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Global and detailed local fatigue assessment of a container vessel —
a comparison between linear and nonlinear FE-analyses

CAMILLA KNIFSUND and ANDREA TESANOVIC

Department of Shipping and Marine Technology
Division of Marine Design
Chalmers University of Technology

Abstract

Container ships operating in the North Atlantic have a challenging structural design with
respect to fatigue. The container vessels are long and slender and they have large openings in
the deck. The structural design, in a combination of high wave loads, makes the ship sensitive
to fatigue cracks. The estimated fatigue life according to class rule procedures is too short to
be realistic in several fatigue-critical locations of container vessels. The class rules mainly
base their assumptions on stress-based approach, where high stress-concentration factors are
commonly accepted. This could be one of the reasons why plastic deformation occurs locally
in ship structures and fatigue cracks appear at an early stage.

The objective with this study is to simulate numerically and assess the structural response of a
container ship by assuming either linear material, or nonlinear, material response. In order to
enable such a study, a hydrodynamic analysis is adopted to simulate the wave-induced
structural loads, followed by a linear and nonlinear FE-analysis in order to obtain the
structural strength. A long-term fatigue analysis is performed to obtain the critical locations in
the ship. A script is created that makes it possible to change between a linear and nonlinear
FE-solver.

The results from the long-term fatigue analysis indicate that the critical locations exist in the
hatch corners, forward engine room bulkhead and in the bilge region. However, the side shell
on the port side was chosen for further study. The results from the nonlinear structural FE-
analysis indicate that almost no plastic deformation will occur in the critical region of the side
shell. Hence, the conclusion was made that a strain-based approach to fatigue is not necessary
for this location. A linear structural FE-analysis with the effect from internal ballast water was
studied. The results from the linear structural FE-analysis with the effect from internal ballast
pressure showed only a small impact on the stress-levels.

For future work it is recommended to study a local sub-model that is located in a region where
higher stress concentrations are expected such as, for example, in the bilge region on the
starboard side of the ship. The presence from welds and redistribution of residual stresses, in
case of cyclic loading, should also be taken into account.

Keywords: boundary displacements, container ship, fatigue assessment, finite element
analysis, material modelling, usage factor.
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1. Introduction

1.1. Background

Container vessels are very long and slender and the ship structure, or the deck beam, is partly
an open cross-section geometry. The structural design is demanding with respect to fatigue
resistance and stress ranges could locally become significant. This could eventually result in
fatigue cracks after only a few years in service. Container vessels are according to Li [1]
affected by wave-induced Vlasov torsion, especially in the midships bilge region. The vessel
is also affected by repeated loads due to loading and unloading, which gives rise to bending
moments. In order to fully understand the reason why fatigue cracks appear at an early stage,
more numerical analyses have to be performed in order to achieve sustainable ships.

A group of researchers in the Marine Structures research group at the Division of Marine
Design at Chalmers University of Technology is collaborating with DNV with ship routing of
container ships. The group has designed a full-scale ship model of a 4,400 TEU container
vessel in the DNV software SESAM. A methodology has been developed for global fatigue
analysis of a container ship in arbitrary sea state conditions. Local sub-models exist, but not in
enough locations and the fatigue assessment procedure can be further developed.

1.2. Objective with the investigation

There are three types of approaches when it comes to fatigue; the stress-based approach, the
strain-based approach, and fracture mechanics which describes the crack growth.

The stress-based approach is used when the cyclic stresses are assumed to be less than the
yield stress of the material, and Hooke’s law can be used to describe the linear relationship
between stress and strain. The stress-based approach emphasizes nominal stresses rather than
local stresses and strains, and uses elastic stress-concentration factors (SCF) instead of
calculating the stresses and strains in local regions [2].

The strain-based approach to fatigue considers the plastic deformation that occurs in the
localized regions where fatigue cracks could begin. In highly stressed regions where the
stresses are beyond the yield stress limit and the material deforms plastically, for example in
notched or welded members, the fatigue life should be based on a strain-based approach. In a
strain-based approach, the strain range becomes more important than the stress range due to
the plasticity of the material [2].

In the global model, stress-raisers such as cut-outs, notches and welds have not been
modelled. Instead, stress-concentration factors are used for the global model in order to
estimate what the structure response could be like for a local model with fine mesh. Thus, it is
difficult to estimate the stress-concentration factor. In most cases it is preferable to perform a
structural FE-analysis on a local sub-model with fine mesh in order to obtain the exact values
of the stress-strain response.

The main objective with this thesis is to compare a linear and a nonlinear structural analysis in
order to outline if a stress-based fatigue assessment is enough, or if a strain-based fatigue
assessment should be carried out. In order to meet the objective, the following sub-targets are
to be fulfilled for the full-ship analysis and local sub-model analysis.
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II.

. Sub-targets for the full-ship (global model) analysis

Identify fatigue critical locations using linear FE-analysis. Perform the analysis for
different wave directions (heading angles). Identify where these elements are located in the
ship.

Evaluate fatigue-critical locations in the full ship model as a function of wave direction.
Identify if there is a common trend between the wave direction and the fatigue-critical
location.

Identify fatigue-critical locations with respect to von Mises stress for each wave direction.
Present if there is a common trend between the fatigue-critical location and maximum von
Mises stress.

Calculate the hydrodynamic loads in the frequency domain. Study the influence from
external sea loads and internal pressure due to ballast water.

Sub-targets for the local sub-model analysis

Propose a constitutive material model for mild steel that considers strain hardening.
Establish a methodology with an interface where a linear and nonlinear FE-solver can be
used for the structural FE-analysis.

Perform and compare the results, for the local sub-model, from the linear structural FE-
analyses that are calculated with two different FE-solvers.

e Perform a nonlinear structural FE-analysis for the local sub-model.

Identify, from a nonlinear structural FE-analysis with a static load, where the regions that
are highly stressed are located. Motivate if a cyclic load should be applied and if a stress-
based, or a strain-based, approach to fatigue should be carried out.

1.3. Methodology

The objective with this study is to simulate numerically and assess the structure response
followed by the fatigue life of a container ship. Depending on the wave direction, magnitude
of wave loads and the location of interest for evaluation in the ship, either a linear or
nonlinear material response will occur. Hence, the following three types of numerical
analyses have been carried out:

Hydrodynamic simulations.
Structure response analyses; linear and nonlinear.
Fatigue evaluation.

Each of these parts will be described briefly with respect to the methods and software that are
used. Figure 1 represents the flowchart of the methodology for this thesis.
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Fig. 1. Flowchart of the methodology for this thesis.

In this thesis there are two levels of FE-models that are used in the analysis; a full-ship FE-
model with a relatively coarse mesh that represents the global model of the ship. A detailed
structure analysis cannot be carried out using this model. Instead, a local sub-model with a
more detailed and fine mesh is used to achieve more accurate and sufficient resolution of, for
example, stresses and strains in local structure details.

The hydrodynamic simulation is carried out in the DNV software WASIM. The
hydrodynamic simulations are performed, in the frequency domain and time domain for a ship
operating between Europe and North America during the winter season (December to March).
For the frequency domain, a Pierson-Moskowitz spectrum with 19 frequencies and 24 wave
directions, heading angles, are chosen.

The FE-simulations of local details are carried out in the DNV software SESTRA for linear
structural FE-analysis, and in the commercial software ABAQUS for linear and nonlinear
structural FE-analysis. The nonlinear structural FE-analysis is performed in order to
investigate if cyclic plasticity will occur for the local sub-model. In case of cyclic plasticity, a
strain-based approach to fatigue should be used. Since SESTRA can only handle linear
structural FE-analysis, a change of solver to ABAQUS is necessary in order to perform a
nonlinear structural FE-analysis. The features given from SESTRA are, however, still used as
an input for the nonlinear structural FE-analysis in ABAQUS. This is further discussed in
Sections 5 and 6.

The fatigue evaluation to obtain fatigue-critical locations in the full ship, i.e. a global model,
is carried out in STOFAT.



1.4. Limitations

A 4,400 TEU container ship that operates between Europe and North America is studied in
this thesis, since it the most common container vessel on the market. In order to obtain a more
general understanding for the response of all container vessels, different container vessels
could be added. The vessel will have a service speed of 23 knots and the effects of speed
reduction have not been accounted for in this thesis.

In this thesis, a local sub-model located in the side shell on the port side of the ship is studied.
The location of the local sub-model is based on the study made by Balatsos [3]. Other
locations, like for example in the bilge region, could have been taken into consideration since
the structural response to the wave loading is, according to Li [1], more complicated in the
bilge region.

Two sea states; a moderate sea state with a significant wave height of Hy = 6.0 m and a high
sea state with Hy = 7.5 m, representative during winter conditions for the North Atlantic, are
chosen to be studied. These wave heights frequently appear from the period during December
to March. Measurements show that the occurrence probability is very low for waves with a
significant wave height higher than 7.5 m. Therefore, waves higher than 7.5 m have not been
studied.

Waves that come from a bow sea, 135 degrees heading angle, are studied for the local sub-
model, since it is very common for a vessel to operate in this wave direction. Waves that
come from this direction will, according to Li [1], give the most accumulated fatigue damage
on the starboard side of the ship. For locations on the port side, it is the waves that come from
a head sea, 180 degrees heading angle, that will give the highest accumulated fatigue damage.
However, the difference in accumulated fatigue damage between these wave directions, 135
and 180 degrees, is relatively small. The reason why waves that approach a head sea are not
considered is since it is very uncommon to operate in this wave direction.

The internal and external sea pressures that are applied on the local sub-model are simplified
as constant surface loads. The assumptions will not have a large impact on the results, since
the local sub-model is located in a region where the pressure does not differ significantly.

Welds have not been modelled in the FE-models and the residual tensile stresses from the
welding procedure are disregarded. This is accepted by classification rules that have
guidelines for creating global and local FE-models of ship structure details [4].



2. Software procedures

The methodology that has been used for this thesis project is described in Fig. 1. For the full
ship, global model, a linear structural FE-analysis is performed. The FE-analysis for the
global model is linear, since its only purpose is to identify where the critical regions are
located. Stress raisers, such as notches, welds and geometrical discontinuities, have not been
modelled for the global model. Hence, a detailed local sub-model with fine mesh should be
modelled in a critical location and a linear, and nonlinear, structural FE-analysis should be
carried out for this model.

The DNV software package SESAM and the commercial software ABAQUS version 6.7 [5]
are used for the analysis in this thesis work. The DNV software package SESAM consists of
different modules which depend on the simulation that is supposed to be carried out. The
following SESAM-software is used; WASIM (HydroD version 4.4-05) [6], SESTRA version
8.4-01 [7], STOFAT version 3.3-02 [8], PATRAN PRE version 2004, XTRACT version 2.1-
00 [9], SUBMOD version 3.2-01 [10]. All the software that is mentioned in the report
subsequently always refers to the versions and manuals mentioned here.

A more detailed description of the software that has been used is presented in this section.
Appendix B presents a flowchart of the software and files that have been used. The particular
ship that has been studied is a common 4,400 TEU container vessel represented by Fig. 2. The
main particulars of the studied vessel are presented in Table 1.

Table 1. Main particulars of a 4,400 TEU container ship.

Length over all, LOA [m] 294.0
Length between perpendiculars, LPP [m] 281.0
Breadth, B [m] 32.26
Draft, D [m] 10.78
Service speed at design draft, U [knots]; [m/s] 23.0; 11.8
Deadweight at design, DW'T [metric tonnes] 47754
Max twenty-foot equivalent unit, TEU 4400

Fig. 2. Illustration of the studied 4,400 TEU container vessel.



2.1. Hydrodynamic simulations

The hydrodynamic simulation has been carried out in WASIM. The simulation is performed
for a ship that operates between Europe and North America during the winter season
(December to March). In the hydrodynamic analysis it is assumed that the speed of the ship is
a constant 23 knots.

According to WASIM, the software for the fatigue analysis of the full-ship model requires the
wave loads to be described in the frequency domain. For a frequency domain analysis, a
Pierson-Moskowitz spectrum with 19 frequencies and 24 wave directions - heading angles -
are chosen. The significant wave height is 1.0 m for the frequency domain analysis according
to recommendations from DNV.

Loads from a time domain analysis in WASIM is used for the linear structural FE-analysis in
SESTRA for the local sub-model. The time domain analysis is performed with two significant
wave heights, H; = 6.0 m and Hg = 7.5 m. Significant wave heights that are higher than 7.5 m
have not been studied, since the occurrence probability is very low for waves that are higher
than 7.5 m.

2.2. Structure response analyses: linear and nonlinear

The linear structural FE-analysis for the full-ship model is performed in SESTRA. Three
different analyses are performed for the detailed local sub-model. First, a linear structural FE-
analysis was performed in SESTRA followed by a linear structural FE-analysis in ABAQUS.
Finally, a nonlinear structural FE-analysis was preformed in ABAQUS in order to find out the
amount of plastic deformation.

The mesh for the global model and local sub-model was created in PATRAN PRE. The global
model consists of 16980 4-node quadrilateral and 4858 3-node triangular thin shell elements.
The local sub-model was created by Balatsos [3]. The local sub-model consists of 10850 8-
node quadrilateral and 30 6-node triangular thin shell elements. The mesh size for the global
model is about 3.0 m and for the local sub-model it is t X t, close to stress-raisers, and 50 x 50
mm in other locations. The main particulars for the global model are presented in Table 1 and
the dimensions for the local sub-model are presented in Table 5.

The hydrodynamic analysis was performed for the full-ship model in WASIM. The
hydrodynamic simulation gives the pressure variations from the wave loads that act on the
ship. These pressure variations are directly transferred from WASIM to SESTRA. SESTRA is
used for linear structural FE-analysis and the structure response due to wave loading can be
obtained. The result from the linear structural FE-analysis in SESTRA is post-processed in the
postprocessor XTRACT.

The load transfer between different levels of models was done using the sub-modelling
facility SUBMOD. Figure 3 presents the local sub-model in contrast to the full ship (global
model). The displacements from the full-ship analysis in SESTRA were transferred to the
intermediate local model and detailed local model as boundary node displacements in
SUBMOD. By using the sub-modelling technique it is possible to obtain the nodal
displacements in six degrees of freedom for every node in the boundary region of the local
sub-model.
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Fig. 3. Sub-modelling from full-ship model to intermediate model to detailed local model [3].

The structural FE-analysis in SESTRA can only be used for linear structural FE-analyses. To
be able to perform a nonlinear structural FE-analysis, as needed for this thesis project,
ABAQUS is used as solver. The features given by SESAM, for example the boundary
displacements, are used in the nonlinear structural FE-analysis in ABAQUS. The boundary
displacements are implemented in an ABAQUS-script. The script works as an interface
between two different solvers, SESTRA and ABAQUS, and the opportunity to change
between linear and nonlinear FE-analysis in ABAQUS. The change between linear and
nonlinear structural FE-analysis is dependent on the material behaviour, which is discussed in
Section 3.

The script that has been created for the nonlinear structural FE-analysis in ABAQUS consists
of four parts:

Mesh of the local sub-model given from PATRAN PRE.
Material modelling for the nonlinear material behaviour.
Surface pressure loads from internal ballast and external seawater pressure.

Boundary displacements from the global model to the local sub-model given from
SUBMOD.



2.3. Fatigue evaluation

The spectral fatigue analysis for fatigue damage calculation of welded plates and shells was
performed in STOFAT. STOFAT obtains the principal stresses from SESTRA and calculates
the accumulated partial damage [8]. The accumulated partial damage is weighted over sea
states and 24 wave directions. The wave directions that are considered are 0, 15 up to 360
degrees. The definition of the wave direction, or heading angle, is presented in Fig. 4.

Head 180°

Starboard
Bow 135°

Starboard
Beam 90°

Port Beam
270°

Starboard
Quarter 45°

Port Quarter
315°

Following 0°

Fig. 4. Definition of the wave direction (heading angle) in this investigation.

The container ship is designed to operate for 20 years in service and is assumed to be in full
load condition in 85 per cent of the operational time. The wave climate is represented by a
scatter diagram which represents the North Atlantic. Hence, a Pierson-Moskowitz wave
spectrum is used and cos” is the wave-spreading function. DNVC-I [4] for welded joints is
used as a stress-life curve, also called SN-curve.



3. Constitutive material modelling and data

The material behaviour is represented in ABAQUS by a constitutive material model. The
material has to behave elastically in order to perform a linear structural FE-analysis. In
ABAQUS, an elastic material behaviour can be modelled with Young’s modulus and
Poisson’s ratio. These parameters are described in Table 2.

The material needs to account for elastic-plastic behaviour for a nonlinear structural FE-
analysis. For the elastic-plastic behaviour, there are several constitutive material models
depending on the hardening procedure of the material. There are three models available to
describe the strain hardening procedure of metals in ABAQUS. These are; isotropic
hardening, kinematic hardening and combined hardening.

Combined hardening is the hardening procedure that is used for this study. The combined
hardening is a nonlinear hardening model, which associates the properties from both an
isotropic hardening and a nonlinear kinematic hardening [11]. In order to define this material
model in ABAQUS, a stress-strain curve is obtained in Fig. 5. The stress-strain curve in Fig. 5
is obtained from the Ramberg-Osgood relationship [2] and represents mild steel. The material
properties for this mild steel are presented in Table 2.

Table 2. Material properties for cyclic stress-strain curves [4].

Yield strength [MPa] 277

Young’s modulus, E [GPa] 210

Poisson’s ratio 0.3

Material coefficient, H’ [N/mmz] 602.8

Material coefficient, n’ 0.117
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100

50 b
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Fig. 5. A half-cycle stress-strain curve for mild steel.



3.1. Different modes of material response

In this section, the different modes of material response due to cyclic loading from waves are
described. The cyclic behaviour can be achieved by implementation of combined hardening in
ABAQUS. From a cyclic load analysis in ABAQUS, the material response is obtained as a
stress-strain curve. The material response can behave in four different modes; pure elastic,
elastic shakedown, plastic shakedown or plastic shakedown followed by ratchetting. The
different modes of material responses are presented in Fig. 6.

ralchetting

I

plagdic shakedown limit

]

algstic shalmgl:v:m T

-

-1
5
5:1': strain
z
&

ratchelting thrashald

® (€) (d)
Fig. 6. Different modes of material response; elastic response (a), elastic shakedown (b),
plastic shakedown (c) ratchetting (d) [12].

The different modes of material responses presented in Fig. 6 require some further
explanation:

e Elastic response means that the material will deform elastically and return to its original
shape in an unloading condition.

¢ Elastic shakedown is obtained when the load does not exceed the elastic shakedown limit.
This occurs when a tensile load is removed and the yielded material around the plastic
zone attempts to recover its original shape. When it attempts to recover its original shape,
it forces the yielded material into compression and other regions away in tension. There
will be a redistribution of stress that sums to zero, as required by equilibrium, and elastic
shakedown is achieved [2]. In case of elastic shakedown, a stress-based approach is
appropriate to use.

¢ Plastic shakedown is obtained when the load exceeds the elastic shakedown limit. The loop
becomes stabilized with no net accumulation of plastic strain. In case of plastic
shakedown, a strain-based approach is appropriate to use.

e Ratchetting occurs when further plastic flow takes place. The result is an incremental loop
and the material accumulates a net strain during each cycle.

10



3.2. Kinematic and isotropic strain hardening

In this section, kinematic and isotropic strain hardening is described. These hardening models
are necessary in order for the material to deform plastically. The material response when a
cyclic load is applied is described in Section 3.1. The material response gives a hint of which
fatigue assessment is appropriate to use.

The material model has to take into account strain hardening behaviour when the load exceeds
the yield stress. The combined hardening model that is used in ABAQUS takes into account
both kinematic and isotropic strain hardening behaviour. Figure 7 presents the von Mises
yield surface and the difference between kinematic and isotropic hardening. The axes
represent the principle stresses in 2-dimensions [13] [14].
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Fig. 7. Von Mises yield surface for isotropic (left) and kinematic hardening (right), where the
axes represent the principal stresses in 2-dimensions [14].

Isotropic hardening is illustrated in Fig. 7 (left). It indicates that the yield surface increases
outwards from the origin. The kinematic hardening described in Fig. 7 (right) shows that the
yield surface is kept constant, but its origin moves in “stress-space”. The dashed line in Fig. 7
is the yield surface and plastic deformation occurs when the stress exceeds this surface. In this
study, a combined hardening model is chosen, which allows for both the size and position of
the yield surface to change.
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4. Linear finite element and fatigue analysis of full ship model

The software for fatigue analysis, STOFAT, needs the wave loads to be described in the
frequency domain [6]. The wave loads are calculated in the frequency domain in the software
for hydrodynamic simulation, WASIM. The ship is assumed to operate in the North Atlantic,
between Europe and North America, during the winter season (December to March). Hence, a
wave scatter diagram for the North Atlantic provided by DNV [4] is used. The hydrodynamic
analysis and fatigue analysis assumes the service speed to be a constant 23 knots.

The wave loads calculated in the frequency domain are transferred from WASIM to the linear
FE-software, SESTRA, which obtains the structure response due to wave loading. STOFAT
obtains the principal stresses from SESTRA and calculates the accumulated partial damage -
the usage factor. The SN-curve - the stress-life curve - that is used for the fatigue analysis is
DNVC-I. The SN-curve is used for welded joints and the parameters for this curve is
presented in Table 3 (where N = number of cycles to failure for stress range, log a = intercept
of N-axis by SN-curve, and m = negative inverse slope of the SN-curve [4]). The vessel is
assumed to be in service for 20 years. The ship will be in a full load condition in 85 per cent
of the time in service.

Table 3. Parameters for SN-curve of welded joints [4].

N log a m
<10’ 12.164 3.0
> 10’ 15.606 5.0

A full-ship model, i.e. global model, is used for linear structural FE-analysis in SESTRA and
a fatigue analysis in STOFAT is used to identify critical locations. A critical location is
defined as a location where the fatigue damage, i.e. usage factor, is high. The usage factor is
defined as the design life - life in service - divided by the calculated fatigue life. For example,
if the usage factor is 1.0, it will result in failure after 20 years, or if the usage factor is 0.5, it
will result in failure after 40 years.

The fatigue evaluation is based on analysis with stress-concentration factors. A stress-
concentration factor (SCF) is the ratio between the local stress, which is the increased stress
caused by a notch or weld, and the nominal stress. A better explanation of the stress-
concentration factor is presented in Section 1.2. Stress-concentration factors are used for the
global model in order to take into account stresses that would be caused by geometric
discontinuities and welds if they would have been modelled, which they are not, since the
mesh is too coarse. Stress-concentration factors are not necessary in case of local models with
fine mesh since notches, welds and cut-outs have already been modelled. The stress-
concentration factors that are used in the fatigue analysis are presented in Table 4 [6].

Table 4. Stress-concentration factors (SCF) [6].

Geometric stress concentration 1.0
Weld stress concentration 1.5
Eccentricity stress concentration 1.0

The positions of the boundary conditions in the global model are presented in Fig. 8. Point A
has fixed translation in all directions, point B in the y-direction and point C in the y- and z-
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directions. Hence, a linear structural FE-analysis will give numerical errors in points A, B and
C. The numerical errors are taken into consideration in this study.

A L e

Fig. 8. Boundary conditions for global model.

4.1. Results from fatigue analysis

A fatigue analysis with equal probability, 0.04167 per cent, for all wave directions is
performed in STOFAT. The fatigue analysis is performed in order to find critical locations in
the ship. STOFAT calculates the usage factor for the full ship (global model). The wave
directions 0, 15 up to 180 degrees are studied. See Fig. 4 in Section 2.3 for a definition of the
wave direction. The fatigue-critical locations are presented in Fig. 9 for a fatigue analysis with
equal probability for all wave directions.

Figure 9 shows that the fatigue-critical regions are located in the midshipshatch corners,
engine room bulkhead and in the bilge region. However, the fatigue analysis software will
underestimate the fatigue-critical locations that are affected by Vlasov torsion such as, for
example, those elements that are located in the bilge region. The longitudinal stresses from
the vertical and horizontal bending moment are, according to Li [1], incorporated in the
fatigue analysis. The influence from warping behaviour from Vlasov torsion is often
disregarded.

The interest in studying the maximum usage factor as a function of one wave direction was
driven by the assumptions that the ship will encounter all wave directions equally many times
during the ship’s service life. In this fatigue analysis, one wave direction at a time is studied
and the probability for the studied wave direction is defined to 100 per cent. The wave
directions from 0, 30 up to 180 degrees are studied. The sea states are described in the scatter
diagram for the North Atlantic according to DNV [4]. The SN-curve for welded joints is used
and the parameters are presented in Table 3. The fatigue analysis is calculated for a container
ship in service for 20 years. The stress-concentration factors are presented in Table 4.

The locations of the most critical elements in terms of usage factors are presented in Fig. 10.
The usage factor as a function of wave direction for six critical elements is presented in Fig.
11. Figures 10 and 11 are based on the data given in Tables A1-A7 in Appendix A. The
Tables A1-A7 in Appendix A present the elements with the maximum usage factors for
different wave directions and the calculated fatigue life for these elements.

It seems reasonable that the elements that have the maximum usage factors are located in the
forward engine room bulkhead for a wave direction of 120 degrees, since the engine room is
the maximum loaded region of the ship. The elements that have the maximum usage factors
are located in the midships hatch corners due to the vessel’s open cross-sections. The bilge
region is not among the critical elements in Fig. 10, since the influence from the warping
behaviour in Vlasov torsion is often disregarded. Hence, the usage factor in the bilge region is
underestimated.
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Fig. 9. Critical regions in the ship with maximum usage factors located in the midships hatch
corners (3.8), engine room bulkhead (3.7) and in the bilge region (0.5).
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Fig. 10. Critical elements with maximum usage factors and their locations in the ship.
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Fig. 11. Usage factor as a function of wave direction for critical elements (where following
sea = 0 degrees and head sea = 180 degrees).

4.2. Results from stress response analysis

The linear structural FE-analysis is performed in order to identify the regions in the ship that
have the highest structure response. These regions could be different from those regions with
a high usage factor. The wave load analysis is done in frequency domain and is transferred as
structural loads to SESTRA. The significant wave height is 1.0 m for the frequency domain
analysis and is based on recommendation from DNV. The maximum von Mises stress for an
element is based on one frequency (there exist 19 frequencies as described in Section 2.2). It
is the frequency that will give the maximum von Mises for one wave direction.

It is not obvious if the internal pressure will affect the structure response. The effect from
internal ballast pressure is studied for the global model. Figure 12 presents the location of
internal ballast pressure that is modelled in the wing-ballast tank. The wing-ballast tank is
13.0 m high and is located 4.4 m from the baseline. Equation 1 represents how the internal
ballast pressure is modelled in the global model.

P =pg(z, —z,)=1000x9.81x(17.4-Z') (1)

A linear structural FE-analysis is done with the added internal ballast pressure. The elements
that are compared and their locations in the ship are presented in Fig. 13. An effect on the von
Mises stress is only found for following sea with a 0 degree heading angle, see Tables A15-
A16 in Appendix A. For other wave directions there is no difference in von Mises stress, see
Tables A17-A22 in Appendix A. The results from the fatigue analyses are presented in Tables
A23 and A24 in Appendix A.
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The elements with maximum von Mises stress are compared and presented in Tables A8-A14
in Appendix A. The locations of the elements with maximum von Mises in the ship are
presented in Figs 14 and 15. The elements in the boundary region are not used for FE-analysis
due to numerical error, for example those elements in points A, B and C as described in Fig.
10. Figure 14 presents that the maximum von Mises stress will occur in the hatch corners for
wave directions of 30 and 60 degrees. Figure 15 shows that the maximum von Mises stress
occurs in the centre of the most forward bulkheads for wave directions of 90, 120, 150 and
180 degrees.

The von Mises stresses are very low, since the structure response from only one frequency
can be considered in a frequency domain analysis. It is the frequency that gives the maximum
von Mises stress for each wave direction that is considered. The von Mises stress would
increase if the stress from each frequency is summed, since the structure response consists of
a sum of frequencies. The wave load is a sum of frequencies that are in different phases
relative to each other.

The von Mises stress is not scaled with local stress-concentration factors. The attempt in this
study is to compare the difference between the highest fatigued region, and the highest
stressed region. For this reason, there is no need to scale the von Mises stresses. The von
Mises stress as a function of wave direction, for the elements with the maximum usage factor,
is presented in Fig. 16. The maximum von Mises as a function of wave direction, for elements
with maximum von Mises stress, is presented in Fig. 17.

The internal pressure is modelled
in between these two bulkheads

Fig. 12. Region between two bulkheads where the internal ballast pressure is applied.
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Internal ballast region: 0°

Midships hatch corners: 30° and 60°

Fig. 14. Elements with maximum von Mises stress in the internal ballast region for a wave
direction of 0 degrees, and in hatch corners for wave directions of 30 and 60 degrees.

18



Engine room bulkhead: 90°, 120°, 150° and 180°

Forward bulkhead: 90°, 120°, 150° and 180°

Fig. 15. Elements with maximum von Mises stress in forward bulkheads and in engine room
bulkheads for wave directions of 90, 120, 150 and 180 degrees.
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Fig. 16. Von Mises stress as a function of wave direction for elements with maximum usage
factor (where following sea = 0 degree and head sea = 180 degrees).
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Fig. 17. Von Mises stress as a function of wave direction for elements with maximum von
Mises stress (where following sea = 0 degrees and head sea = 180 degrees).

4.3. Discussion of full ship linear analysis

The linear elastic FE-analysis in SESTRA is based on frequency domain. Thus, the von Mises
stresses are very low, since they are presented for only one frequency at the time. It is the
frequency that results in maximum von Mises stress for each wave direction that is studied. It
is of interest to compare the difference between the most highly fatigued region, and the most
highly stressed region in the global model. In that case, there is no need to analyse other
frequencies than the one that will give the maximum von Mises stress, since the global model
is only used to find the critical locations in the ship.

The usage factor in the critical regions, shown in Fig. 9, is relatively high, usage factor = 3.8,
which corresponds to a calculated fatigue life of 5 years. The calculated fatigue life is too low
to be realistic. It is due to the mesh size of the global model that is coarse with element
lengths up to 3 m. For the global model, no specific details have been modelled, such as cut-
outs and longitudinals. A nonlinear structural FE-analysis on a global model with a fine mesh
is not possible, since the calculation time would be infinitely long. Hence, a local sub-model
with finer mesh and more detailed structure has to be analysed in order to get more accurate
results. It is chosen to perform a linear and nonlinear structural FE-analysis for the local sub-
model.

It is shown in Fig. 9 that the maximum usage factor is in the hatch corners of the midships
deck region, in the corners of the forward engine room bulkhead and in the midships bilge
region. In contrast to similar investigations in the literature on the subject [1], the bilge region
should be chosen for further study. The structural response to the wave loading on this part of
the vessel is according to Li [1] more complicated than in the deck. This is due to the
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significant contribution from wave-induced warping stress in addition to the stress caused by
vertical bending.

However, due to the lack of time reserved for this thesis, the location of the local sub-model is
based on the thesis by Balatsos [3]. Hence, the local sub-model is located in the side- shell
midships region on the port side of the vessel. The local sub-model will be subjected to two
different sea states: a moderate sea state with a significant wave height of H; = 6.0 m and a
higher sea state with Hg = 7.5. The stress concentrations are expected to be high for the local
sub-model in this location from the wave loads of a high sea state.
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5. Linear finite element analyses of local details

For the linear structural FE-analysis, a local sub-model in the side shell region on the port side
of the vessel is studied. The location of the local sub-model is based on a thesis by Balatsos
[3]. Hence, it is convenient to perform the analyses on the same local sub-model as Balatsos
studied. In this region of the ship, the structure is especially complex and longitudinals are
modelled, which includes cut-outs that can lead to high stress concentrations.

The location of the detailed local sub-model, in contrast to the global model, is presented in
Fig. 3. An intermediate sub-model exists in between these two levels of models, in order to
decrease the difference in mesh size between the global model and local sub-model. Figure 18
represents the detailed local sub-model that is studied in the upcoming analyses. The
dimensions of the detailed local sub-model are presented in Table 5. In highly stressed
regions, like for example in the cut-out, the mesh size is the same as the thickness. In other
regions that are less stressed, like for example in the web frame, the mesh size can be up to
50 x 50 mm.

Inner side shell Outer side shell

/

LY Longitudinal
A

Fig. 18. The detailed local sub-model.

Table 5. Dimensions of detailed local sub-model.

Length, Ax [m] 3.40
Width, Ay [m] 2.10
Height, Az [m] 0.90
Below waterline [m] 3.00-3.90
Element size [mm)] tx t (or 50 x 50)
Element thickness [mm] 11-17
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Two significant wave heights, H; = 6.0 m and Hg = 7.5 m, are selected to be studied in this
thesis. These significant wave heights are the most common during the winter season
(December to March). Measurements show that the occurrence probability is low for waves
higher than 7.5 m, which is the reason why significant wave heights above 7.5 m have not
been studied. The FE-analysis, both linear and nonlinear, for H; = 6.0 m showed a small
amount of von Mises stress. Thus, the effect from the FE-analysis with Hy = 7.5 m was
studied in order to obtain higher stresses.

5.1. Linear finite element analyses in SESTRA

In this study, the result from a linear structural FE-analysis in SESTRA is used. The
hydrodynamic loads are given from a time-dependent linear analysis in WASIM. The vessel
is operating in the North Atlantic, thus, a Pierson-Moskowitz wave spectrum is used in
SESTRA. The waves are described by 19 frequencies and 135 degrees wave direction, from a
bow sea. The linear FE-analysis is performed with the limitation that the ship has a constant
service speed of 23 knots.

The linear structural FE-analysis in SESTRA is performed during a period of 2,400 time-
steps, where 1 time-step = 0.5 second. Thus, the boundary displacements are time-dependent.
The time instant that gives the highest structural response is studied in this thesis, and is
obtained in the stress-history from a linear structural FE-analysis.

In this study, two significant wave heights, H; = 6.0 m and Hy = 7.5 m, are studied. The
contour plot from a linear FE-analysis, for H; = 6.0 m, is presented in Fig. 19. The highest
stressed region is obtained in the cut-out of the outer side shell surface. Hence, Fig. 20
illustrates the contour plot around the cut-out. It can be seen that element 11,630 suffers the
most and high stresses are locally active.

The stress-history is studied, for element 11,630, and presented in terms of maximum
principal stress. According to DNV [4], the maximum principal stress is considered a
significant parameter when analysing fatigue-crack growth. The maximum principal stress-
history from the linear FE-analysis, with Hg = 6.0 m, is illustrated in Fig. 21, where the
highest response occurs in time-step 1,663.

The corresponding stress-history from the linear FE-analysis, with Hy = 7.5 m, is presented in

Fig. 22. The maximum principal stress occurs in time-step 2,056 and is higher than for the
analysis with Hy = 6.0 m.
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Fig. 19. Von Mises stress [Pa] for the detailed local sub-model from a linear structural FE-
analysis in SESTRA, with Hy = 6.0 m.

Fig. 20. Von Mises stress [Pa] in the cut-out for the detailed local sub-model from a linear
structural FE-analysis in SESTRA, with H = 6.0.
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Fig. 21. Maximum principal stress in element 11630 from a linear structural FE-analysis with
H; = 6.0 m, where 1 time-step = 0.5 sec.
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Fig. 22. Maximum principal stress in element 11630 from a linear structural FE-analysis with
H; =7.5 m, where 1 time-step = 0.5 sec.
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5.2. Boundary displacements from sub-modelling - SUBMOD

Sub-modelling is used in order to obtain the boundary displacements for the detailed local
sub-model. The sub-modelling technique is described in Section 2.6. A linear FE-analysis is
performed for the full ship - the global model - as described in Section 5. The ship speed is 23
knots and the wave direction (heading angle) is 135 degrees. The sub-modelling technique is
applied in two steps; first the loads are transferred from the global model to the intermediate
sub-model, and, further, to the detailed local sub-model as described in Fig. 3.

The boundary displacement from sub-modelling is given in six degrees of freedom for each
time-step. A history of 2,400 time-steps is studied. The time-step that gives the highest
structure response is selected. That is in time-step 1,663 for Hy = 6.0 m and time-step 2,056
for Hy = 7.5 m. The boundary displacements in these time-steps are applied in the linear, and
nonlinear, FE-analysis in ABAQUS for the local sub-model.

Figure 23 represents the boundary displacements in six degrees of freedom for a boundary
node for Hy = 6.0 m. Figure 24 represents the boundary displacements in six degrees of
freedom for a boundary node for Hy = 7.5 m. The time-step that gives the highest structure
response is marked as a dotted line in Figs. 23 and 24.

It is presented in Figs 23 and 24 that the torsion is severe around the x-axis. Figures 23 and 24
show that the displacement in the z-direction dominates, while the displacement in the
longitudinal direction is very small.
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Fig. 23. Displacements in six degrees of freedom for one boundary node for Hy = 6.0 m,
where 1 time-step = 0.5 sec.
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Fig. 24. Displacements in six degrees of freedom for one boundary node for Hy = 7.5 m,
where 1 time-step = 0.5 sec.

5.3. Linear finite element analyses in ABAQUS

A linear FE-analysis was performed in ABAQUS and compared with the linear FE-analysis
performed in SESTRA. The same mesh and material properties were used for both FE-
analyses in ABAQUS and SESTRA. The material properties, Young’s modulus and Poisson’s
ratio, are presented in Table 2. The mesh is presented in Fig. 18.

The external sea pressure is included in the FE-analysis in SESTRA, while in ABAQUS, the
effect from external sea pressure needs to be modelled. The external sea pressure is given
from the linear FE-analysis in SESTRA for the local sub-model. The magnitude of the
external sea pressure has to be multiplied with a factor of 4, since there are some differences
between the different kinds of software. The factor of 4 is found by changing the input
pressure between the analyses in ABAQUS and interpolate between the results to achieve the
correct equivalent pressure. The magnitude of the pressure in SESTRA is given independently
for each element. The external sea pressure in ABAQUS is simplified as distributed pressure
over the surface, since the pressure does not vary that much along the studied surface. Figure
25 represents how the internal and external sea pressures are applied on the local sub-model.

Table 6 shows the magnitudes of the external sea pressures that are implemented in the FE-

analyses in ABAQUS for the local sub-model. The pressure from internal ballast water is also
presented in the table, but it will not be included in this part of the analysis.
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Table 6. Magnitudes of internal and external sea pressure.

Type of pressure Pressure [kPa]
Internal ballast water 102.5
External sea water (Hy = 6.0 m) 170.0
External sea water (Hy = 7.5 m) 197.0

The boundary displacements are applied on every boundary node for the detailed local sub-
model as described in Fig. 26. The linear structural FE-analysis is performed with Hy = 6.0 m,
and hence, the boundary displacements in time-step 1,663 are applied. The result from the
linear structural FE-analysis is presented in Fig. 27.

External sea water

/

Internal ballast water

/

Z
L’Y
X

Fig. 25. Internal (left and right inner side surface) and external (right outer side surface) sea
pressure acting on the surface of the local sub-model.
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Fig. 26. Boundary displacement applied on every boundary node in the local sub-model.

Fig. 27. Von Mises stress [Pa] around the cut-out from a linear FE-analysis in ABAQUS for
the local sub-model, with H; = 6.0 m.
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The contour plot from the linear structural FE-analysis in SESTRA, Fig. 20, is compared with
the contour plot from a linear structural FE-analysis in ABAQUS, Fig. 27. The highest von
Mises stress in the elements around the cut-out is presented in Table 7.

Table 7. Von Mises stress from a linear structural FE-analysis in SESTRA and ABAQUS.

E:fnTlf:: von Mises from SESTRA [MPa] | von Mises from ABAQUS [MPa]
11624 240 310
11625 240 310
11626 220 300
11627 200 270
11628 150 210
11629 150 150
11630 250 250

The result from the linear structural FE-analysis in ABAQUS is almost identical with the
result from the linear structural FE-analysis in SESTRA. Hence, the change of solver is
performed properly and a further nonlinear structural FE-analysis in ABAQUS can be

performed.
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6. Nonlinear finite element analysis of local detail

The nonlinear structural FE-analysis in this study is performed in the commercial software
ABAQUS. A linear structural FE-analysis performed in SESTRA and another analysis is
performed in ABAQUS, as described in Section 5. A comparison between the results from the
different kinds of software is also presented. The results indicate that there is good agreement
between the contour plots, as shown in Figs 20 and 27, and a nonlinear structural FE-analysis
can be performed.

The same mesh, Fig. 18, is used for the nonlinear structural FE-analysis as for the linear
structural FE-analysis in ABAQUS. Table 6 presents the magnitude of the external sea
pressure and Fig. 25 shows where the pressure is applied. The modelling of the nonlinear
material response is described in Section 3. In ABAQUS, a nonlinear material response for
metals can be implemented as a combined, nonlinear kinematic and isotropic hardening
model. The combined hardening model requires two vectors as input; the yield stress and
plastic strain. The yield stress and plastic strain can be calculated by using the Ramberg-
Osgood relationship [2], which uses two material parameters for mild steel, H” and n’, that are
given by DNV [4]. The values of stresses and strains that are implemented in ABAQUS are
presented in Table 8.

Table 8. Material properties for a nonlinear structural FE-analysis in ABAQUS.

Yield stress [MPa] Plastic strain [ %]
277 0.00
278 0.13
370 1.54
400 2.96
418 4.36
432 5.77
443 7.18
452 8.60
460 10.00
603 100.00

The boundary displacements are given from the sub-modelling described in Section 2.6. The
full ship, global model, has a forward speed of 23 knots. The wave direction is 135 degrees.
For a nonlinear structural FE-analysis, with the significant wave height of Hy = 6.0 m,
boundary displacements in time-step 1,663 are applied. For a nonlinear structural FE-analysis,
with Hy = 7.5 m, boundary displacements in time-step 2,056 are applied. The time-step that is
applied achieves the maximum structural response and is discussed in Section 5.2.

The purpose of the upcoming analyses is to study the magnitude of the equivalent plastic
strain. A description of the results from the nonlinear FE-analysis of the detailed local sub-
model is given in Section 6.1. The part of interest from these simulations is the distribution
and the magnitude of von Mises stress and the equivalent plastic strain in the cut-out. The cut-
out on the outer side shell surface is of interest, since it is the region where the highest stress
concentrations are expected due to a combination of geometric discontinuities, welds and
residual stresses.
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6.1. Nonlinear FE-analysis of local sub-model for two significant wave heights

In this study, two levels of significant wave heights are investigated, Hy = 6.0 m and Hy = 7.5
m. In this section the procedure and the results from the nonlinear structural FE-analysis for
both significant wave heights are presented and compared.

The mesh, external sea pressure and material model are the same for both nonlinear FE-
analyses, but the boundary displacements differ depending on the significant wave height. For
the nonlinear structural FE-analysis with Hg = 6.0 m, the boundary displacements are applied
for time-step 1,663. Time-step 1,663 is selected according to Fig. 21, since it will result in the
highest structural response. For the nonlinear structural FE-analysis with Hy = 7.5 m, the
boundary displacements are applied for time-step 2,056. Time-step 2,056 is selected
according to Fig. 22, since it will result in the highest structural response when the boundary
displacements are applied. The part of interest is the region around the cut-out, where high
stress concentrations are expected due to a combination of geometric discontinuities, welds
and residual stresses. Hence, the region in the cut-out is presented in the results in Figs 28-31.

Figures 28 and 29 show the results from a nonlinear structural FE-analysis with Hy = 6.0 m.
The von Mises stress in the cut-out is relatively low and thus the equivalent plastic strain in
the local sub-model is negligible. Only a few elements show a small quantity of plastic
behaviour. The results from a nonlinear structural FE-analysis, with Hy = 7.5 m, is presented
in Figs 30 and 31. The von Mises stress from a nonlinear structural FE-analysis with Hy = 7.5,
Fig. 30, is higher than for Hy = 6.0 m, Fig. 28. A higher amount of stress concentrations will
result in more equivalent plastic strain. A comparison between the results from the nonlinear
structural FE-analyses, for Hy = 6.0 m and Hg = 7.5 m, are presented in Table 9.

There are only a few elements around the cut-out where the equivalent plastic strain occurs.
Thus, the position of the detailed local sub-model, in combination with the significant wave
height of Hg = 6.0 m and Hg = 7.5 m, should not be considered as a strain-based region. The
calculated fatigue life can be based on stress-approach. There is no need to analyse the
behaviour from a nonlinear structural FE-analysis with cyclic loading. The highest structure
load is already applied in the nonlinear structural FE-analysis; hence, no further plasticity will
occur by analysing a cyclic load.

Table 9. Von Mises stress and equivalent plastic strain for H; = 6.0 m and Hy = 7.5 m.

Sea state Element von Mises effective | von Mises equivalent
stress [MPa] plastic strain [ %]
Hy=6.0m 11624 278 0.03
Hy=6.0m 11625 278 0.03
Hy=6.0m 11630 251 0.00
Hy=7.5m 11624 280 0.11
Hy=7.5m 11625 280 0.11
Hy=7.5m 11630 279 0.09
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.015e+08
+3.681e+08
+3.346e+08
+3.012e+08
+2.677e+08
+2.343e+08
+2.008e+08
+1.674e+08
+1.33%9e+08
+1.005e+08
+6.704e+07
+3.358e+07
+1.454e+05

Fig. 28. Von Mises stress distribution [Pa] in the cut-out from a nonlinear structural FE-
analysis in ABAQUS, with Hy = 6.0 m.

PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.831e-04
+3.511e-04
+3.192e-04
+2.873e-04
+2.554e-04
+2.235e-04
+1.915e-04
+1.596e-04
+1.277e-04
+9.577e-05
+6.384e-05
+3.192e-05
+0.000e+00

Fig. 29. Equivalent plastic strain [m/m] in the cut-out from a nonlinear structural FE-analysis,
with Hy= 6.0 m.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+4.341e+08
+3.980e+08
+3.618e+08
+3.257e+08
+2.895e+08
+2.534e+08
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+1.811e+08
+1.449e+08
+1.087e+08
+7.260e+07
+3.645e+07
+2.971e+05

Fig. 30. Von Mises stress distribution [Pa] in the cut-out from a nonlinear structural FE-
analysis, with Hy = 7.5 m.
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SNEG, (fraction = -1.0)

(Avg: 75%)
+1.805e-03
+1.654e-03
+1.504e-03
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+1.053e-03
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+7.519e-04
+6.015e-04
+4.511e-04
+3.008e-04
+1.504e-04
+0.000e+00

Fig. 31. Equivalent plastic strain [m/m] in the cut-out, from a nonlinear structural FE-analysis,
with Hy=7.5 m.
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6.2. Effect from internal and external sea pressure in high sea state

The effect of the internal ballast pressure is studied for the global model analysis, as described
in Section 4.2. The results from the global analysis showed a difference in terms of stress only
for following sea - a 0 degree heading angle. One may suspect that there is an error in the
modelling procedure, and hence the internal pressure from ballast is modelled for the detailed
local sub-model.

The magnitude of the internal pressure is simplified and calculated for a full-ballast condition
as in Equation 1 (where z, is the height of the ship and z, is the position of the local sub-
model). The magnitude of the internal sea pressure is presented in Table 6. The modelling of
the external sea pressure is described in Section 5.3. Figure 25 represents the surfaces of the
detailed local sub-model that are affected by the pressures.

Four different simulations were performed, for analysis with H; = 7.5 m, in order to
investigate how the internal and external sea pressure affects the results. The von Mises stress
and equivalent plastic strain for three elements in the cut-out as described in Fig. 31 are
presented in Tables 10-13.

It is observed in Tables 10-13 that no plasticity will occur in the analyses in which only the
internal sea pressure is applied. The internal sea pressure, which is added on both the inner
and outer shell surface as presented in Fig. 25, cancels out the stresses that affect the model.
The load will act in the y-direction and the stresses around the cut-out will redistribute. The
worst possible case appears when only the external sea pressure is included in the analysis.
Hence, the outer pressure is affecting the region around the cut-out.

Table 10. Analysis without internal and external pressure.

Element von Mises effective stress von Mises equivalent plastic
[MPa] strain [ % ]
11624 253 0.00
11625 242 0.00
11630 272 0.00

Table 11. Analysis with internal pressure.

Element von Mises effective stress von Mises equivalent plastic
[MPa] strain [ % |
11624 180 0.00
11625 167 0.00
11630 240 0.00

Table 12. Analysis with external pressure.

von Mises effective stress

von Mises equivalent plastic

Element [MPa] strain [ %]
11624 280 0.11
11625 280 0.11
11630 280 0.10
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Table 13. Analysis with internal and external sea pressure.

Element von Mises effective stress von Mises equivalent plastic
[MPa] strain [%]
11624 278 0.04
11625 278 0.04
11630 278 0.04

6.3. Discussion from a nonlinear FE-analysis on the local sub-model

From a nonlinear structural FE-analysis, with H; = 7.5 m and the corresponding boundary
displacements, the highest magnitude of von Mises stress is found in element 11,630. The
result from such an analysis is presented in Fig. 33. Figure 30 presents the region of the cut-
out in detail. The result from the nonlinear structural FE-analysis implies that high stress
concentrations and high loads are acting in this region. Despite the high stress concentrations,
plastic deformation does not expand that much, see Fig. 31, which indicates that the load is
not high enough. It would be appropriate to refine the mesh and perform a mesh convergence
test in the region in order to achieve more accurate results.

Fatigue cracks could initiate and start to grow due to high stress concentrations locally in
element 11,630, see Fig. 30. A welded joint exists around this region, but has not been
modelled in this study. High stress concentrations could occur where there is a weld [15] [16],
since welding is a high-temperature treatment. A weld would introduce tensile residual
stresses that would act negatively on the fatigue resistance and life [2]. In this thesis, the
modelling of welds and the inclusion of residual stresses belongs to the limitation, as
described in Section 1.4.

It is of interest to apply a cyclic load in the nonlinear structural FE-analysis to confirm the
behaviour of the material, plastic or elastic shakedown as described in Section 3.2. Due to the
fact that the stress distribution from a simulation with a static load was significantly small, an
analysis with a cyclic load would only result in pure elastic shakedown. In order to obtain
plastic shakedown, higher stress concentrations need to be present, i.e. the local detailed sub-
model has to be moved to another location where higher stress concentrations are expected.
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7. Conclusions

The structural response of a container vessel was analysed in this study. First, a global model
- a full ship model - was studied followed by a detailed local sub-model. The fatigue analysis
and the linear structural FE-analysis was performed for the global model. A linear and a
nonlinear structural FE-analysis was performed for the local sub-model.

A linear structural FE-analysis and fatigue analysis was performed for the global model in
order to localize the critical locations. The analyses showed that the critical regions are
located in the midships hatch corner, the engine room bulkhead and in the bilge region.
Hence, a local sub-model should be analysed in these locations. Due to the time limitation for
this thesis, local sub-models were not created for these regions. Instead, a local sub-model
created by Balatsos [3] was used in order to find out if a nonlinear FE-analysis can be carried
out.

A study on the influence of different wave directions was performed in order to find the most
critical wave direction. This study showed that the elements are affected differently depending
on the wave direction. For example, the most forward elements in the region of the midships
hatch corners are affected by wave directions between a 0 to 60 degrees heading angle. On the
other hand, the most aft elements, for example those in the engine room bulkhead on the port
side of the ship, will be mostly affected by wave directions between a 90 to 150 degrees
heading angle.

The side shell region on the port side of the container vessel was studied more in detail with
the help of a detailed local sub-model. A linear and nonlinear structural FE-analysis was
performed in ABAQUS. The results from the linear structural FE-analysis in ABAQUS were
almost identical to the results from the linear structural FE-analysis that was performed in
SESTRA. The linear FE-analysis indicated in higher stress concentrations than for the
nonlinear structural FE-analysis in ABAQUS. Analyses with two different significant wave
heights, Hy = 6.0 m and Hg = 7.5 m, were studied.

The nonlinear structural FE-analysis confirmed that the highest stressed region is located in
the cut-out in the outer shell of the model. However, the stresses around this region are not
significantly high. The conclusion is that the local sub-model should be moved to another
location where higher stresses are present. A stress-based approach can be used for the fatigue
assessment for the studied local sub-model.

The effect from the internal pressure from ballast was investigated for the global model and
for the detailed local sub-model. Analyses were performed with and without the effect from
internal ballast pressure on both levels of models in order to find out if the pressure from
ballast will have an effect on the stress-level. Based on the analyses, the conclusion was that
the internal pressure from ballast will have a very small impact on the stress-levels and can
therefore be neglected.
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8. Future work

There are more analyses that could have been performed if there had been more time reserved
for this thesis project. This section is a recommendation for future work.

Other highly stressed locations can be studied, for example in the midships bilge region on the
starboard side of the ship. The accumulated fatigue damage in the midships cross section in
the bilge region on the starboard side is, according to the study made by Li [1], much higher
than for the port side for wave directions of 0, 45, 90, 135 and 180 degrees. Thus, the bilge
region on the starboard side can be studied.

Other wave directions - heading angles - can be studied. The wave direction of 135 degrees
was studied for this thesis. The most critical wave direction in terms of accumulated fatigue
damage is, according to Li [1], for the bilge region on the port side of the ship in a head sea —
180 degrees. In a bow sea - 135 degrees - the accumulated fatigue damage is much higher in
the bilge region on the starboard side than for the bilge region on the port side. It is
inconvenient to operate a container vessel from a bow sea wave direction.

The complex stress pattern close to the welded joints of the local sub-models can be studied,
including effects from residual and mean stresses [15, 16]. The welds have not been modelled
for this project. Geometrical stress concentrations, such as cut-outs and corners in the base
material, are considered. The effect of the weld can be considered since ship structures are
commonly built with welded plating. Tensile residual stresses from welding will emphasize
the crack-growth, which will decrease the fatigue life.

A stress-based approach to fatigue for the studied local detail can be performed, as described
in Appendix C. In case of further analysis in other locations, where high stress concentrations
are present, a nonlinear analysis with cyclic loading can be performed followed by a strain-
based fatigue life calculation.
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Appendix A: Global model calculation sheets

This Appendix contains tables with obtained general stresses and usage factors for the most
critical elements in the global model.
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A.1. Calculation sheets for usage factors and von Mises stress

Table A1. Maximum usage factors and von Mises stress for a wave direction of 0 degrees.

Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
30122 3.5 1.8 5.7 hatch corner (SB)
11989 3.5 1.8 5.7 hatch corner (P)
30084 33 2.4 6.1 hatch corner (SB)
11951 3.3 2.4 6.1 hatch corner (P)
10130 2.6 1.1 7.7 hatch corner (P)
28230 2.6 1.1 7.7 hatch corner (SB)
11970 2.6 2.1 7.7 hatch corner (P)
30103 2.6 2.1 7.7 hatch corner (SB)
12008 2.2 1.3 9.1 hatch corner (P)
30141 2.2 1.3 9.1 hatch corner (SB)
Table A2. Maximum usage factors and von Mises stress for a wave direction of 30 degrees.
Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
30122 3.8 7.6 53 hatch corner (SB)
11989 3.8 7.6 5.3 hatch corner (P)
30084 3.5 7.1 5.7 hatch corner (SB)
11951 3.5 6.2 5.7 hatch corner (P)
10130 3.0 20.5 6.7 hatch corner (P)
11970 2.9 5.9 6.9 hatch corner (P)
30103 2.7 6.5 7.4 hatch corner (SB)
28230 2.7 20.8 7.4 hatch corner (SB)
12243 2.5 45.4 8.0 hatch corner (P)
12008 2.4 6.4 8.3 hatch corner (P)
Table A3. Maximum usage factors and von Mises stress for a wave direction of 60 degrees.
Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
11989 3.7 59 5.4 hatch corner (P)
30122 3.6 6.0 5.6 hatch corner (SB)
11951 3.5 5.8 5.7 hatch corner (P)
30084 34 59 59 hatch corner (SB)
10130 3.0 17.8 6.7 hatch corner (P)
11970 2.9 5.3 6.9 hatch corner (P)
30103 2.6 5.4 7.7 hatch corner (SB)
28230 2.6 18.1 7.7 hatch corner (SB)
12243 2.6 33.8 7.7 hatch corner (P)
12008 2.4 5.4 8.3 hatch corner (P)
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Table A4. Maximum usage factors and von Mises stress for a wave direction of 90 degrees.

Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
4183 3.1 11.6 6.5 eng. room bulkhead (P)
5238 2.4 16.6 8.3 eng. room bulkhead (P)
3910 2.3 9.4 8.7 eng. room bulkhead (P)
11951 2.2 3.1 9.1 hatch corner (P)
11989 2.2 3.1 9.1 hatch corner (P)
30084 2.1 3.5 9.5 hatch corner (SB)
30122 2.0 3.1 10.0 hatch corner (SB)
3915 1.8 10.6 11.1 eng. room bulkhead (P)
11970 1.8 2.8 11.1 hatch corner (P)
4281 1.7 12.7 11.8 eng. room bulkhead (P)
Table AS. Maximum usage factors and von Mises stress for wave directions of 120 degrees.
Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
4183 3.6 31.0 5.6 eng. room bulkhead (P)
5238 3.1 43.1 6.5 eng. room bulkhead (P)
3910 2.8 24.1 7.1 eng. room bulkhead (P)
3915 2.2 27.7 9.1 eng. room bulkhead (P)
4282 2.1 29.6 9.5 eng. room bulkhead (P)
4281 2.1 33.7 9.5 eng. room bulkhead (P)
22229 2.0 21.3 10.0 eng. room bulkhead (SB)
23284 1.6 29.3 12.5 eng. room bulkhead SB
30177 1.6 20.9 12.5 hatch corner (SB)
29964 1.6 21.7 12.5 hatch corner (SB)
Table A6. Maximum usage factors and von Mises stress for wave directions of 150 degrees.
Element | Usage factor von Mises Estimated Life Location
[MPa] [years]
4183 3.1 16.1 6.5 eng. room bulkhead (P)
5238 2.7 22.3 7.4 eng. room bulkhead (P)
30177 2.7 21.1 7.4 hatch corner (SB)
29964 2.6 20.2 7.7 hatch corner (SB)
3910 2.5 12.5 8.0 eng. room bulkhead (P)
29963 2.4 21.3 8.3 hatch corner (SB)
12044 2.3 21.1 8.7 hatch corner (P)
11830 2.3 20.8 8.7 hatch corner (P)
11831 2.3 20.2 8.7 hatch corner (P)
22229 2.2 15.1 9.1 eng. room bulkhead (SB)
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Table A7. Maximum usage factors and von Mises stress for a wave direction of 180 degrees.

Element | Usage factor von Mises Estimated Life Location
[MPa] [years]

30177 3.2 23.0 6.5 hatch corner (SB)
12044 3.1 23.1 6.5 hatch corner (P)
29964 3.1 22.4 6.5 hatch corner (SB)
11831 3.1 22.4 6.5 hatch corner (P)
29963 3.0 23.3 6.7 hatch corner (SB)
11830 2.8 23.1 7.1 hatch corner (P)
29969 2.6 22.9 7.7 hatch corner (SB)
11836 2.6 22.9 7.7 hatch corner (P)
30173 2.6 21.5 7.7 hatch corner (SB)
29960 2.5 21.7 8.0 hatch corner (SB)

Table A8. Maximum von Mises stress for a wave direction of 0 degrees.

Element von Mises [MPa] Location

21037 21.62 internal pressure region (SB)
3854 20.95 internal pressure region (P)

21900 2091 internal pressure region (SB)
1371 19.87 internal pressure region (P)
19388 19.87 internal pressure region (SB)
1400 19.55 internal pressure region (centre)
19417 19.55 internal pressure region (centre)
2292 19.39 internal pressure region (P)

20309 19.25 internal pressure region (SB)
4754 19.22 internal pressure region (P)

Table A9. Maximum von Mises stress for wave a direction of 30 degrees.

Element von Mises [MPa] Location
30376 48.39 hatch corner (SB)
12243 45.39 hatch corner (P)
30375 36.7 hatch corner (SB)
9592 36.11 hatch corner (P)
10191 35.73 hatch corner (P)
28291 354 hatch corner (SB)
9591 34.54 hatch corner (P)
12242 34.36 hatch corner (P)
27692 34.12 hatch corner (SB)
10190 34.01 hatch corner (P)
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Table A10. Maximum von Mises stress for a wave direction of 60 degrees.

Element von Mises [MPa] Location
27692 35.46 hatch corner (SB)
9592 35.26 hatch corner (P)
12243 33.84 hatch corner (P)
27691 33.75 hatch corner (SB)
9591 33.53 hatch corner (P)
28291 33.15 hatch corner (SB)
10191 32.68 hatch corner (P)
28290 31.46 hatch corner (SB)

8768 31.41 hatch corner (P)
30376 31.37 hatch corner (SB)
Table A11. Maximum von Mises stress for a wave direction of 90 degrees.

Element von Mises [MPa] Location
11328 26.45 forward bulkhead
29428 26.23 forward bulkhead
10820 22.59 forward bulkhead
9917 22.52 forward bulkhead
28920 22.35 forward bulkhead
28017 22.33 forward bulkhead
6845 22.22 Aft bulkhead
10901 22.02 forward bulkhead
19001 21.81 forward bulkhead
10371 21.33 forward bulkhead

Table A12. Maximum von Mises stress for a wave direction of 120 degrees.

Element von Mises [MPa] Location
11328 62.88 forward bulkhead
29428 62.75 forward bulkhead
10901 46.53 forward bulkhead
29001 46.40 forward bulkhead
10820 43.90 forward bulkhead
28920 43.76 forward bulkhead
5238 43.13 engine room bulkhead
11333 40.50 forward bulkhead
29433 40.10 forward bulkhead
10899 38.75 forward bulkhead
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Table A13. Maximum von Mises stress for a wave direction of 150 degrees.

Element von Mises [MPa] Location
29428 64.54 forward bulkhead
11328 64.50 forward bulkhead
10901 47.14 forward bulkhead
29001 47.14 forward bulkhead
28920 43.91 forward bulkhead
10820 43.84 forward bulkhead
11333 41.89 forward bulkhead
29433 41.76 forward bulkhead
10899 39.24 forward bulkhead
29000 39.00 forward bulkhead

Table A14. Maximum von Mises stress for a wave direction of 180 degrees.

Element von Mises [MPa] Location
11328 60.82 forward bulkhead
29428 60.80 forward bulkhead
10901 44.24 forward bulkhead
29001 44.21 forward bulkhead
10820 41.03 forward bulkhead
28920 41.02 forward bulkhead
11333 39.58 forward bulkhead
29433 39.57 forward bulkhead
10899 36.84 forward bulkhead
29000 36.61 forward bulkhead

Table A1S5. The general stresses for a wave direction of 0 degrees for a ship with the effect of
internal pressure.

Element SIGXX SIGYY TAUXY VON MISES
2654 4.52 6.11 -4.47 9.50
2655 8.71 10.85 -1.28 10.20
2656 9.58 11.47 0.72 10.73
2657 5.64 7.26 3.74 9.25
7423 9.11 18.81 -1.14 16.41
20671 4.53 6.10 4.48 9.50
20672 8.71 10.85 1.28 10.20
20673 9.57 11.47 -0.71 10.72
20674 5.64 7.28 -3.74 9.26
25523 9.09 18.79 1.16 16.40

A7



Table A16. The general stresses for a wave direction of 0 degrees for a ship without the effect

of internal pressure.

Element SIGXX SIGYY TAUXY VON MISES
2654 3.82 1.10 -1.47 4.25
2655 3.88 0.97 -1.33 4.19
2656 3.79 0.95 -1.18 3.98
2657 3.87 0.96 -0.83 3.77
7423 0.12 0.33 1.86 3.23
20671 3.82 1.10 1.47 4.26
20672 3.88 0.96 1.34 4.20
20673 3.79 0.94 1.18 3.99
20674 3.86 0.94 0.84 3.78
25523 0.00 0.13 -1.81 3.14

It is obvious that the internal pressure will have an effect on the general stresses for a wave
direction of 0 degrees. As mentioned before, there will be no difference in general stress for
the other wave directions (30, 60, 80, 120, 150 and 180 degrees). The general stresses for the

other wave directions can be obtained in Tables A17-A22.

Table A17. The general stresses for a wave direction of 30 degrees (the same results for a

ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 22.15 7.10 -1.55 19.77
2655 22.86 791 -0.51 20.13
2656 -23.13 -8.32 -0.27 20.30
2657 -23.03 -8.49 -1.20 20.28
7423 15.80 6.22 -0.16 13.79

20671 -21.44 -8.32 -1.76 18.97
20672 -22.39 -9.45 -.030 19.48
20673 22.60 9.56 -0.72 19.69
20674 -21.99 -8.92 1.89 19.43
25523 -17.01 -7.66 0.04 14.75

Table A18. The general stresses for a wave direction of 60 degrees (the same results for a

ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 12.80 3.33 2.01 12.01
2655 12.85 3.53 2.59 12.34
2656 -12.61 -3.63 -2.95 12.35
2657 -12.36 -3.62 -3.38 12.46
7423 -11.59 -0.70 -0.22 11.26

20671 20.61 4.85 2.78 19.28
20672 21.22 4.67 2.26 19.71
20673 21.54 4.78 1.83 19.85
20674 22.07 4.92 0.81 20.11
25523 6.84 3.20 4.86 10.30
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Table A19. The general stresses for a wave direction of 90 degrees (the same results for a

ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 -7.42 -0.78 -1.44 7.49
2655 -1.07 -0.30 -1.47 7.38
2656 -6.74 -0.19 -1.51 7.14
2657 6.83 0.33 1.67 7.28
7423 4.20 1.09 -1.25 4.35
20671 -4.90 -1.07 -1.43 5.11
20672 4.82 1.50 -1.85 5.34
20673 -5.43 -1.13 -1.32 5.46
20674 5.66 1.16 1.14 5.54
25523 341 3.25 -2.28 5.16

Table A20. The general stresses for a wave direction of 120 degrees (the same results for a

ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 -9.35 -1.43 -1.74 9.22
2655 9.47 1.17 1.86 9.50
2656 -9.81 -1.22 -1.79 9.76
2657 -10.28 -1.49 -1.99 10.22
7423 -11.62 -1.09 2.52 11.94
20671 -21.06 -5.03 -4.29 20.45
20672 21.13 4.51 4.55 20.82
20673 21.68 4.66 4.13 21.02
20674 22.46 4.89 3.04 21.13
25523 -9.25 -2.87 -6.37 13.74

Table A21. The general stresses for a wave direction of 150 degrees (the same results for a

ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 -5.82 -1.43 -2.52 6.83
2655 6.12 1.52 271 7.25
2656 -6.36 -1.56 -2.80 7.51
2657 -6.51 -1.49 -3.08 7.96
7423 -7.49 -1.43 -1.78 7.55
20671 14.22 3.14 4.07 14.73
20672 13.91 2.46 4.31 14.86
20673 14.10 2.53 4.06 14.80
20674 14.66 2.77 3.36 14.69
25523 5.32 1.13 5.21 10.25
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Table A22. The general stresses for a wave direction of 180 degrees (the same results for a
ship with and without the effect of internal pressure).

Element SIGXX SIGYY TAUXY VON MISES
2654 6.18 1.39 -3.50 8.26
2655 6.25 1.03 -3.37 8.23
2656 5.55 0.75 -3.45 7.93
2657 5.89 0.99 -2.98 7.52
7423 -1.06 -0.14 -3.72 6.52
20671 6.19 1.38 3.53 8.31
20672 6.25 1.01 341 8.29
20673 5.54 0.70 3.51 8.01
20674 5.86 0.81 3.03 7.60
25523 -0.95 -0.07 3.68 6.45

Table A23. Usage factors for a set of wave directions, with the effect of internal pressure.

Element 0° 30° 60° 90° 120° 150° 180°
2654 0.37 0.21 0.15 0.07 0.04 0.05 0.14
2655 0.43 0.25 0.17 0.09 0.05 0.06 0.15
2656 0.42 0.25 0.17 0.10 0.05 0.06 0.14
2657 0.39 0.23 0.17 0.10 0.05 0.06 0.14
7423 0.09 0.08 0.08 0.05 0.03 0.02 0.01
20671 0.37 0.59 0.66 0.52 0.35 0.25 0.14
20672 0.43 0.68 0.76 0.60 0.39 0.27 0.15
20673 0.41 0.66 0.75 0.60 0.38 0.26 0.14
20674 0.39 0.63 0.72 0.57 0.37 0.25 0.14
25523 0.08 0.11 0.12 0.09 0.05 0.03 0.01

Table A24. Usage factors for a set of wave directions, without the effect of internal pressure.

Element 0° 30° 60° 90° 120° 150° 180°
2654 0.37 0.22 0.15 0.08 0.04 0.06 0.14
2655 0.42 0.25 0.17 0.09 0.05 0.06 0.15
2656 0.41 0.25 0.18 0.10 0.05 0.06 0.14
2657 0.39 0.23 0.17 0.10 0.05 0.06 0.15
7423 0.08 0.08 0.08 0.06 0.03 0.02 0.02
20671 0.37 0.59 0.66 0.52 0.35 0.25 0.15
20672 0.42 0.68 0.76 0.61 0.40 0.28 0.16
20673 0.41 0.66 0.75 0.60 0.39 0.26 0.14
20674 0.39 0.63 0.72 0.58 0.37 0.25 0.14
25523 0.08 0.11 0.12 0.09 0.05 0.03 0.01
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Appendix B: Program interaction

In this appendix it is explained how the different programs and files are connected together
through the entire analysis of the global model and local sub-models.

Bl



B2



B.1. Flowcharts of software

The programs that have been used are the DNV software package SESAM for linear
structural FE-analysis and ABAQUS for linear and nonlinear structural FE-analysis. A
flowchart of the software procedure of SESAM is presented in Fig. B1 and procedure for the
FE-analysis in ABAQUS is presented in Fig. B2.

Global model
TL.FEM

FIWASIM TD WASIM
L1.FEM, 51 FEM LL1.FEM
> tl':t: LIFEM* |e
TILFEM L B ¥ TLFEM
SESTRA SESTRA
R1.SIN R1.SIF
I * |
R1.SIN RLSIF
PREPOST
RI.SIN®
R1.5IM* XTRACT
STOFAT
NTE
NTE l o  XTRACT

Fig. B1. Flowchart of software procedure for the global model.

The various programs of the DNV software package SESAM has been used to perform the
linear numerical analyses for the global model.

The procedure of the analyses could be explained with the following steps:

¢ Create a global structural in PATRAN PRE.

Run a hydrodynamic simulation in the frequency domain (used for wave) on the global
panel model in WASIM.

Run a hydrodynamic simulation in the time domain (used for still water) on the global
panel model in WASIM.

Run a linear FE analysis on the global structural model in SESTRA.

Merge the results files from the frequency domain and time domain simulations into a
common file in PREPOST.

Run a long-term fatigue analysis on the global structural model in STOFAT.

Create a local structural model in PATRAN PRE.

Transfer the displacements from the global model to the local sub-model in SUBMOD.

Run a nonlinear structural analysis on the local sub-model in ABAQUS (not a part of
SESAM).
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The flowchart in Figs B1 and B2 show how the programs and files are used through the entire

Local model Global model
TI1.FEM Rl.5IN*
- . I | TI1.FEM
I''lFEM l 4 R1.SIN?
PATRAN PRE SUBMOD
mesh.inp TI1.FEM*
mesh.in TER*
MATLAB . [ T11.FEM
. material.ix kA ¥
material.txl >
) MATLAB
Seript N boundary txt
» boundary txt ¥
MATLAB load.txt
load. txt oA seriptinp
L 4
ABAQUS

Fig. B2. Flowchart for the nonlinear FE analysis of local sub-models.

analysis of the global model and local sub-models. The files that are created are:

T1.FEM, which contains the finite element mesh of global model.
L1.FEM, which contains the surface loads.

S1.FEM, which contains the wave directions.
R1.SIN and RILSIF-files, which are the results files that contain the stresses and
displacements.
VTF-files, which are graphical results files used as input to the post-processor XTRACT in
order to verify the usage factor.
T11.FEM, which contains the FE-mesh of the detailed local sub-model.

e RI1.SIN*, which contains the result from the global analysis.

B4

T11.FEM*, which contains the detailed local sub-model including the boundary
displacements.



Appendix C: Stress-based approach

This Appendix contains the equations and formulas for calculating the elastic stress-based
approach to fatigue, also referred to as the elastic hot-spot stress approach.
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C.1. Stress-based approach

A methodology has been developed for fatigue assessment of ship structures by DNV, which
is acknowledged as the elastic hot-spot stress approach [2].

The notion of “notch stress” and “hot-spot stress” needs some clarification before starting to
explain the elastic hot-spot stress approach.

e Notch stress is the total stress at the weld toe (hot-spot location) and includes the geometric
stress and the stress due to the presence of the weld.

e Hot-spot stress is the extrapolation of the structural stress at the hot-spot (weld toe) and
excludes the stress due to the presence of the weld. The welds are usually not modelled in
the FE-analysis.

Stress Notch stress

Geometric stress at hot
spot (Hot spot stress)

Geometric stress

/ Nominal stress

Hot spot
i ’

Fig. C1. Definition of stress categories.

C.1.1. Derivation of hot-spot stress

The hot-spot stress is derived by extrapolation of the structural stress at the hot-spot. Hot-spot
stresses are calculated assuming linear material behaviour and using an idealized structural
model with no fabrication-related misalignment. There are two procedures of deriving the hot-
spot stress for modelling for a 4-node shell element with an element size between 0.5t and t:

(1) A linear extrapolation of the stresses to the intersection line from the read-out points at
0.5t and 1.5t from the intersection line. The principal stress at the hot-spot is calculated
from the extrapolated component values (principal stress within an angle + 45 degrees to
the normal to the weld).

(2) The hot-spot stress is taken as the stress at the read-out point 0.5t away from the
intersection line and multiplied by 1.12.
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Linear extrapolation to hot
spot based on oy, and G,

Linear or 2nd order interpolation

Hot Spot g o ‘
F KT |

Fig. C2. Determination of hot-spot stress for a 4-node shell element.

C.1.2. Pseudo-elastic hot-spot stress

There is an approach based on the pseudo-elastic hot-spot stress range, which is, in principle,
compatible with the hot-spot strain range approach, as the total strain is converted to a
pseudo-elastic stress range by using a plasticity correction factor. The plasticity correction
factor is used in order to employ the S-N curve instead of a strain-cycle curve [2].

An effective pseudo stress range for calculation of low-cycle fatigue damage can be obtained
as:

Ao, =1-Ac (C1)

comb
A=k ‘¥ (C2)

where A is a non-linearity correction factor, k, is a plasticity correction factor and Wis a
factor due to stress distribution.

C.1.3. Plasticity correction factor

There are two methods of finding the pseudo linear elastic hot-spot stress: by calculating the
elastic hot-spot stress obtained from linear elastic FE-analysis and using Neuber’s rule in
order to obtain the actual stress in the hot-spot, and the Ramberg -Osgood relation to obtain
the actual strain in the hot-spot. The second alternative is to use nonlinear FE-analysis in
order to obtain the actual stress and strain directly.

(o}
ke — pseudo (C3)
Gelam‘ic
pseudo = E ’ 8hs (C4)
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where O the elastic hot-spot stress is obtained from a linear elastic FE-analysis and

elastic

o} is the pseudo linear elastic hot-spot stress.

pseudo
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