of the stress through the thickness
of the plate at the weltbe. Since shell elements are employed fergtesenanalysis, thdirst method

of structural hot spot stress calculation is implemeritedthe surface stress extrapolation method, the
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structural stress component acting normally to the sedds the main cause of fatigue crack initiation
in the welded componefigbal, et al., 2020)

Using the structural stress calculated in each loading conditiefiatigue damage that occurs
in each of the loading conditioldomogerous, Alternate, Normal Ballast and Heavy Ba)lasuidied
will be accumulated linearlyaccording to Palmgrelliner Rule,in order to calculate the fatigue life
of the detail.

For the simulations, the commercial finite element software Abaqus/CAE is used. In the
following sections, the material properties and theugeff the finite element models are introduced in

order to calculate the fatigue life of the case study detail.
Further down, the assumptions considered during the fatigue analysis are summed up:

0 A linear cumulative damage model, i.e. Palmgkkn n e r 6 s as Reeh ased i
connection with the designl$ curves,

o Design fatigue life is taken not less than 25 years,

0 Rule quasistatic wave induced loads are based on North Atlantic wave environment. They
are determined at ¥Oprobability level of exceedance byetlEquivalent Design Wave
(EDW) concept,

0 Net thickness approach is used,

0 Type of stress used for crack initiating at the weld toe is the hot spot stress. Type of stress
used for crack initiating at free edge of Amalded details is local stress at freeedg

0 Fatigue stress range is calculated by finite element analysis,

0 Long term distribution of stress range of a structural detail is assumed to follow a two
parameter Weibull di stribution. Wei bul | s h
stress rangss given at the reference probability level of exceedance equafto 10

0 The acceptance criteria for fatigue checking are the total fdtfgue be over 25 years

4.4.1Material Properties

The hull material is steel of normal yield stré€rade A235 MPa) and high tensile stélving
ayield stresequal to315 MPa (for grades AH32 and DH32) and 355 MPa (for grades AH36, DH36,
and EH36)The steel useith the areaf the lower hopper knuckle noection is high tensile steel grade
AH36 havingayield stresof 355 MPa.

The origin of coordinates is assumed tarbeay ofthe steramost planeTheX-axis is directed

towardsthe shigs bow, theY-axis is to poHside andhe Z-axisverticaly upwards

49



Figure 4.3: Reference coordinate systelACS2024, p.51)

4.4.2Finite Element Models

4.4.2.1Cargo Hold Model

Figure4.1 illustrates the mieshipsectiond r awi ng (taken from the shi
and the detail of the lower hopper knuckle connecticndB sketch, designed in Abaqus/CAdaich

as mentioned previously, will be used to cartdudetailed fatigue analysis.

A cargo hold model compiiizg of threeholds is employed for fatigue assessmehCS 2024,
Ch. 9, Sec. 582) This isanimportantstepasit will provide us withthe boundary conditions die
local modé. The overall aim is to obtain the hot spot stress rabggecificpointsof the detail studied
as illustrated irFigure4.2.

The 3D FE model consists of cargodm®|5, 6 & 7 between frames 103 & 18ith aframe spacing
of 930mm Note that cargo hold 6 is floodable and the 3 cargo holds are within 0.4L amidsipced
(net)plate scantlings (gross scantlings miha#f thecorrosion addition) were used for the model. The
cargo hold model compriseof all main longitudinal and transverse structural elemestisli, deck,
double bottom, girders, transverse web frames, hatch coaming, stringers, all plates and longitudinal
stiffeners. Large openings were also mode{la€S 2024, Ch. 7, Sec. 2, §2.1)

Theabovementioned membergeremodelledusingshell elementwith four integration points
(S4). In the modelthere is at least one element between every longitudinal stiffahkrast 3 elements
over the depth of double bottom girders, flommsitransverse web framealso, the mesh on the hopper
tank web frame and the topside web frame is fine enough to properly represent the shape of the web
ring opening.The mesh size ofhte cargo hold model was set falf the typical distance of the

longitudinal stiffener spacingt25x425 mm).

The cargo hold modarrangemenand the mesh generated are depictdeigare4.4.
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Figure 4.4: Cargo hold modeliew ofgeometry

4.4.2.2Submodel

The minimum extent of the submodel should be suchith&toundaries correspond to the
locations of adjacent supporting memb@ACS 2024, Ch. 9, Sec. b Here, the boundaries of the
submodel correspond to the location of a girder (16150mm off CL) in the transverse direction and of

two web hopper plateat thelongitudinal direction(at 153.85m from AP and at 155.71m from AP).

In order to calculate the hot spot stress aththtespot locatiors, a very fine mesh zorteas to
be generated. According lBACS (IACS 2024, Ch.9,Sec. ¥ or a type fnao hot spot
weld toe on a plate surface, the elementisize be approximately equal to the representativelaés
thickness in the assessed areas, and the aspect ratio of elements is to be .Cldseatoiementived
mesh size is to be maintained within the very fine mesh zone, extending over at least 10 elements in all
directions from the hot spot position. The transition of element size between the coarser mesh and the

very fine mesh zone is to be done gradually

Here, the very fine mesh zoweversa square region and extends asdafl5 elementérom
the connection are@n all directions The element size in the very fine mesh zamas set at
16mmx16mm. After tis zone, the mesh size gradually chan@®m very fine to fine through

transitional areas. These are depicteBigure4.5.
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(a) (b)

Figure4.5: (a)-Submodel view of thmesh, (b)Submodel view of the very fine mesh zone and the transitional zone.

4.4.3Loads and Boundary Conditiof the Cargo Hold Model

Based on the ship type being BCGwith lengthgreater thar200m, four loading conditions are
studied: Homogeneous, t8fnate, Normal Ballast, Heavy Ballast (IA@Q824, Ch. 9, Sec. 1 §7.1.2).

In this studythedynamic loadinghatis appliedis based othe equivalent design wayEDW)
concept.This concept has been examined in Chapter 2 (82.6.1.3). By this approdohgierm
distribution of stress ranges is provided for the probability of exceedance requesttat {6 fatigue

analysis) without having to perform a direct, thaensuminghydrodynamicanalysis.

In the EDW conceptfor each loading condition studiefive types of load effects are
consideredEach oneomprise two dynamic load cases that set the range of motion of the load effect
studied; hence, the stress range accrues that load effect-or every loading conditionthe EDW
that resultsin the maximum stress range is considered to be the predominant EDWhand
correspondingalue of stress rangs kept for the fatigue life calculatioffACS 2024, Ch. 9, Secl,

§7.1.2. For this study, the EDWs that are critical for the problem in question are selected and studied.

As explained in 8.5.1, theprincipal stress componeatctingnormal to the weldae line isthe
main cause of fatigue crack initiationarwelded componernBraun, et al., 2022For the case study
detailt he stress component that i s pemplpyedddringhail ar t o
fatigue analysisTherefore, for this study, thEDWs (oad effecty examined are those that cause
maximisation of the transverse-thes hi p6s hul | gi rTthesearetbeB3RarsdBSPCc 0 mp 0 n «
EDWs. For researching purposes, the OST load case waixaenined for the Homogeneous loading

condition in order to verify that indeed it will not be the dominant load case for this loading condition.

Table4.2 presents theffect ofthe Equivalent Design Waves (EDWahidiedon the ship hull.
BothiBSRO ( ma x i nandiBSPognmaximum external pressure) EDMiBeam Sea) affect the

transverse stress randmit it is not readily obviouso whatextent Regarding the rest ohé EDWs
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introduced by IACS 2024), i ISM0O an3Mo A EDWs resul t i n maxi mum
longitudinal directionwhich is not relevant to the problem studied whi | e AOS%id@ EDW
maximum torsional momenRe gar di ng A OST &tredsvalaed are expeeted due dow
torsional moment amidshipAccording to the Rule@ACS 2024, Ch. 4, Sec., 81.1.1) OST load case

will minimise/maximise the torsional moment at 0.25L from the aft ermbr&fore it will rot be
examined(apart from the Homogeneous conditi@s) it will not produce maximum transverse stress
range at the midship locatighiao, et al., 2015) For ths reason, in all four loading conditioBEDWs

fiBSRO andfiBSPO will be studied in order to establish whichewill be the predominant EDWhat

will be usda for eachloadingcondition.

Table4.2: Identification of theEDWsthat induce transverse stress amplit{t&CsS,2024, Ch. 4, Sec. £3.1)

Load Case BSR-1P BSR-2P BSR-1S BSR-2S BSP-1P BSP-2P BSP-1S BSP-2S

EDW fiBSR 0 ABSPO
Heading Beam Beam
Effect Max. Roll Max. pressure at waterline

Interpretati BSR1P and BSRP: BSR1S and BSRS: BSR1P and BSRP: BSPR1S and BSRS:

on Beam sea EDWSs that Beam sea EDWSs that Beam sea EDWSs that Beam sea EDWs that
minimise and maximise and maximise and maximise and minimise
maximise the roll minimise the roll minimise the the hydrodynamic
motion downward and motion downward and hydrodynamic pressure at the
upward on the port sidt upward on the pressure at the watefine amidships on
respectively with starboard side waterline amidships  the starboard side
waves from the port  respectively with on the port side respectively.
side waves from the respectively

starboard side

FromTable4.2 it can be seen that cases BSR and BSP are further categorized for the cases that

the wave comes from the pdrta ¢ r o n gr the stafbéajfl a c r o n sida Thie 8vd ¢ases (wave
coming fran the port and wave coming from the starboard side) are symmetrical if the ship is
symmetrical about the centerlintACS 2024 Ch. 4, Sec. 8, §1.3.2). Since, the case study ship is
symmetrical transversely, tliases BSRP, BSR2P and BSALP, BSP2P will not be considered for

the fatigue analysis of this detalil.
The loads applied in all loazhsegpresented iTable4.2 are:

a) Static and dynamipressure due to dry Bukargo for Homogegous and Alternate
loading conditions,

b) Static and dynamipressure due to liquid for Normaié Heavy Ballast conditions,

c) Static and dynamiexternal pressure for all loadilegnditions and

d) Vertical and horizontal wavand still watetbending momentgadjustment based on
IACS 2024, Ch. 7, Sec. 284)
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e) Vertical waveand still watesshear forceafter adjustment of the shear forces based on
IACS 202, Ch. 7, Sec. %4

More specifically, the load types applied amctelerations used to formulate the pressures
applied BSRO BHINMIG Ndr e rTabe43rin teidTablenthe factors considered for
thedynamic value othe hull girder loads are also documented.

Table4.3: Load types and accelerations for EDVWBR" and 'BSP" before the adjustment

Load case BSR-1S BSR-2S BSP-1S BSP-2S
VWBM Sagging Hogging Sagging Hogging
(0.1-0.2* fr) (0.2* fr-0.1) (0.3-0.8* f) (0.8* fr-0.3)
VWSF Negativeaft Positiveaft Negativeaft Positiveaft
Positivefore Negativefore Positivefore Negativefore
(0.1-0.2*f1)*flp (0.2* fr -0.1)*flp (0.3-0.8* fr)*flp (0.8* fr -0.3)*flp
HWBM Port tensile Stbd tensile Port tensile Stbd tensile
(1.1*fr-1.2) (1.2-1.1* f) (0.7* fr-0.7) (0.7-0.7* f1)
Heave Down Up Down Up
Pitch - - - -
Roll Starboardiown Starboardup Starboardiown Starboardup
Surge - - - -
Sway To portside To starboard To starboard To port
Where,

fr=TLc/Tsc, not to be taken less than 0T&ble4.4 shows the value of factor for each loading

conditionas depicted in the following Table

Table4.4: Factor fr for each loading condition to be used for the calculation of bending moments and shear forces

Loading condition Tic Tsc fr
Homogeneous 16.52In 1m 0.91
Alternate 18.20m 18.2m 1.00
Normal Ballast 8.385n 18.2m 0.50
HeavyBallast 9.354m 18.2m 0.51

flp= Factor depending on longitudinal position along the ship, to be taken as
flp=1, for x/LOO.5

flp=-1, for 0.5<x/L

Further down the formulae used to apply the aforementioned loads are provided

a) Static and dynamicpressuredue to dry bulk cargo for each load case for Homeges and
Alternate conditionForload case8XR, B (IACS 2024, Ch. 4, Sec. 6, §2.4)
P=PystPod (1)
Static pressure in KN/JT0 " @"F0 & G © &
Dynamic pressurarn{ KN/m2):
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where

fo =1.0for BSR and BSP load casafsfatigue assessment

fac = dry cargo factor taken as 0.5 for fatigue assessment

Je = density of bulk cargo

Kc = coefficientwhereKc=coga+(1-siny)sir‘a,

& = longitudinalacceleration at the center of gravity of the hold

G 76O A Q& %OW DI 61 QB 00 1) TH 'Y

(IACS 202, Ch. 4, Sec. 3, 83.2.2)

a = transverse acceleration at the center of gravity of the hold

0w Q& B0 U QoW £dgady

(IACS 2024, Ch. 4, Sec. 3, 83.2.3)

& = verticalacceleration at the center of gravity of the hold

B 60 @BIMOL Q0D T £y @ 00 1) TR T8 O

(IACS 2024, Ch. 4, Sec. 3, 83.2.4)

Z = Height of the upper surface of the cargo above the baseline in way of the load point,
in m, to be takems:zc = hog (Height, in m, of the doublbottom at the centerline, measured at-mid
length of the cargo ho)ét hc (Height of bulk cargo, in m, from the inner bottom to the upper surface of

bulk cargg.

X andyg = X and ycoordinates, in m, of the volumetric centre of gravity of the tank or fully

filled cargo hold

b) Static and dynamic pressure due to liquid for Normal and Heavy Ballast condition, Load
caseBR,BF (IACS 2024, Ch. 4, Sec. 6, 81)

P=Bs+ Py, 2)

Static pressure (in KN/ 0 i @@ "0z O € A 00 W
Dynamic pressurarn{ KN/m2):

0AQ Rz MR z Bz am & Q Z4aw ol O Q  ZW? T

Where:
Py = Design vapour pressure, in kNinbut not less than 25 kN/m
Zwp  =Z coordinate of the highest point of tank, excluding small hatchways, in m

55



fea = Factor for jointprobability of occurrence of liquid cargo density and maximum sea

state in 25 years design life, to be taken as 1.0
JL = density of the internal liquid,

fun = Longitudinal acceleration correction factor for the ullage space above the liquid in
tanks ad ballasholds, taken as 0 . ¢& 4J#(080/&* )] for cargo tanks and ballast holds in fatigue

assessment

lts = Cargo tank length at the top of the tank or length of the ballast hold hatch coaming,
inm.

fuin-t = Transverse acceleratia@orrection factor to account for the ullage space above the

liquid in tanksand ballast holds, taken @s. 5 74 @#Oti80/d* )]

Brop = Cargo tank breadth at the top of the tank or breadth of the ballast hold hatch coaming,

in m, determined at mid lagth of the tank or ballast hold hatch coaming

Xo = x- co-ordinate, in m, of the reference point
Yo = y- co-ordinate,n m, of the reference point
Zo = z-co-ordinate, in m, of the reference point

The reference point is to be taken as the point thighhighest value of Vj, calculated for all
points that definéhe upper boundary of the tank or ballast hold as follows

GO o S O @ FZ GO Q §Q &0

Xj, ¥; andz =x, y and zcoordinaterespectively in m, of the point j on the upper boundary of
the tank or ballast hold

The location and type dbadsof the internal pressure due to eitldey bulk cargo or ballast
loadfor each loading conditigrare illustrated in théollowing Table.It should be noted that the Rules
suggest to study three separate loading schemes for the Heavy Ballast condition (IACS 2024, Ch. 4,
Sec. 8, 85.2.1, Table 25). However, since a specific ship is studied, the loading conditions examined
will be those described at the Trim and Stability Booklet of this specific ship, but if this process is
carried out at the design stage of a ship, it is suggested to examine all three loading schemes suggested

in the Rules.

Table4.5: Type and location of loads; Internal pressyfer (a) and (b) casgdor each loading condition studied as
described in the ATrim & Stability Bookleto of the case st

Internal pressure applied for each loading condition stuéed
Homogeneous No.7 No.6 No.5 Dry bulk cargo load: Applied at: 3 holds (1 + 1 +1)
Fill 100% (N0 5,6,7)
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Alternate No.7 No.6 No.5 Dry bulk cargo load: Applied at:2 outerholds

Fill 54.3% (No 5,7)
Normal No.7 No.6 No.5 Ballast load: Applied at: ballastholds (Topside &
Ballast Fill 100% Double bottom)
T/S &D/B Applied at3 holds (No 5, 6, 7)
Heavy Ballast No.7 No.6 No.5 Ballast load: Applied at: ballast holds (Topside ¢
Fill 100% Double bottompf Hold No.5
T/S &D/B + Cargo hold No. 6 Ballast pressure applied at Cargo hc
No6

c) Static and dynamicsea pressurgPey) for each loading conditiois to be taken as (IACE24,
Ch. 4, Sec. 5, 81.4):

Pex=Pst+Pu (3)
Where:
Ps=Hydrostatic pressure, in kNAdefined inlACS 2024, Ch. 4, Sec. 5, §1.2
Pw=Hydrodynamic pressure, kN/m?, is defined inACS 2024, Ch. 4, Sec. 5, §1.4.2 to §1.4.6

The pressures that accrue from Equations (1), (2) and (3) are applied in the finite element model
generated in Abaqus/CAE through & o | cal |l ed @ Mallowsgod to Befine kpatially whi c h

varying parameter values from an external data source

Hydrodynamic pressure for BSR load cases

Wave pressure, in KN/n?

Load case z T Tic< z wWrT h z>2hy+ Tic
BSR-1S Phn= max ( PB®RJIR, 1} g( 0w Pw=0.0
BSR-2S Pv=max¢PBSR, -Tich ( z vwhw 0
P iz 6
G
06YY pmi @ MPYAP L —— Q p
Where

fp: coefficient taken as fp= ffa[(0.21 + 0.0 f (12 fri 2) B x 104
& Wave length of the dynamic load case, in m, to be taken as+-"Y

Hydrodynamic pressure for BSP load cases

Wave pressure, in kN/n?

Load case z @ T Tc< z wrTe h z>2hv+ Tic
BSP-1S Pv= max ( PBTR, 1 g/ Lo Pw=0.0
BSP-2S Pv=max ¢PBSR, -Tich ( z 0w o 0

£ oz 6
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Where

fp: coefficient taken as fp= ffa[0.2 + (8 + 16 & 107

& Wave length of the dynamic load case, in m, to be takes@2(1 + 2 f)L

fyz: Girth distribution coefficient to be obtained from Table 25, p. 286S 2021

d) Vertical and horizontal wave and still water bending moments

The value of the vertical wavbending moment is defined in IACS 20Zh. 4, Sec. 4, while
the valie of the horizontal wave bending moment is defindd@S 2024, Ch. 4, Sec. 4

The vertical and horizontal bending moments are applied in independent points set outside of
the model with are set to move to the neutral axis of the section once the analysisTé@rtgiter
nodes of the longitudinal members at both end sections of the model are kinematically coupled with the

aforementioned independent points.

In these points, vertical and horizontal bending moments are applied. Horizontal bending
moment is positive when it induces tensile stresses at the starboard and negative otherwise. Vertical

bending moment is positive when it induces tensile stressessttéingth deck and negative otherwise.
e) Vertical wave and still water shear force

The value of the vertical wave shear force is defined in I2G3&, Ch. 4, Sec. 4, 83.5.3he
loads will be applieédccordingly after adjustment of the madel

Adjustment of hull girder loads

In the following figure the path from the application of loads until the acquisition of the
developed stresses at the hot spot locations is presented.
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Figure 4.6: Schematic representati of the path from load application until acquisition of stresses for the fatigue analysis

Further down, the process of adjustment is examined.

Adjustment of hull girder shear force

For theadjustment of the hull girder shear force, two methodseadable (CSRH, 2024

- Method 1 (M1): for shear force adjustment at one bulkhead of thénahigl and
- Method 2 (M2): for shear force adjustment at both bulkheads of théatdd

For the considered FE load combination, the method to be applied is todiedsakefollows:

For maximum shear force load combination (Max SFLC), the method 1 applies. In the present
study, according to Table 25 p. 307 (CSR240 none of the loading conditions studied aim at

maximising the shear force loading combination. TreeefMethod 2 will be applied.

Method 2 for vertical shear force adjustment at both bulkheads

The required adjustments in shear force at both transverse bulkheads of-tichaice to be
made byapplying:
- Vertical bending moments, W aft, My fore at modkends and,

- Vertical loads at the transverse frame positifla®rs) in order to generate vertical shear

forces, @Qaft and @Qfwd, at the transverse
0 "Q¢ 1 @O QO 0 0 0
0w z
C C
0w 0w
« 0 0 0 0
Yo
C
Y0 Y0
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where:

My_aft, My_fore Vertical bending moment, in Nm, to be applied at the aft and fore ends in
accordance witlCh. 7, Sec. 2, 84.4.10 (CSR, 24) to enforce the hull girder vertical shear force
adjustment. The sign convention is that of fiemodel axis.

o Q a:fAdjustment of shear force, in N, at aft bulkhead of-fmatH.

pQf wAdljustment of shear force, in N, atré bulkhead of midhold.

Qaft: Vertical shear force, in N, due to local loads at aft bulkhead location dfafid xb_ aft,
resultingfrom the local loads calculated Step 1. Since the vertical shear force is discontinued at the
transversébulkhead location, Qaft is the maximum absolute shear force between the stations located
right after and right forward of the aft bulkhead of rhild.

Qfwd: Vertical shear force, in N, due to local loads at the forward bulkhead location-of mid
hold, xbb_fwd, resultingfrom the local loads calculateat Step 1. Since the vertical shear force is
discontinued at the transverse bulkhead location, Qfwd is the maximum absolute shear force between
the stationgi.e. web floor platedipcated right after and rigtiorward of the forward bulkhead of mid
hold.

Qtarg-fwd, Qtargaft: Target hull girder shear force at the forward and aft bulkhead of the mid
hold calculated according to Ch. 7, Sec. 2, 84.3.3 (CSR)20

Vertical Bending Moment Adjustment

In case the tget vertical bending moment needs to be reached, an additional vertical
bending moment is the applied at both ends of the cargo hold FE model to generate this target
value in the miehold of the model.

This end vertical bending moment is given as fofow

0 0 0

Mv-end Additional vertical bending mometa be applied to both ends of FE maqdel

Mv-targ: HOgging (positive) or sagging (negative) vertical bending moment

Mv-peak Maximum or minimum bending momewithin thelength of the miehold due
to the localoads and due to the shear force adjustmMiteaxis to be taken as the maximum
bending moment if Miargis hogging (positive) and as th@nimum bending moment if Marg
is sagging (negative).

Horizontal Bending Moment Adjustment

In case the target horizontal bending moment needs to be reached, an additional horizontal
bending moment is to be applied at the ends of the cargo tank FE model to generate this target value

within the midhold. The additional horizoat bending moment is to be taken as:
0 0 0
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Where:
Mh-end Additional horizontal bending moment to be applied to both ends of the FE model
Mharg: Target horizontal bending moment
Mh-peak Maximum or minimum horizontal bending moment within the length of thehmid
due to the local loads.
The shear force, vertical bending moment and horizontal bending moment adjustment diagrams

for all load cases and loading conditi@re presented in Agmdix 2.

Boundary conditions

Based on IACSin order to directly applythe aforementionetbadsto the model proper
boundary conditions have to be appligtie boundary conditions consist of the rigid links at model
ends, point constraints aeddbeams.

The end beams are applied in order to simulate the warping constraints from-the cut
structures at both ends of the cargo hold model. Under torsional load, this out of plane stiffness acts as
warping constraintlNV GL AS, 2016,83.2.2). Inthe present study torsional load will not be applied
becauséi OS T 0 idnbBt\dkaminedtherefore end beams will not be inserted.

Regarding théMr.engthat is instructed to be applied at theotation of theaft end, the target
hull girder torsional mom#& needs to be calculated which is determined for the dynamic load cases
OST and OSADNV GL AS, 2016,86.2.4). Since these are not included in this studyenMvill not

be applied and therotation is fixed.

For the fore end, the-txanslationconstraint is applied to the intersection betweenterline

and inner bottom at forend to ensure the structure has enough support (BNXS, 2016,83.2.1).

The nodes at the ends of the longitudinal members adjoining botkeetidns are gidly
linked to independent points that lie in the neutral axis of the sedttioenterlineRigid link between
thenodeswill keep the distance betwetremconstant. The rotations at the nodes, if they exist, are not
involved in this constrainfAbaqus, 2017). The support condition of théndependent pointsire
documentedn Table4.6.

Table4.6: Support condition of the independent point

Location of the independent point Translational Rotational
Dx Dy Dz RXx Ry Rz
Independent point on aft end of the - Fix Fix Fix
model
Independent point on fore end of - Fix Fix Fix
the model
Intersection of the centreline and Fix - -

inner bottom at fore end
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4.4.41 oads and Boundary Conditiofim the Submodel

The submodel rurs as a separate analysis. The only link between thersalel and theargo

holdmodeli s t he transfer of the variabl esdteed) hefr el
submodel.More specifically, the displacements of the analysis of the cargo hold model to the region
of the submodel acted as boundary conditions and loading to thesdel. Only these displacements

were taken into consideration to the analydCS 2024, Ch. 7,Sec. 3, §4)

Figure 4.7: Application of the boundary conditions at the submodel

4.4 .5Establishment ofatiguestress rangand fatigue damage

Further down, the process that was implemented to calculabetispotstress amtroduced
by IACS Q024) is explainedThe background for the proceduresiglained by Lotsbergt al., 2008,
(I. Lotsberg, T. A. Rundhaug, H. Thorkildsen, A5 B & T. Lindemark (2008A procedure for fatigue
design of wekstiffened cruciform connections, Ships and OffshSteictures, 3:2, 11326, DOI:
10.1080/17445300701797145

Table4.7: Hot spot stress calculation

Hot spot location Hot spot
calculation

Web-stiffened  cruciform , O°Y, "¥Qo

joints: Hot spots in way of {Shift=Maximum

stress Stress read out point Applies to

Welded bwer hopper
knuckle connection

(o]
() m"Qbf @

web (ACS2024, Ch. 9,
Sec. 5, 84.3)11

Figure 21 Hot spots In way of web

principal surface stress

The principal stress at th
hot spot is calculatec
from the extrapolatec
component

values (Principal stres
within an angle + 450 tc
the normal to the weld
(CN30.7, 2014, 8§10.3.1
p. 64)

Hot spot5: Side girder
Radiused lower hoppe
knuckle connection

Hot spot 4: Hopper web
outboard of side girder
Hot Spot 5:Hopper web,
inboardof side girder
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Bent hopper knuckle

. O, ¥QQO0

(IACS2024, Ch. 9, Sec. 5 GShift=Surface principal

§3.3)

stress, in N/mr at the
shifted read out positior
and taken as:
. ¥0Q0
. 0Qé 01 MO
. 0 Q& QEIEXN0

(o]
() m"Qbf @

Radiused
knuckle
Hot spot 1: Inner botton
plate on ballast tank side
inboard of the side girdet
Hot spot 2: Radiusec
hopper sloping plate or
ballast tank side
outboad of the side
girder

Hot spot 3: Radiusec
hopper sloping plate ot
ballast tank side, outboar
of the

side  girder,
transverse web

lower hoppe

towards

Web stiffened cruciform
joint:

. OYpp @, QO
ashift=Surface principal

Hot spot stress at the stress, in N/mi at the

flange (ACS2024, Ch. 9,

Sec. 5, §4.2)

Hot spot at flange

Hot spots in *5
way of the web

shifted read out positior
and taken as:
. ¥QQ0
, 0Qa 0l @EDQ

L)
z 0 Q& QEIEXN0
21
b Pl ate
stress correctior
factor=135, taken as:

f

)
n&)(pmﬁ)%—

T[&Z

o)

Welded bwer hopper
knuckle connection:

Hot spot 1: Inner bottorr
plate, on cargo tank side
Hot spot 2: Hopper
sloping plate, on cargc
tank side

Hot spot3: Inner botbm
plate, onballasttank side
Hot spot 4: Hopper
sloping plate, onballast
tank side

Type

6 b & hob spat

, OYpd @, ¥QO

located at a plate edg GShift=Surface principal
(IACS2024, Ch. 9, Sec. £ stress, in N/mif at an

§3.1)

absolute distance fron
the intersection line of &
mm

.

Absolute distance from th
intersection line of 5 mm (In thit
case, A50=10mm)

Lower side frame bracke
toe connection:

Hot spot 2: Hold frame
toe in way of face plate
termination

Side framing bracketo
upper sloping connection
Hot spot 2: Hold frame
toe in way of face plate
termination

Welded lower hoppel
knuckle connection

Hot spot 6: Scarfing
bracket to the innel
bottom plate

Type

6 a & hoh gpdt

, OYpd @, ¥QO

Absolute distance from th

located at a plate surfac (Shift=Surface principal intersection line of 5 mm (In thi

(IACS2024, Ch. 9, Sec.
§3.1)

stress, in N/mrf

case, ts0=10mm).

Lower side frame bracke
toe connection:

Hot spot 1: Hopper
sloping platein way of
hold frame toe

Side framing bracket tc
upper sloping connection
Hot spot 1: Topside
sloping plate in way of
hold frame toe
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After the abovementioned calculations, hot spot stress riara@#ained. Therefore fatigue

stress range is calculated as follows.
P s, = max (o isi)

Where
o @sigy denotes théatigue stress range, in N/mm2, for load case (ipading condition (j)
For webstiffened connections, the fatigue stress ramgeld be:
o s, G=fw*f sFmax (op Bt ig), 0P B i) (6)
where
fw= Correction factor for the effect of stress gradient along weld line given as 0.96
fs= Correction factor for the effect of supporting membeegias 0.95
o s, iy= Fatigue stress range, in N/myrdue to the principal hot spot stress ragm@s: ij)
o G, ig)= Fmeant, iff thick*f * 0P bhst, ig)
o e, i= Fatigue stress range, in N/myrdue to the principal hot spot stress ragqués: i)
P b=, i)= 0.9% mean, ig)*f iick*f & P Bis2, i)
fmean, ig= Correction factor accounting for mean stress (IAD24, Ch. 9, Sec. 3, 8342.
finick= Correction factor for plate thickness efféldCS 2024, Ch. 9, Sec. 3, 8§3.3)

fc= Correction factor for the hull girder stresses calculated by FE (or simplified) analysis equal
to 0.95.

oo ths1, ig= Principal hot spot stress ranges, in N/mdue to dynamic loads for load case (i) of
loading condition (j) which acts within £45° of tiperpendicular to the weld toe, for the two types of
shell elements (hode or 8node).

o sz, iy= Principal hot spot stress ranges, in N/fmdue to dynamic loads for load case (i) of
loading condition (j) which actsutsidex45° of the perpendicular the weld toe, for the two types of

shell elements (hode or 8node).

The elementary fatigue damage for each fatigue loading condition (j) is to be calculated
independently for botprotected irair environment and unprotected corrosanironment, based on
the fatigue stress rangdtained for the predominant load case as foll&€S 2024, Ch. 9, Sec. 3,
§5.2.1).

=|='JJ ¢ ﬁD O
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Where:

Np = Total number of wave cycles experienced by shiring the design fatigue life, equal to
00 o@uXp mz"@z"OFta ¢ "Q0

fo =Factor taking into account time in seagoing operations excluding time in loading and

unloading repairs, etc.equal to 0.85.

g = Fraction of time depending on the loading condition (IAD24, Ch 9, Sed, Table 3
plis g = Fatigue stress range at the reference probability level of exceedancg iof NIEmn?.

Nr = Number of cycles corresponding to the refergmodability of exceedance of 20Ng= 100
3 =Weibull shape parameter equal to 1.0

t(x) =Complete gamma function

K> = Constant of the designI$ curve, as given ihACS 2024, Ch. 9, Sec. 3Table 2 for inair
environment and iPACS 2024 Ch. 9, Sec. 3Table 3 forcorrosive environment.

) = Coefficient taking into account the change of inverse slope of-the@ve, m

The combined fatigue damage in protectedhimenvironment and unpiected corrosive

environment for eacloading condition (j) is to be calculated as follows

Ir

I A
S

T

| -
=l

T »»”

—JL]

Where:
Dg, airjy=The elementary fatigue damage foraiin environment for loading condition (j)
Dk, con) = The elementary fatigue damage for corrosive environment for loading condition (j)

The total fatigue damage for all applicable loading conditions is calculated as fAI@\S
2024 Ch. 9, Sec. 3, 85.4.1):

Where:
D;= Combned fatigue damage for each applicable loading condition

The fatigue life F, is taken agIACS 2024 Ch. 9, Sec. 3, §5.5:3)
P PP
Q" Y 'Y
1|=' m+ » %_
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45 Resultsof the fatigue analysis

45.1 Fatigue life at hot spots

In Table 4.8 the stress range values are depicted for each of the Hot Spots in eaat load
condition and f or b oFohHomdgehedas candittbn, OF H&dcas&Hasbeen
added in order to better establish that it does not provide the maximum stress range value for the loading
condition studiedror each loading condition thredominant load case, whose values are kept for the
fatigue life calculations, is the one where maximum stress range accrues. The value highlighted in bold
for each loading condition is the maximum value that accrues between the two EDWSs and is the one
used for the fatigue life calculation§he values of stresses for each load case and loading condition are
provided in the Appendix.

Table4.8: Fatigue stress range (MPa) for each loading condition at each EDW for the Hot Spot locations studied

Loading EDW Top Inner Top Bottom Bottom Side Bracket
condition Bottom Hopper Inner Hopper Girder
Bottom
= U FS ( OGFM®pa) ldFS ( pUFS @O FS dFS
Q (Mpa) (Mpa)  (Mpa)
LT; Homogeneous BSR 7.1 17.7 17.7 8.2 10.1 16.8
v
8 BSP 29.0 42.5 28.3 42.2 14.4 7.0
g OST 21.7 18.8 16.8 28.8 12.8 14.9
8 Alternate BSR 6.6 12.6 9.4 18.0 2.0 7.2
3:' BSP 146.4 104.2 147.0 104.6 117.2 31.9
% Normal Ballast BSR 27.0 25.2 26.4 25.6 8.5 3.7
g BSP 74.0 68.2 73.5 68.2 35 12.6
Heavy Ballast BSR  58.6 59.2 58.5 59.8 69.9 48.5
BSP 53.2 7.1 47.6 7.7 13.0 18.3

Having established the EDW that will be used at each loading condition from which the stress
range values will be used, the calculations proceed and the elementary fatigue damage ratio at each
loading condition is identified. Then, the cumulative fatigamége ratio is established and fatigue life

of each Hot Spot is identified. The aforementionedda@imentedn Table4.9.
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Table4.9: Elementary fatigue damag in-air environment and in corrosive environmesrtd fatigue life forthe hot spot
locationsstudied

Hot spots Dair Dcorr Tf (years)
(Z) Top Inner Bottom 2.42 5.15 12.80
<—(l I;: Top Hopper 0.99 2.34 19.31
% %f Bottom Inner Bottom ~ 2.21  4.57 13.22
Cn): % Bottom Hopper 1.02 2.36 19.12
le) Side Girder 1.18 2.61 17.79
© Bracket 0.08 0.17 >100

FromTable4.9it is identified thathe overall fatigue life of the detail lies H2.8years which
is significantly lower than the ship's design fatigue life set at 25 ylars. it is noted thaall Hot Spot
locations studied, apart from the bracket locatigrovide low fatigue life. These locations are

considered as critical.

4.6 Concluding remarks

In the present chapter a fatigue analysis was conducted at the lower hopper knuckle connection
of a bulk carier. Dynamic loading was applied by implementing the equivalent design wave concept.
First, a cargo hold model was generated and then a fine mesh submodel, which included the area of
interest was extracted. The fatigue life in &bt spots indicated byACS was calculated. All stepef
the fatigue analysisave been described in detahichwill be of use when performing fatigue analyses

of other parts of the ship.

During the application of dynamic loading in the cargo hold analysis, it was idethifiethe
beam sea condition is the one which induces fatigue damage in the detail hecaffeet is the
maximization/minimization othe transverse stress component which causes fatigue damage to the
detail Also, it was noticed thahe Alternate loding condition is the one in which the highest stress
range arises, in the connection for Hot Spot locatsbndied High stress ranges were also developed
at the Ballastoading conditios. At the end of the fatigue analysthe fatigue life in way ofhe hot
spot locationsstudiedwas calculated. The critical fatigue life of the case study detail was found to be
equal tol2.8years. This is significantly lower than the design fatigue life of the ship (25 years).

In the nextchaptertthe proposed methodology is applied by identifying the structural members

of the detail that affect the development of high stress valuessatweehot spot locations.
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4.7 Appendix1: Hot spot stress values

the FE modedrre presented in the following Tableshould be noted that SMEM stands for membrane

The stress valugin MPa)for each load case and loading conditianobtained directly from

stress while SBEN stands for bending stress.

Hot spot: Top layer of Inner bottom plate

HOMOGENEOUS-BSR
BSR-15 BSR-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN GHSi2(j)xy
At 8.25mm 20.4 19.6 At 8.25mmr 10.3 -0.7|At 8.25mm -11.0 N/mm2  |At8.25mn 26.5 -11.5 At 8.25mn 16.5 -3.5|At 8.25mn -5.0 N/mm2
At 24.75m 17.5 4.5 At 24.75m 9.9 -10.1|At 24.75m -12.0 N/mm2  |At 24.75m 23.5 -2.5 At 24.75m 16.3 -5.8|At 24.75m -4.0 N/fmm2
At13.75m 19.4 14.6 At13.75m 10.2 -3.8 -11.3 At 13.75m 25.5 —8.5‘ At13.75m 16.4 -4.3|At 13.75m -4.7 N/fmm2
oshift= 26.5 oshift= 7.4 -11.3 oshift= 19.2 oshift= 13.0 oshift= -4.7
oHs1= 29.6 oHs2= 8.3 -12.7 oHs1= 21.5 oHs2= 14.6 OHS2xy= 5.2
HOMOGENEOUS-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN HSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 10.5 -15.5 At 8.25mm 30.3 -3.0[At 8.25mm -3.0 N/mm2  [At8.25mm 48.0 -31.0 At 8.25mm 11.3 6.7|At8.25mm -1.0 N/mnf
At 24.75mm 13 -13.3 At 24.75mm 30.5 -6.2|At 24.75m -2.0 N/mm2 (At 24.75mm 41.5 -5.9 At 24.75mm 9.5 17.5|At 24.75m -3.0 N/mnf
At 13.75mm 7.4 -14.8 At 13.75mm 30.4 -4.1|At 13.75m -2.7 N/mm2  [At 13.75mm 45.8 -22.6 At 13.75mm 10.7 10.3|At13.75m -1.7 N/mn|
oshift= -1.3 oshift= 26.2 oshift= -2.7 oshift= 30.3 = 15.8 oshift= -1.7
oHS$1= -15 oHS2= 29.4 oHS1xy= -3.0 oHS1= 33.9 = 17.8 oHS2xy= -1.9
HOMOGENEOUS-OST
0sT-15 05T-28
Inside +450 Outside 450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSI1(j)xy SMEM SBEN SMEM SBEN HSI2(j)xy
At 8.25mm 15.00 0.00 At 8.25mm 0.10 0.00|At 8.25mir 5.30 N/mm2 |At8.25mm 1.00 -5.00 At 8.25mir -0.40 1.60|At 8.25mm -1.00 N/mm2
At 24.75m 17.00 4.00 At 24.75m 0.00 0.00|At 24.75m 8.10 Nfmm2 |[At24.75m 0.25 -3.75 At 24.75m -1.40 1.60|At 24.75m 0.35 N/mm2
At 13.75m 15.67 11.83 At 13.75m 0.07 10.50|At 13.75m 6.23 N/mm2 |[At13.75m 0.75 -4.58 At 13.75m -0.73 At 13.75m -0.55 N/mm2
oshift= 21.38 ashift= 5.98 oshi 6.23 oshift= -1.88 oshift= -0.69 oshift= -0.55
oHS1= 23.94 oHS2= 6.69 OHSIxy= 6.98 oHS1= -2.10 oHS2= -0.77 oHS2xy= -0.62
ALTERNATE-BSR
BSR-15 BSR-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSI1(j)xy SMEM SBEN SMEM SBEN aHSi2(j)xy
At 8.25mm -207.5 137.5 At 8.25mm -29.1 -41.0|At 8.25mm -13.0 N/mm2 |At8.25mm -213.0 139.0 At 8.25mm -30.0 -43.0|At 8.25mm -13.0 N/mm2
At 24.75m -254.0 38.0 At 24.75m -18.0 -119.0(At 24.75m -35.0 N/mm2  |At24.75m -267.5 39.5 At 24.75m -18.5 -123.5|At 24.75m -36.0 N/mm2
At 13.75m -223.0 104.3 At 13.75m -25.4 -67.0|At 13.75m -20.3 N/mm2 |At13.75m -231.2 105.8 At 13.75m -26.2 -69.8|At 13.75m -20.7 N/mm2
oshift= -150.6 ashift= -61.5 oshift= -20.3 oshift= -157.4 oshift= -63.9 oshift= -20.7
oHS1= -168.7 aH52= -68.9 oHS1xy= -22.8 oHS1= -176.3 oHS2= -71.6 oHS2xy= -23.1
ALTERNATE-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1 (j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm -342.5 121.5 At 8.25mm -13.5 -91.5(At 8.25mm 23.0 N/mm2 |At8.25mm -204.5 165.5 At 8.25mm -41.5 -30.5| At 8.25mm -23.0 N/mm2
At 24.75m -402.0 35.0 At 24.75m 9.0 -225.0(At 24.75m -17.0 N/mm2  |At 24.75m -196.0 28.0 At 24.75m -32.5 -98.5|At 24.75m -41.0 N/mm2
At 13.75m -362.3 92.7 At 13.75m -6.0 -136.0(At 13.75m 9.7 N/mm2 |At 13.75m -201.7 119.7 At 13.75m -38.5 -53.2|At 13.75m -29.0 N/mm2
oshift= -288.0 oshift= -82.2 oshift= 9.7 oshift= -121.9 oshift= -66.1 ashift= -29.0
oHS1= -322.5 oHS2= -92.1 oHSIxy= 10.8 oHS1= -136.6 oHS2= -74.0 aHS2xy= -32.5
e NORMALBAUASTES®R
BSR-1S BSR-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN GHSi2(j)xy
At 8.25mm -35.5 21.5 At 8.25mm -32.5 -3.5|At 8.25mm -0.2 N/mm2  |At 8.25mm -4.0 25.0 At 8.25mmr -41.0 2.0|At 8.25mm -19.0 N/mm2
At 24.75m -31.0 3.0 At 24.75m -31.0 -10.0|At 24.75m -2.6 N/mm2  |At 24.75m -3.4 1.5 At 24.75m -40.5 -7.5|At 24.75m -22.0 N/mm2
At 13.75m -34.0 15.3 At 13.75m -32.0 -5.7|At 13.75m -1.0 N/mm2  |At13.75m -3.8 17.2 At 13.75m -40.8 -1.2|At13.75m -20.0 N/mm2
oshift= -23.3 oshift= -33.2 oshift= -1.0 oshift= 6.1 oshift= -39.0 oshift= -20.0
oHs1= -26.1 oHS2= -37.2 OHS1xy= -1.1 oHs1= 6.8 oHs2= -43.7 OHS2xy= -22.4

BSP-1S BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN OHSi1(j)xy SMEM SBEN SMEM SBEN GHSi2(j)xy
At 8.25mir -105.5 747 At 8.25mr -41.5 -12.5(At 8.25mm -3.6 N/mm2  [At 8.25mm 18.7 74 At 8.25mm -56.0 5.0|At 8.25mm -20.0 N/mm2
At 24.75m -91.5 13.5|. At 24.75m -37.5 -38.6(At 24.75m -11.0 Nfmm2  |At 24.75m 15.5 -1.5 At 24.75m -56.0 1.0|At 24.75m -22.0 N/mm2
At 13.75m -100.8 54.3 At 13.75m -40.2 -21.2|At 13.75m -6.1 N/mm2 [At 13.75m 17.6 4.4 At 13.75m -56.0 3.7|At13.75m -20.7 N/mm2
oshift= -64.1 oshift= -49.6 oshift= -6.1 oshift= 19.1 ashift= -50.5 ashift= -20.7
oHS1= -71.8 oHS2= -55.6 oHSIxy= -6.8 oHS1= 21.3 oHS2= -56.6 aHS2xy= -23.1
| HEAVY BALLAST-BSR
BSR-18 BSR-2§
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 237.0 -117.0 At 8.25mnm -28.0 65.0|At 8.25mm 1.9 N/mm2 |At 8.25mm 260.0 -107.0 At 8.25mnm 58.7 55.4|At 8.25mm -5.0 N/mm2|
At 24.75m 3325 -18.5 At 24.75m -44.0 169.0|At 24.75mm 301.0 N/mm2 |At24.75m 319.5 -19.5 At 24.75m 44.0 137.0|At 24.75m -29.0 N/mm2]
At 13.75m 268.8 -84.2 At 13.75m -33.3 99.7|At 13.75mm 101.6 N/mm2 |At13.75m 279.8 -77.8 At 13.75m 53.8 82.6|At 13.75m -13.0 N/mm2
oshift= 205.0 oshift= 24.8 oshift= 101.6 oshift= 218.9 oshift= 97.0 oshift= -13.0
oHS1= 229.6 oHS2= 27.8 oHS1xy= 113.8 oHS1= 245.2 oHS2= 108.6 OHS2xy= -14.6
| HEAVY BALLAST-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mn 224.5 -133.5 At 8.25mn -25.0 53.1|At 8.25mm 8.3 N/mm2 |At8.25mm 244.5 -117.3 At 8.25mn 55.5 2.6|At 8.25mm -7.3 N/mm2
At 24.75m 303.0 -47.0 At 24.75m -38.5 141.5|At 24.75m 33.0 N/mm2 |At24.75m 319.5 -39.5 At 24.75m 138.5 -11.2| At 24.75m 17.0 N/mm2
At 13.75m 250.7 -104.7 At 13.75m -29.5 82.6|At 13.75m 16.5 N/mm2 |At13.75m 269.5 -91.4 At 13.75m 83.2 -2.0|At 13.75m 0.8 N/mm2
oshift= 176.4 oshift= 18.8 oshift= 16.5 oshift= 201.6 oshift= 77.0 oshift= 0.8
oHS1= 197.6 oHS2= 211 oHS1xy= 18.5 oHS1= 225.7 oHS2= 86.2 oHS2xy= 0.9
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Hot spot: Bottom layer of Inner bottom plate

HOMOGENEOUS-BSR
BSR-1S BSR-25
Inside +450 Outside +450 Inside 450 Outside +450
SMEM SBEN SMEM SBEN aHSi1(j)xy SMEM SBEN SMEM SBEN OHSI2(j)xy
At 8.25mm 20.4 -19.6 At 8.25mm 10.3 0.70|At 8.25mm -14.00 N/mm2 |At8.25mm 26.5 -11.50 At 8.25mmm 16.5 3.50|At &.25mm 2.00 N/mm2
At 24.75m 17.5 -3.5 At 24.75m 9.9 9.10|At 24.75m -13.00 N/mm2 |At24.75m 23.5 -3.50 At 24.75m 16.3 6.75|At 24.75m 1.00 N/mm2
At13.75m 19.43 -14.23 At 13.75m 10.17 3.50|At 13.75m -13.67 N/mm2 |At13.75m 25.50 .83 At13.75m 16.42 4.58|At 13.75m 1.67 N/mm2
oshift= 10.23 oshift= 11.52 oshift= -13.67 oshift= 18.97 oshift= 18.00 oshift= 1.67
oHs1= 11.45 gHS2= 12.90 OHS1xy= -15.31 oHs1= 21.24 oHs2= 20.15 oHS2xy= 1.87
| HOMOGENEOUS-BSP
BSP-15 BSP-25
Inside +450 Outside 450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSI1(j)xy SMEM SBEN SMEM SBEN HSI2(j)xy
At 8.25mm 10.5 -15.5 At 8.25mm 30.3 -3.3|At 8.25mir 3.0 N/mm2  [At8.25mm 48.0 -31.0 At 8.25mir 11.3 6.7|At 8.25mm -0.2 N/mm2
At 24.75m 1.3 -12.8 At 24.75m 30.5 -6.5|At 24.75m 3.0 N/mm2 (At 24.75m 41.5 -6.5 At 24.75m 9.5 16.5|At 24.75m 9.0 N/mm2
At 13.75m 7.4 -14.6 At 13.75m 30.4 -4.4|At 13.75m 3.0 N/mm2 (At 13.75m 45.8 -22.8 At 13.75m 10.7 10.0|At 13.75m 2.9 N/mm2
oshift= -1.3 ashift= 26.1 oshi 3.0 oshift= 30.2 oshift= 15.7 oshift: 2.9
oHS1= -1.4 oHS2= 29.2 OHSIxy= 3.4 oHS1= 33.8 oHS2= 17.5 oHS2xy= 3.2
HOMOGENEOUS-0OST
05T-15 05T-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 20.00 1.00 At 8.25mmr 0.10 0.00|At 8.25mm 11.00 N/mm2  |At 8.25mm 15.00 5.00 At 8.25mm -0.40 -1.60| At 8.25mm 1.40 N/mm2
At 24.75m 21.00 -4.00 At 24.75m 0.00 0.00|At 24.75m 8.00 N/mm2 |At 24.75m 16.00 3.75 At 24.75m -1.40 -1.60|At 24.75m -2.00 N/mm2
At 13.75m 20.33 18.73 At 13.75m 0.07 20.40|At 13.75m 10.00 N/mm2 |At 13.75m 15.33 4.58 At 13.75m -0.73 At 13.75m 0.27 N/mm2
oshift= 29.64 ashift= 11.55 ashift= 10.00 ashift= 16.98 oshift= -0.69 oshift= 0.27
oHS1= 33.20 aHS2= 12.94 oHS1xy= 11.20 aHS1= 19.02 oHS2= -0.77 oHS2xy= 0.30
ALTERNATE-BSR
BSR-1S BSR-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSI1(j)xy SMEM SBEN SMEM SBEN GHSI2(j)xy
At 8.25mm -207.5 137.5 At 8.25mm -29.1 -41.0|At 8.25mm -24.0 N/mm2  |At 8.25mm -213.0 139.0 At 8.25mm -30.0 -43.0|At 8.25mm -25.0 N/mm2
At 24.75m -254.0 39.0 At 24.75m -18.0 -118.0 At 24.75m -30.0 N/mm2  |At 24.75m -267.5 40.5 At 24.75m -18.5 -124.5|At 24.75m -32.0 N/mm2
At 13.75m -223.0 104.7 At 13.75m -25.4 -66.6|At 13.75m -26.0 N/mm2 |At 13.75m -231.2 106.2 At 13.75m -26.2 -70.2|At 13.75m -27.3 N/mm2
ashift= -150.4 oshift= -61.4 oshift= -26.0 ashift= -157.2 oshift= -64.1 oshift= -27.3
aHS1= -168.5 oHS2= -68.7 oHS1xy= -29.1 aHS1= -176.1 oHS2= -71.8 OHS2xy= -30.6
ALTERNATE-BSP
BSP-1S BSP-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm -342.5 121.5 At 8.25mm -13.5 -91.5|At 8.25mm -1.0 N/mm2  |At8.25mm -204.5 167.5 At 8.25mm -41.5 -30.5|At 8.25mn -32.0 N/mm2
At 24.75m -402.0 35.0 At 24.75m 9.0 -224.0| At 24.75m -14.0 N/mm2  |At24.75m -196.0 31.0 At 24.75m -32.5 -97.5|At 24.75m -37.0 N/mm2
At 13.75m -362.3 92.7 At 13.75m -6.0 -135.7|At 13.75m -5.3 N/mm2 |At13.75m -201.7 122.0 At 13.75m -38.5 -52.8|At 13.75m -33.7 N/mm2
oshift= -288.0 oshift= -82.1 oshift: -5.3 oshift: -120.6 oshift= -65.9 oshift: -33.7
ogHs1= -322.5 -91.9 oHSIxy= -6.0 oHS1= -135.1 -73.8 oHS2xy= -37.7

BSR-1S BSR-2§
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN OHSi1(j)xy SMEM SBEN SMEM SBEN oHSI2 (j)xy
At 8.25mm -35.5 215 At 8.25mm -32.5 -3.5|At 8.25mm -1.2 N/fmm2 (At 8.25mm -4.0 25.0 At 8.25mnm -41.0 2.0|At 8.25mmm -19.0 N/mm2
At 24.75m -31.0 4.0 At 24.75m -31.0 -11.0(At 24.75m -2.2 N/fmm2 [At24.75m -3.4 1.6 At 24.75m -40.5 -9.5|At 24.75m -19.0 N/mm2
At 13.75m -34.0 15.7 At 13.75m -32.0 -6.0|At 13.75m -1.5 N/mm2 [At13.75m -3.8 17.2 At 13.75m -40.8 -1.8|At 13.75m -19.0 N/mm2
oshift= -23.1 oshift= -33.4 oshift= -1.5 ashift= 6.1 oshift= -39.4 oshift= -19.0
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN aHSIL(j)xy SMEM SBEN SMEM SBEN aHSi2(j)xy
At 8.25mmr -105.5 74.5 At 8.25mir -41.5 -13.5|At 8.25mir -6.5 N/mm2 |At8.25mn 18.7 7.3 At 8.25mm -56.0 5.0|At 8.25mm -21.0 N/mm2
At 24.75m -91.5 13.5 At 24.75m -37.5 -38.6|At 24.75m -9.5 N/mm2 |At 24.75m 15.5 -1.5 At 24.75m -56.0 0.0|At 24.75m -20.0 N/mm2
At13.75m -100.8 54.2 At13.75m -40.2 -21.9|At 13.75m -7.5 N/mm2 |At13.75m 17.6 4.4 At13.75m -56.0 3.3|At13.75m -20.7 N/mm2
oshift= -64.2 oshift= -50.0 ashift= -7.5 oshift= 19.0 oshift= -50.7 oshift= -20.7
oHS1= -71.9 oHS2= -56.0 aHS1xy= -8.4 oHS1= 21.3 oHS2= -56.8 oHS2xy= -23.1
HEAVY BALLAST-BSR
BSR-1S BSR-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2 (j)xy
At 8.25mm 237.0 -117.00 At 8.25mm -28.0 65.00(At 8.25mm 18.00 N/mm2 |At 8.25mm 260.0 -108.00 At 8.25mm 58.7 55.35|At 8.25mm 3.00 N/mm2
At 24.75m 3325 -19.50 At 24.75m -44.0 168.00(At 24.75m 27.00 N/mm2 |At 24.75m 319.5 -19.50 At 24.75m 44.0 136.00| At 24.75m 11.00 N/mm2
At13.75m  268.83 -84.50 At 13.75m -33.33 99.33(At 13.75m 21.00 N/mm2 |At13.75m  279.83 -78.50 At 13.75m 53.77 82.23|At 13.75m 5.67 N/mm2
oshift= 204.80 oshift= 24.66 oshift= 21.00 oshift= 218.51 ashift= 96.81 oshift= 5.67
oHS1= 229.38 oHS2= 27.62 oHSIxy= 23.52 oHS1= 244.73 aHS2= 108.42 oHS2xy= 6.35
HEAVY BALLAST-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN OHSI2(j)xy
At 8.25mm 2245 -134.5 At 8.25mnm -25.0 53.0|At 8.25mm 22.0 N/mm2 |At8.25mm 2445 -117.5 At 8.25mm 55.5 2.5|At 8.25mm 8.0 N/mm2
At 24.75m 303.0 -47.0 At 24.75m -38.5 140.5|At 24.75m 29.0 N/mm2 |At24.75m 319.5 -38.5 At 24.75m 1385 -11.5|At24.75m 16.0 N/mm2
At 13.75m 250.7 -105.3 At13.75m -29.5 82.2|At 13.75m 24.3 N/mm2 |At13.75m 269.5 -91.2 At 13.75m 83.2 -2.2|At13.75m 10.7 N/mm2
ashift= 176.0 oshift= 18.6 ashift= 24.3 oshift= 201.7 oshift= 76.9 oshift= 10.7
oHS1= 197.1 oHS2= 20.8 aHS1xy= 27.3 oHS1= 225.9 oHS2= 86.1 oHS2xy= 11.9
Hot spot: Top layer of Hopper plate
HOMOGENEOUS-BSR
BSR-1S BSR-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1 (j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 26.5 9.5 At 8.25mm 10.5 2.5|At 8.25mm 22.0 N/mm2 |At8.25mm 11.9 10.9 At 8.25mm 13.5 -7.5|At 8.25mm 0.2 N/mm2
At 24.75m 24.0 5.0 At 24.75m 8.4 4.7 |At 24.75m 24.0 N/mm2 |At24.75m 19.6 -8.6 At 24.75m 15.4 -12.1|At 24.75m 1.0 N/mm2
At 13.75m 25.7 8.0 At 13.75m 9.8 3.2|At 13.75m 22.7 N/mm2 |At13.75m 14.4 4.4 At 13.75m 14.1 -9.0|At 13.75m 0.5 N/mm2
oshift= 28.6 oshift= 11.0 ashift= 22.7 oshift= 16.0 ashift= 8.2 oshift= 0.5
oHS1= 32.0 oHS2= 12.3 aHSIxy= 254 oHS1= 17.9 aHS2= 9.2 oHS2xy= 0.5
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HOMOGENEOQUS-BSP

BSP-1S BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN OHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
-2.7 -11.3 At 8.25mm 33.5 4.6|At 8.25mm -3.0 N/mm2  |At8.25mm 33.5 21.6 At 8.25mm 8.4 -8.8|At 8.25mm -1.2 N/mm2
-0.7 -1.3 At 24.75m 33.0 7.0[At 24.75m -4.0 N/mm2 |At24.75m 29.5 4.5 At 24.75m 8.0 -14.0|At 24.75m 0.8 N/mm2
-2.0 -8.0 At 13.75m 33.3 5.4|At 13.75m -3.3 N/mm2 |At13.75m 32.2 15.9 At 13.75m 8.2 -10.5|At 13.75m -0.5 N/mm2
-6.4 oshift= 34.3 i -3.3 oshift= 39.2 i 1.8 oshift= -0.5
-7.2 oHS2= 38.5 -3.7 oHS1= 43.9 OHS2= 2.0 OHS2xy= -0.6
HOMOGENEOQUS-OST
0OST-18 0OST-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN OHSI1(j)xy SMEM SBEN SMEM SBEN OHSI2(j)xy
At 8.25mnm 12.50 0.20 At 8.25mm 0.10 0.00 |At 8.25mm 3.60 N/mm2 |At8.25mm 8.90 0.30 At 8.25mm -1.00 1.00(At 8.25mm -0.80 N/mm2
At 24.75m 13.60 0.30 At 24.75m 0.00 0.10 (At 24.75m 3.60 N/mm2 |At24.75m 6.30 0.00 At 24.75m -0.65 0.35|At 24.75m -0.20 Nfmm2
At 13.75m 12.87 26.53 At 13.75m 0.07 26.53|At 13.75m 3.60 N/mm2 |At13.75m 8.03 0.20 At 13.75m -0.88 At 13.75m -0.60 N/mm2
oshift= 27.03 oshift= 15.01 oshift= 2.60 oshift= 7.66 ashift= -0.83 ashift= -0.60
oHs1= 30.27 oHS2= 16.81 OHS1xy= 4.03 oHs1= 8.57 oHs2= -0.93 oHS2xy= -0.67
ALTERNATE-BSR
BSR-1S BSR-2S
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm -248.0 -101.0 At 8.25mm -24.5 25.5|At 8.25mm 13.0 N/mm2  |At 8.25mm -254.0 -99.0 At 8.25mm 26.5 -25.3| At 8.25mm 13.0 N/mm2
At 24.75m -243.0 -36.0 At 24.75m -34.5 77.3|At 24.75m -2.0 N/mm2 |At 24.75m -256.0 -36.0 At 24.75m -17.0 63.0|At 24.75m -2.4 N/mm2
At 13.75m -246.3 -79.3 At 13.75m -27.8 42.8|At 13.75m 8.0 N/mm2 |At13.75m -254.7 -78.0 At 13.75m 12.0 4.1|At 13.75m 7.9 N/mm2
oshift= -276.0 ashift= -2.0 ashift= 8.0 ashift= -283.0 oshift= 13.6 oshift= 7.9
oHS1= -309.1 aHS2= -2.3 oHS1xy= 9.0 aHS1= -317.0 oHS2= 15.2 oHS2xy= 8.8
ALTERNATE-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN OHSI1(j)xy SMEM SBEN SMEM SBEN OHSI2(j)xy
At 8.25mnm -259.0 -97.0 At 8.25mm 29.5 102.5|At 8.25mm 9.5 N/mm2 |At8.25mm -249.0 -97.0 At 8.25mm -46.5 8.5[At 8.25mm 16.0 N/mm2
At 24.75m -339.5 -9.5 At 24.75m 28.0 187.0|At 24.75m -20.0 N/mm2 |At 24.75m -221.0 -32.0 At 24.75m -37.2 33.2|At 24.75m 4.2 N/mm2
At 13.75m -285.8 -67.8 At 13.75m 29.0 130.7|At 13.75m -0.3 N/mm2 |At13.75m -239.7 -75.3 At 13.75m -43.4. 16.7|At 13.75m 12.1 N/mm2
oshift= -306.6 ashift= 100.8 oshift= -0.3 oshift= -267.5 oshift= -31.3 oshift= 12.1
oHS1= -343.4 oHS2= 112.9 OHS1xy= -0.4 oHS1= -299.6 oHS2= -35.1 OHS2xy= 13.5
0 wommaBAUsTBSR®
BSR-1S BSR-2S
Inside 450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN GHSI2(j)xy
At 8.25mm -34.0 -12.0 At 8.25mm -32.5 3.5[At 8.25mm 1.8 N/mm2 |At8.25mm -57.0 5.0 At 8.25mnm -54.0 -17.0|At 8.25mn 8.0 N/mm2
At 24.75m -31.0 -5.0 At 24.75m -32.5 8.5|At 24.75m 0.5 N/mm2 |At24.75m -54.0 -6.0 At 24.75m -49.0 -20.0|At 24.75m 7.5 N/mm2
At 13.75m -33.0 -9.7 At 13.75m -32.5 5.2|At 13.75m 1.4 N/mm2 |At13.75m -56.0 1.3 At 13.75m -52.3 -18.0|At 13.75m 7.8 N/mm2
ashift= -36.4. ashift= -27.6 oshift= 1.4 oshift= -51.8 oshift= -59.3 oshift= 7.8
oHS1= -40.8 oHS2= -30.8 oHS1xy= 15 oHS1= -58.0 oH52= -66.4 oHS2xy= 8.8
. NemwawsausTes
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN GHSi2(j)xy
At 8.25mm -99.5 -42.5 At 8.25mm -40.5 9.5|At 8.25mn 6.0 N/mm2 |At 8.25mm -42.0 19.0 At 8.25mm -71.0 -21.3| At 8.25mm 10.0 N/mm2
At 24.75m -88.5 -10.5 At 24.75m -39.0 21.0|At 24.75m 1.0 N/mm2  |At 24.75m -41.5 -4.2 At 24.75m -85.5 -7.5|At 24.75m 11.0 N/mm2
At 13.75m -95.8 -31.8 At 13.75m -40.0 13.3|At 13.75m 4.3 N/mm2 |At13.75m -41.8 11.3 At 13.75m -100.0 -16.7|At 13.75m 10.3 N/mm2
ashift= -107.9 oshift= -30.0 oshift= 4.3 ashift= -32.9 oshift= -103.3 oshift= 10.3
aHS1= -120.9 oHS2= -33.6 oHS1xy= 4.9 aHS1= -36.9 oHS2= -115.7 oHS2xy= 11.6
HEAVY BALLST-BSR
BSR-15 BSR-25
Inside +450 Outside +450 Inside +450 Qutside +450
SMEM SBEN SMEM SBEN aHSI1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mir 186.5 174.5 At 8.25mr -49.7 -57.3|At 8.25mn -14.0 N/mm2  |At8.25mn 232.0 120.0 At 8.25mm 33.0 -67.0|At 8.25mm -11.0 N/mm2
At 24.75m 296.0 46.0 At 24.75m -55.0 -113.0(At 24.75m 8.0 N/mm2 |At24.75m 251.5 37.5 At 24.75m 35.5 -121.5|At 24.75m 7.2 N/mm2
At 13.75m 223.0 131.7 At 13.75m -51.5 -75.9|At 13.75m -6.7 N/mm2 |At 13.75m 238.5 92.5 At 13.75m 33.8 -85.2|At 13.75m -4.9 N/mm2
oshift= 283.5 oshift= -91.1 oshift= -6.7 oshift= 276.0 oshift= -16.2 oshift= -4.9
oHS1= 317.6 oHS2= -102.0 OHS1xy= .5 oHS1= 309.2 oHs2= -18.2 OoHS2xy= -5.5
HEAVY BALLST-BSP
BSP-15 BSP-25
Inside +450 Outside 450 Inside 450 Outside +450
SMEM SBEN SMEM SBEN GHSI1(j)xy SMEM SBEN SMEM SBEN GHSI2(j)xy
At 8.25mrr 246.0 116.2 At 8.25mm -39.6 -41.5|At 8.25mm -15.0 N/mm2  |At 8.25mn 235.0 128.0 At 8.25mmv -20.8 -58.9|At 8.25mmv -11.0 N/mm2
At 24.75m 255.0 39.3 At 24.75m -45.5 -87.5|At 24.75m 3.0 N/mm2 |At 24.75m 245.0 37.3 At 24.75m -21.5 -109.8|At 24.75m 7.0 N/mm2
At 13.75m 249.0 90.6 At 13.75m -41.5 -56.8|At 13.75m -9.0 N/mm2  |At 13.75m 238.3 97.8 At 13.75m -21.0 -75.8|At 13.75m -5.0 N/mm2
oshift= 284.3 ashift= -71.0 ashift= -9.0 ashift= 278.8 oshift= -62.4 oshift= -5.0
oHS1= 319.0 aHS2= -79.5 oHS1xy= -10.1 aHS1= 312.3 oHS2= -69.9 oHS2xy= -5.6
Hot spot: Bottom layer of Hopper plate
HOMOGENEOUS-BSR
BSR-15 BSR-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSI1(j)xy SMEM SBEN SMEM SBEN GHSI2(j)xy
At 8.25mm 26.5 85 At 8.25mm 10.5 2.5|At 8.25mm 15.0 N/mm2  |At 8.25mm 11.9 11.2 At 8.25mm 135 -7.5|At 8.25mm 0.7 N/mm2
At 24.75m 24.0 5.0 At 24.75m 8.4 4.4|At 24.75m 19.0 N/mm2 |At24.75m 19.6 11.0 At 24.75m 15.4 -11.6|At 24.75m 2.4 N/mm2
At 13.75m 25.7 7.3 At 13.75m 9.8 3.1|At13.75m 16.3 N/mm2 |At13.75m 14.4 11.1 At 13.75m 14.1 -8.9(At 13.75m 1.3 N/mm2
oshift= 28.2 oshift= 10.9 oshift= 16.3 oshift= 19.8 ashift= 8.3 oshift= 13
oHS1= 31.6 oHS2= 12.3 OHS1xy= 18.3 oHS1= 22.2 oHS2= 9.3 OHS2xy= 1.4
HOMOGENEOUS-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSi1(j)xy SMEM SBEN SMEM SBEN GHSi2(j)xy
At 8.25mm -2.7 -11.3 At 8.25mm 335 4.5|At 8.25mm -0.8 N/mm2 |At 8.25mm 33.5 21.5 At 8.25mm 8.4 -8.7|At 8.25mm -2.0 N/fmm2
At 24.75m -0.7 -1.0 At 24.75m 33.0 7.0|At 24.75m -2.4 N/mm2 |At 24.75m 29.5 4.5 At 24.75m 8.0 -15.0(At 24.75m 1.0 N/mm2
At 13.75m -2.0 -7.9 At 13.75m 333 5.3|At13.75m -1.3 N/mm2  |At13.75m 32.2 15.8 At 13.75m 8.2 -10.8(At 13.75m -1.0 N/mm2
oshift= -6.3 ashift= 343 oshift= -1.3 oshift= 39.1 oshift= 17 oshift= -1.0
oHS1= -7.1 aHS2= 38.4 oHS1xy= -1.5 oHS1= 43.8 oHS2= 1.9 oHS2xy= -11
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HOMOGENEOUS-0ST
0sT-15 0ST-25
Inside +450 Outside +450 Inside +450 Outside 450
SMEM  SBEN SMEM  SBEN aHSI1(j)xy SMEM  SBEN SMEM  SBEN aHsi2(j)xy
At8.25mm  22.05 16.95 At 8.25mmn 0.10 0.00|At 8.25mm 3.60 N/mm2 At 8.25mn 7.30 -0.30 At 8.25mm -1.00 -1.00| At 8.25mm -0.80 N/mm2
At 24.75m 23.50 17.50 At 24.75m 0.00 0.00|At 24.75m 3.20 N/mm2 |At24.75m 5.00 0.00 At24.75m -0.65 -0.35|At 24.75m .20 N/mm2
At 13.75m 22.53 26.68 At 13.75m 0.07 26.50|At 13.75m 3.47 N/mm2 |At13.75m 6.53 -0.20 At13.75m -0.88 At 13.75m -0.60 N/mm2
oshift= 36.19 oshift= 14.99 oshift= 3.47 oshift= 6.02 oshift= -0.83 ashift= -0.60
oHs1= 40.53 oHS2= 16.79 oHS1xy= 3.88 oHS1= 6.74 oHS2= -0.93 aHS2xy= -0.67
ALTERNATE-BSR
BSR-1S BSR-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM  SBEN SMEM  SBEN oHSi1()xy SMEM  SBEN SMEM  SBEN aHsi2(j)xy
At$.25mm  -248.0  -101.0 At 8.25mn -24.5 25.5|At 8.25mm 26.0 N/mm2 |At8.25mn  -254.0 -99.0 At 8.25mmn 265 -25.5|At 8.25mm 27.0 N/mm2
At24.75m  -243.0 -35.0 At 24.75m -34.5 43.0|At 24.75m 6.0 N/mm2 |At24.75m  -256.0 -37.0 At 24.75m -17.0 63.0|At 24.75m 6.3 N/mm2
At13.75m  -246.3 -79.0 At 13.75m -27.8 31.3|At 13.75m 19.3 N/mm2 |At13.75m  -254.7 -78.3 At 13.75m 12.0 4.0|At 13.75m 20.1 N/mm2
ashift= -275.8 ashift= -8.5 oshift= 19.3 ashift= -283.2 oshift= 13.5 oshift= 20.1
oHs1= -308.9 oHS2= -9.5 oHS1xy= 21.7 oHs1= -317.2 oHS2= 15.1 oHS2xy= 225
ALTERNATE-BSP
BSP-15 BSP-25
Inside +450 Outside 450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSI1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm -259.0 -97.0 At 8.25mir 29.5 102.5|At 8.25mir 29.0 N/mm2 |At8.25mm -249.0 -97.0 At 8.25mm -46.5 8.5|At 8.25mm 27.0 N/mm2
At 24.75m -339.5 -8.5 At 24.75m 28.0 187.0|At 24.75m -14.0 N/mm2 |At24.75m -221.0 -31.0 At 24.75m -37.2 32.8|At 24.75m 12.0 N/mm2
At13.75m -285.8 -67.5 At13.75m 29.0 130.7|At13.75m 14.7 N/mm2  |At13.75m -239.7 -75.0 At 13.75m -43.4 16.6|At 13.75m 22.0 N/mm2
oshift= -306.4 oshift= 100.8 oshi 14.7 oshift= -267.3 oshift= -31.4 oshift= 22.0
oHs1= -343.2 oHs2= 112.9 oHS1xy= 16.4 oHs1= -299.3 gHS2= -35.2 oHS2xy= 24.6
e NeRMALBAUSTBSR
BSR-15 BSR-25
Inside +450 Outside 450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN oHSI1(j)xy SMEM SBEN SMEM SBEN HSI2(j)xy
At 8.25mm -34.0 -12.0 -53.5 -32.5 3.5|At 8.25mm 1.8 N/mm2 |At8.25mm -57.0 6.0 At 8.25mr -54.0 -17.0(At 8.25mmr 9.8 N/mm2
At 24.75m -31.0 -4.0 -55.5 -32.5 7.5|At 24.75m -0.1 N/fmm2 [At 24.75m -54.0 -6.0 At 24.75m -49.0 -21.0(At 24.75m 10.0 N/mm2
At 13.75m -33.0 9.3 At 13.75m -32.5 4.8|At 13.75m 1.2 N/mm2 |At13.75m -56.0 2.0 At 13.75m -52.3 -18.3[At 13.75m 9.9 N/mm2
oshift= -36.2 ashift= -27.8 oshi 1.2 oshift= -51.5 oshift= -59.5 oshift= 9.9
oHS1= -40.6 oHS2= -31.1 OHSIxy= 1.3 oHS1= -57.6 oHS2= -66.6 oHS2xy= 111
e NemmaipausTESP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm -99.5 -42.5 At 8.25mm -40.5 9.5|At 8.25mn 8.5 N/mm2 |At8.25mm -42.0 19.0 At 8.25mm -71.0 -21.0|At 8.25mm 10.0 N/mm2
At 24.75m -88.5 -11.5 At 24.75m -39.0 22.0|At 24.75m 2.0 N/mm2 |At24.75m -41.5 -3.5 At 24.75m -85.5 -47.5|At 24.75m 13.0 N/mm2
At 13.75m -95.8 -32.2 At 13.75m -40.0 13.7|At 13.75m 6.3 N/mm2 |At13.75m -41.8 11.5 At 13.75m -75.8 -29.8|At 13.75m 11.0 N/mm2
oshift= -108.1 oshift= -29.9 oshift= 6.3 oshift= -32.8 oshift= -88.0 oshift= 11.0
oHS1= -121.1 oHS2= -33.4 oHS1xy= 7.1 oHS1= -36.7 oHS2= -98.6 oHS2xy= 12.3
HEAVY BALLST-BSR
BSR-15 BSR-25
Inside +450 Outside =450 Inside +450 Outside 450
SMEM SBEN SMEM SBEN aHSI1()xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 186.5 45.5 At 8.25mr -49.7 -57.3| At 8.25mm -29.0 Nfmm2  |At8.25mn 232.0 120.0 At 8.25mm 33.0 -67.0[At 8.25mmn -19.0 N/mm2|
At 24.75m 296.0 46.0 At 24.75m -55.0 -114.0|At 24.75m 0.2 N/fmm2 |At 24.75m 251.5 35.5 At 24.75m 35.5 -120.5(At 24.75m 7.5 N/mm?2
At 13.75m 223.0 45.7 At 13.75m -51.5 -76.2|At 13.75m -19.3 N/mm2 |At 13.75m 238.5 91.8 At 13.75m 33.8 -84.8(At 13.75m -10.2 N/mm2|
oshift= 235.1 oshift= -91.2 oshift= -19.3 oshift= 275.7 oshift= -16.0 oshift= -10.2
oHS1= 263.3 oHS2= -102.2 oHS1xy= -21.6 oHS1= 308.7 oHS2= -17.9 oHS2xy= -11.4
HEAVY BALLST-BSP
BSP-15 BSP-25
Inside +450 Outside +450 Inside +450 Outside +450
SMEM SBEN SMEM SBEN GHSi1(j)xy SMEM SBEN SMEM SBEN oHSi2(j)xy
At 8.25mm 246.0 117.00 At 8.25mm -39.6 -42.15|At 8.25mn -28.00 N/mm2 |At 8.25mm 235.0 127.00 At 8.25mmr -20.3 -58.75| At 8.25mm -23.00 N/mm2
At 24.75m 255.0 39.00 At 24.75m -45.5 -87.50|At 24.75m -4.80 N/mm2 |At24.75m 245.0 37.00 At 24.75m -21.5 -109.50|At 24.75m 3.00 N/mm2
At13.75m  249.00 91.00 At13.75m  -41.53  -57.27|At13.75m  -20.27 N/mm2 |At13.75m  238.33 97.00 At13.75m  -21.00  -75.67|At13.75m  -14.33 N/mm2
ashift= 285.05 ashift= -71.26 oshift= -20.27 ashift= 278.41 oshift= -62.34 oshift= -14.33
oHs1= 319.25 oHS2= -79.81 oHS1xy= -22.70 oHs1= 311.82 oHS2= -69.82 oHS2xy= -16.05
Hot Spot: Side Girder
HOMOGENEOQUS-BSR
BSR-15 BSR-25
Inside +450 Outside +450 GHSi1(j)xy Inside +450 Outside +450 aHSi2(j)xy
At 8.25mm 32.0 N/mm2 |At8.25mmr 0.2 N/mm2 |At8.25mn -3.5 N/fmm2  |At 8.25mm 16.0 Nfmm2 |At8.25mm -6.0 N/mm2 At 8.25miv 2.1 N/mm2
At 24.75mm 21.0 N/mm2  |At 24.75mi 0.0 N/mm2 (At 24.75m -1.6 N/mm2  |At 24.75m 18.0 N/mm2 |At 24.75m -1.7 N/mm2 At 24.75m 3.9 N/mm2
At 13.75mm 28.3 N/mm2 |At13.75mi 0.1 N/mm2 |At13.75m -2.9 N/mm2 |At 13.75m 16.7 N/mm2 |At13.75m -4.6 N/mm2 At 13.75m 2.7 N/mm2
oshift= 28.3 oshift= 0.1 oshift= -2.9 oshift= 16.7 oshift= -4.6 oshi 2.7
oHS1= 28.3 oHS2= 0.1 GHSI1()xy 2.9 oHS1= 16.7 oHS2= 4.6 GHSi2()xy 2.7
HOMOGENEOUS-BSP
BSP-1S BSP-25
Inside +450 Outside +450 GHSi1(j)xy Inside +450 Outside +450 aHSi2(j)xy
At 8.25mm 35.0 N/mm2  |At 8.25mm 0.1 N/mm2 |At8.25mm -4.0 N/mm2  |At 8.25mm 17.0 N/mm2  |At 8.25mm 0.3 N/mm2 |At8.25mm 7.0 N/fmm2
At 24.75mm 34.0 N/mm2 |At 24.75mi 0.0 N/mm2 |At24.75m -5.0 N/mm2  [At 24.75m 20.0 N/mm2 |At24.75m 0.1 N/mm2 |At24.75mi 10.0 N/mm2
At 13.75mm 34.7 N/mm2 |At13.75mi 0.1 N/fmm2 |At13.75m -4.3 N/mm2 [At13.75m 18.0 N/mm2 |At 13.75m 0.2 N/mm2 |At13.75mi 8.0 N/mm2
oshift= 34.7 oshift= 01 oshi 4.3 oshift= 18.0 oshift= 0.2 oshift= 8.0
oHS1= 34.7 oHS2= 0.1 oHSI1(j)xy -4.3 oHS1= 18.0 oHS2= 0.2 aHSi2(j)xy 8.0
HOMOGENEOQUS-0ST
0ST-15 0ST-25
Inside +450 Outside +450 oHSI1(j)xy Inside +450 Outside +450 oHSI2(j)xy
At 8.25mm 19.00 N/mm2 |At8.25mm 0.10 N/mm2 |At8.25mm 2.30 N/mm2 |At 8.25mm 2.80 N/mm2 |At8.25mm -0.60 N/mm2 (At 8.25mm 0.80 N/mm2
At 24.75m 15.00 N/mm2  |At24.75m 0.00 N/mm2 |At24.75m 2.20 N/mm2 |At24.75m 0.90 N/mm2 |At 24.75m 1.90 N/mm2 |At 24.75m 1.30 N/mm2
At 13.75m 17.67 N/mm2 |At13.75m 0.07 N/mm2 |At13.75m 2.27 N/mm2 |At13.75m 2.17 N/mm2 |At 13.75m 0.23 N/mm2 |[At 13.75m 0.97 N/mm2
= 17.67 ashift= 0.07 ashift= 2.27 ashift= 217 ashift= 0.23 oshift= 0.97
= 17.67 oHS2= 0.07 aHSi1(j)xy 2.27 aHS1= 2.17 aHS2= 0.23 aHSI2(j)xy 0.97
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ALTERNATE-BSR

BSR-1S BSR-25
Inside 450 Qutside +450 GHSI1(j)xy Inside +450 Outside +450 aHSI2(j)xy
At 8.25mm 39.0 N/mm2  |At8.25mm -61.0 N/mm2  |At 8.25mm -45.0 N/mm2 |At8.25mm 42.0 N/fmm2 | At 8.25mn -64.0 N/mm2  |At8.25mm -47.0 N/mm?2
At 24.75mm 18.0 N/mm2 |At24.75mi -115.0 N/mm2 [At 24.75m -50.0 N/mm2  |At24.75m 19.0 N/mm2  |At24.75m  -121.0 N/mm2 |At24.75mi -53.0 N/mm2
At 13.75mm 32.0 N/mm2  |At13.75mi -79.0 N/mm2  |At 13.75m -46.7 N/mm2 |At13.75m 34.3 N/mm2 |At13.75m -83.0 N/mm2  |At13.75mi -49.0 N/mm2
oshift= 32.0 oshift= -79.0 oshift= -46.7 oshift= 343 oshift= -83.0 oshift= -49.0
oHS1= 32.0 oHS2= -79.0 GHSIL(j)xy -46.7 oHS1= 34.3 oHS2= -83.0 GHSI2(j)xy -49.0
ALTERNATE-BSP
BSP-1S BSP-25
Inside +450 Outside 450 oHSi1(j)xy Inside +450 Outside 450 oHSi2(j)xy
At 8.25mm 173.00 N/mm2 |At8.25mm  -142.00 N/mm2 |At8.25mn -97.00 N/mm2 |At8.25mm  12.00 N/mm2 |At8.25mm  -57.00 N/mm2 |At8.25mm  -34.00 N/mm2|
At 24.75mm 112.00 N/mm2  |At24.75mi -198.00 N/mm2 |At24.75m -117.00 N/mm2 |At24.75m 0.00 N/mm2 |At24.75m  -103.00 N/mm2 |At24.75mi  -37.00 N/mm2)
At 13.75mm 152.67 N/mm2 |At13.75mi -160.67 N/mm2 |At13.75m -103.67 N/mm2 |At13.75m 8.00 N/mm2 |At13.75m  -72.33 N/mm2 |At13.75m(  -35.00 N/mm2
oshift= 152.67 oshift= -160.67 ashift= -103.67 oshift= 8.00 oshift= -72.33 oshift= -35.00
oHS1= 152.67 oHS2= -160.67 oHSil(jxy  -103.67 oHS1= 8.00 oHS2= -72.33 oHSi2(j)xy _ -35.00

BSR-1S BSR-25

Inside +450 Outside +450 oHSi1(j)xy Inside +450 Outside +450 oHSi2(j)xy
At 8.25mm 0.1 N/mm2 |At825mm  -28.0 N/mm2 |At8.25mm 2.0 N/mm2 | At 8.25mn 7.0 N/mm2 |At825mm  -65.0 N/mm2 |[At8.25mm 2.0 N/mm2
At 24.75mm 0.0 N/mm2 |At24.75m(  -30.0 N/mm2 |At24.75m 2.0 Nfmm2 | At 24.75m 0.0 N/mm2  |At24.75m -50.0 N/mm2  |At 24.75m 5.0 N/mm2
At 13.75mm 0.1 N/mm2 |At13.75m(  -28.7 N/mm2 |At13.75m 2.0 Nf/mm2 | At 13.75m 4.7 N/mm2  |At13.75m -60.0 N/mm2  |At 13.75m 3.0 N/mm2
ashift= 0.1 oshift: -28.7 oshift: 2.0 oshi a7 oshift -60.0 ashift= 3.0
oHs1= 0.1 oHs2= -28.7 oHSi1(j)xy 2.0 oHs1= 4.7 oHs2= -60.0 oHSi2(ijxy 3.0

BSP-1S BSP-25
Inside +450 Outside +450 OHSI1(j)xy Inside +450 Outside +450 aHSi2(j)xy
At 8.25mm 0.10 N/mm2 |At8.25Smm  -78.00 N/mm2 |At8.25mm  -15.00 N/mm2 |At 8.25mmn 1.00 N/mm2 |At8.25mn -102.00 N/mm2 |At8.25mm 3.00 N/mm2
At 24.75mm 0.00 N/mm2 |At24.75mi -70.00 N/mm2 |At24.75m -21.00 N/mm2 |At 24.75m 0.20 N/mm2  |At24.75m -67.00 N/mm2 |At24.75mi 4.00 N/fmm2
At 13.75mm 0.07 N/mm2 |At 13.75mi -75.33 N/mm2  |At 13.75m -17.00 N/mm2  |At 13.75m 0.73 N/mm2 |At13.75m -90.33 N/fmm2 [At13.75mi 3.33 N/mm2
oshift= 0.07 oshift= -75.33 oshift= -17.00 oshift= 0.73 ashift= -90.33 oshift= 3.33
oHSs1= 0.07 aHSs2= -75.33 GHSI1(j)xy -17.00 oHSs1= 0.73 oHS2= -90.33 GHSI2(j)xy 3.33
HEAVY BALLAST-BSR
BSR-1S BSR-25
Inside +450 Outside +450 gHSi1(j)xy Inside +450 Outside +450 oHSi2(j)xy
At 8.25mm 185.00 N/mm2 |At8.25mm  -100.00 N/mm2 |At8.25mm 80.00 N/mm2 |At8.25mm 135.00 N/mm2 |At 8.25mm -5.00 N/mm2 |At8.25mm 58.00 N/mm2
At 24.75mm 170.00 N/mm2  |At 24.75m| -86.00 N/mm2 |At 24.75m 104.00 N/mm2 |At 24.75m 156.00 N/mm2 |At 24.75m -7.00 N/mm2 |At24.75mi 81.00 N/mm2
At13.75mm 180.00 N/mm2 |At13.75m  -95.33 N/mm2 |At13.75m 88.00 N/mm2 |At13.75m  142.00 N/mm2 |At13.75m -5.67 N/mm2 |At13.75mi  65.67 N/mm2
oshift= 180.00 oshift= -95.33 oshift= 88.00 oshift= 142.00 oshift= -5.67 oshift= 65.67
oHS1= 180.00 oHS2= -95.33 GHSi1(j)xy 88.00 oHS1= 142.00 oHS2= -5.67 aHSi2(j)xy 65.67
HEAVY BALLAST-BSP
BSP-1S BSP-25
Inside +450 Qutside +450 GHSI1(j)xy Inside +450 Outside +450 aHSi2(j)xy
At8.25mm 63.00 N/mm2 |At8.25mm  -114.00 N/mm2 |At8.25mm  61.00 N/mm2 |At8.25mm  83.00 N/mm2 |At825mm -107.00 N/mm2 |At8.25mnm  60.00 N/mmJ)
At 24.75mm 117.00 N/mm2 |At24.75mi  -87.00 N/mm2 |At 24.75m 71.00 N/mm2 |At24.75m  122.00 N/mm2 |At24.75m  -72.00 N/mm2 |At24.75m 72.00 N/mm?
At 13.75mm 81.00 N/mm2 |At13.75m  -105.00 N/mm2 |At13.75m 64.33 N/mm2 |At 13.75m 96.00 N/mm2 |At 13.75m -95.33 N/mm2 |At13.75mi 64.00 N/mm?|
oshift= 81.00 oshift= -105.00 oshift= 64.33 oshift= 96.00 ashift= -95.33 oshift= 64.00
oHS1= 81.00 oHS2= -105.00 OHSI1(j)xy 64.33 oHS1= 96.00 oHS2= -95.33 GHSI2(j)xy 64.00
HOMOGENEOUS-BSR
BSR-1S BSR-2S
Inside +450 Qutside +450 OHSI1(j)xy Inside +450 Qutside +450 GHSI2(j)xy
At 5mm 3.5 N/mm2 |At5mm -14.0 N/mm2 |At 5Smm 6.2 N/mm2 |At 5mm 32.0 N/mm2 [At5mm 0.1 N/mm2 At 5mm 5.6 N/mm2
oshift= 1.0 oshift= -10.0 oshift= 5.0 oshift= 19.0 oshift= 0.0 oshift= 2.0
oHS1= 11 oHS2= -11.2 oHSi1(j)xy 5.6 oHS1= 21.3 oHS2= 0.0 oHSi2(j)xy 2.2
HOMOGENEOUS-BSP
BSP-1S BSP-2S
Inside +450 OQutside +450 GHSi1(j)xy Inside +450 Outside +450 GHSi2(j)xy
At 5mm 0.0 N/mm2 |At5mm -34.0 N/mm2 |At5mm 21.0 N/mm2 |At5mm 9.0 N/mm2 |At 5mm -4.0 N/f/mm2 |At 5mm -6.0 N/mm2
ashift= 4.0 oshift= -11.0 oshift= 9.0 oshift= 2.0 oshift= -3.0 oshift= -4.0
oHS1= 4.5 oHS2= -12.3 oHSi1(j)xy 10.1 oHS1= 2.2 oHS2= -3.4 aHSi1(j)xy -4.5
HOMOGENEOUS-OST
0ST-15 0ST-25
Inside +450 Qutside +450 oHSI1(j)xy Inside +450 Outside +450 oHSi2(j)xy
At 5mm 19.00 N/mm2 |At Smm -25.00 N/mm2 |At 5mm -17.00 N/mm2 |At 5mm 6.50 N/mm2 |AtSmm 0.00 N/mm2 |At 5mm 0.80 N/mm2
ashift= 19.00 oshift= -25.00 ashift= -17.00 oshift= 6.50 ashift= 0.00 oshift= 0.80
agHS1= 21.28 oHS2= -28.00 o HSi1(j)xy -19.04 oHS1= 7.28 aHS2= 0.00 oHSI2(j)xy 0.90
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ALTERNATE-BSR

BSR-15 BSR-25
Inside +450 Outside +450 oHSI1(j)xy Inside +450 Outside +450 aHSi2(j)xy
At5mm 3.00 N/mm2 |At5mm -82.00 N/mm2  |At Smm 39.00 N/mm2 [At 5Smm 3.20 N/mm2 |AtSmm -87.00 N/mm2  |At 5Smm 41.00 N/mm2
oshift= 16.00 oshift= -0.30 oshift= -2.00 oshift= 17.00 oshift= -0.40 oshift= -2.00
oHS1= 17.92 oHSs2= -0.34 aHSi1(j)xy -2.24 oHS1= 19.04 oHSs2= -0.45 aHSi2(j)xy -2.24
ALTERNATE-BSP
BSP-15 BSP-2S
Inside 450 Outside +450 GHSi1 (j)xy Inside +450 Outside +450 GHSI2(j)xy
At 5mm 16.00 N/mm2 |At 5mm -0.90 N/mm2 |At Smm 1.10 N/mm2 |At5Smm 0.30 N/mm2 |At5mm -44.00 N/mm2  |At5mm -4.00 N/mm2
oshift= 16.00 oshift= -0.90 oshift= 1.10 oshift= 0.30 oshift= -44.00 oshift= -4.00
oHS1= 17.92 gHSs2= -1.01 oHSi1(j)xy 1.23 ogHS1= 0.34 oHS2= -49.28 oHSi2()xy -4.48

BSR-15 BSR-25
Inside +450 Outside +450 oHSIL{j)xy Inside +450 Outside +450 oHSi2(j)xy
At5mm 0.00 N/mm2  |At 5mm -34.00 N/mm2  |At5mm -4.00 N/mm2  |At 5mm 1.00 N/mm2  [At 5mm -48.00 N/mm2 |At 5mm -7.00 N/mm2
oshift= 0.00 oshift= -34.00 oshift= -4.00 oshift= 1.00 oshift= -48.00 oshift= -7.00
oHS1= 0.00 oHS2= -38.08 GHSi1(j)xy -4.48 oHS1= 1.12 oHS2= -53.76 GHSI2(j)xy -7.84
 Nomwarmawmseese
BSP-15 BSP-25
Inside +450 Outside +450 SHSIL(j)xy Inside 450 Outside +450 oHSI2(j)xy
At 5mm 0.00 N/mm2  |At5mm -43.00 N/mm2  |At Smm -4.80 N/mm2  |At5mm 0.20 N/mm2  |AtSmm -64.00 N/mm2 |AtSmm -9.00 N/mm2
oshift= 0.00 oshift= -43.00 oshift= -4.80 oshift= 0.20 oshift= -64.00 oshift= -9.00
oHS1= 0.00 oHSs2= -48.16 aHSi1(j)xy -5.38 oHS1= 0.22 oHS2= -71.68 aHSi2(j)xy -10.08
HEAVY BALLAST-BSR
BSR-1S BSR-25
Inside +450 Outside +450 GHSi1 (j)xy Inside +450 Outside +450 GHSi2(j)xy
At 5mm 0.00 N/mm2 |At5mm -39.00 N/mm2 |At 5Smm -9.00 N/mm2 |At 5mm 50.00 N/mm2 |At 5mm -4.00 N/mm2 [At 5mm 2.30 N/mm2
oshift= 0.00 ashift= -39.00 ashift= -9.00 ashift= 50.00 ashift= -4.00 oshift= 2.30
oHS1= 0.00 ogHS2= -43.68 oHSi1(j)xy -10.08 gHS1= 56.00 oHS2= -4.48 oHSi2(j)xy 2.58
HEAVY BALLAST-BSP
BSP-15 BSP-2s
Inside +450 Outside +450 OHSI1(j)xy Inside +450 Qutside +450 OHSI2(j)xy
At 5Smm 0.00 N/fmm2 | At Smm -32.00 N/mm2 |At 5mm -7.00 N/mm2  |At 5mm 0.10 N/mm2  |At5mm -11.00 N/mm2  |At5mm -4.80 N/mm2
ashift= 0.00 ashift= -32.00 ashift= -7.00 ashift= 0.10 ashift= -11.00 ashift= -4.80
oHS1= 0.00 aHS2= -35.84 OHSI1(j)xy -7.84 oHS1= 0.11 oHS2= -12.32 OHSi2(j)xy -5.38

73



4.8 Appendix 2:Shear force, Vertical Bending Moment and Horizontal Bending moment

adjustment diagrams
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VERTICAL BENDING MOMENT (NM)
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TORSIONAL MOMENT (NM)
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