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Motivation
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The tasks to be performed can be summarized as:
1. Study and document the recommended practice for fatigue evaluation using
numerical methods from:
a. DNV RP C203, for high cycle fatigue
b. DNV RP C208, for low cycle fatigue




2. Become familiar with ANSYS ACT, the Application Customization Toolkit, used for
developing extensions for ANSYS Mechanical.

3. Create a simulation model consisting of several parts held together with welds. The
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4. Develop an extension that performs weld fatigue checks according to both
mentioned recommended practices, and compare the results with the known solution
in 3.

5. If time permits, expand the extension to evaluate whether ‘shake down’ or
‘ratcheting’ occurs when the structure is subjected to repeated load cycles, and
compare this to a known solution.
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Abstact

Fatigue analysis with non-linear loading conditions, such as wind and waves,
is a complicated process that require thoroughly groundwork of the structural
design. For such structures, weld lines in joints are particular hard to assess.

Two of today’s practices of fatigue analysis are done according to DNVGL-
RP-C203 (high cycle region) and DNV-RP-C208 (low cycle region). The
recommended practices are hard to automate, and when done manually most
likely inaccurate.

This thesis will provide a study of the processes described in both recom-
mended practices, and start to present a solution to automate the processes
of doing fatigue calculations, by creating extensions for the engineering sim-
ulation software ANSYS. The DNV Fatigue Toolbar presented provides tools
for evaluating fatigue in base material and joints in both the high and low
cycle region.

DNV Fatigue Toolbar is divided into main categories
e Screening
e Plane Plated Weld
e Tubular Joint

where Screening evaluates fatigue in the base materials and provide guidance
to which weld lines need further assessment by giving un-extrapolated values
at weld hot spots. When critical weld lines are identified by the help of the
screening tools, Plane Plated Weld or Tubular Joint can be applied to assess
hot spot fatigue through extrapolation.

The solutions provided in DNV Fatigue Toolbar is a start of implementing
fatigue evaluations according to DNVGL-RP-C203 and DNV-RP-C208. Fur-
ther development, especially on the Tubular Joint, is encouraged and what
this implies can be found in chapter 7.
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Sammendrag

Utmattingsberegninger med ikke-linaere lastforhold, som bglger og vind, er
komplisert og krever grundig forarbeid av det strukturelle designet. For slike
strukturer er sveis i knutepunkt spesielt vanskelig a vurdere.

To av dagens praksiser for evaluering av materiell utmatting er gjort i hen-
hold til DNVGL-RP-C203 og DNV-RP-C208. Disse anbefalte prakisisene er
vanskelige & automatisere, og gir mest sannsynlig ungyaktige resultater ved
manuell utforing.

Denne avhandlingen presenterer en studie av prosessene beskrevet i begge
anbefalte praksisene, og presenterer en start av automatisering av dem i form
av applikasjoner til simuleringsprogramvaren ANSYS. DNV Fatigue Toolbar
inkluderer verktgy for utfgrelse av utmattings analyser i grunnmaterialet og
knutepunkt for bade hgye og lave sykluser.

DNV Fatigue Toolbar er delt inn i tre hovedkategorier
e Screening
e Plane Plated Weld
e Tubular Joint

hvor Screening evaluerer fatigue i grunnmaterialet og veileder brukere til
a identifisere hvilke sveiser som krever videre vurdering ved & gi materiell
utmattelse basert pa verdier hentet direkte fra alle hot spot i sveis. Nar
kritiske sveiser er identifisert ved hjelp av screening verktgyet, kan Plane
Plated Weld eller Tubular Joint verktgyene brukes til & vurdere hot spot i
sveis via ekstrapolerte verdier.

Lgsningen presentert i DNV Fatigue Toolbar er en begynnelse i automatiser-
ing av prosessene beskrevet i DNVGL-RP-C203 og DNV-RP-C208. Videre
utvikling, spesielt av Tubular Joint, oppfordres og hva som kreves av videre
arbeid er beskrever i kapittel 7.
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Chapter 1

Introduction

One of the key aspects in mechanical design is to assess a products ability
to withstand repeated loading [1]. Offshore installations are especially chal-
lenging as these structures are exposed to large loads from both wind and
waves throughout their lifespan. Structures that are exposed to loads over
time, called cyclic loads, will eventually develop microscopic cracks that grow
over time [1], see figure 1.1. These crack may lead to failure of the structure
before other, more predictable loading conditions do.

Figure 1.1: A tubular joint with crack developing

Fatigue evaluation determines how many cycles a structure can tolerate be-
fore the material fails and how large the damage distributions are [1]. Rec-
ommended practices regarding assessment of fatigue properties already exist
and are excepted by several industries. Common for these recommended
practices are that evaluation fatigue in welds and critical areas require spe-



cial handling with extrapolation from the base material. These are tedious
and time consuming procedures and require significant amount of manual
work in addition to rely on the engineers ability to locate critical areas. For
assessments in welds, a highly fine mesh is also required to ensure accuracy
in fatigue life, which is another time consuming process.

Creating such fine mesh for all critical areas that is demanded, and do the
manual work for all possible hot spots are not only time consuming, but often
leads to inaccurate results. Sources of errors are all from human mistakes
to lack of possible extrapolation point with exact values accessible in a FE-
model. The exceptional handling and the expected ability to locate critical
areas makes the recommended practices especially hard to automate.

1.1 Problem Statement

Fatigue life is based on stress and strain ranges during a load cycle [4] [5].
Thus, the region with highest fatigue potential is not necessarily the found
at the region of the maximal stress in the end configuration. For this reason,
it may not always be clear where the highest fatigue potential occurs. This
leads to risk of missing important regions when detailed fatigue assessment
are performed. An algorithm that identifies critical areas will help solve the
problem of human error in terms of locating these areas manually. By the
use of a screening result object, the engineer can easily identify critical areas.

Detailed fatigue assessments of critical areas even when these are identifies
can be difficult. An algorithm that automatically extract values at extrap-
olation points and use these to determined fatigue life can solve the time
consummating problem and reduce human calculation errors, leading to safer
design and reduced cost.

This master thesis has solved the two main issues described above, a screening
tool that contribute to identifying critical areas and may discover that cracks
will be developed at the base material before welds fail, and an extrapolation
tool that evaluates fatigue life of welds in plane plated welds, and begins to
solve the problem of evaluation fatigue in simple tubular joints. These solu-
tions are implemented for both High Cycle and Low Cycle Fatigue according
to recommended practices DNVGL-RP-C203 and DNV-RP-C208.

The solution has been implemented as extensions for ANSYS version 15,
and is only valid for this version. Applying the solution on earlier versions
will not be successful, and applying in newer versions may cause problems,



as the application programming interface provided by ANSYS, ACT, is not
integrated equally in earlier versions, and is under development for newer
versions. For newer versions, the developer must ensure that applied ACT
updates are valid for the extensions created by recompiling and testing.

1.2 Review of Literature

The main literature study done in connection to this thesis is the study of
the two recommended practices DNVGL-RP-C203 and DNV-RP-C208. Both
practices are provided by the now called DNVGL, a merger of Det Norske
Veritas and Germanischer Lloyd, one of the world’s leading international
classification societies [12]

DNVGL-RP-C203 Fatigue design of offshore steel structure is a thorough
recommended practice that proposes fatigue life calculations methods for
nominal stress, hot spot stress, fracture mechanics and local notch stress
for environments air, free corrosion in seawater and cathodic protection in
seawater. The RP replaces DNV-RP-C203, originally created in 2001 [4],
which has been updated twice per year since. The RP has been widely
accepted for years.

DNVGL-RP-C208 Determination of Structural Capacity by Non-linear FE
analysis Methods is a newer RP and not quite as thoroughly as C203, and
relies on the methodology described in DNVGL-RP-C203.

1.3 Review of Software

The solution presented, a toolbar consisting of extensions for result evalua-
tion in ANSYS Mechanical has been created using ACT(ANSYS Customiza-
tion Toolkit), which provides an API(Application Programming Interface),
to several ANSYS Workbench modules. ACT makes it possible to extend the
GUI(Graphical Interface), of ANSYS Mechanical with new buttons, which
have customized behavior [10]. The customized behavior is dictated by source
code written in python and the GUI of the customized objects are written in
xml.

Before ACT was presented, ANSYS super users created customized objects
by APDL(ANSYS Parametric Design Language) commands. ACT provides
many advantages, including:



e Manage user input

Consistent unit handling

Access to Mechanical Graphic library

Shields the source code from users that are not super users

Customized objects presents in Mechanical GUI
e Creates installable binary files, protecting intellectual property
e Binary installable files does not demand extra licenses

ACT creates many opportunities, but as it is still under development, some
limitations and disadvantages also apply:

e Mesh entities as geometry input is limited: graphic result-view is not
possible

e ACT customized objects are only valid for the ANSYS version it was
created for and require recompiling and validation of a super user to
be applied in newer versions

e Some functionality, as property tables and graphic 3D drawing, is miss-
ing functionality

e Plotting combined layers for Shell Elements are not possible yet

1.4 Readers Guide

In this master thesis, a study of the recommended practice the implemented
solution is based upon can be found in chapter 2, usage and guidance to
the implemented solution is provided next along with limitations, before a
thorough review of the solution itself is presented in Chapter 4. Validation
and testing of the solution is done and discussed in Chapters 6 and 7.

Note that as this thesis has been done in collaboration with EDR Medeso,
some of the functionality presented has been introduced to their customers,
and usage and guidance Chapter 3 although mainly written by Tone Wer-
mundsen, has been reviewed and improved by employees at EDR Medeso.

Implementation of the solution has been the main focus throughout the pe-
riod of writing this master thesis, and guidance to installation of the extension
can be found in Appendix Installing the Toolbar



Chapter 2

Fatigue

Fatigue of materials refers to the change in properties resulting from the
application of cyclic loads [1]. Cycle loads, as repeated loading, may be
weakening to a structure and fatigue evaluation is the study of determining
whether or not these repeated loadings will lead to structural failure and
how many of the cyclic loads the structure can withstand. It is common to
separate between High and Low Cycle Fatigue; where High Cycle Fatigue
is traditionally concerned with situation that require more than 10* cycles
to failure[4] and Low Cycle Fatigue concerned with situation where plastic
deformation occurs [5].

2.1 Fatigue Definition

Fatigue Analysis provide knowledge about fatigue life, N, and accumulated
damage, D, where N is the number of cycles till failure occurs. Fatigue be-
havior characteristics are difficult to predict, and fatigue analysis has long
been a time-consuming and cumbersome task as fatigue life is influenced by
many possible factors as temperature, material elasticity, structural environ-
ment etc. When performing fatigue evaluation, environmental consideration
must be taken into account, and the dangers in not executing appropriate
analysis are potential catastrophic. Examples where fatigue failure has led
to disasters are: the oil platform Alexander Kielland collapse in 1980 [13]
and the two de Havilland Comet passenger jet crashes in 1954 [13].

Fatigue Analysis is used to ensure that a structure has a suitable lifespan and
may force development changes the design phase. Design against fatigue can



ensure lifespan that meet requirements, and the important task of fatigue
calculation is to discover when actions must be taken to ensure a structures
perseverance.

2.2 DNV(GL) Fatigue

DNVGL is a Norwegian-German company that delivers technical standards
and reliability analysis to marine, oil and gas, and energy sectors [12]. Their
standards and recommended practices are widely accepted and used world-
wide in offshore business. DNVGL proposes methods for fatigue evaluation
in accordance to both high and low cycle situations for offshore steel con-
structions, the two methods are presented through recommended practice

DNVGL-RP-C203 and DNV-RP-C208.

2.2.1 DNVGL-RP-203

DNVGL-RP-C203 Fatigue design of offshore steel structures is a recom-
mended practice in relation to fatigue analysis in the high cycle region where
stress is relative low and deformation primarily elastic[4]. The fatigue assess-
ment calculations proposed is based on S-N Curves, which are provided, and
stress ranges. The formula for cycles to failure given by equation 2.1 [4]

)*) (2.1)

logN = loga — mlog(Ao(

where

N = number of cycles to failure for stress range logAc
loga = intercept of Log(N)-axis

m = negative inverse slope of the S-N Curve

Ao = stress range

t = thickness through which a crack will most likely grow

trey = reference thickness (25 mm for welded connections other that tubular
joints, 32 mm for tubular joints and 25 mm for bolts)

k = thickness exponent on fatigue strength given by S-N Curve



and equation 2.2 [4]

D=3 — (2.2)

where
D = the accumulated fatigue damage
n; = the number of cycles in load block ¢

N; = the number of cycles to failure in load block ¢ at constant stress range

Ao

As the formula indicates, selecting the correct S-N Curve is important for
accurate and reliable results. Guidance as to how select S-N Curve based
on material and geometry is provided throughout the recommended practice

DNVGL-RP-C203.

2.2.2 DNV-RP-208

DNV-RP-C208 Determination of Structural Capacity by Non-linear FE Anal-
ysis Methods, denotes that non-linear FE-Analyses may imply that the struc-
ture is loaded beyond proportional limits, and that the structure may be
weakened by subsequent load cycles by repeated yielding leading to possible
cyclic failure [5]. It is understood that in such situations, fatigue check with
stress range is not sufficient evaluation to determine fatigue life [5]. Cyclic
plastic strains are overlooked in the process with convential linear elastic

methods such as the method described in DNVGL-RP-C203.

If repeated yielding occurs, fatigue must be evaluated on plastic strains which
is proposed in [5] (section 5.2). The methodology is in principal similar to
the process from DNVGL-RP-C203: material and environmental conditions
are factors influencing fatigue life which is given by equation 2.3 from [5].

A o /
761 = 2N+ g 2N) 0 (2.3)
for base material, and by equation 2.4 from [5]

Aehs

_ O-} —0.1 ! —0.5
= LNt 42N (2.4)
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for welded joints where

A¢; = the fully reversible maximal principal strain range

Aeps = the fully reversible maximal principal hot spot strain range
E = the modulus of elasticity (material constant)

a} = the fatigue strength coefficient (material constant)

elf = the fatigue ductility coefficient (material constant)

N = the number of cycles to failure

Elasticity Modulus, E-Module, is accessible in ANSYS through ACT, and
Fatigue strength and ductility coefficient is found in [5] and rendered in table
2.1

Table 2.1: Data for Low Cycle Fatigue Analysis of Base Material

Data for low cycle fatigue analysis of base material
Environment O'} [MPal] elf
Air 175 0.091
Seawater with cathodic protection | 160 0.057

2.3 Base Material versus Hot Spots

Both DNVGL-RP-C203 and DNV-RP-C208 proposes methods to handle crit-
ical areas, denoted as hot spots. Hot Spots are typical located in weld lines
or notches and are points in the structure where fatigue cracks may initiate
due to the combined effect of structural stress fluctuation and the weld ge-
ometry or a similar notch [4]. In finite element models where the weld is not
modeled the weld geometry will often present a singularity which will result
is FE analysis giving too large stress values at the hot spot. These values
will give over-conservative fatigue results.

To avoid over-conservative results where structures are underestimated one
can:

1. Model the weld with a sufficient radius, smooth edges and fine mesh

2. Use stress concentrations factors to dimension the stress value found
at the hot spot

3. Extrapolate stress values towards the hot spot

9



Solution 1, modelling the weld with a sufficient radius, smooth radius and
fine mesh is an extremely time consuming task, and most often avoided by
engineers. This method requires the engineer to be able to make reasonable
assumptions regarding the weld and project a realistic weld model construc-
tion of a weld that in reality will be uneven. Meshing the weld after modeling
is the most time consuming part of this solution, the mesh must be unusu-
ally fine, and this mesh is individual for each weld. Manually meshing such
fine mesh for each weld in a structure is difficult and demands time in both
preparation and analysis.

Using stress concentration factors (a stress concentration factor may be de-
fined as the ratio of hot spot stress range over nominal stress range [4] (section
3.1.1)) is a function of the nominal stress and the geometry of the hot spot.
The values found by SCF’s are often different than values found through
Finite Element Analysis, and the geometry dependency often makes this
method unpractical in terms of automatizing the method.

The extrapolation method is often used as it demands less preparation. Mesh
requirements are not unacceptable: element size of plate thickness * plate
thickness is sufficient. The method is direct, extract values from certain
points and use these instead of the hot spots value itself.

But the extrapolation method has limitations: it requires precision in col-
lecting extrapolation values as well as require a set of manual calculations
for each hot spot desired to inspect.

Though most of the focus lies on fatigue in hot spots, there are situations
where cracks can initiate and grow in the base material. Base material does
not represent singularities in geometry, and extrapolation is not needed to
evaluate fatigue. Note that base material fatigue check is limited to certain
S-N Curves.

2.3.1 Extrapolation Along Plane Plated Welds

Extrapolation along plane surfaces should be done at read out points 0.5t
and 1.5t, where t is the plate thickness [4]. This demands a mesh size of ¢t x ¢
in shell models with mid-side nodes, for a regular user to be able to read out
values at the exact locations. If the mesh is so perfect, performing manual
extrapolation is simple enough. But most often, mesh is not, and read out
points are not necessary located on a node.

DNVGL-RP-203 proposes two methods for extrapolating:
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Method A Is valid for modeling with shell elements without any weld in-
cluded in the model, and for modeling with solid elements with the weld
included[4]. A linear extrapolation of the hot spot stress can be performed
from read out points 0.5%t and 1.5%t, and the effective hot spot stress is given
by 2.5 from [4]

\/Aai + 0.81A7'H2
Ocff = max § a|Ao| (2.5)
alAoy|

where

a = 0.90 if the detail is classified as C2 with stress parallel to the weld at
the hot spot [4]

a = 0.82 if the detail is classified as C1 with stress parallel to the weld at
the hot spot [4]

a = 0.72 if the detail is classified as C with stress parallel to the weld at
the hot spot [4]

and the principal stresses is calculated as 2.6 and 2.7 from [4]

Aoy + Aoy 1
= SRS SBo AT (2.6)

AO‘L—FAO'H 1

Aoy —
72 2 2

(Ao, )? + 4AT”2 (2.7)

Method B Is quite similar to method A, with effective hot spot stress given
by 2.8 [4]

1.12,/Ac? + 0.81A7}
Oepr = maz 3 1.12alAo| (2.8)
1.12a]Aogy|

These methods depends on knowledge about the stress-components direction
in regards to the weld, and take into account directional loading changes in
a load cycle. For load cycles without directional loading changes, a sim-
plification can be performed transforming equations 2.5 or 2.8 to equation
2.9:
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a

Aoy = Ao, — (b
—a

V(Ao — Ady,) (2.9)

where
a = the distance from read out point 0.5t to the hot spot = 0.5 x t
b = the read out point 1.5t to the hot spot = 1.5 x ¢

Ao, = the stress/strain range at read out point a (absolute maximal prin-
cipal stress/strain range or equivalent stress range)

Aoy, = the stress/strain range at read out point b (absolute maximal prin-
cipal stress/strain range or equivalent stress range)

2.3.2 Extrapolation Along Tubular Joints

Read out points for extrapolation in tubular joints differ from the static read
out points in plane plated welds. The geometry of the tubular joint must
be defined, where the different beams are classified as chord or brace, as
indicated in figure 2.1
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Figure 2.1: Tubular joint geometry definition. Image from DNVGL-RP-C203

section 4.2

The read out points are defined from [4] an rendered in table 2.2:

Table 2.2: Read-out points for extrapolation in tubular joints

Extrapolation situation

Read Out Points a and b

Along Brace Surface normal to
the hot spot

a=0.2vrt
b= 0.65\rt

Along the chord surface nor-
mal to the hot spot at crown
position

a=0.2vrt
b=04vVrtRT

Along the chord surface nor-
mal to the hot spot at saddle
position

a=0.2rt

_ 5 _ 7R
b=2rRs5 = 55

where
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r = brace radius

t = brace thickness
R = chord radius

T = chord thickness
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Chapter 3

DNV Fatigue Toolbar

When automating the process of fatigue evaluation according to DNVGL-
RP-C203 an DNV-RP-C208, the best solution found in the time provided
was to divide the problem in three subproblems:

e Performing fatigue evaluation on base material

e Performing fatigue evaluation on plane plated welds with the use of
extrapolation method

e Performing fatigue evaluation on tubular joints with the use of extrap-
olation method

Which resulted in a toolbar extension for ANSYS Mechanical, DNV Fatigue
Toolbar
[ DNV Fatigue ~ @Screening hd lE‘F‘Iam& Plate Weld = HTulﬂuIarJDint v

Figure 3.1: The overview GUI of DNV Fatigue Toolbar in ANSYS Mechanical

The first clickable option, DNV Fatigue opens a drop down menu that con-
tains objects of information about the toolbar, where selecting Help will open
this document. The other three buttons represents the result objects Screen-
ing, Plane Plated Weld and Tubular Joint, each consisting of result objects
for both Low and High Cycle Fatigue evaluation.

Note that the base material fatigue evaluators gives results also in hot spots
and is therefore classified as a screening tool. This means that the results

16



given can be used to detect which critical areas and welds that require fur-
ther investigation. The extrapolating technique implemented includes many
heavy operations, such as a search for elements based on coordinates.

Note also that for extrapolation, the simplified method described in Chapter
2 given by equation 2.9 is used

3.1 Screening

3.1.1 Background

Fatigue life is calculated based on the stress/strain range during a load cycle.
Thus, the region with highest fatigue potential is not necessarily found at the
region of the maximal stress/strain in the end configuration. For this reason,
it may not always be obvious where the highest fatigue potential occurs,
especially for complex structures with many different loading patterns. When
the points for detailed assessment are selected, there is a risk that some points
are missed, if not a very high number of points are selected.

The two screening result objects can therefore be used to locate the critical
areas and to check for initial crack growth in base material. Note that in the
High Cycle Fatigue Screening Tool, the same S-N Curve may not apply for
both base material and weld screening.

3.1.2 Solution

The two screening tools can be used to plot the number of cycles to failure,
or accumulated damage, with the use of S-N Curves or e-N Curves found in
DNVGL-RP-C203 or DNV-RP-C208 (section 5.2.6) for a single, or combina-
tion of, load cases. The used stress/strain ranges are the stress/strain ranges
found at the evaluated node. The two screening tools also provides plot of
the stress/strain range used if no combination of load cases is selected.

Note that for High Cycle Screening, it is possible to select between absolute
maximal principal stress range and equivalent stress range (von-mises), which
provide different results.
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3.1.3 Usage

The two screening tools can be applied in any Static Structural and Transient
Structural analysis. The properties have to be selected or entered regarding
how the results should be calculated. All properties are defined in tables 1
and 2 in Appendix Property Input Guidance if guidance should be required.
The result can be scoped to any type of geometry, but not to mesh entities
(directly or through named selections).

The available result plots are:
o Accumulated Damage
e (ycles To Failure
e Logarithm Of Cycles To Failure To Base 10
e Stress/Strain Range

The selected result will be plotted directly on the model. If the geometry
contains shell elements, the result at the selected shell location will be used
as a uniform contour through the thickness. The results can be viewed as
Averaged or Unaveraged.

The result can be calculated for a single, or a combination of, load cases
by selecting Yes or No for Load Case Combination. In case of load case
combination, the Load Case Table will have to be filled in. Refer to Chapter
4 if the table does not pop up. A load case is defined as a range from one
load step to another load step in the same analysis. Any analysis sharing the
Model cell in Workbench can be used as a load case, but only solved analysis
are valid.

Start Step and End Step, specified by the user, defines one load cycle, or a
stress/strain range. A stress/strain range is the two extremes of a cycle and
the stress/strain amplitude is one half of the stress/strain range. Thus, the
simulation must include a full load cycle. Note that the time for a chosen
step is the steps end time. Step 0 is used to define the initial time 0.

The S-N/e-N data can be the same for all bodies of the geometry selection
or body dependent by selecting No for S-N/e-N Data Equal For All Bodies.
In the case of body dependent S-N/e-N data, the S-N/e-N Data Table has
to be filled in. The various S-N curves in [4] (Tables 2-1, 2-2 and 2-3) are
available, as well as S-N curves for high strength steel as given in [4] (section
2.4.10). The various e-N Curves from [5] (table 5-5) are available.
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3.2 Plane Plated Weld

3.2.1 Background

Singularities in geometry, such as sharp edges, represents difficult areas in a
geometric FE model. The singularities cause an underestimation in fatigue
life as the extracted stress/strain values at the locations are higher than in re-
ality. These critical areas often represents un-modeled welds, and evaluation
fatigue life without underestimating these hot spots demands extrapolation
of stress/strain values towards the weld. When extrapolating, the points
need to be exact for correct and conservative results, and extrapolation must
be done in all possible directions as knowledge about which direction lead
to the most conservative extrapolated stress/strain value may not always be
plausible.

The two Plane Plated Weld result objects can be used to find the correct
fatigue life in plane plated welds according to [4] an [5]. By selecting whole
bodies, the result objects define welds based on geometry and extrapolates
values to all nodes in the defined weld, and use this to evaluate fatigue in
these hot spots. Note that a weld is defined as an edge that share two or
more bodies. If it is desirable to evaluate upon an edge that the two Plane
Plated Weld result objects does not define as a weld, it is possible to scope
geometry to that edge. When geometry is scoped to edges, all these edges
will be defined as welds.

3.2.2 Solution

The two Plane Plated Weld tools can be used to plot the number of cycles to
failure, or accumulated damage, with the use of S-N Curves or e-N Curves
found in [4] and [5] (section 5.2.6) for a single, or combination of, load cases.
The applied stress/strain ranges are the largest ranges found by extrapolation
along all faces connected to the defined weld. It is also possible to display the
extrapolated stress/stress range if combination of load cases is not selected.

The extrapolated value is extrapolated from distance 0.5¢ and 1.5t perpen-
dicular to the hot spot [4]. The values gathered are linear interpolated values
from the surrounding nodes, and therefore the exact simplified-extrapolated
value.
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3.2.3 Usage

The two Plane Plated Weld tools can be applied in any Static Structural
and Transient Structural analysis, and the setup is quite similar to the setup
in the two Screening tools. For property input guidance, please see tables
3 and 4 in Appendix Property Input Guidance. Note that for High Cycle
Plane Plated Weld, the thickness modification factor ¢/t,..; has been divided
into two properties Plate Thickness, t, and Reference Thickness, t,.r, and for
Low Cycle Plane Plated Weld these two properties are additional. Also, in
geometry scope, vertices are no longer valid as geometry scope.

The Plate Thickness is initiated to the first body’s actual thickness, but it
is possible to change this property if desired. The plate thickness indicates
where the extrapolation is done, and must follow the guidance in DNVGL-
RP-C203. Please note that the recommended practice also specifies the mesh
size to be no larger than ¢ x ¢, where ¢ = Plate thickness.

3.3 Tubular Joint

3.3.1 Background

Tubular structures are often welded, and the welds are most often the most
critical areas in such structures. In reality, welds are randomly uneven struc-
tures, which is near impossible to project into a FE model. By not modeling
the weld, the FE model does not represent the welds structural strength suf-
ficiently. Performing fatigue evaluation on such welds, even when the geom-
etry do not consist of sharp edges, requires specific handling. Extrapolating
along tubular geometries proves more difficult than extrapolating along plane
plates, as the location of extrapolation is dependent on the tubular geometry
to be the chord or the brace, and where the hot spot in question is located
on the circular weld.

The two Tubular Joint result object tries to solve the difficulties in performing
fatigue evaluation on simple tubular joints, meaning tubular joints that are
created by one chord and one or more ingoing braces. The tools are concerned
with the most critical hot spots, which are the crown and saddle point.
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3.3.2 Solution

The two Tubular Joint tools can be used to plot the number of cycles to
failure, or accumulated damage, with the use of S-N Curves or e-N Curves
found in [4] and [5] (section 5.2.6) for a single, or combination of, load cases.
The applied stress/strain ranges are the largest ranges found by extrapolation
along the connected chord and brace of the hot spot in question. It is also
possible to see the extrapolated stress/strain range if combination of load
cases is not selected.

Note that as these result objects geometry scope is limited to mesh node
selection, the results will not be plotted on the model directly, as this is a
limitation in ANSYS ACT, refer to Chapter 4.

Also, note that these result object are not finished products, performing
evaluation will not give result in most cases.

3.3.3 Usage

The two Tubular Joint tools can be applied in any Static Structural and
Transient Structural analysis, and the setup is quite similar to the setup in
the two Plane Plated Weld tools with a few additions. Firstly, the geometry
scope is limited to mesh nodes only. The geometry input most also be defined,
and a property group Hot Spot Classification is added for that purpose. All
properties are defined in tables 5 and 6 in the Appendix Property Input
Guidance if guidance should be required. Please note that each beam must
be its own body and end or start edge of each beam must be a single edge
(not split edge).

This result object has several limitations regarding the geometry. Please read
limitations (Chapter 4) carefully.
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Chapter 4

Known Issues and Limitations

4.1 Limitations

DNVGL-RP-C203 Limitations

1. The High Cycle result objects has been made with the purpose of assess-
ing fatigue damage in the high cycle region (DNVGL-RP-C203 section
1.2.3). High cycle loading is normally understood as high cycles more
than 10 000, see DNVGL-RP-C203 1.2.3.

2. High Cycle Fatigue analysis is based on elastic stress and therefore
linear-elastic materials. See DNVGL-RP-C203 section 1.2.3

3. Mean stresses are neglected, see DNVGL-RP-C203 section 2.3.1

4. Detailed mesh recommendations are given in DNV-RP-C203 section
4.1, 4.2 and 4.3.2. Too large elements sizes may provide non-conservative
results.

DNV-GL-C208 Limitations
1. The geometry scope must have plastic behaviour defined to be valid
Common Limitations

1. The High Cycle and Low Cycle result objects are limited to Static
Structural and Transient Structural analyses, 3D geometries and sur-
face bodies.

2. Model must be a multibody part, where nodes are shared between
connected, separate bodies
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10.

11.

12.

13.
14.

Updating invalid results in load case tables from other analysis then
the one the result object in inserted in is only done after the result
object is clicked.

. Stopping evaluation by clicking Stop Solution in the ANSYS Work-

bench Solution Status pop-up window is not possible

Faces and edges that have been created as Virtual Topology are not
selectable as geometry input

Duplicating a result object with results are not available. Duplicated
result objects need to be evaluated

Pop-up tables in the details view are not visible on other screens than
the main screen

Pop-up tables can only be closed by clicking Apply or Cancel

Pop-up tables may not be visible if the Mechanical window is scaled
too small

For geometry scoped to mesh entities, elements or nodes, result cannot
be displayed on the model

The Body Id used in the result objects are not the same as Reference_ -
ID found through Information in the main toolbar in Mechanical de-
tails view under body. To be sure which body is which, provide unique
names for each body in model

Mid side nodes are not included in calculations as these does not hold
values in ANSYS (linear approximation between nodes are conducted)

The result objects are valid for use in ANSYS 15

Result objects cannot be applied on line bodies

Screening Limitations

1.

The result objects do not produce accurate results in weld hot spots
where stress/strain extrapolation is required.

. see Chaper 4 objects can be used on solid models, but this might be a

slow process.

Plane Plated Weld Limitations

1.

The weld must be a straight line and all connected faces must be plane
plates with 4-noded shell elements

23



2. Extrapolation method is a simplified version og the one described in
DNVGL-RP-C203, see 2 equation 2.9

Tubular Limitations

1. All tubular structures connected to the evaluation weld must be defined
as separate bodies

2. Extrapolation method is a simplified version og the one described in
DNVGL-RP-C203, see 2 equation 2.9

3. Evaluation can only be done on surface models, meaning models created
by shell elements

4. Result objects are not finished products and will most likely not provide
results

4.2 Error and Warning Messages

Number of cycles to failure exceeds 1.0e+10 for some areas. Use
results with caution: For some areas, cycles to failure exceeds the cutoff
limit at 10'°. Low Cycle Fatigue is not defined for such high life spans, and
the results displayed at 10'° may be even higher.

Result in Analysis is outdated: ’Load Case Table’ contains one or
more analysis which have been modified: When combining load cases
from different analysis than the analysis that the result object is created in,
the additional analysis must be solved. When such an analysis is changed af-
ter evaluation, results are outdated and evaluation must be run anew. Result
objects will be suppressed an user must unsuppress and evaluate again.

Please select geometry and fill in classification table after selecting
’yes’ at property Geometry is Selected: The classification table is de-

pendent on the geometry scope, and cannot be complete before geometry

input is selected.

Unvalid input: The selected scoped geometry is not valid. Please select
different geometry.

Could not recognize any hot spots. Try changing geometry: For Tubu-
lar Joint result objects, the geometry scope could nt be defined as nodes and
is not valid. Please try different geometry.
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Could not recognize any welds. Try changing geometry to type edge:
For Plane Plated Weld result object. No edges in the geometry scope is con-
nected to two or more bodies, no welds are defined and no result will be
given. Select edge manually and run anew.

Initial Guess for iteration method Newton-Raphson is not within the
methods convergence interval. Please try a different value as some
results are not accurate Newton-Raphson iteration for calculation cy-
cles to failure did not converge. Try changing the Initial Guess. guidance

can be found in an error log file created in your working directory.

Unfinished result object, result may not apply or be viewed at all:
Tubular Joint result object are unfinished, and this warning serves as a re-
minder.
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Chapter 5

Solution Implementation

The solution implemented consist of a toolbar with six result objects, di-
vided into three categories. These result objects have many similarities in
solution, and share methods. In this chapter, the implemented solution will
be explained with algorithms, equations and illustrations.

5.1 Stress/Strain Ranges

Collecting values through ANSYS ACT is done by having access to the anal-
ysis that results should be extracted from. Extracting values is limited to
retrieving values from elements only, which hold result components for each
of its connected corner-nodes, a tensor, with data structure as shown in figure
5.1.

Tensor = < nodely,tiom: NOAC2pottom» NOAE3 L ottoms NOAC4 L ottoms
nodely,,, node2,), node3.,,, node4.,,
nOdelmiddIEJ nOdezmiddIe ’ nOdEBmidd!eJ nOde'q'midd!e >

Figure 5.1: Default setup of an Element-Tensor with nodal component result

The tensor holds six result components (x,y,z,xy,xz,yz) for each connected
node, and for shell elements, each of these components consist of three values
per location (bottom, top, middle), as shown in figure 5.1. By selecting to
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see Thick Shells and Beams in Mechanical Toolbar View, the affect of these
layer-oriented values can be seen as in figures 5.2, 5.3, 5.4 and 5.5

B: Static Structural
kAaximurm Principal Stress 3

Type: Maxirmurm Principal Stress (Scoped to Elernents) - Bottom
Unit: kPa

Tirne: 1
10,12.2014 12:40

. 1819.8 Max
L736,6
— 16535
—{ 15704

B 1447,
| 14041

— 1321

12378
I 11547
10715 Min

Figure 5.2: Bottom Result plot of Mazximal Principal Stress on one Element
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B: Static Structural
Maximurm Principal Stress 3

Type: Maxirum Principal Stress (Scoped to Elerments) - Top
Unit: MPa
Tirme: 1
10,12,2014 12:39

5,6553e-14 Max
3,1674de-14

6,7941e-15

-1,3086e- 14
-4,2965¢- 14
-6,7545¢- 14
-9,2724e- 14
1i176e-13

-1,4248e-13
-1,6736e-13 Min

Figure 5.3: Top Result plot of Maximal Principal Stress on one Element

B: Static Structural
Maxirmurm Principal Stress 3

Type: Maxirmurn Principal Stress (Scoped to Elernents) - Middle
Unit: kPa
Tirne: 1
10,12.2014 12:40

. 189,62 Max
173,29
— 156,96
— 140,63
1243
wrar
— 9L637
75,307
58,977
42,647 Min

Figure 5.4: Middle Result plot of Maximal Principal Stress on one Element

Plotting only for one layer will give a uniform contour plot through the
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imaginable thickness, while selecting a combined layered plot will give plot
that varies in the thickness direction as well, as shown in figure 5.5, which
displays a stress result plot with Shell option Top/Bottom. Note that this
ability is not available in the implemented solution, as ACT only provides
options for plotting one layer at the time for shell elements.

B: Static Structural
Maxirnum Principal Stress 3

Type: Maxirmurm Principal Stress (Scoped to Elements) - Top/Bottom
Unit: MPa
Tirne: 1
10.12.2014 12:38

1819,8 Max
16176
1415,4
1213,2

111

808,79
006,54

4044

02,2
-1,6736e-12 Min

Figure 5.5: Top/Bottom Result plot of Maximal Principal Stress on one El-
ement

Gathering components is an ACT method-call where the time on which the
values should be retrieved from is defined firstly. For fatigue calculations,
where stress/strain ranges is needed, components are retrieved twice: one
for the cycle start time, and once for the cycle end time. These components
are then used to calculate component ranges, which are used to eventually
calculate the stress/strain range used in fatigue evaluation.

29



Table 5.1: Stress/ Range Calculation

Ao, = ‘o'fndswp _ O-ftartStep‘

AO'y = |o‘5”d5t€p _ O-EtartStep|

Ao, = |gEndSter _ gStartStep| | s Ao Aoy, Aoz — | Ao = max|Aoy, Aoy, Aos|
Ao,y = ’gfy”dStep _ Uﬁ;artStep’

Aoyz = |O.£EzndStep _ U;S';ﬁartStep’ . Ao = Ao ar

_ | ~EndStep __ _StartStep
Aoyz =|o o |

yz

Note that strain range calculations are done similar to the stress calculations
as shown in table 5.1, and that only maximum principal strain ranges are an
option.

5.2 Classification of Geometry

Each of the result objects are dependent on some geometry classifications.
Firstly, the bodies included in the geometry scope must be defined for special
cases where different S-N Data will be used for different bodies. ANSYS ACT
provides geometry type information, and based on the geometry scope type,
all bodies included can be found and classified.

5.2.1 Weld Definition and Directional Extrapolation in
Plane Plated Welds

For plane plated weld result objects, when geometry is scoped to face or body,
welds must be defined. A weld is in this solution defined as an edge that is
connected to at least two bodies. When geometry is scoped to edge, this edge
will automatically be defined as a weld. All welds will have knowledge about
faces connected to it, which is used as a basis for extrapolation. Further,
all nodes connected to welds will be defined as hot spots. Extrapolation
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directions is decided from the welds connected faces, and directions depends
on the hot spot itself:

e From hotspot to the left along the weld line

e From hotspot to the right along the weld line

e Normal from hotspot along all connected faces, positive direction
e Normal from hotspot along all connected faces, negative direction

For an L-Shell model, all possible directions are shown in figure 5.6

ol ———
P S ———.

Figure 5.6: An L shell model weld line with all potential directions. The
black arrows indicate possible directions mormal to the weld along the dark
blue face, the pink arrows normal to the weld along the light blue surface and
the green parallel to the weld line

Based on knowledge about where hot spots are located in a weld, some
directions are eliminated, as it is not conservative to extrapolate values from
the weld itself as shown in figure 5.7
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Figure 5.7: An L shell model weld line with all potential directions after
dismissal of directions pointing with the weld line in hot spots other than the
weld toes

The algorithm presented beneath provides accurate simplified description of
how the potential directions are found.

Algorithm 1 Extrapolation Directions

procedure GETEXTDIRECTION(Mesh, geometry, hotspotld, faceld,
edgeld, weldline)
directions = []
faceNormal = geometry(faceld).Normal
directionl = crossProduct(faceNormal, weldline)
direction2 = -directionl
directions.append (unit Vector(directionl))
directions.append(unitVector(direction2))
if isEndVertex(hotspot,edgeld) or isStartVertex(hotspot,edgeld) then
direction3 = weldLine
direction4 = -weldLine
directions.append(unitVector(direction3))
directions.append(unitVector(direction4))
end if
return directions
end procedure
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5.2.2 Hot Spot Definition and Directional Extrapola-
tion in Tubular Joints

In the Tubular Joint result objects, where input is mesh-nodes, each mesh
node given as geometry input must be classified as either saddle or crown
points before evaluation. Knowledge about the hot spots surrounding bodies
are also needed, and with the limited time provided to solve this problem
partially, this is the users responsible. Hot spot classification also demands
the user to specify which of the hot spots connected bodies is the chord, and
which is the brace. With this known, extrapolation directions and locations
depend on the hot spot type being a crown or a saddle point, and which body
the extrapolation should be done along. This can be divided into categories
(see also figure 2.1):

e Crown Points

— Extrapolation along Brace: direction is a straight line along the
brace surface

— Extrapolation along Chord: direction is a straight line along the
chord surface

e Saddle Points

— Extrapolation along Brace: direction is a straight line along the
brace surface

— Extrapolation along Chord: direction follow the curvature of the
chord

Giving extrapolation directions as shown in figure 5.8
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Figure 5.8: A T-joint with potential extrapolation directions. Purple lines
represents direction from crown point, green from saddle point

This means that saddle point extrapolation along the chord surface is the
extrapolation that differ from the straight line extrapolation method used
for plane plates. This introduces a new challenge, without a straight line
direction to extrapolate from, the coordinates that is desired to locate must
be found otherwise.

For all other, extrapolation is conducted as before, by finding the direction
in which the extrapolation should be done towards. For tubular structures,
the direction of the beam can be found, and this is used as the direction

Regarding the issue of extrapolating along the chords curvature, a geometric
solution is found. The arc-length between the hot spot and the desired
extrapolation point is known, as well as the line from hot spot to the middle
of the chord is equal to the radius, the angle (see figure 5.9) the arc-length
represents can be found by equation 5.1:

_ 180°ArcLength
N mradius

a (5.1)
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Figure 5.9: A T-joint with vector rotated a degrees found from equation 5.1,
giving the extrapolation point

By rotating the vector pointing from the centerline in the chord to the hot
spot, v, degrees the desired extrapolation location is found by rotation
formula 5.2.

Urap = VoSO + (? x U )sina + ?(? - V) (1 = cosa) (5.2)

where
7 is the vector between brace centerline and hot spot (see figure 5.9)

a is the angle to rotate vector ¥ (see figure 5.9)

_)
k is the unit vector describing the axis to rotate about
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5.3 Extrapolation Points

Finding extrapolation points for straight line directional extrapolation along
plane surfaces is done easily by equations:

pointX = hotSpot. X + a * direction. X
pointY = hotSpot.Y + a * direction.Y
pointZ = hotSpot.Z + a * direction.Z

where
a = 0.5thickness or 1.5thickness for extrapolation along plane plates
a = 0.21/rt or 0.65y/rt for extrapolation along brace surface

a = 0.2¢/rt or 0.4v/rtRT for extrapolation along chord surface from crown
position

For extrapolation along chord curvature surface from saddle point, the ex-
trapolation coordinates is found by adding the center point to the rotated
vector found by equation 5.2.

Algorithm 2 describes the process of finding extrapolation locations for a hot
spot in a tubular geometry.

36



Algorithm 2 Extrapolation Locations for Tubular Joints

procedure GETTUBULARLOCATIONS(distanceType, hotspotld, hotspot-
Data, bodyData, Mesh, Geometry)
locations =
if hotspot.Type == ’Crown Point’ then
braceDirectionl = braceDirection
braceDirection2 = -braceDirection
chordDirectionl = chordDirection
chordDirection2 = -chordDirection
if distanceType == ’small’ then
chordA = 0.2 SQRT (braceRadius*braceThickness)
braceA = chordA
else
chordA = 0.4 SQRT(SQRT (braceRadius*braceThickness*chordRadius*chord Thickes
braceA = 0.65 SQRT (braceRadius*braceThickness)
end if
braceP1 = getExtCoordinates(hotspotld, braceDirectionl, braceA)
braceP2 = getExtCoordinates(hotspotld, braceDirection2, braceA)
chordP1 = getExtCoordinates(hotspotld, chordDirectionl, chordA)
chordP2 = getExtCoordinates(hotspotld, chordDirection2 chordA)
locations[chordId] = [chordP1, chordP2]
locations[barceld] = [braceP1, braceP2]
else
braceDirecionl = braceDirection
braceDirection2 = -braceDirection
if distanceType == ’small’ then
chordA = chordA = 0.2 SQRT (braceRadius*braceThickness)
braceA = chordA
else
chordA = m*chordRadius/36
barceA =0.65 SQRT (braceRadius*braceThickness)
end if
braceP1 = getExtCoordinates(hotspotld, braceDirectionl, braceA)
braceP2 = getExtCoordinates(hotspotld, braceDirection2, braceA)
chordP1 = getExtCoordCurve(chordA, chord.Data, hotspotld, 1)
chordP2 = getExtCoordCurve(chordA, chord.Data, hotspotld, 2)
locations[chordId] = [chordP1, chordP2]
locations[barceld] = [braceP1, braceP2]
end if
end procedure
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5.4 Element Searching

When coordinates of the potential extrapolation point is known, and which
face that location is expected to be located in, the key is to find out which
element this point belongs to. By knowing this, the value at the extrapolation
point can be found.

Not all point are located within the models boundary, but all points are
treated similar as knowledge about whether or not they are more than poten-
tial points are unknown. Searching is done by an algorithm called ray-casting

7
[ o

Figure 5.10: Point in Polygon with ray-casting. The blue point is not within
the polygons boundary, and the ray crossed the polygons edges twice. The
green point is within the polygons boundary, and crossed the polygons edges
once, an odd number which in the algorithm ray-casting defines as being inside
the polygon

Point in polygon with ray-casting is simple enough, but is only valid for 2D
geometry[7]. Since shell elements do not have any thickness modelled, the
2D requirement is met as long as the ray used is in the same plane as the
shell element. The ray is defined from the weld line to the point, which is in
the same plane as the model if, and only if, the plate in question is entirely
plane.

For tubular joints, this is not the case. The face to extrapolate from consist
of several elements that are not in the same plane, though this issue arise,
the direction for extrapolation is valid for all elements in the face as long
as the beam has a constant radius and the mesh is fine, meaning the beam
consist of elements lined in same planed-rows perpendicular to the welded
joint. The challenge presented is to define a weld that is in the same plane
as the element row that the element in search for is expected to be found.
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For tubular joints extrapolation along the curvature, the elements between
the hot spot and the desired extrapolation point do not form a same-planed
row, and defining a suitable ray proved difficult. Several attempts in ray
defining were done, but no general solution were found.

Hot Spot
/ Extrapolation

Location

Set of
Potential
Rays

Figure 5.11: Ray Casting Problem with extrapolation along curvature. The
ray must be defined in the same plane as the element that is searched for, but
as this is unknown, and assumptions regarding it is difficult to generalize,
this problem was not solved

5.4.1 Ray Casting Limitations and Handling of These

Ray Casting is an efficient algorithm, but it has problems handling cases
where the point in search for is located in a corner, the ray will cross two
edges in the polygon, and even though the crossing is at the same point, it
will be counted twice and the algorithm will define the point as not within
that polygon.

The same problem arise when the point is located on the edge of the polygon.
See figure 5.12.
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Figure 5.12: Ray Casting limitations. Both the green and the blue point cross
the polygon edges twice, and is defined as outside the polygons boundaries
though both should be defined as within

The solution is to check if the point is on one of the polygons lines before
ray casting is omitted. See algorithm 3 for full procedure.
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Algorithm 3 RayCasting

procedure GETEXTELEMENT(Mesh, int Id, point extPoint, point
rayStart)
ray = extPoint - rayStart
startElementld = someConnectedElementId
searched = ||
while haveFoundElement == False do
list[vector| elementEdges = getElementEdges(startElementId)
if extPoint isOnLine(elementEdge) then
haveFoundElement = True
break
else
intersects = rayCasting(ray, elementEdges)
if isOddNumber(intersects) then
haveFoundElement = True
break
else
searched.append(starteElementId)
startElementld = findNextElement (searched)
end if
end if
end while
end procedure

When an element is rejected, the search for next potential element must be
done. By using the connected elements for the element just rejected, and the
distance from these elements to the point to find, searches are conducted as
a combination of Breadth-first-search[8] and Depth-first-search[8|. See figure
5.13 for example of the searching procedure, and algorithm 27 for pseudo-
code explanation of it.
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Figure 5.13: Qutline of meshed L-Shell model. The hot spot (red dot) has
a desired extrapolation point located in element id 77. The first element
checked will be element id 56. This element is rejected, as the point is not
within its boundary. Potential elements to check further included element
ids: 80, 36 and 79 [not 160 and 159 as they belong to another face]. Element
id 79 centroid is closest to the point to find, and is therefore selected as next

element to check
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Algorithm 4 Element Searching

procedure FINNEXTELEMENTID(Mesh, int previousld, list searchedIds,
int faceld, point extPoint)
potentiallds = |]
for cornerNodes in previousld.CornerNodes do
elementlds = cornerNode.ConnectedElement
for elementld in elementlds do
if elementld not in searchedlds then
if elementld not in potentiallds then
potentiallds.append(elementId)
end if
end if
end for
end for
if potentiallds.Size = 0 then
elementCentroid = Centroid(potentiallds[0])
distance = SQRT (elementCentroid — ext Point)?
nextElementld = potentiallds[0]
for elementld in potentiallds do
centroid = Centroid(elementId)
thisDistance = SQRT (centroid — ext Point)?
if thisDistance < distance then
distance = thisDistance
nextElementld = elementld
end if
end for
else
nextElementld = randomElementInFace
end if
end procedure

Since not all potential extrapolation points are within the models boundary,
a cut off at searching for correct elements has been given. When this cut off
is reached, this location will be discarded and used no further.
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5.5 Finding Exact Value at Coordinate Point

ANSYS ACT provides results only for nodal locations. Most often, the ex-
trapolation point is not located on a node, and result are not directly ac-
cessed. By the use of mapping and linear shape functions[6], values at coor-
dinate points, regardless of where in an element it is located can be found
exact.

Figure 5.14: Example of mapping of an isoparametric Four-node element in
physical space[6]

By creating a new, special defined two-dimensional coordinate system for
each element we can manipulate the basic shape functions from|6]:

eI 53
v - 0=3) "
N3 = W (5.5)
N4 = (“_?w (5.6)

to[6]
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WIS, e -
v (O =) 55
R(ES (BT 59
N4 = (1_94(”77) (5.10)

where N1, N2, N3 and N4 decides corner node 1, 2, 3 and 4’s influence of
the coordinate set value[6]. Which will be[6]:

ExtValue = node? x N1+node? x N2+node> x N3+node? x N4

value value value value

where
N1+ N2+ N3+N4=1
in all cases.

The mapped values, £ and 7 are found by solving the system|6]:

T

1
X2

Yy B ZNzyz o 0 Nl 0 N2 0 N3 0 N4 T3 '
Ys

Xy
Ya

where
N1, Ny, N3, Ny is given by equations 5.7, 5.8, 5.9 and 5.10
x,1y is the extrapolation 2D-mapped coordinates

x;,y; is the coordinates of the respective corner nodes
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5.6 Value at Hot Spot

The extrapolation points values are known, and must be combined to get the
extrapolated value at the hot spot:

a

(Ao, — Ady) (5.12)

Ao otspot — Ao-a -

hotspot b—a
Note that this is a simplification to the extrapolation methods described in
Chapter 2 equation 2.9.

5.7 Fatigue Life

Calculating fatigue life is done according to equation 2.1 for High Cycle result
objects, and equation 2.3 for Low Cycle result objects. For High Cycle result
objects, loga and m may vary depending on S-N Curve and stress range. For
Low Cycle, the equation 2.3 is not linearly solvable.

5.7.1 High Cycle

For some S-N Curves, DNVGL-RP-C203 provide two loga and two m, which
is specified to be used depending on the stress range being above or below
a limit. Note that this limit is not the one provided in [4] (Tables 2-1, 2-
2 and 2-3, row 5 Futigue Limit at 107 cycles) but a limit that is found by
equation 5.13, which described where the two curves logN (logal, m1) and
logN (loga2, m2) intersect:

loga2 — logal

logNismit = (5.13)

m2 —ml

When calculation fatigue, a check of the stress range is always conducted to
determine which fatigue curve to use.

5.7.2 Low Cycle

Equation 2.3 is not linear, and to solve for N, some iteration-method must be
applied. The solution provided use Newton-Raphson for solving the equation,
see algorithm 5.

46



Algorithm 5 Newton-Raphson

procedure NEWTONRAPHSON(strainRange, emodule, strength, ductility,
NO)

delta = le-4; maxIter = 100; differance = 1.; excepter = 0

if function(10e9) >= 0 then

N1 = 10e9
highLife = True
else

if function(NO) > 0 then
Initial Guess NO is too low
NO = NO*10
else if function(N0) < 0 then
Initial Guess NO is too high
if function(N0/10) < 0 then
Initial Guess NO is still too high

NO = N0/100

else
NO = N0/10

end if

while abs(differance) > delta do
iter +=1

if iter > maxlIter then:
excepter += 1
writeToLog()
break
end if
N1 = NO - function(N0)/dFunction(NO)
relaxationlter = 0
while N1 < 0 do
relaxer = 0.1-((relaxationlter*0.1),/100)
relaxationlter += 1
N1 = NO - relaxer®(function(NO) /dFunction(NO))
end while
differance = N1-NO
NO = N1
end while
end if
end if
return N1, excepter, highLife
end procedure
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Since the fatigue life calculation equation for Low Cycle is poorly defined for
high strain ranges, a cut off limit at 10° has been set, if the strain range will
give a fatigue life higher than this limit, no calculations will be performed
and N is set to this cut off value.

Performing Newton-Raphson on the fatigue life equation for Low Cycle is
limited in terms of inserting negative values in the equation, which can hap-
pen for high or low strain ranges where the function has a very steep slope
or where the function flattens. For these values, where the function may not
be convergent for the initial guess, a relaxation factor has been introduced
to ensure consistent values.

As algorithm 5 indicates, the Newton-Raphson iteration method maintains
an overview of results and reports to the controller when lack of convergence
has occurred in addition to reporting that the cut off limit has been reached.

5.8 Combining Load Cases

Load Case combination is done quite easily, for each load case, cycles to
failure(N), is calculated and eventually summed up according to equation
5.14:

§ 1
Ncom ined — ( T
bined A ]\/—Z

) (5.14)
For each load case, damage is summed up by equation 5.15[4]:

i=0
Damageé compined = Z damage; (5.15)
k
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Chapter 6

Validation and Examples

6.1 High Cycle Screening

This example shows the steps required to use the High Cycle Screening result
object in an analysis, and verifies the result. The geometry consist of a simple
tubular K-joint as a shell element meshed multibody part, as shown in figure
6.1

C: Static Structural
Static Structural
Time: L, s
12.12.2014 12:10

B Force: 2,0001e+005 N
. Fized Support

Figure 6.1: Loads and boundary conditions for the simple Tubular K-Joint
example model
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Material properties:

Material Property Structural Steel Material
Elastic Modulus [G Pal 200
Poisson’s ration -] 0.3
Density [kg/M?| 7850
And applied loading;:
Load Applied in timestep
1 2 3 4

Force on | Iy, 1y, F, = | Iy, Fy, F, = | F,,F,,F, = | F,,F,,F, =
chord start | —2e4,0,2e3 | —2e4,2e3,0 | —25,0,2ed | —2¢6, 2¢e4, 2e4
edge
Fixed Sup- | Applied Applied Applied Applied
port on
brace end

High Cycle Screening result object is created and geometry consist of the
whole model (default setting).

6.1.1 Stress Range

Looking at the stress ranges used is a effective way to establish certainty
that the correct parameters is used to establish fatigue life. The result view
option Stress Range can be chosen and compared against ANSYS default
result objects. Fatigue life of the tubular K-joint van be evaluated upon
both stress options Equivalent Stress and Absolute Mazimal Principal Stress.

To start off, the stress ranges given will be checked. An easy check will
be to evaluate a High Cycle Screening tool with equivalent stress as result
view with start step 0. The stress range plotted should be equal to ANSYS
default equivalent stress plot at step equal to the High Cycle Screening end
step. Comparison of figures 6.2 and 6.3 validated the stress range used:
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C: Static Structural
High Cycle Fatigue (DNY-RP-C203) Screening
Expression: RESL199
Tirne: 4

12,12.2014 12:40

— 3795,8 Max
33741

2952,3

25305

2108,8

1687

12653

843,53

421,74

= 0,021862 Min

Figure 6.2: Equuvivalent Stress Range generated by High Cycle Screening with
start step = 0 and end step = 4. Point of mazximal range marked

C: Static Structural
Equivalent Stress
Type: Equivalent fwon-Mises) Stress - Bottorm
Unit: MPa
Tirne: 4
12.12.2014 12:41

= 3794,3 Max
33727
29511
75295
2107,9
1686,4
12648
843,18
421,59
B 0,0067751 Min

Figure 6.3: Fquivalent Stress generated by ANSYS default result object at
time step = 4

The plots in figures 6.2 and 6.3 represents the same stress, and as they are
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almost exactly equal, the stress range can be verified. Be aware that some
rounding errors do occur, and is the reason of slight differences.

Looking at stress ranges where start step is not equal to zero demands a little
bit more research. By comparing results from a High Cycle Screening object
with two ANSYS Equivalent stress result objects (where time step for one is
equal to the start step of the High Cycle Screening object, and the other has
time step equal to the end step), we can look at the similarities:

C: Static Structural
Equivalent Stress
Type: Equivalent (won-Mises) Stress - Bottom
Unit: kMPa
Tirme: 3
12.12.2014 12:42

449,87 Max
399,88

349,9

299,92

249,93

199,45

149,96

99,976

49,991
0,0058398 Min

Figure 6.4: FEquivalent Stress generated by ANSYS default result object at
time step = 8
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C: Static Structural
Equivalent Stress
Type: Equivalent (von-hises) Stress - Bottomn
Unit: bAPa
Tirme: 1
12,12.2014 12:43

13,693 Max

0,00052184 Min

Figure 6.5: Fquivalent Stress generated by ANSYS default result object at
time step = 1

As we can see from figures 6.4 and 6.5 above, we expect a stress range that lies
between the two stress values these represent. A High Cycle Screening object
should give this. Be aware that stress ranges are calculated on component
level before equivalent stress is given, and comparison with equivalent stress
given by ANSYS default result object can differ, especially if the time steps
have different directional applied loading.
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C: Static Structural
High Cycle Fatigue (DMY-RP-C203) Screening
Expression: RE51199
Tirne: 4

12.12.2014 12:41

438,49 Max
89,77

341,05

202,33

24361

194,89

146,17

47,452

48,733
0,013285 Min

Figure 6.6: Equivalent Stress Range generated by High Cycle Screening with
start step = 1 and end step = 3

The plot in figure 6.6 above provide reasonable stress ranges, and is therefore
concluded as correct. The same procedure for validating absolute maximal
principal stress ranges can be conducted, but as this type combines Aoy, Aoy
and Acs, by taking the highest absolute value, a comparison must be done
on all principal stresses, as some areas might have higher absolute Ao and
other have higher absolute Acs and so on. Calculation of stress ranges is
done equally for both stress options on component level, and with validation
of equivalent stress, it can be assumed that maximal principal stress is correct
as well.

Note that comparison of stress ranges must be done on the same level for
shell elements: top, bottom or middle.

6.1.2 Fatigue Life

Now that the stress ranges have been established as correct, fatigue life can
be validated. With the stress ranges available, and the S-N Curve known, the
validation can be done by selecting a point and insert the stress range in the
equation for fatigue, with the assumption that stress ranges used is correct.
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Figures 6.7 and 6.8 presents an evaluated High Cycle Screening result object
with property settings in figure 6.7.

=i

Details of "High Cycle Fatigue (DNV-RP-C203) Screening” a
Scope
Scoping Method All Bodies
Shell Bottom
Definition
Result View Logarithm OFf Cycles To Failure To Base 10

Stress Option

Equivalent Stress

Load Case Combination

Start Step 0
End Step 4
By Time
Display Time Last
Integration Point Result
Display Option Averaged
5-N Class
5-M Data Equal For All Bodies? Yes
Environment Air
S-N Curve High5trengthSteel
Thickness Modification Factor = t/fref |1
Temperature over 100 Celsius? No
Results
Minimum 062349
Maximum 25,362
Minimum Occurs On Surface
Maximum Occurs On Surface

Figure 6.7: Details view of High Cycle Screening

of Cycles to Failure to Base 10

56
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C: Static Structural

High Cycle Fatigue (DNV-RP-C203) Screening
Expression: RES11949

Time: 4

12.12,2014 13:31

25,362 Max
22,614
19,865

17,116

14,367

11,619
8.4608

fi,121

3,3723
0,62349 Min

Figure 6.8: Logarithmic Fatigue Life plotted results for High Cycle Screening
result object with property settings as in figure 6.7

To evaluate the results, the equivalent stress from result view = Stress Range
(see figure 6.2) with the same properties as shown in figure 6.8 at the node
of minimum number of cycles to failure.

L)

tref

logN = loga — mlog(Ao(

with S-N Curve High Strength Steel and environment Air where:
loga = 17.446 (from DNV-RP-C203 S-N Curve [SJjhujhgsfds)
m = 4.7 (from DNV-RP-C203 S-N Curve ISJjhujhgsfds)

k = 0 (from DNV-RP-C203 S-N Curve ISJjhujhgsfds)

Ao = 3795.8 (extracted stress range at node with minimum logN value, see
figure 6.2)

thicknessModi ficationFactor = 1 (user input)

which gives
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logN = 17.446 — 4.7 % log(3795.8 x (1)°) = 0.6233

which is the expected value given by the result object, see figure 6.8 marked
point. The accumulated damage is then given by selecting Damage as result
view and inserting a number of cycles, and output as given in figure 6.9.

C: Static Structural

High Cycle Fatigue (DNW-RP-C203) Screening 3
Expression: RES1327

Time: 4

12.12.2014 13:53

11,926 Max
10,601

9,2757

71,9506

f,6255

5,3004

3,9753

2,6502

1,3251
5,459%-24 Min

Figure 6.9: Accumulated Damge plotted results for High Cycle Screening re-
sult object with property settings as in figure 6.7. Number of Cycles is set to
50

NumberO fCycles 50

- = =119
NumberO fCyclesToFailure — 100-6233

The accumulated damage obtained by hand calculation is equal to the one
obtained by the result object in figure 6.9 at the point of maximal stress
range (figure 6.2) and minimum cycles to failure (figure 6.8). Results are
verified.
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6.2 Low Cycle Screening

The same model as used in High Cycle Screening example is used here. See
section 6.1 for information about the model.

6.2.1 Strain Range

Strain range obtaining is equal to stress range obtaining on component level.
And strain ranges used is always the absolute maximal principal strain range.
We compare:

C: Static Structural
EPTOL

Expression: EPTOL
Unit: mrmfrmm
Titne: 4

12.12.2014 14:00

. 0,016812 Max
0014944
— 0,013076
— 0,011208
—1 0,0093338
— 0,0074718
—1 0,0056039

00037359
I 0001863
1,9005e-8 Min

Figure 6.10: Principal strain, EPTOI1, plotted in ANSYS by default result
object at time step = J
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C: Static Structural
EPTOZ

Expression: ERTO2
Unit: mmfmm
Time: 4

12,12.2014 14801

. 0.0081728 Max
00067471
— 0,0053213
— 0,0038956
00024698
00010441
— -0,00033167
-0,0013074
-0,0032332
-0.0046589 Min

Figure 6.11: Principal strain, EPTOZ2, plotted in ANSYS by default result
object at time step = J
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C: Static Structural
EPTO3

Expression: EFTO3
Unit: rmymm
Time: 4

12122014 1402

-0,0021242
-0,0042483
— -0,0063724
—{ -0,0084965
—{ -0,010621
— -0,012745

-0,0148649
! -0,016993
& -0,019117 Min

—. -2.0969e-8 Max

Figure 6.12: Principal strain, EPTOS, plotted in ANSYS by default result
object at time step = J

It is expected that the stress range given by the Low Cycle Screening object
is similar to EPTO1 plot, figure 6.10, with some elements from the other two
figures 6.11 and 6.12
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C: Static Structural
Low Cycle Fatigue (DNV-RP-C208) Screening
Expression: RES1359 N

Tirme: 4 P
12.12.2014 14:04

0,019123 Max
0,016998
0,014874
0,012749
0,010624
0,0084992
0,0063744
0,0042497
0,0021249
1,0621e-7 Min

Figure 6.13: Maximum Principal Strain Range generated by Low Cycle
Screening with start step = 0 and end step = 4. Point of maximal value
marked

By probing some areas in figures 6.10, 6.11, 6.12 and 6.13, it becomes clear
that the values are extracted correctly. Be aware that some rounding errors
do occur, and is the reason of slight differences.

Note that comparison of strain ranges must be done on the same level for
shell elements: top, bottom or middle.

6.2.2 Fatigue Life

Now that the strain ranges have been established as correct, fatigue life can
be validated. With the strain ranges available, and the e-N Curve known,
the validation can be done by selecting the point minimum cycles to failure
and insert the stress range in the equation for fatigue at the same point (see
figure 6.13), with the assumption that strain ranges used are correct. Figures
6.14 and 6.15 presents an evaluated Low Cycle Screening result object with
property settings in figure 6.14.
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Details of "Low Cycle Fatigue (DNV-RP-C208) Screening”

= Scope
Scoping Method All Bodies
shell Bottom
=] Definition
Result View Logarithm Of Cycles To Failure To Base 10
Load Case Combination Mo
Start Step 0
End Step Last
By Time
Display Time Last
=| Integration Point Result
Display Option Averaged
[=I| £-M Class
e-M Data Equal For All Bodies? |Yes
Environment Air
Temperature 22 [
=] Advanced
Mewton Raphson Initial Guess |1000
[=I| Results
Minimum 20302
| Maximum 10,
Minimum Ccours On Surface
Maximum Occurs On Surface

Figure 6.14: Detais view of Low Cycle Screening. Chosen output is Logarithm

of Cycles to Failure to Base 10
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C: Static Structural
Low Cycle Fatigue (DNV-RP-C208) Screening
Expression: RES1359
Time: 4

12.12.2014 14:12

- 10 Max
91145
8,2284
71,3434
6,45749
55724
4,6868
3,8013
2,9158

- 2,0302 Min

Figure 6.15: Logarithmic Fatigue Life plotted results for Low Cycle Screening
result object with property settings as in figure 6.14

To validate the result, the stress range from result view Strain Range with
the same properties as shown in figure 6.13 at the node with of minimum
number of cycles to failure is extracted and inserted in the equation

AG[ CT/ _ ’ _
- = Ef(QN) Ol ep(2N)0F (6.1)

with environment Air we have
op = 175 [MPal

¢ =0.091 [-]

E = 200000 [MPa]

by inserting the calculated number of cycles:

AE[ 175

2~ 200000

% (2% 10%9%02) 701 1 0,091 * (2 % 1093%%) 704 = 9.5 % 107?
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and

Ae;=2%95%1072=0.019

which is the expected strain value with the number of cycles inserted. Ac-
cumulated damage is given by selecting Damage as result view and inserting
number of cycles.

C: Static Structural
Low Cycle Fatigue (DNV-RP-C208) Screening 3
Expression: RES1419
Tirne: 4

12.12.2014 1431

0,46669 Max
. 0,41453
— 0,36298
— 031112
—1 0,25927
—1 0,20742
—1 0,15556

0,10371
i 0,051854
5e-9 Min

Figure 6.16: Accumulated Damage plotted results for Low Cycle Screening
result object with property settings as in figure 6.14. Number of Cycles is set
to 50

- NumberO fCycles 50 046
~ NumberofCyclestoFailure — 1020302 — ™

The accumulated damage obtained by hand calculations is equal to the one
obtained by the result object in figure 6.16. Results are verified.
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6.3 High Cycle Plane Plated Weld

This example shows the steps required to use the High Cycle Plane Plated
Weld result object in an analysis, and verifies the result.

The geometry consist of a simple L welded plate without the weld itself
included in the shell-element model as shown in figure 6.17

B: Static Structural
Static Structural
Titme: 1, s
12.12.2014 15:07

B Force: 2,01 +008 N
. Fixed Support

Figure 6.17: Loads and Boundary Conditions for the simple simple L-shell
example model

Material Properties:

Material Property Structural Steel Material
Elastic Modulus [G Pal 200

Poisson’s ration [-] 0.3

Density [kg/M?] 7850

And applied loading:

Load Applied in timestep
Force on upper right corner | F,, F,, F, = 0, —2e7, 2e8
Fixed Support on left edge | Applied
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Note that this model only have one time step and that the model only consist
of one body. For the Plane Plated Weld result objects, this means that the
only input that will give results is when geometry is scoped to edge.

6.3.1 Extrapolated Stress Range

Validating the extrapolated stress range, with the assumption that stress
ranges calculated is correct based on section 6.1.1, can be done manually if
knowledge about the geometry is sufficient. For the L-Shell, with thickness =
1000 [mm], we can extrapolate values manually by probing the stress range
values at the desired locations:

B: Static Structural
High Cycle Fatigue (DNW-RP-C203) Screening
Expression: RES540
Time: L
15,12.2014 08:55

1601.4 Max
14236
12459
1068,1
890,36
712,61
534,85
357,04
170,34
1,5803 Min

2,50 +003 7,5e+003

Figure 6.18: Probed maximal principal strains generated from Low Cycle
Screening result object for extrapolation of values to hot spot at end of edge,

Id =2
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B: Static Structural
High Cycle Fatigue (DMY-RP-C203) Screening 2
Expression: RES572
Tirme: 1

15,12,2014 09:02

1601,4 Max
14236
1245,
1068, 1
890,36
712,61
534,85
357,09
179,34
1,5803 Min

Figure 6.19: Probed maximal principal strains generated from Low Cycle
Screening result object for extrapolation of values to hot spot in edge, Id =

28

Hot Spot | Extrapolation Aoy, Aoy Aoy

Id Direction [MPa] [MPa] [MPa)]

2 Up (in positive y- | 358.95 91.112 527.869
direction)

2 Down (in positive x- | 1442.1 609.35 1858.475
direction)

28 Up (in positive y- | 328.93 25.941 480.42
direction)

28 Down (in positive x- | 1272.6 o84.2 1616.8
direction)

28 Right (in negative z- | 184.14 53.101 249.66
direction)

Resulting in the extrapolated values

Aopse = 1858.475M Pa

Ao pses = 1616.8 M Pa

Giving fatigue life with S-N Curve High Strength Steel:
Log(N)pse = 17.446 — 4.710g(1858.475) = 2.08

68



Log(N) sas = 17.446 — 4.700g(1616.8) = 2.23

Though these values found by hand calculation is not exactly the same as the
values obtained by the result object, they correspond in difference of location.
This correspondence and the small difference in result points to human error
in calculation, which can be traced to the manual extrapolation. As it is not
possible to extract values at coordinate points in ANSYS Mechanical, the
extrapolation points found manually are not exact, and the value therefore
not entirely correct. With this in mind, the results are concluded as verified.

B: Static Structural

High Cycle Fatigue (DMNW-RP-C203) Plane Plates Hot Spot
Expression: RESA04 (Unaveraged)

Tirne: 1

15.12,2014 09:25

21926 Max

2,1744

2,1563

21382

2,12

21014

2,0838

2,0656

2,0475

20293 Min Tt

Figure 6.20: Logarithmic Fatigue Life plotted on part edge with environment
Air and S-N Curve High Strength Steel, generated by High Cycle Plane Plated
Weld

As this result object and the High Cycle Screening result objects calculates
fatigue life equally with stress ranges known, based on section 6.2.1, the
fatigue life can be assumed correct.
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6.4 Low Cycle Plane Plated Weld

As Low Cycle Plane Plated Weld reuse procedures validated in the previous
sections it can be assumed:

e The Strain Ranges calculated are correct, see section 6.2.1
e The extrapolates Strain Ranges are correct, see section 6.3.2
e Fatigue Life calculations are correct, see section 6.2.2

and thus that this result object performs correct fatigue analysis.

6.5 High/Low Cycle Tubular Joint

As these result objects are not completed, verification of these will not be
performed.
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Chapter 7

Conclusion

Four of the six result objects in the DNV Fatigue Toolbar has been tested for
numerous shell-models, and the extensive testing has resulted in a solution
that behaves as expected, both in terms of user interference and accuracy of
results returned.

The two Screening objects has been added to a larger toolkit created by EDR
Medeso 2014, Oil & Gas Toolkit. The Oil € Gas Toolkit has been subjected
to extensive testing, both internal and external as the Toolkit has matured.
As such, the two screening objects has been tested by several instances, and
corrected as testers found bugs, issues and enhancements.

The two Plane Plated Weld result objects is based on the fatigue life calcu-
lation and setup of the screening objects, and has been implemented parallel
to the Oil ¢ Gas Toolkit test-rounds, and even though these result objects
did not participate in the test-rounds, the issues found almost always applied
in Plane Plated Weld result objects as well, and were fixed for all four result
objects simultaneously.

The two Tubular Joint result objects were implemented after the extensive
test-round were complete and all issues discovered in the test period were
resolved. Unfortunately, the time available at this point, was not sufficient
to complete the implementation for these two result objects.
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7.1 Further Work

For future work, further development of the Tubular Joint result objects
is needed. Tubular joints introduce exceptional handling of geometry, and
is therefore difficult to automatize. The proposed setup that is the result
objects for the time being is not intuitive for users, has the limitation of not
being able to plot results on model in addition to depend on users ability to
classify crown and saddle points as well as chord and brace.

A more suitable solution, though more complex, would include:

e Geometry Scope set equal to the Plane Plate Weld solution were weld
lines are either given as input or recognized by the extension

e Chord and Brace is classified by the extension without user interference

e Saddle and Crown points are classified by the extension without user
interference

Changing the geometry scope to non-mesh entities will give the opportunity
to plot results on model and limit user input errors by locating and classifying
hot spots without the user interference.

In addition, many further combinations of improved solution can be recom-
mended:

e Combine High Cycle and Low Cycle Fatigue calculations, where Damage =
DamagehighCycle + Damagelowc’ycle

e Combine the 3 main categories so that only one evaluation is enough
and will give accurate results in all parts of the models geometry: hot
spot method is conducted on all nodes defined as hot spots (all nodes
lying on an edge that is connected to two or more bodies) and screening
method is done otherwise.
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Toolbar Usage

DVNYV Fatigue Toolbar is denoted as an extension and a binary version is
build named DNVFatigueToolbar.wbex

Installing the toolbar

To install an ANSYS ACT extension in binary version, in ANSYS version 15,
open ANSYS Workbench 15. On the project page, navigate to Eztensions
-> Install Extension..

Manage Extenslons

ﬁ]lmport... ‘ <@ Reconnect Install Extension..
i

‘ B Analysis Systems ] View Log File
f4 DesignAssessment
(@) Electric A

<
¥ ExplicitDynamics 8 7> Static Structural

A Fluid Flaw - Rlaw Maldina (Dalufoed A - . Al _ e ,

Figure 1: Installing an extension in ANSYS Workbench

And selecting the binary extension file (.wbex file) in the browsing window.
When the extension is successfully installed, a pop up window will appear:

IrInstaIl ﬂ

@ The extension DNVFatigueExtension was successfully installed.

Figure 2: Successfully installed extension in ANSYS Workbench
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The extension can now be used in any project by activating it in Eztensions
-> Manage Eztensions -> select the binary extension file (name of the .wbex
file). Note that version number is noted in the rightmost row.

rA Extensions Manager E@u
Loaded Extensions Type Version
) DNVFatigueExtension Scripted 1.0
DNVFatigueExtension Binary 1.0
(& DNVFatigueHotSpot Scripted 11
& DNVFatigueHotSpotJoint Scripted 1.0
&l FEInfo Binary 9.1
] HeavyDuty Binary 1.0
] IronPythonConsole Scripted 1.0
] Lin_Stress_R150_v1 Binary 1.0
B OilAndGasToolkit15 Scripted 1.0
@ test Scripted 1.0

Figure 3: Activate extension to use it in a project

By selection the extension, as shown in figure 3, the extension will be avail-
able in ANSYS Mechanical for the project the next time it is opened. The
extension will be active for the project as long as it is saved, and can be
removed by deselecting it again in Extension Manager

Installing the toolbar, scripted version
To use a scripted version of an extension, make sure that ANSYS Workbench

known where the extension script is stored by Tools -> Options -> Eztensions
and copy the address of the folder where the extensions xml file is stored.
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r B
I\ Options o0

- Project Management
- Appearance
- Regional and Language Options General Options

- Graphics Interaction
- Journals and Logs Additional Extension Folders (enter folders separated by ;)

. Project Reporting C:\Users\1990towe\Desktop\GitHub \EDRM_AIl_Extensions\OilAndGasToolkit\DEV\Source; C:\
Solution Process

! m Save Binary Extensions with Project
Mechanical APDL JNEVH ']

= CFX
Repository Development
- Fluent
- Mechanical ¥ Debug Mode
- Microsoft Office Excel
-+ TurboSystem

-- Meshing

[#- Design Exploration

: Geometry Import

Extensions

—

Figure 4: Manually insert the address where the scripted version of an ex-
tension is stored

Make sure Debug Mode is checked and that you have a Developer Mode li-
cense. After successfully inserting the location of the folder where the scripted
version is stored, activate the scripted extension the same way as for binary
extensions. Note that scripted extensions are noted as Type Scripted in the
extension manager while binary extensions are noted as Type Binary.

Now that the extension is activated, open ANSYS Mechanical and the ex-
tension GUI is visible. Note the additional toolbar ACT Development with
two click-able buttons Update and View Eztension Log File from figure 5.
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File Edit View Units Tools Help v -+ ‘-,5 Solve ¥ 72/ Show Errors tﬂ ﬂbﬂ_' [ & A (@~ :
TAYTR CARRE @SRRI QAR E NS Q

£ Show Vertices g Wireframe | T3 Show Mesh i Il Random Colors <73 Annotation Preferences

Model G/ Construction Geometry | @ Virtual Topology = [y Symmetry | ©, Remote Point | @ Connections | &
L’% DNV Fatigue ~ @Screening v E‘Plane Plate Hot Spot ~ “Tubular Hot Spot » | | ACT Developmerﬁ & 03
Jutline 2

Filter: Name v A 27 Pl

Figure 5: ACT Development Eztension. Update and view FExtension Log File

When source code to an active scripted extension is updated, clicking the
Update button will incorporate these changes to apply the next time a result
object from the scripted version is evaluated. The extension log file will
include any error messages the source code generates, and makes it possible
to print self-made messages from including information directly from the
source code by the command ExtAPI.Log.WriteMessage("write this to
extension log file").

meshUnit result.Analysis.MeshData.Unit

ExtAPI.Log.WriteMessage("ready for HC Screening " str(meshUnit))

Figure 6: Ezample of string written in Extension Log File when High Cycle
Screening is evaluated. Output will be "ready for HC Screening m" when the
mesh unit is meters

Uninstalling the toolbar
To uninstall an extension, use Eztensions -> Extension Manager select the

desired extension, right mouse click and select Uninstall. Note that only
binary extensions can be uninstalled.
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I\ Extensions Manager

| Loaded Extensions Type
DNVFatigueExtension Scripted 1.0
DNVFa - Binary 1.0
DNVFatigue Load as Default Su'ir;»te 4 T
DNVFatigueh Load Scripted 1.0
FEInfo Unload Binary 9.1
HeavyDuty % Unirstal i Binary 1.0
IronPythond: ! Scripted 1.0
Lin_Stress_R150_v1 Binary 1.0
OilAndGasToolkit15 Scripted 1.0
test Seripted 1.0

Figure 7: Uninstall an extension in ANSYS Workbench
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Property Input Guidance

Table 1: Details View of the High Cycle Screening result object

Scope

Geometry Result geometry scope.  Select vertices,
edges, faces or bodies

Shell Specify whether Top, Bottom or Middle re-
sult should be displayed for shell bodies

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Stress Option

Specify which stress type to use in evaluation

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases™

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case™*

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By

Not used. Keep as default***

Display Time

Not used. Keep as default***

Integration Point Result

Display Option

Specify how to display the result, Averaged
or Unaveraged across elements

S-N Class

S-N Data equal For All Bod-
ies

Specify whether the same S-N Data should
apply for all bodies or differ

Environment Specify which environment the structure is
exposed to
S-N Curve Specify which S-N Curve to apply in fatigue

calculations

Thickness Modification Fac-
tor

Thickness ratio, values >1.0 are not valid

S-N Table

Table for unique S-N Data for each body.
Properties as above

Temperature Over 100 Cel-
sius

For high temperatures, a temperature depen-
dent S-N Curve will be used

Temperature

Insert temperature over 100 Celsius if previ-
ous property is set to Yes
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Table 2: Details View of the Low Cycle Screening result object

Scope

Geometry Result geometry scope.  Select vertices,
edges, faces or bodies

Shell Specify whether Top, Bottom or Middle re-
sult should be displayed for shell bodies

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases™

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case™*

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By

Not used. Keep as default***

Display Time

Not used. Keep as default***

Integration Point Result

Display Option

Specify how to display the result, Averaged
or Unaveraged across elements

e-IN Class

e-N Data equal For All Bod-
ies

Specify whether the same e-N Data should
apply for all bodies or differ

Environment Specify which environment the structure is
exposed to

Temperature Specify temperature, used to find or interpo-
late Young’s Module

e-N Table Table for unique e-N Data for each body.
Properties as above

Advanced

Newton Raphson Initial | Initial guess as guidance for iteration method

Guess
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Table 3: Details View of the High Cycle Plane Plated Weld result object

Scope

Geometry Result geometry scope. Select edges, faces or
bodies

Shell Specify whether Top, Bottom or Middle re-
sult should be displayed for shell bodies

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Stress Option

Specify which stress type to use in evaluation

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases™

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case™*

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By Not used. Keep as default™**
Display Time Not used. Keep as default***
S-N Class

S-N Data equal For All Bod-
ies

Specify whether the same S-N Data should
apply for all bodies or differ

Environment Specify which environment the structure is
exposed to
S-N Curve Specify which S-N Curve to apply in fatigue

calculations

Plate Thickness

Used to find extrapolation points

Reference Thickness

Values giving ~— > 1.0 are valid

tref

S-N Table

Table for unique S-N Data for each body.
Properties as above

Temperature Over 100 Cel-
sius

For high temperatures, a temperature depen-
dent S-N Curve will be used

Temperature

Insert temperature over 100 Celsius if previ-
ous property is set to Yes
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Table 4: Details View of the Low Cycle Plane Plated Weld result object

Scope

Geometry Result geometry scope. Select edges, faces or
bodies

Shell Specify whether Top, Bottom or Middle re-
sult should be displayed for shell bodies

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases™

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case™*

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By Not used. Keep as default™**
Display Time Not used. Keep as default***
e-IN Class

e-N Data equal For All Bod-
ies

Specify whether the same e-N Data should
apply for all bodies or differ

Environment

Specify which environment the structure is
exposed to

Plate Thickness

Used to find extrapolation points

Temperature Specify temperature, used to find or interpo-
late Young’s Module

e-N Table Table for unique e-N Data for each body.
Properties as above

Advanced

Newton Raphson Initial | Initial guess as guidance for iteration method

Guess
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Table 5: Details View of the High Cycle Tubular Joint result object

Scope
Geometry Result geometry scope. Select mesh nodes
Shell Specify whether Top, Bottom or Middle re-

sult should be displayed for shell bodies

Hot Spot Classification

Is Geometry Selected

Geometry Scope must be selected****

Classification Table

See table 7

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Stress Option

Specify which stress type to use in evaluation

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases*

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case**

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By

Not used. Keep as default***

Display Time

Not used. Keep as default™**

Integration Point Result

Display Option

Specify how to display the result, Averaged
or Unaveraged across elements

S-N Class

S-N Data equal For All Bod-
ies

Specify whether the same S-N Data should
apply for all bodies or differ

Environment Specify which environment the structure is
exposed to
S-N Curve Specify which S-N Curve to apply in fatigue

calculations

Plate Thickness

Used to find extrapolation points

Reference Thickness

Values giving ﬁ > 1.0 are valid

S-N Table

Table for unique S-N Data for each body.
Properties as above

Temperature Over 100 Cel-
sius

For high temperatures, a temperature depen-
dent S-N Curve will be used

Temperature

Insert temperature over 100 Celsius if previ-
ous property is set to Yes
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Table 6: Details View of the Low Cycle Tubular Joint result object

Scope
Geometry Result geometry scope. Select mesh nodes
Shell Specify whether Top, Bottom or Middle re-

sult should be displayed for shell bodies

Hot Spot Classification

Is Geometry Selected

Geometry Scope must be selected****

Classification Table

See table 7

Definition

Result View

Specify result type to display. Stress Range
cannot be set for load case combination

Load Case Combination

Specify to evaluate upon a single load case
or a combination of load cases*

Start Step

Specify the start of a load case™*

End Step

Specify the end of a load case**

Number of Cycles

Used to calculate damage. Positive integers
are valid

Load Case Table

Used to define load cases. Same properties
as above

By

Not used. Keep as default***

Display Time

Not used. Keep as default***

Integration Point Result

Display Option

Specify how to display the result, Averaged
or Unaveraged across elements

e-IN Class

e-N Data equal For All Bod-

1€eS

Specify whether the same e-N Data should
apply for all bodies or differ

Environment

Specify which environment the structure is
exposed to

Plate Thickness

Used to find extrapolation points

Temperature Specify temperature, used to find or interpo-
late Young’s Module

e-N Table Table for unique e-N Data for each body.
Properties as above

Advanced

Newton Raphson Initial | Initial guess as guidance for iteration method

Guess
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Table 7: Hot Spot Classification Table****

Hot Spot Classification

Table to classify each hot spot given through
geometry scope

Hot Spot Id Column in ta-
ble

Read only cells to inform user about hot spot
properties

Connected Edge Id Column
in table

Read only cells to inform user about hot spot
properties

Connected Face Id Column
in table

Read only cells to inform user about hot spot
properties

Connected Face Id Column
in table

Read only cells to inform user about hot spot
properties

Chord Id Column in table

Select which body represents the chord of the
tubular joint

Brace Id Column in table

Select which body represents the brace of the
tubular joint

Hot Spot Type Column in
table

Select hot spot type crown or saddle point

*All solved analysis that share the model cell in Workbench are valid

*#Step 0 corresponds to step 0 and step Last corresponds to the last time step
available. Note that the steps end time is used

***Default property in a result details view, cannot be removed

*FFEGeometry scope must be selected before using the Hot Spot Classification

Table
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Sequence Diagrams

Screening Sequence

User Toolbar Callbacks I‘ Controller
| createObject : : |
| createObject() 'ﬁ : !
i i canAddObject() =],' i

alt [Wrong Analysis Type] i i
| | | |
! l < False ! |
| o | |
Ly waming | | |
[l | 1 I I
- b ) !
i [Correct Anal;;sls Type] i i
! It True | |
| ¢ | |
I, objectAdded() | ! !
h i i i
I fillProperties() ! | |
Il [ I I
| propertiesFilled() | | :
T .4l | |
| | validateProperties () J i
| | ¥, |

alt [Properties not filled correctly] | |
| | |

| | 4 False | |

I [ 1 |
loop _J  [fillProperties] : :
I I I I
|, fillProperties() | | |
P I | |

| propertiesFilled() : :

i 4 [ i

! I ualidaterperties(pmperties};} |

| | | |

| | | |
(. ol L. L.

! [Properties filled correctly] | i

| | | |

| i True | |

: 4 I l

E < ready ToEvaluate() E i i

| evaluate() N i I

| ¢ | |

I I evaluate() ! »

! i 5 :

| | 1 1

1 1 | |

User Toolbar Callbacks I‘ Controller

Figure 9: Sequence diagram 1
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Screening Evaluation Sequence
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Hot Spot Evaluation Sequence
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Software Specifications

tigue Results

Purpose
Function Status Explanation
Toolbar But- | Completed | Provide user with a simple and recognizable
tons GUI in ANSYS Mechanical
Toolbar Input | Completed | Provide user with a simple and recogniz-
Sections able GUI in ANSYS Mechanical for fatigue

evaluation property input

Collecting Completed | Gather stress/strain ranges from ANSYS
Stress/Strain results to be used in fatigue evaluation
Ranges
Calculate Fa- | Completed | Using stress ranges to calculate high cycle
tigue High Cy- fatigue
cle
Calculate Fa- | Completed | Using strain ranges to calculate low cycle
tigue Low Cy- fatigue
cle
Extrapolate Completed | Extrapolate values in hot spots and use
for plane these stress/strain ranges to calculate fa-
plated welds tigue life
Extrapolate Incomplete | Extrapolate values in hot spots along chord
for simple, and brace, and use these stress/strain
tubular joints ranges to calculate fatigue life
Combine Load | Complete | Allowing user to evaluate fatigue on several
Cases load cases with only one result object
Displaying Fa- | Complete | Plotting evaluated fatigue life and accumu-

lated damage on input geometry in ANSYS
Mechanical GUI
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System Overview

Sub Process | User Inter- | Task Performed | Limitations
ference
Initiate result | User  button | Result object | Only Static
object press added in solution | Structural  and
outline Transient Struc-
tural Analysis
Input property | User  change | Callbacks for vali- | Limitations ac-
change property in | dation and depen- | cording to prop-
result  object | dency erty restrains

details view

Screening User select | fatigue is evaluated | see Chapter 4
Evaluate evaluate result | on geometry input
object,  type | and plotted on
screening model
Plane Plated | User select | Welds and  hot | see Chapter 4
Weld Evaluate | evaluate result | spots are defined
object,  type | from geometry
plane plated | and  Fatigue is
weld evaluated by ex-
trapolation before
plotted on model
Tubular Joint | User select | Geometry input | Incomplete appli-
evaluate result | is classified and | cation, result are
object,  type | groundwork for | not given back to

future development
is established

tubular joint user

Input

All input from user is given through details view. See tables 1, 2, 3, 4, 5 and
6 in Appendix Property Input Guidance for valid input and guidance.

Output

Output is given by fatigue life/accumulated damage or stress/strain ranges
plotted on the model.
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As the two Tubular Joint result objects are not completed, results will not
be given.

Other output is error and warning messages given to user (see Chapter 4),
and a error log file for when Newton-Raphson does not converge, which will
be stored in the projects working directory if non-convergence should occur.

User Manual

The DNV Fatigue Toolbar extension is created with user friendliness in mind.
The user available setup is designed to replicate default ANSY'S result object
setups, so that regular ANSYS users find the interface intuitive. To use the
toolbar, follow the steps beneath:

1.
2.

For first time use: install the toolbar (see appendix install)

For first time use in a ANSYS project: activate the extension (see
appendix install)

Open Mechanical

Select desired result object through categories Screening, Plane Plated
Weld or Tubular Joint and insert in a static structural or transient
structural analysis by either selecting the analysis solution before select-
ing the result object through the toolbar interface or by right-mouse-
clicking the solution branch and insert directly

Select desired properties in the result objects details view
Solve result object by right-mouse-clicking evaluate or solve analysis

Watch for error or warning messages. Be aware that evaluation will
not be complete if an error or warning message pop-up window is open

Review results on model
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