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ABSTRACT

The Allseas Group S.A. has made a name for itself in the field of offshore pipelaying and subsea construction
by staying innovative. The company has six specialized vessels operating worldwide and the biggest vessel in
the world is almost ready for operations. One of the company vessels is the Solitaire and lays pipe using the
S-lay installation method. This method allows fast installation together with the applicability to lay pipe in a
wide range of water depths. A stinger, a space frame structure consisting of welded circular hollow sections,
is designed to prevent excessive bending of the pipeline while laying. This structure is attached to the vessel
and after the pipe joints are welded on board they leave the vessel horizontally guided by the stinger.

A known failure mode of the stinger structure is fatigue. Fatigue can be characterized as a mechanism
whereby cracks initiate and grow in a material due to fluctuating stresses. For the stinger these fluctuating
stresses originate from environmental loads, mainly waves. Although Allseas has already developed an in-
house fatigue assessment procedure for the stinger structures to calculate fatigue life, there is an interest in
gaining a more fundamental understanding of multiaxial fatigue phenomena with respect to stinger joints.
This leads to the following research goal:

“The goal of this research is to gain a more fundamental understanding of the multiaxial stress field for a
stinger structure and in the end improve the fatigue assessment.”

Allseas has performed real time strain measurements on a tubular joint of the Solitaire stinger and already
used the data for validating their fatigue assessment (Korakidou, 2013) and evaluating the Stress Concentra-
tion Factors (Zhao, 2010). In this study the nominal strain data of two braces were decomposed into three
load components: axial forces, in-plane bending moments and out-of-plane bending moments. Their time
histories are used as load input for a 4-noded shell finite element model of the stinger joint under inves-
tigation. The change of principal stress direction during loading around the braces-to-chord connections
was researched, for this is an indication of the stress state multiaxiality variation which could lead to multi-
axial fatigue. The saddle and in-between locations showed variations of 20 degrees or more, which is seen
as a threshold, for two boundary condition sets analysed: all fixed ends and a combination of pin-rollers.
Furthermore, the chord saddle location showed an 18 percent higher Hot Spot Stress for axial loading when
principal stresses were used for extrapolation compared to primary stresses perpendicular to the weld toe.
The hypothesis that this difference is due to a deviation in principal stress directions between extrapolation
locations has been investigated. In order to achieve this, 13 simple T/Y-joint configurations with varying joint
parameters were analysed in Femap through its application programming interface. The focus was only on
the chord saddle location with axial loading and the chord ends were fixed. Although it was found that joint
parameters β, τ and θ have an effect on the difference of principal stress directions between extrapolation
locations A and B, no noticeable difference was found between the Stress Concentration Factors of the two
extrapolation methods, leading to the conclusion that other factors cause the difference in Hot Spot Stress.

Lastly the ratio of Stress Concentration Factor(SCF) to Strain Concentration Factor(SNCF) has been inves-
tigated for the same 13 T/Y-joint configurations. This ratio showed to be dependent on the individual joint
parameters with values varying from 1.17 to 1.30.

Based on the results it can be concluded that the in-between locations around the welded connection
showed to be most prone to multiaxial fatigue based on the change in principal stress directions during load-
ing. The difference in Hot Spot Stress between extrapolating principal stresses and primary stresses perpen-
dicular to the weld toe cannot be explained by a difference in principal stress directions, so further research
should be done in order to find the actual cause. Nevertheless, based on the results it can be considered con-
servative to use the principal stresses. Lastly, when converting strains to stresses by using a standard value of
1.20 for the SCF/SNCF-ratio this can lead to a too conservative fatigue life estimation in case the real ratio is
lower and vice versa.
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1
INTRODUCTION

1.1. ALLSEAS ENGINEERING B.V.
Founded in 1985, Allseas Group S.A. is a major innovation driven offshore pipelay and subsea construction
company. The business of Allseas comprises project management, engineering, procurement, installation
and commissioning. The in-house designed fleet of specialised vessels provide high-quality pipelaying for oil
and gas companies. Currently the company is completing the construction of the biggest vessel in the world:
the Pioneering Spirit. With this vessel Allseas will enter the oil rig decommissioning and removal business.

Figure 1.1: Solitaire with attached Stinger

1.2. S-LAY METHOD
The method of pipe-laying adopted by Allseas is the S-lay method, as depicted in Figure 1.2. Great advantages
of this method include a high production rate and the suitability for laying pipe in water depths varying from
shallow to very deep. Additionally, the possibility to install concrete coated pipe makes the S-lay method a
good fit for Allseas. Using this installation method, pipe joints are welded onboard. The pipe is guided by a
’stinger’ structure as it leaves the vessel horizontally. The stinger is described below.

1.3. STINGER
In order to be able to use the S-lay method a stinger structure is required. This is a space frame structure
consisting of welded circular hollow sections. These sections are made up from chords and braces. The main
loads on the chords are due to bending, where the primary loads in the braces are due to axial forces. The
working principle of the stinger is to prevent excessive bending and buckling of the pipeline during laying.
For this thesis the stinger consists of sections I and II in stead of all four shown in Figure 1.3.

1.4. FATIGUE
In the field of materials science the definition of fatigue is the weakening of a material caused by repeatedly
applied loads. Load cycles lead to progressive and localised structural damages. Most offshore structures are

1



2 1. INTRODUCTION

Figure 1.2: S-lay pipeline configuration Figure 1.3: Four-sectioned Stinger

subject to cyclic loads due to waves for example, which leads to structural damage, classified as fatigue. How
Allseas implements fatigue within their stinger structures is explained next.

1.4.1. IN-HOUSE DEVELOPED FATIGUE ASSESSMENT PROCEDURE

The stinger is a structure that is prone to fatigue. Hydrodynamic loads cause repeatedly loading and unload-
ing conditions. Allseas Engineering B.V. has developed a fatigue assessment procedure that can be divided
into the following stages, visualized in Figure 1.5 and further explained below,[1]:

1. Life matrix The construction of a life matrix of the Solitaire stinger is the first big step in the fatigue
damage calculation. Although the stinger is designed for operational use, harbour and transit situations have
to be taken into account as well. The estimated duration of all three aforementioned situations is used to
create an expected profile. In combination with constructed scatter diagrams of the expected operations and
transit routes the life matrix is created.

2. Hydrodynamic & Rollerbox loads With the use of the life matrix different load cases are determined,
defined by the configuration of the Stinger, the wave height, wave frequency and wave approach angle. The
vessel and Stinger are hydrodynamically analysed for all load cases with 3-hour runs using the dedicated
software AQWA. The analyses are statistically processed resulting in six sets of hydrodynamic loads, one set
for every direction as illustrated in Figure 1.4. The pipelaying software package Offpipe is used to define the
operational loads acting on the rollerboxes. Again, the results from the analyses are statistically processed
resulting in four sets of rollerbox loads.

3. Finite element analysis → hot spot stresses ranges The load sets from the hydrodynamic and rollerbox
analyses are used as input for Finite element analysis (FEA) in order to calculate the member forces for each
load case. The finite element software Femap is used for modelling the joints for which fatigue analysis is
performed. The joints of interest are modelled with shell elements and the rest of the Stinger structure is
modelled by simple beam elements. The hot spot stresses are derived from Femap by extrapolating the prin-
cipal stresses to the weld toe according to DNV [2]. The hot spot stresses of tubular connections not analysed
with Femap are derived by parametric stress concentration factor equations. For the fatigue assessment the
hot spot stress ranges are of interest, so the hot spot stresses are combined te obtain the maximum hot spot
stress ranges for each load case.
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Figure 1.4: Vessel coordinate system

4. S-N curves + Palmgren-Miner summation → fatigue damage The hydrodynamic and rollerbox loads
follow a short term Rayleigh distribution leading to the assumption that the ’maximum’ stress range is equal
to the 10−3 probability of exceedance of the same Rayleigh distribution. This assumption leads to the con-
struction of the complete stress range ditribution, based on just the single ’maximum’ stress range. The hot
spot stress range distributions for each load case in combination with the life matrix and S-N curves are used
to calculate the fatigue damage with the Palmgren-Miner rule.

1.5. PROBLEM DEFINITION
In the current fatigue assessment of Allseas it is assumed that uniaxial criteria could be used. However, it is
possible that multiaxial fatigue has to be taken into account in this assessment. So far the influence of multi-
axiality is not well understood. This research can help Allseas to gain a more fundamental understanding of
the tubular joint locations prone to multiaxial fatigue. This will in the end improve the fatigue assessment.

1.6. RESEARCH OBJECTIVE
The main objective of this thesis project is to gain a more fundamental understanding of the stress state with
respect to tubular joints fatigue by performing numerical research on CHS tubular joints and help Allseas
Engineering B.V. improving the fatigue assessment.

In order to achieve this the thesis comprises the following sub-objectives:

• Analyse and decompose the nominal strain measurements performed on the braces of a tubular joint
of the stinger into time histories of axial forces, in-plane bending moments and out-plane bending
moments in order to use them in further numerical research.

• Create a finite element model of the measured Stinger joint in Femap using shell elements and analyse
it using the decomposed time histories as load input on the corresponding braces.

• Obtain the principal stress directions along the brace-to-chord connections for all time incidents and
based on the level of change of principal stress direction during loading, multiaxial sensitive locations
can be pointed out. Based on this one can conclude not only on the multiaxial stress state variation,
but also whether it is proportional or non-proportional.

• Analyze the difference in Hot Spot Stresses between extrapolating principal stresses and extrapolating
perpendicular primary stresses at a multiaxial sensitive location of the stinger joint. Do this for different
load combinations.

• Based on a discovered difference in principal stress directions between extrapolation locations, write
a script that creates and analyses simple T/Y-joints with varying joint parameters by only having to
specify the joint dimensions.
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• Assess the difference between SCFs obtained from extrapolating principal stresses and extrapolating
primary stresses perpendicular to the weld toe in relation with joint parameters for simple T/Y-joint
configurations. Do this for axial loading and look only at the chord saddle position.

• Assess the influence of the individual joint parameters on the snf-ratio for simple T/Y-joint configura-
tions. Again for axial loading and chord saddle position only.

In addition, the method of deriving hot spot stresses is subject to debate. Where some use the principal
stresses for extrapolation, others use the primary stresses perpendicular to the weld toe. If there exists a
significant difference between the two, this can lead to overestimation or underestimation and an inaccurate
fatigue assessment.

1.7. THESIS OUTLINE
This report continues with Chapter 2 that elaborates on the concepts relevant for this study. Then Chapter
3 explains the strain measurements that were performed on a tubular joint of the stinger and how the strain
data is converted to and decomposed into different load components. Chapter 4 gives a detailed description
of the finite element models that were created for this study. The results are presented in Chapter 5 after
which the conclusions and recommendations are given in Chapter 6.
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Figure 1.5: Fatigue calculation scheme [1]





2
THEORY BACKGROUND

This chapter elaborates on the different literature studies performed during this thesis project. The different
subjects are divided over multiple sections. Firstly a general study on the subject of fatigue. However, before
going in detail on the subject of fatigue, it is necessary to understand the concepts that are relevant for this
phenomenon.

2.1. TUBULAR JOINTS
Although there exists a wide variety of tubular joint configurations, two configurations are of importance for
this research: T/Y-joint and K/N-joint. Both with circular hollow sections (CHS).

2.1.1. T/Y-JOINT
A uniplanar CHS Y-joint is shown in Figure 2.1 with corresponding joint dimensions and joint parameters.
The saddle and crown locations are depicted by the arrows in the same figure. This joint is classified as a
T-joint when the normal component of a brace member force is equilibrated by beam shear (and bending) in
the chord member, [3]. If this is not the case, it is a Y-joint. The joint dimensions are:

• Chord diameter d0

• Brace diameter d1

• Chord wall thickness t0

• Brace wall thickness t1

And the joint parameters are given below and their ranges in Table 2.1:

• Relative chord length α

• Diameter ratio β

• Half chord diameter to thickness ratio γ

• Acute angle between chord and brace axes θ

• Wall thickness ratio τ

2.1.2. K/N-JOINT
A uniplanar K-joint is shown in Figure 2.2 with corresponding joint dimensions and joint parameters. For a
joint to be classified as a K-joint, the normal component of a brace member force should be equilibrated by
the normal force component of another brace member on the same side with a maximum deviation of 20
percent, [3]. If one of the braces is perpendicular to the chord, it is considered a N-joint. If both braces are
inclined, it is considered a K-joint.

7
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Table 2.1: Joint parameter ranges

Validity range
parameter Typical range min max

β 0.4-0.8 0.2 1
γ 12-20 8 32
τ 0.3-0.7 0.2 1
θ 40o −90o 30o 90o

Figure 2.1: Tubular Y-joint configuration with specified joint
dimensions and joint parameters, [4]

Figure 2.2: Tubular K-joint configuration with specified joint
dimensions and joint parameters, [4]

2.1.3. MULTIPLANAR
For multiplanar joints the same definitions and range apply, except that these joints have members in multi-
ple planes, see Figure 2.3 for example.

Figure 2.3: Example of a multiplanar KK-joint [4]

2.1.4. TYPE OF LOADING
The types of loading relevant for this study are axial loading, in-plane bending (IPB) and out-of-plane bending
(OPB), as illustrated in Figure 2.4.

Figure 2.4: Types of loading [4]
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2.2. STRESS

2.2.1. STATE OF STRESS

It starts with understanding the state of stress of a component. Stress at a point in a continuous and cohesive
body can be decomposed into two components: a shearing stress τ acting tangent to the plane and a normal
stress σ perpendicular to the plane. For a three dimensional state of stress six shear stress components (τx y ,
τy x , τxz , τzx , τy z and τz y ) are needed to describe the stresses acting on the six sides and three normal stress
components (σx ,σy ,σz ), see left of Figure 2.5. However, the six shear stress components can be brought back
to just three, for τx y = τy x , τxz = τzx and τy z = τz y due to equilibrium of the element. So just six independent
normal and shear stress components characterize the general state of stress at a point.

As the above described general state of stress is not often encountered in engineering practice, a simpli-
fication is made in this study. Instead of a three dimensional state of stress, a plane stress state is assumed.
This implies that the analyses can be performed in a single plane, resulting in only three stress components
(σx , σy and τx y ) describing the state of plane stress on an element, shown by the center and right figures in
Figure 2.5.

Figure 2.5: (l) General state of stress, (c) Plane stress, (r) Plane stress (two dimensional view) [5]

2.2.2. PRINCIPAL STRESS

In a three dimensional body that is stressed, there are at every point in that body also at least three planes
where no shear stresses are acting. The planes where this is the case are called principal planes. The nor-
mal vectors at these principal planes are the principal directions, they are perpendicular to the planes. The
stresses normal, thus parallel to the principal directions, are the principal stresses. These are in fact the max-
imum normal stresses at that point.

For this thesis it is assumed that stresses only occur in a single plane, simplifying the general state of stress
to a plane stress, so two dimensional, see Figure 2.6. In that case there are only two principal directions with
corresponding principal stresses.

The principal stresses can be calculated with equation 2.1:

σ1,2 =
σx +σy

2
±

√(σx −σy

2

)2
+τ2

x y (2.1)

The principal directions are defined by the angle θp and it is at this angle that the shear stresses become
zero. The angles θp are calculated with equation 2.2. In this study the principal stress angle is defined as
positive when principal stress σ1 rotates counter-clockwise away from the x-axis as depicted in Figure 2.6.
The x-axis within the finite element models is defined as perpendicular to the ’welded connection’.

t an(2θp ) = 2τx y

σx −σy
(2.2)
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Figure 2.6: (l) Stresses in given coordinate system, (r) Principal stresses

2.2.3. NOMINAL STRESS

Assuming that the stress is constant over a net cross-sectional area A0 of a specimen, the nominal stress
can be calculated with equations 2.3 and 2.4. This stress does not take into account the effect of geometric
discontinuities, e.g. holes and welds.

σNax =
P

A0
(2.3)

σNmom = M y

I
(2.4)

Where σNax and σNmom are the nominal stress due to axial loading and bending moment. P is the axial
force normal to the cross section. M is the bending moment, y is the distance from the centre of the brace to
the point considered and I is the moment of inertia of the cross section.

2.2.4. HOT SPOT STRESS

The term hot spot is used to refer to the critical point in a structure. It is at a hot spot that fatigue cracking
can be expected to initiate, [6]. Often this is caused by notches or discontinuities in the structure. For tubular
joints, a hot spot is located at the weld toe.

Hot spot stress σhs is the structural stress at the hot spot, also called geometric stress. It includes all stress
raising effects of a structural detail apart from the weld itself. So the effects of joint geometry are included
as well as the type of load. The local effects, notch effects, are excluded. The hot spot stress is determined
by extrapolation of the stresses at defined locations a and b in Figure 2.7. The extrapolation procedure is
described in more detail in Section 2.2.6.

2.2.5. STRESS CONCENTRATION FACTOR

Stress Concentration Factor (SCF) is the ratio of hot spot stress to nominal stress and is used as a conversion
factor to calculate the hot spot stress with a known nominal stress. The Stress Concentration Factor is an
important parameter in fatigue calculations and will be used extensively in this study. In addition to a Stress
Concentration Factor, there is a Strain Concentration Factor(SNCF):
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Figure 2.7: Illustration of nominal stress and hot spot stress [7]

SC F = σhs

σN
(2.5)

SNC F = εhs

εN
(2.6)

Where nominal stress(strain) is the stress(strain) calculated on the basis of the net cross section of the cir-
cular hollow section, without taking into account the effect of geometric discontinuities, e.g. holes or welds.
The SCF at both chord and brace locations depends on the nominal stress in the brace. Substantial studies
have investigated the SCF for different tubular joint configurations in order to come up with standardized
formulas. Widely used are the Efthymiou equations [8]. Allseas implements these equations in their fatigue
assessment.

2.2.6. EXTRAPOLATION
The method of obtaining the HSS is subject to debate. The discussions involve:

• The type of stresses and strains that needs to be extrapolated

• The extrapolation region

• The way the stresses are extrapolated, linearly or quadratic

On the type of stresses and strains that need to be extrapolated, the debate is mainly about principal
stresses and primary stresses. Primary stresses are favored by [9] and [10] and the design codes of the Amer-
ican Welding Society [11] and the American Petroleum Institute [12] use the primary stresses perpendicular
to the weld as well. Design codes of the IIW [13] and Det Norske Veritas [2] use the principal stresses. For
Allseas uses the DNV code for their fatigue assessment, principal stresses are used. This thesis will, among
other subjects, investigate the difference in HSS for the two extrapolated stresses.

The extrapolation region used in this thesis follows the code of DNV [2] and the extrapolation locations
are visualized in Figure 2.8 and the corresponding equations below.

For extrapolation of stress along the brace surface normal to the weld toe:

a = 0.2
p

r t (2.7)

b = 0.65
p

r t (2.8)

For extrapolation of stress along the chord surface normal to the weld toe at the crown position:

a = 0.2
p

r t (2.9)

b = 0.4
4p

r tRT (2.10)
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For extrapolation of stress along the chord surface normal to the weld toe at the saddle position:

a = 0.2
p

r t (2.11)

b = 2πR
5

360
= πR

36
(2.12)

Figure 2.8: Extrapolation locations according to DNV

These locations deviate from for example the 0.4t and 1.4t proposed by Van Wingerde [10]. Especially the
locations a and b on the chord surface normal to the weld toe at the saddle position will be used extensively
during this study.

Extrapolation can be done linearly or quadratically. For this study the extrapolation has been done lin-
early.

2.3. FATIGUE
In the field of materials science the definition of fatigue is the weakening of a material caused by repeatedly
applied loads. Load cycles lead to progressive and localised structural damages. Most offshore structures are
subject to cyclic loads due to waves for example, which leads to structural damage, classified as fatigue.

Fatigue strength is a term that describes the range of cyclic stress that can be applied to a material without
resulting in fatigue failure. Structures are designed to resist fatigue by engineering it in such a way that the
stress it endures does not exceed its fatigue limit, which is a different name for fatigue strength. Usually this
value will be determined from an S-N diagram as the maximum stress the structure can resist when subjected
to a specified number of loading cycles, [5].

2.3.1. FATIGUE LOADING
The situation of fatigue loading can roughly be separated into Constant Amplitude (CA) loading and Variable
Amplitude (VA) loading, see Figure 2.9. In this thesis the VA loading is most relevant, as the stinger structure is
subject to waves with different wave heights, wave periods and wave approach angles, be it direct or indirect
through stinger-vessel interaction.

MULTIAXIAL LOADING

The difference between uniaxial and multiaxial loading might seem obvious. A structure subjected to uniaxial
loading has either an axial force, bending moment or torsion moment applied on it. A structure subjected
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Figure 2.9: Fatigue strength divided into different fatigue loading situations [14]

to multiaxial loading is subjected to a combination of these load components. However, the effect on the
structure in terms of stresses is less obvious. For example, uniaxial loading can locally (e.g. at the bottom
of a notch) induce a complex state of stress. On the contrary, multiaxial loading could produce a complex
state of stress, but due to the predominant properties of one component (e.g. the axial force) the strength
analysis may be done uniaxially [14]. Figure 2.10 illustrates this difference, where uniaxial loading conditions
can produce uniaxial states as well as multiaxial states of stress and strains, while multiaxial loading may be
characterised by both a uniaxial and multiaxial state of stress and strain as well.

Figure 2.10: Fatigue loading [15]

NON-PROPORTIONAL LOADING

The most destructive form of loading from a fatigue point of view is non-proportional multiaxial fatigue load-
ing. A loading with a high degree of non-proportionality can decrease fatigue strength by a factor 10 com-
pared to proportional loading [16] [17]. This is illustrated in Figure 2.11. Non-proportional stress occurs
when the principal axes of stress (or strain) rotates during the fatigue process, so during loading. Due to
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the rotation of the principal axes more slip planes are active, which results in the interaction of multiple slip
planes. Ultimately this results in additional strain hardening, which decreases fatigue life. Under propor-
tional loading additional strain hardening is not observed.

A non-proportional loading case can be best explained by looking at Figure 2.12. It occurs when the
components of multiaxial loading change in relation to one another non-proportionally. One objective of
this study is to find the change in principal stress direction during loading along the intersection lines of the
joint members in order to conclude on the level of non-proportional multiaxial loading.

Figure 2.11: The influence of non-proportional loading [18] Figure 2.12: non-proportional change of stress components: P
force, M moment [19]

2.4. FATIGUE LIFE ASSESSMENT METHODS

In order to calculate the fatigue life of a structure, an engineer has a wide variety of options concerning the
approach to use. Especially the approaches to use for multiaxial fatigue are subject to debate. The study of
Wang [20] divides the multiaxial fatigue criteria in three groups, according to the parameters used to describe
the fatigue life, namely stress criteria, strain criteria and energy criteria.

This study does not propose a multiaxial approach that should be used. It only investigates whether or
not the stinger is subjected to non-proportional multiaxial fatigue loading. With the outcome future research
can be done into which method should be used.

The method that is used by Allseas is the hot spot stress approach. This method is widely used for welded
tubular connections and a major advantage of this method is that the stress raising effect caused by the joint
members are taken into account in the fatigue stress calculations. However, the effects from the weld itself
are excluded. Although the HSS method is only applicable for fatigue failures starting from the weld toe
[21], this is no disadvantage for the fatigue assessment of the stinger, for the fatigue failure of welded tubular
connections tends to occur at the weld toe. The basic principle of the HSS approach is to combine a to be
determined hot spot stress at the weld toe with the appropriate S-N curve in order to estimate the fatigue life.

2.5. FINITE ELEMENT METHOD

The finite element method (FEM) is a numerical tool for solving problems of engineering and mathematical
physics. In the field of structural engineering it is especially useful for problems with complicated geome-
tries, loadings and material properties for which analytical solution are difficult to obtain. The development
of the FEM goes hand in hand with the increase of computational capabilities. The structure of interest is
modelled by dividing it into an equivalent system of multiple smaller bodies, the ’finite elements’, that are
interconnected at nodes and constricted by boundary conditions. The accuracy of the analysis depends on
the type of element, the mesh refinement, the weld shape modelled and boundary conditions applied on the
model.



2.6. COORDINATE SYSTEMS 15

2.5.1. ELEMENT TYPES
Elements are the basic building blocks of finite element analysis. There exists a wide variety of element types,
as can be seen in Figure 2.13. One-dimensional elements are straight lines or curved segments. In 2D, the
shapes can be triangular or quadrilateral and in 3D the shapes are usually tetrahedral, pentahedral and hex-
ahedral. In this study four-noded 2D plate elements are used with mainly quadrilateral shapes.

Figure 2.13: Element types [22]

2.5.2. MESH REFINEMENT
In order to increase the accuracy of the results of any finite element analysis, mesh refinement needs to be
taken into account. In areas of high (low) stress or strain gradients a relatively fine (coarse) mesh should be
used. In this study areas with high stress/strain gradients are around the welded connections. Hence those
areas are finely meshed. The refinement itself can be achieved by two methods:

1. h-refinement: This method increases the number of elements used by reducing the individual element
size and is the method used in this thesis.

2. p-refinement: The method that does not change the element size, but increases the order of the poly-
nomials used as interpolation functions.

2.6. COORDINATE SYSTEMS
The coordinate systems used throughout this thesis can be divided into three main systems, a vessel system,
member system and elemental system.

2.6.1. VESSEL
The vessel coordinate system has been shown in the previous chapter, see Figure 1.4.

2.6.2. MEMBER
For the strain gauge data analysis and the finite element analyses the member coordinate system is used.
Each member has its own coordinate system, as showed in Figure 2.14. This means that for braces A and
B axial forces are applied in the members y-direction, the in-plane bending moment is applied around the
x-axis and the out-of-plane bending moment is applied around the z-axis.

2.6.3. ELEMENT
Within the finite element software the elements have their own coordinate system. Figure 2.15 shows an
example of one of the T/Y-joints that are analysed during this study. The element coordinate system at the
welded connection has its x-axis perpendicular to the weld toe and the z-axis normal to the plate surface.
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Figure 2.14: Member coordinate system

Figure 2.15: Element coordinate system



3
STRAIN GAUGE DATA ANALYSIS

This Chapter elaborates on the strain gauge measurements that were performed on one of the stinger joints.
Firstly the locations and properties of the strain gauges are explained. Secondly the strain data is converted
to stresses and decomposed into axial forces, in-plane and out-of-plane bending moments.

In understanding the structural behavior of the stinger structure, Allseas has performed strain measure-
ments on a complex stinger joint. The results from these measurements have been used by previous Master
students in order to research the fatigue assessment of the stinger [23] and in order to evaluate and analyse
the stress and strain concentration factors in multiplanar joints [24] [25]. In this study the strain data will be
used as load input for the finite element model of the stinger joint.

3.1. STRAIN GAUGE LOCATIONS
The stinger structure attached to the Solitaire vessel as depicted in Figure 1.1 is subject of investigation. The
one stinger joint that has been equipped with strain gauges is shown in Figure 3.1 and highlighted by the
green circle. The joint is positioned in ’section 2’ on the starboard side and is a welded circular hollow section
multiplanar joint. The members have complete joint penetration welds. The joint specifications are shown
in Table 3.1 and Figure 3.2.

Figure 3.1: Stinger joint for strain gauge measurements

Table 3.1: Joint specifications

d
[mm]

t
[mm]

L
[mm]

α

(= 2L/D)
β

(= d/D)
γ

(= D/2T )
τ

(= t/T )
Gap A-B

[mm]
θ

(in-plane)
φ

(out-of-plane)

Chord 813 38 8223 20,23 - 10,7 - - - -
Brace A 559 25,4 7760 20,23 0,69 10,7 0,67 50 134,46 0
Brace B 508 22,2 5550 20,23 0,62 10,7 0,58 50 103,93 0
Brace C 406 25,4 3935 20,23 0,5 10,7 0,67 - 90 85,45

17
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Figure 3.2: Stinger joint for strain gauge measurements

Of the 28 in total strain gauges installed, 12 are nominal strain gauges, four per member, and 16 are local
strain gauges at the brace A connection. Figure 3.2 illustrates their respective locations. For this study only
the data of the nominal strain gauges are used, so they are explained in more detail. The gauges are placed at
one meter distance away from the weld toe for braces A and B. The nominal strain gauges on the chord are
1.48 meter away from the weld toe. It was not possible to intall gauges on brace C due to the neighbouring
rollerboxes.

At each location a set of four nominal strain gauges are installed and they are equally distributed around
the circumference of the member, see Figure 3.3. The numbering of the 12 gauges relevant for this study are
depicted in the same figure and by the following numbering:

• Brace A: nominal strain gauges A1-A4

• Brace B: nominal strain gauges B1-B4

• Chord C: nominal strain gauges C1-C4

Figure 3.3: Numbering of the strain gauges
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3.2. STRAIN GAUGE PROPERTIES
The properties of the nominal strain gauges are as follows [26]:

• The strains are measured along the longitudinal axis of the respective braces and chord,

• The system is only able to measure relative changes in strain, so not absolute strains,

• The maximum design strain measurement has a range of ± 10,000 microstrains (1 %) and a resolution
of 8 microstrain (0.008%),

• Each strain gauge bridge is temperature compensated over a temperature region from 0◦ C to 50◦ C,

• The strain of each bridge is set to zero after installation. However it is noted that the Stinger structure
is already subject to strain during gauge installation,

• Each bridge is tested electronically, although it is not possible to perform a calibration test in the field,

• Each strain gauge system is connected to the corresponding data logger by a sub-sea cable.

Additionally, the more specific features of the strain gauge measurements are:

• A sampling frequency of 10 Hz,

• A data record that starts on 2009.11.20-09:00:00 and ends on 2009.12.03-24:00:00,

• A data record consisting of 29 minutes every half hour, starting from the third second of the term(e.g.
from XX:00:02 or XX:30:02),

• 17430 measurements are recorded in each half hour file that is saved. This means that every file consists
of 29.05 minutes of data(= 17430 : 60s : 10Hz),

• Unfortunately the data from strain gauges C1-C4 are not usable, for the gauges failed to work.

3.3. VOLTAGE TO STRAIN
As the measured data is in voltages, a conversion has to be performed in order to obtain strains. This is done
by Equation 3.1

ε= 2∗ 0.001∗V0 −Vo f f

Gaug e f actor ∗Ve ∗Gai n
(3.1)

Where:

V0 = bridge output voltage for the channel [mV]

Vo f f = offset voltage for the channel [V]

Ve = excitation voltage [V]

Gaug e f actor = ratio of relative change of electrical resistance to mechanical strain

Gai n = calibration factor

And the corresponding values of the just mentioned factors are given in Table 3.2 for the relevant strain
gauges A1-A4 and B1-B4. C1-C4 are not mentioned, as the data is not usable.
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Table 3.2: Strain gauge parameters

Location Vo f f Ve Gai n Gaug e f actor

A1 1.441 2.5078 48.1097 2.04
A2 1.445 2.5078 48.1779 2.04
A3 1.459 2.5044 47.9733 2.04
A4 1.399 2.5044 48.0415 2.04

B1 1.455 2.5094 47.9733 2.04
B2 1.235 2.5094 47.9733 2.04
B3 1.244 2.5139 47.9733 2.04
B4 1.178 2.5139 48.1097 2.04

3.4. DATA SELECTION
For this study not all data terms are considered. A first selection is made based on two factors:

1. Data terms when the vessel is laying pipe are of interest,

2. Data terms when the vessel is pulling are of interest.

For the fatigue assessment of the stinger structure the load variations are important. Hence, the data
terms with the greatest load variations are desired for further investigation from a fatigue point of view. The
greatest variations are achieved when the vessel is operational, thus laying pipe. From the Daily Progress
Reports from the Solitaire vessel the information necessary is obtained, resulting in a selection of time slots
when the Solitaire is laying-pipe.

For the second factor, the ’pull’, the vessel its tensioners are doing hard work. The data of the tensioners
speeds are a good indicator of the exact moments when the pipe-laying is taking place. The Daily Progress Re-
ports and the tensioner records are combined in order to come up with the first time slot selection as shown
in Table 3.3.

Table 3.3: Time slots of pipe-laying

Date Time Job

20-11-2009 12:30-24:00 Lay pipe
21-11-2009 00:00-13:00 Lay pipe
27-11-2009 22:30-23:30 Lay pipe
28-11-2009 00:00-24:00 Lay pipe
29-11-2009 00:00-24:00 Lay pipe

The final data series that will be used for this study are taken from the date 20-11-2009 from 12:30-13:00.
For the investigation into the change of principal stress direction during loading the first 100 data points are
used, which is equal to a period of 10 seconds. For the HSS determination at brace A 500 data points are used
from data point 3200 to 3700.

3.5. STRAINS TO STRESSES
This section shows the method to obtain the axial force, in-plane bending moment and out-plane bending
moment. These three force components are used as input for the finite element modelling.

3.5.1. STRAIN MEASUREMENTS
The starting point in the process of obtaining the force components are the strain measurements. As ex-
plained in Chapter 3.2, braces A and B each have four strain gauges that measure only unidirectional strain,
see Figure 3.4 for the gauge locations and numbering. With these measurements it is possible to obtain the
axial force and bending moments in the braces. Throughout this chapter, for example purposes, each time
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only 1000 data points of just one data series are used. In this way the results are more clear. The basis of the
following calculations are the original strains, as shown in Figure 3.5.

Figure 3.4: Joint under investigation with the strain gauge locations.

Figure 3.5: Original Strains Figure 3.6: Mean Zero Strains

Firstly the data from the measurements is such that it is influenced by the initial forces in the structure.
There is a difference in time between the placement of the strain gauges and the start of the measurements.
This results in a situation where the data is biased in a way that it is difficult to draw any conclusions on the
meaning of it. Therefore it is important to know the starting point of the measurements to be able to use the
data correctly. The starting point is assumed to be the static load consisting of the self-weight of the stinger
structure, the buoyancy and the rollerbox loads. From the original strains graph it can be seen that the means
of the four strain gauges are different. Assuming the starting point to have a value of zero, the means of the
measurements are subtracted to obtain the mean zero strains, see Figure 3.6. This gives the strain variation
around the zero mean value. To obtain the starting point at the strain gauges, a statics check is performed
using the software Staad.Pro. Figures 3.7 and 3.8 show the strain gauge locations of braces A and B, together
with the plane location of the cross-section where the stresses were obtained. As can be seen, Staad.Pro has
a member coordinate system for each member individually, where the x-axis is parallel to the longitudinal
direction of the corresponding brace.
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Figure 3.7: Brace A within the Staad.Pro model with the strain gauge locations depicted

Figure 3.8: Brace B within the Staad.Pro model with the strain gauge locations depicted
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3.5.2. STATICS CHECK
The software Staad.Pro is used by Allseas Engineering B.V. to perform structural analysis. In this thesis the
software is used to do a statics check after applying self-weight, buoyancy and rollerbox loads to the structure.
The configuration of the stinger is based on information acquired from the Daily Progress Reports, Allseas’
Pipelay Procedure of the project and corresponds with the stinger drawing in Appendix A.

SELF-WEIGHT

The self-weight of the structure is calculated by Staad.Pro itself and applied on the complete structure. The
software applies the load as uniformly distributed. As an example, See Figure 3.11 for the In-plane (Mz) and
out-of-plane (My) bending moment, and Figure 3.12 for the axial force due to self-weight in Brace A.

BUOYANCY

The buoyancy is applied as a percentage of the body weight, but in the opposite direction. The buoyancy
is calculated using the pipe properties of the structure, which are the nodal coordinates to determine the
pipe lengths in combination with the corresponding outer diameters. Only the chords and braces under the
waterline (-25m to 0m) are taken into account, see Figure 3.10. The buoyancy force is equal to 4.6 MN. The
self-weight calculated by Staad.Pro is equal to 10.5 MN. This means that the buoyancy force equals 44 percent
of the selfweight and this percentage will be applied on the model in positive y-direction. Figures 3.13 and
3.14 present the resulting forces due to buoyancy in Brace A.

Figure 3.9: Selfweight applied on complete model with the relevant
joint under investigation indicated by the black circle.

Figure 3.10: Buoyancy applied on part of structure under the
waterline with the relevant joint indicated by the black circle.
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Figure 3.11: Brace A: Bending Moments due to SelfWeight Figure 3.12: Brace A: Axial Force due to Selfweight

Figure 3.13: Brace A: Bending Moments due to Buoyancy Figure 3.14: Brace A: Axial Force due to Buoyancy

Figure 3.15: Brace A: Bending Moments due to Rollerbox Loads Figure 3.16: Brace A: Axial Force due to Rollerbox Loads
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ROLLERBOX LOADS

The pipe that is laying on the structure is responsible for forces acting on the stinger. The pipe is guided
towards the seabed with the help of rollerboxes. The locations where the pipe is in contact with the rollerboxes
experience the load, and this load is applied on the centre node of the corresponding rollerbox in the model,
as depicted in Figure 3.17. The values are obtained from an OFFPIPE analysis performed for this project for
KP20.950-0.000 with a water depth of 71.8m and a pipe diameter of 24 inch. This corresponds with the KP at
the time of measurements of around KP20.690. KP stands for Kilometer Point and explains the location with
respect to the total pipeline length. The in-plane (Mz) and out-of-plane (My) bending moments are shown in
Figure 3.15 and the axial force due to the rollerbox loads is shown in Figure 3.16.

Figure 3.17: Rollerbox loads applied on the corresponding nodes in the model with the joint under investigation indicated by the black
circle.

RESULTING STATIC STRESSES

The desired output of the Staad.Pro analysis is the stress level at the locations of the strain gauges. These
values will be added to the stress ranges that will be calculated later. The stresses are within the elastic limit,
so this is allowed. The stresses will be converted to forces and bending moments, but that will be explained
in Section 3.6. In Figure 3.18 the stress at location 1 of Brace A is given. The point closest to the outside of the
pipe and with an angle of 45 degrees with the y and z-axes is chosen, for that is by approximation the location
of the strain gauge. This is done for all strain gauges and Table 3.4 shows the stresses for Braces A and B, and
Chord C. From these results, it can be concluded that Brace A is in tension and Brace B is in compression.

Table 3.4: Static Stresses at strain gauge locations

Location A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4

Stress [MPa] 3.55 14.23 18.68 8.14 -13.70 -9.57 -0.67 -4.52 3.44 3.72 -0.98 -1.41
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Figure 3.18: Resulting static stress in Brace A at strain gauge location 1

TIME TRACE OF TOTAL STRESSES

With the static stresses and strain ranges determined, the next step is to add them together to obtain the time
trace of total stresses. In order to do this, firstly the strain variation has to be converted to stress variation.
This is done using Hooke’s law by assuming linear-elastic behaviour of the material:

σ= [const ant ] = Eε (3.2)

where

σ= stress [Pa]

E = Modulus of Elasticity[Pa]

ε= strain [-]

The time trace of total stresses, so after adding the stress variation to the static stresses, of the four gauges
on Brace A is depicted in Figure 3.19.

Figure 3.19: Total Stresses at the strain gauge locations of Brace A
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3.6. STRESSES TO FORCES
For the finite element modelling it is important to have a usable input. Stresses are not suited and thus it is
needed to decompose the stresses into corresponding forces, namely axial force, in-plane bending moment
and out-of-plane bending moment. In addition, it is widely accepted to use member forces for tubular joint
analyses.

3.6.1. AXIAL FORCE

Firstly the axial forces of the braces at the location of the strain gauges are determined. This can simply be
done by averaging the value of the total stresses at any point in time:

σaver ag e = σ1 +σ2 +σ3 +σ4

4
(3.3)

The average stressσaver ag e is multiplied with the cross-sectional area of the brace to end up with the axial
force:

Faxi al =σaver ag e ∗ A (3.4)

Figure 3.20 shows the axial force in both Brace A and B for the first thousand data points.

Figure 3.20: Axial force in Braces A and B

3.6.2. BENDING MOMENT

With the axial forces calculated, the bending moments can be calculated next. The stresses due to bending
are the stresses that remain after the contribution due to axial forces is taken out of the equation:

Stresses due to bending = total stresses - axial force stresses

Then with the simple beam theory the in-plane and out-of-plane bending moments can be calculated.

σ= M ∗ y

I
→ M = σ∗ I

y
(3.5)

where:
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σ= stress at location of interest [Pa]

M = Bending Moment [N m]

I = second moment of inertia [m4]

y = distance from neutral axis to location of interest [m]

I = π

4
(r 4

out − r 4
i n) (3.6)

Where rout and ri n are the outer and inner radius of the pipe in meters. As the strain gauges are located
at 45 degrees with respect to the y and z-axes, for convenience the locations A, B, C and D are chosen for the
bending moment calculations. The stresses at these locations are calculated by using the two neighbouring
gauge locations, see Formulae (3.7-3.10) and Figure 3.21:

σA = 1

2

p
2(σ1 +σ4) (3.7)

σB = 1

2

p
2(σ1 +σ2) (3.8)

σC = 1

2

p
2(σ2 +σ3) (3.9)

σD = 1

2

p
2(σ3 +σ4) (3.10)

Figure 3.21: The strain gauge locations 1-4 and the locations used for bending moment calculations A-D

The stresses at locations A and C are used to calculate the in-plane bending moment, whereas σB and σD

are used to calculate the out-of-plane bending moment:

Mi pb = σ∗ I

y
= 0.5(|σA |+ |σC |)∗ I

rout
(3.11)

Mopb = σ∗ I

y
= 0.5(|σB |+ |σD |)∗ I

rout
(3.12)
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The average value of the two opposite strain gauges is used. However, the opposite values are identical
except for the sign, as can be seen in Table 3.5. This is also an indication that the calculations have been
performed correctly, for it would be logical that opposite locations have identical absolute values, assuming
pure bending. The bending moment directions are according to the axes in Figure 3.21. The different bending
moments for Braces A and B are depicted in Figure 3.22 .

Table 3.5: Average stresses during measurements at locations depicted in Figure 3.21

Location 1 2 3 4 A B C D
Brace A -7.6 3.08 7.53 -3.01 -7.5 -3.19 7.5 3.19 [MPa]
Brace B -6.59 -2.45 6.45 2.59 -2.83 -6.39 2.83 6.39 [MPa]

Figure 3.22: In-plane and out-of-plane bending moments in Brace A

As an extra check, the average bending moments of the complete data set are determined and compared
with the static bending moments given by Staad.Pro, see Table 3.6. The negative value of Staad.Pro for the out-
of-plane bending moment of Brace A is due to the direction of the axis chosen by the software. In the manual
calculations the axis is chosen in the opposite direction compared to Staad.Pro. The percentage difference
does not exceed 6.12 percent, which indicates that the calculations have been performed correctly.

Table 3.6: Comparison of Bending Moments

Staad.Pro [kNm] Calculations [kNm] Difference [%]

Brace A Mi pb 42.74 40.2 6.12
Mopb -17.99 17.12 4.96

Brace B Mi pb 11.34 11.08 2.32
Mopb 26.00 25.00 3.92

3.6.3. LOAD ANALYSIS
A first look at the three load components in Figure 3.23 gives a good indication of the stochastic Variable
Amplitude loading the stinger is subjected to, see Figure 2.9. These data points are the first hundred from
the top time slot in Table 3.3. Although the peaks seem to occur more or less at the same time, the high
volatility implies that there is non-proportional loading, as explained in Section 2.3.1. However, the level of
non-proportionality can not be concluded directly from these graphs. That is why the change in principal
stress direction during loading is investigated using these time histories, for that is an indication of the level
of non-proportionality.
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Figure 3.23: Load components acting on braces A and B



4
FINITE ELEMENT MODELS

The finite element method originated from a need to solve complex structural problems. With upcoming
computation capabilities and improvements in the field of computer simulation nowadays there exists a
wide variety of finite element software. From all available software only one program is chosen for this re-
search. The decision is based on the company’s expertise within their structural engineering department.
Their mostly used finite element software is Femap, that uses NX Nastran code for analyses. Together with
the advice of several experienced users within the company, it was concluded that Femap should be suitable
for this investigation.

This study is mainly built around finite element models. Two main investigations can be distuingished:

• Stinger joint

• Simple T/Y-joints

The following chapter elaborates on the creation of the finite element models. Firstly the specifications of
the Stinger joint model are given. Secondly the method of creating the T/Y-joints is presented in detail.

4.1. STINGER JOINT

4.1.1. ELEMENT TYPE
Roughly two types of finite element models can be distinguished for the analysis of welded tubular joints:
solid models and shell models. Solid models normally require a longer computation time compared to shell
models, because of a higher number of elements. In addition, creating a solid model is more complex than
creating a shell model. An advantage is that solid models can provide more accurate stress and strain results.
For welded tubular joints this is partly due to the reason that the weld can be better modelled.

However, a negligible stress perpendicular to the tubular surface, σz , results in a plane stress assumption.
Assuming this leads to the acceptance of shell modelling.

The shell model is created by using the mid-surfaces of the joint member walls and the corresponding
joint dimensions, as given in Table 3.1. Figure 4.1 shows the Femap shell model. No weld is modelled. At the
locations where the braces connect to the chord the mesh is refined to accurately capture the desired output,
as can be seen in Figure 4.2. The mesh refinement will be explained further in the next section.

4.1.2. MESH REFINEMENT
Mesh refinement is an important aspect of modelling, for it determines the accuracy of the results. According
to DNV [2] in case of using shell elements, 8-noded elements are recommended with a mesh size from t x
t to 2t x 2t. However, due to unsolved issues with the Femap program, 4 noded elements are used with a
finer mesh size so the stress gradients are still captured properly. This increases the number of elements by
a factor of 4, as illustrated in Figure 4.3, and increases the computational time of the model. However, the
computational time still remained within one hour which is acceptable.

31
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Figure 4.1: Shell model of the Stinger joint Figure 4.2: Finer mesh at the brace-chord connections

Figure 4.3: Shell element: (l) 4 noded, (c) 8 noded , (r) four times 4 noded

TWO MODELS WITH DIFFERENT MESH REFINEMENT

Two finite element models of the Stinger joint are created. One to check the variation of principal stress direc-
tions during loading at all brace to chord connections. A second model is created to check the difference in
hot spot stresses between extrapolating primary stresses versus extrapolating principal stresses. The second
model only focuses on the connection of the Chord with Brace A.

The difference between these two models is the mesh refinement around the connection areas. For the
first investigation the mesh needs to be refined at all connections, see Figure 4.2. For the investigation into
the hot spot stresses, only one connection needs to be refined. The reason for the second mesh refinement
is the need for a sufficient extrapolation length. This is necessary in order to be able to extract the values at
the extrapolation locations at a specified distance away from the welded connection, as explained in Section
2.2.6. The difference between the two models is shown in Figures 4.4 and 4.5, zoomed in on the gap area.

Figure 4.4: Mesh refinement model for principal stress direction
determination

Figure 4.5: Mesh refinement model for Hot spot stress
determination
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4.1.3. SPIDER NODES

The constraints and loads are applied on spider nodes. These are superelements that create a rigid node at
the ends of the tubular members exactly in the center connected to the nodes on the mid-surface. This is
illustrated in Figure 4.6. These spider nodes make it easy to apply axial forces, in-plane bending moments
and out-of-plane bending moments.

Figure 4.6: Spider nodes
Figure 4.7: Loads on Brace A; Axial force (1), IPB moment (5), OPB

moment (3)

4.1.4. BOUNDARY CONDITIONS

The finite element models need to be constrained in a correct way to capture reality as accurately as possible.
In previous research [25] six different boundary condition combinations were tested by calculating the Von
Mises maximum stress. Combinations 1 and 2 in Figure 4.8 led to the highest Von Mises stress. Combination
6, the fixed chords showed the lowest Von Mises stress.

Figure 4.8: Boundary conditions tested on maximum Von Mises stress

The above results together with external advice of dr.A. Romeijn (personal communication) led to the
decision to analyse two different boundary condition combinations, namely an all fixed case and a pinned-
rollers case, illustrated in Figure 4.9. The rollers allow translation in the parallel brace/chord direction only.
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Figure 4.9: Boundary conditions used, left: all fixed, right: pinned-rollers

4.1.5. LOADS

In Chapter 3 the strain data of the nominal strain gauges on braces A and B is converted to axial forces, in-
plane bending moments and out-of-plane bending moments. This resulted in individual time histories for
each load component. In fact, the time histories consist of data points obtained by measuring at 10 Hz. Each
data point is used to create a function in Femap. Figure 4.10 shows an example of the time history of the axial
force in brace A. The figure shows the function type to be ’vs. Time’. The creation of functions is necessary to
be able to perform the analysis within Femap, in combination with the analysis type ’transient dynamic/time
history’.

Figure 4.10: Femap function of the axial force in Brace A

Axial forces The axial forces are applied in the direction parallel to the corresponding brace. The axial forces
are in kiloNewton. As in Femap the input is Newton, the standard value is 1000, as depicted in Figure 4.7 by
(1).

Bending moments The in-plane and out-of-plane bending moments are depicted in Figure 4.7 by (5) and
(3) respectively. The input of the bending moments is in kNm, which explaines the 1,000,000, as Femap units
for this model are in Newton and millimetres. The bending moments are applied within the coordinate sys-
tems of the braces.
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The time histories that are used as load input are shown in Figure 3.23 for braces A and B respectively. As
brace B is in constant compression, the axial forces are negative. The in-plane bending moment on brace A
is bigger than the out-plane bending moment. For Brace B this is the opposite.

4.1.6. ANALYSIS TYPE
For the stinger joint research the analysis type is linear quasi-static. Still the stresses are below the elastic
limit, which allows to assume linearity. The difference between the T/Y-joint research is the load input. There
the load is just a single axial force applied at one time. In contrast, for the stinger joint the load input consists
of six separate ’time histories’, namely:

1. Brace A

(a) Axial force

(b) In-plane bending moment

(c) Out-of-plane bending moment

2. Brace B

(a) Axial force

(b) In-plane bending moment

(c) Out-of-plane bending moment

The term ’time history’ is used for convenience. As mentioned above, the analysis will be quasi-static,
which means that no dynamic effects are taken into account, e.g. inertia. So in fact the term ’time’ is not
correct, as that implies also dynamic effects.

Within Femap, the analysis type used is called ’transient dynamic/time history’. To avoid the dynamic
effects, the time step is chosen such that it exactly matches the data points. This means that Femap only uses
the data points for calculations, not the values between data points. This creates output data that shows the
results at those exact moments only. This is in this case the meaning of quasi-static analysis: each time step is
calculated individually and independently and results are a reflection of only the load input at that particular
point. The ’transient dynamic/time history’ type thus makes it easy to run multiple analyses at once by using
functions, in stead of running each data point one at a time by hand.

4.1.7. DESIRED OUTPUT
The output that is of interest for the stinger joint models is twofold:

Principal stress angles around the brace-to-chord connections. For the study into the change in principal
stress directions during loading, the output required from Femap are the elemental principal stress angles.
The variation of the angle around the zero mean is calculated. So any initial principal stress angle is not
taken into account. So the results can be seen as taken from the center of that element. The locations of
the elements are at a distance of half times the wall thickness of the respective chord or brace away from the
connection. As only the change in angle is of importance, it is not necessary to align the material direction of
the elements. This is important for the next study, as explained below.

Principal stresses and primary stresses perpendicular to the weld toe at the chord saddle location at the
brace A connection. For the study into the difference between Hot Spot Stresses the nodal results of the
stresses and angles are required at specified distances away from the welded connection: at extrapolation
locations A and B, see Figure 4.13. Compared to the study into the change of principal stress angles during
loading this time only the chord saddle location at the brace A connection is investigated. The process is
explained further in section 4.2.8.
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4.2. T/Y-JOINTS

4.2.1. ELEMENT TYPE
Just like the finite element model of the Stinger joint, the T/Y-joints are created with 4 noded shell elements.

4.2.2. MESH REFINEMENT
The mesh refinement for the T/Y-joints is similar to the stinger joint model. The mesh is refined such that the
stress gradient is accurately captured along the brace-to-chord connection, as can be seen in Figure 4.11. The
curve on the chord which runs parallel to the brace-to-chord intersection curve has a distance such that the
extrapolation locations remain within the refined mesh area. At the chord saddle location, a perpendicular
curve is projected on the chord that connects the two parallel curves. The extrapolation points A and B are
located on this perpendicular curve.

Figure 4.11: Mesh refinement at the brace-to chord connection

4.2.3. API-SCRIPT
Femap has the ability to communicate with languages like Visual Basic, VBA (Excel, Word, Access), C, or C++.
This makes it possible to write a script in for example Microsoft Visual Studio Express 2013 and when one
runs this script, a model will be created in Femap. The functions that are available in the User Interface of
Femap can in that way be programmed as a routine.

This is exactly what has been done for this thesis. A script has been written and connected to the Femap
environment. With this script it is possible to easily create a T/Y-joint with specified joint dimensions and
to analyse it. The choice of joint dimensions has effect on the joint parameters γ, τ, β and θ. The length
parameter α is dependent on chord diameter and length and is kept constant for all configurations, namely
α = 15. The exact script can be found in appendix B and the different joint configurations that have been
created and analysed are given next.

4.2.4. JOINT CONFIGURATIONS
The dimensions for all 13 configurations are based on pipes that are fabricated following Trouvay & Cauvin
standards, [27]. Additionally the pipe dimensions are chosen such that they are in close correspondence with
the dimensions used by Allseas Engineering B.V. for their Stinger Structures, in order to increase the relevance
of this research for the company. For convenience the dimensions in Table 4.1 are given in inches. Within
Femap millimetres are used, obtained by multiplying inches by a factor of 25.4. All joint configurations can
be found in Appendix C.

4.2.5. BOUNDARY CONDITIONS
Both chord ends are fixed, see Figure 4.12 for a graphical representation.

4.2.6. LOAD
The load applied on the model is an axial force in the direction parallel to the brace longitudinal axis, as
indicated by the arrow in Figure 4.12. The size of the force is chosen such that it equals a nominal stress in
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Table 4.1: Dimensions and joint parameters of the FEM configurations

Dimensions Joint parameters

Conf. #
Diameter

Chord
[inch]

Diameter
Brace
[inch]

Wall
Thickness

Chord
[inch]

Wall
Thickness

Brace
[inch]

θ

[Degrees]
τ β γ

1 32 20 1.25 0.25 45 0.2 0.63 12.8
2 32 20 1.25 0.75 45 0.6 0.63 12.8
3 32 20 1.25 1 45 0.8 0.63 12.8
4 32 20 1.25 1.25 45 1 0.63 12.8
5 32 6.625 1.25 0.75 45 0.6 0.21 12.8
6 32 12 1.25 0.75 45 0.6 0.38 12.8
7 32 26 1.25 0.75 45 0.6 0.81 12.8
8 40 24 1.25 0.75 45 0.6 0.60 16
9 32 20 0.625 0.375 45 0.6 0.63 25.6

10 40 24 0.625 0.375 45 0.6 0.60 32
11 32 20 1.25 0.75 30 0.6 0.63 12.8
12 32 20 1.25 0.75 60 0.6 0.63 12.8
13 32 20 1.25 0.75 90 0.6 0.63 12.8

Figure 4.12: Configuration with fixed chord ends and axial force on brace

the brace of 1 MPa. This makes it easy to calculate the SCF, as the SCF is then the exact same value as the
extrapolated hot spot stress. In order to achieve the 1 MPa nominal stress for all joint configurations, the
script uses the input dimensions to calculate the corresponding axial force with the simple equation :

F = σN

A
(4.1)

Where F is the axial force in N, σN is the nominal stress of, in this case, 1 MPa and A is the area of the
brace cross-section in mm2.

4.2.7. ANALYSIS TYPE
The study of the T/Y-joints involves a linear-elastic static analysis.

4.2.8. DESIRED OUTPUT
The output that is of interest is located at the extrapolation points A and B, as depicted in Figure 4.13. These
points are located on a curve perpendicular to the weld at the saddle location of the joint. The results are
obtained as follows:

1. Femap analyses the load case with specified constraints and loads
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2. The following results are copied to Excel:

(a) Element corner results at extrapolation location A (see Figure 4.13)

(b) Element corner results at extrapolation location B (see Figure 4.13)

3. The results of the four element corners closest to the node of interest are averaged

4. The averaged result is considered the nodal result

5. Results considered are:

(a) Plate top major/minor Principal stress and strain

(b) Plate top Principal stress and strain angle

(c) Plate top X normal stress and strain

(d) Plate top Y normal stress and strain

(e) Plate top XY shear stress and strain

The strains are used for the research into the ratio between SCF and SNCF. Averaging of the corner results
is accepted in case the difference between the elemental results is small. This is achieved by refining the mesh
size.

Figure 4.13: Extrapolation locations Figure 4.14: Principal Stress directions

For the 13 configurations that are analysed, the extrapolation locations are given in Table 4.2. The columns
2 and 3 show the theoretical locations according to DNV C203, as explained in Section 2.2.6. The last two
columns show the actual locations that follow from Femap. The difference between the actual locations and
the theoretical locations are in close correspondence. However they are not the identical. It is noted that for
HSS determination according to the code [2] the values at the points of interest need to be interpolated first
from the nodes closest to locations ’a’ and ’b’. The interpolated values at locations ’a’ and ’b’ are then used
for extrapolation. Although this has been noted, for convenience the pre-interpolated values are used for ex-
trapolation. This should not lead to issues regarding the validity of this study, for there is only an interest in
the difference in HSS value between the principal stress extrapolation versus primary stress perpendicular to
the weld extrapolation. Extrapolation locations are in this regard less trivial.

The principal stress directions at the extrapolation locations A and B are shown in Figure 4.14. The x-axis is
perpendicular to the intersection line so the principal stress angle θp is defined positive in counter-clockwise
direction. Chapter 5 shows these polar plots to visualize the principal stress direction at the respective loca-
tions.
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Table 4.2: Extrapolation points

Extrapolation points DNV [mm] Actual points Femap [mm]
Conf. # a b a b

1 8.0 70.9 8.2 70.0
2 13.9 70.9 14.8 69.9
3 16.1 70.9 16.0 70.6
4 18.0 70.9 17.2 69.9
5 8.0 70.9 8.7 71.1
6 10.8 70.9 11.2 70.7
7 15.9 70.9 16.0 69.8
8 15.2 88.7 15.2 88.0
9 9.8 70.9 10.8 69.8

10 10.8 88.7 9.1 87.9
11 13.9 70.9 14.5 71.0
12 13.9 70.9 15.2 70.3
13 13.9 70.9 14.2 70.7





5
RESULTS

This chapter shows the results of the investigations that were performed. The results are given in a particular
sequence, namely:

1. Stinger joint

(a) Principal stress direction change along the brace-to-chord connections during loading,

(b) Hot Spot Stresses obtained by extrapolating principal stresses versus extrapolating primary stresses
perpendicular to the intersection line at the in-board chord saddle location of the brace A connec-
tion.

2. T/Y-joints

(a) Difference in Stress Concentration Factor between extrapolating principal stresses versus extrapo-
lating primary stresses perpendicular to the intersection line due to a difference in principal stress
directions between extrapolation locations,

(b) Influence of joint parameters on the snf-ratio.

5.1. STINGER JOINT
As explained in Chapter 3 measurements were done on a welded tubular joint of the Stinger structure of the
Solitaire vessel. The data obtained from these measurements can be seen as the basis of this investigation.
The data is used as input for numerical research. That numerical research is explained next. It starts with
investigating the change in principal stress directions along the welded connections during loading .

5.1.1. PRINCIPAL STRESS DIRECTIONS

Due to the different loadings on the Stinger structure it is likely that that leads to multiaxiality. A sign, or
property, of multiaxiality is a change of principal stress direction during loading. It is exactly this property that
will be investigated using finite element modelling. The approach will be:

1. Create a Finite Element model of the joint under investigation,

2. Apply forces and bending moments obtained from strain measurements on the model and analyse for
different boundary conditions,

3. Extract the principal stress angles at desired locations from the results,

4. Analyse the extracted output.

41
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ANGLES

Steps 1 and 2 were described in Chapter 4. After successful completion of the Femap analyses, the data results
need to be extracted at the desired locations of the Stinger joint. To get an impression of the multiaxial sen-
sitive locations, the crown, saddle and in-between points as illustrated in Figure 5.1 are investigated further.
Both chord and brace are checked at these locations for their change of principal stress angles. This is done
at one element that is closest to the location of interest, at the center of the element. As only the change in
direction is of interest, the angle results during loading are averaged and the variation around the zero mean
angle is seen as the change in principal stres direction. The blue line in the graphs in Figure 5.4 show the
’MAPS angle’, which is the principal stress angle of the maximum absolute principal stress. As can be seen,
these blue lines have a zero mean.

Two deformed models are shown in Figures 5.2 and 5.3 to illustrate the difference between the boundary
condition sets that were analysed.

Figure 5.1: Investigated locations of braces A, B and C

Figure 5.2: Typical deformation for the model with pinned-rollers
boundary conditions

Figure 5.3: Typical deformation for the model with fixed boundary
conditions

CHANGE OF PRINCIPAL STRESS ANGLES

Next the results are shown for each brace separately for both boundary conditions. The results are presented
in tables and by graphs.

BRACE A CONNECTION

Firstly the results of the Brace A connection are presented. Table 5.1 shows the maximum difference between
the principal stress angles calculated by Femap for the 8 locations around the welded connection. The lo-
cations are as depicted in Figure 5.1. It can be seen that the choice of boundary conditions influences the
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results. For example in the case of fixed constraints, location 4 on the chord side has a principal stress angle
difference of 29.33. In contrast, for pinned-rollers constraints the value at the same location is just 8.67 de-
grees.

As the International Institute of Welding [28] proposes a change of 20 degrees or more as significant, an-
gle differences above 20 degrees are assumed important for further investigating. For the case of the Brace A
connection, this is for the locations with underlined values in Table 5.1. For these locations, the maximum
absolute principal stresses (MAPS) are taken from Femap calculations and compared to the principal stress
angles. This comparison is made in order to check if the stresses are high or low at possible peaks in angle
variation. The comparison can be seen in Figures 5.4 and 5.5. The following is observed from the table and
graphs:

The biggest change in principal stress angle seems to occur when the MAPS is lowest, between data points
80 and 100. Chord location 7 with pinned-rollers constraints appears to have the most volatile principal stress
angles. The big differences at Brace location 3 for both constraint is explained by only a few spikes as depicted
in their corresponding graphs. Location 6 shows a continuous change of principal stress angle, independent
of the boundary conditions. It should be mentioned that these 100 data points only resemble a period of 10
seconds, for the measurement frequency is 10 Hz. So both a continuous change of principal stress angle like
chord location 6 and a spike every 10 seconds like brace location 3 can be reason to assume high sensitivity
to multiaxiality.

Chord location 7, which is the inboard chord saddle position, shows the highest volatility in principal
stress angles when constraint with pinned-rollers. Therefore that location will be used for further investiga-
tion into the Hot Spot Stresses, see Chapter 5.1.2.

Table 5.1: Change of principal stress angles for chord and brace locations of the brace A connection for different boundary conditions

Angle deviation Brace A connection [degrees]
Fixed Pinned-rollers

Location Chord Brace Chord Brace

1 5.19 7.55 3.34 5.17
2 5.61 11.29 3,21 18,95
3 10.33 32.68 2.85 22.40
4 29.33 15.24 8.67 4.73
5 15.82 12.57 4.13 10.60
6 24.02 7.84 45.18 4.82
7 3.44 3.77 77.74 3.00
8 22,89 2.17 8.34 4.04

BRACE B CONNECTION

The brace B connection is checked next. Table 5.2 shows that compared to brace A even more locations
have a principal stress angle difference of 20 degrees or more, indicating that connection B is prone to more
multiaxial fatigue than connection A. The following is observed:

1. Brace location 1 show high multiaxiality according to the graphs. Especially the pinned rollers con-
traints lead to a continuous change of angles.

2. Brace location 2 for both constraint sets look extreme. This could be due to the fact that graph shows
a close to zero principal stress at data point 80. For example a small load acts in a direction different
from the predominant loading, causing this sudden change in angle.

3. Chord AND Brace location 3 from table 3 seems highly multiaxial for both constraint sets. This is em-
phasized by graphs that show a highly variable principal stress angle. However, for the Brace locations
only two to three spikes are seen after data point 80. Nevertheless, it is safe to say that location 3 is
important from a multiaxial point of view.
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Figure 5.4: Principal stress angle changes and MAPS of Brace A connection, fixed constraints

Figure 5.5: Principal stress angle changes and MAPS of Brace A connection, pinned-rollers constraints

4. Brace location 4 shows a big change of principal stress angle. However, this happens when the principal
stresses are low.

5. Brace location 5 for the pinned-rollers constraint set shows a change at a moment when the principal
stress is low. Therefore the effect of multiaxiality is less severe.

6. Chord locations 6 and 7 show high variability of principal stress angles. However, this is for only one
constraint set. It is therefore difficult to state whether these locations are sensitive to multiaxial fatigue
or not.
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Table 5.2: Change of principal stress angles for chord and brace locations of the brace B connection for different boundary conditions

Angle deviation Brace B connection [degrees]
Fixed Pinned-rollers

Location Chord Brace Chord Brace

1 3,35 31,04 9,28 43,24
2 26,30 82,91 13,05 81,60
3 33,83 74,06 58,54 63,07
4 19,86 24,15 9,71 24,94
5 6,42 19,83 4,03 29,96
6 38,60 4,95 13,82 1,27
7 4,73 0,88 52,97 2,59
8 20,95 4,07 12,35 1,83

Figure 5.6: Principal stress angle changes and MAPS of Brace B connection, fixed constraints
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Figure 5.7: Principal stress angle changes and MAPS of Brace B connection, pinned-rollers constraints
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BRACE C CONNECTION

Brace C is a good example for showing that the boundary conditions have a big effect on the results. For the
fixed constraints only two locations have a principal stress angle difference exceeding 20 degrees. In contrast,
the principal stress angle difference for the pinned-rollers constraint set exceed the 20 degree threshold at ten
locations. The following is observed from Table 5.3 and the graphs of Figures 5.8 and 5.9:

1. Chord location 8 has highly varying principal stress angles for both constraint sets. In the situation of
pinned-rollers constraints, the principal stress is twice as high as those stresses for the fixed constraint
set. Again showing that the choice of boundary conditions is relevant.

2. Brace location 4 with fixed constraints does show a high change of principal stress angles. The low
MAPS makes the effect less severe.

3. Chord locations 2,3 and 4 for the pinned-rollers constraint show peaks in principal stress deviations
around data points 80 to 100. In combination with a high principal stress, these locations could be
considered relevant from a multiaxial fatigue perspective.

4. Chord locations 6 and 8 show continuously varying principal stress angles compared to just the occa-
sional peaks for locations 2,3 and 4.

5. The brace locations 2 and 3 with pinned-rollers constraints mainly change principal stress angles at
certain moments, not constantly. Locations 1, 5 and 6 have a more constant up and down character of
angle variation.

Table 5.3: Change of principal stress angles for chord and brace locations of the brace C connection for different boundary conditions

Angle deviation Brace C connection [degrees]
Fixed Pinned-rollers

Location Chord Brace Chord Brace

1 2,02 16,90 11,40 22,68
2 6,48 7,01 52,59 58,26
3 1,94 2,07 86,46 78,53
4 10,74 25,41 39,82 13,65
5 11,80 6,42 10,30 25,98
6 14,78 10,65 34,97 23,37
7 7,51 6,03 12,26 3,07
8 89,17 7,27 27,68 11,59

Figure 5.8: Principal stress angle changes and MAPS of Brace C connection, fixed constraints
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Figure 5.9: Principal stress angle changes and MAPS of Brace C connection, pinned-rollers constraints
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5.1.2. HOT SPOT STRESSES
As mentioned in Chapter 5.1.1, chord location A7 shows high variation in principal stress direction during
loading. That location is investigated further below. This time the principal stress direction is used in a
different way, namely as the source of inequality between the Hot Spot Stresses determined by extrapolating
the principal stresses versus extrapolating the primary stresses perpendicular to the weld toe. Romeijn [6]
states that for the extrapolaton of HSS primary stresses should be used, for "the direction of principal stresses
inside the extrapolation region changes, which causes problems when extrapolating stresses to the weld toe
location." As Allseas uses principal stresses for extrapolation, this could be a reason to change their method.
Next the process is described that leads to the T/Y-joint study into this effect, as shown in Chapter 5.2.

TIME HISTORY

For this particular study a second stinger joint finite element model has been created that allows for extrap-
olating to the hot spot. Compared to the first model the circle radius around brace A that is projected on the
chord has been increased, making it possible to extrapolate the stresses perpendicular to the weld toe, see
Figure 5.10. The boundary conditions used for this investigation were again a combination of pinned-rollers.

Firstly the hot spot stresses are calculated for the original time history, as given in Figure 5.11. Next the
bending moments are shifted out-of-phase, as depicted in the right graphs of Figure 5.11. Additionally two
more analyses were performed. One where the bending moments were increased by a factor 10 to see the
effect on the difference between the HSS. For the last analysis only the time histories of the axial forces were
applied on the model. The results are given in Table 5.4. It appears that bending neutralises the difference
and axial forces are responsible for an increase in difference.

Figure 5.10: Refined mesh along extrapolation region at weld toe of brace A

PRINCIPAL STRESS DIRECTION DEVIATION

From Table 5.4 it can be seen that for axial forces only the difference can lead to 18 per cent higher hot spot
stresses when extrapolating principal stresses. This is not in-line with the statement made by Romeijn [6].
Nevertheless, the difference between the two extrapolation methods could possibly be explained by the dif-
ference in principal stress direction at the two extrapolation locations. In order to check this theory, an inves-
tigation has been done on simple T/Y joints, as showed in the next section.

Table 5.4: Maximum difference in HSS between extrapolation methods

Load input
σp

σ⊥

Original 1.04
Out-of-phase 1.05
Bending ∗ 10 1.02
Axial force only 1.18
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Figure 5.11: Load histories used for HSS calculation

5.2. T/Y-JOINTS
Next the investigation into the difference between extrapolation of principal stresses and perpendicular pri-
mary stresses will be explained. Secondly the results of the investigation into the ratio between SCF and SNCF
will be explained.

5.2.1. SCF CALCULATION USING THREE METHODS
Using the developed API script 13 joint configurations were created in Femap. The dimensions and joint
parameters are given in the Table 4.1. The variations of joint parameters are depicted by the bold and under-
lined values. The standard joint configuration is number 2, which has an in plane angle θ of 45 degrees, a τ of
0.6, β of 0.63 and a γ of 12.8. Only one joint parameter changes in comparison with any other configuration,
so only the effect of the joint parameter of interest is analysed.

The basic configuration is shown in Figure 5.12. Thus the boundary conditions used are fixed for both
chord ends and the axial force is applied in the direction parallel to the brace. Only the SCF equation of the
Chord saddle is of importance for this investigation.

PRINCIPAL STRESS ANGLE

Figure 4.14 shows an example of the difference in principal stress directions for the two extrapolation loca-
tions A and B. The black square represents the principal stress direction at location A, the white square the
principal stress direction at location B. The coordinate system is identical to the Femap models, where the
X-axis is perpendicular to the weld. The principal stress directions are calculated as principal stress angles θp

as shown below in equation 5.1:

t an(2θp ) = 2τx y

σx −σy
(5.1)

Where τx y is the shear stress andσx andσy are the primary stresses in x and y direction, respectively. This
has been illustrated in Figure 2.6.

Next the results are presented obtained with the analyses within the Femap environment. The SCF values
calculated with the Efthymiou equations adopted by DNV are given in order to have a comparison with the
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Figure 5.12: Basic configuration with SCF equations of Efthymiou [2]

values obtained with Femap. The percentage difference column shows the difference between the SCF calcu-
lated by extrapolating the principal stresses and the Efthymiou equations. This comparison is most logical,
for Efthymiou [8] uses the principal stresses as well. The principal stress column shows the SCFs obtained
by extrapolating the principal stresses. SCFs of the extrapolated perpendicular primary stresses are shown as
well in the next column.

CHANGE OF θ

The Table 5.5 below shows the principal stress angles and SCFs for different θ, the in-plane angle between
chord and brace. The other joint parameters are kept constant. The SCFs are thus determined in three ways
at the chord saddle position:

1. By the Efthymiou equations adopted by DNV

2. By extrapolating the principal stresses

3. By extrapolating the primary stresses perpendicular to the weld toe

Table 5.5: Change of θ

θ

Principal
stress angle
location A
[degrees]

Principal
stress angle
location B
[degrees]

DNV’s
Efthymiou

[SCF]

Difference
DNV-Femap

[%]

Principal
stress
[SCF]

Primary
stress
[SCF]

30 -23.82 14.19 2.59 38.07 1.76 1.76
45 -12.53 18.00 4.51 19.27 3.72 3.75
60 -7.50 22.01 6.24 7.63 5.78 5.81
90 -0.66 16.96 7.86 0.24 7.88 7.91

The graph 5.14 below shows the SCF as a function of Theta for the different extrapolation methods. The
shape is similar to Efthymiou, despite the lower values. Looking at Table 5.5 above the difference between the
principal stress and primary stress methods is small. A maximum of 0.03 higher SCF obtained with primary
stress than with principal stress.

What can be noticed is that as the in-plane angle decreases, the deviation between the Femap and Efthymiou
results increases. The T-joint results (θ = 90) are a close match. However, the results of the joint with a 30 de-
grees angle differ 38%. This raises questions regarding:

1. The reliability of the Femap software
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Figure 5.13: Principal Stresses directions for different θ

2. The reliability of the Efthymiou equations

3. The legitimacy of the way of modelling, namely by shell elements without a weld.

Figure 5.14: SCF for different θ

CHANGE OF τ

Joint parameter τ represents the brace over chord wall thickness ratio. The chord wall thickness is kept at 1.25
inch, where the brace wall thickness varies from 0.25 to 1.25 inch, resulting in τ values of 0.2, 0.6, 0.8 and 1.0.
Table 5.6 gives the SCFs. The difference between DNV and Femap results increases as τ decreases. For a τ of
1.0 the SCF of Femap matches perfectly with Efthymiou. However, for a τ of 0.2, there is a 48% difference. Just
as for the joint parameter θ, the differences are small between the two extrapolation methods.

Figure 5.15 shows the principal stress directions for the different τ values. The principal stress angle of -
39.14 degrees for τ = 1.0 at location B is not in line with the other angles. This is due to the fact that for this case
the Y normal stress is smaller than the X normal stress, resulting in a negative value according to Formula 5.1.
Besides this outlier, the difference in principal stress angle between the locations A and B tends to increase as
τ increases. This does not lead to a noticeable difference in SCFs obtained with principal stresses or primary
stresses, as can be seen in Table 5.6.
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Table 5.6: Change of τ

τ

Principal
stress angle
location A
[degrees]

Principal
stress angle
location B
[degrees]

DNV’s
Efthymiou

[SCF]

Difference
DNV-Femap

[%]

Principal
stress
[SCF]

Primary
stress
[SCF]

0.2 -24.00 3.14 1.35 48.38 0.82 0.82
0.6 -12.53 18.00 4.51 19.27 3.72 3.75
0.8 -10.37 33.46 6.19 8.23 5.70 5.70

1 -9.33 -39.14 7.92 0.01 7.92 7.88

Figure 5.15: Principal Stresses directions for different τ

Figure 5.16: SCF for different τ
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CHANGE OF β

Joint parameter β represents the brace over chord diameter ratio. The chord diameter is kept constant at 32
inch, where the brace diameter varies from 6.625 to 26 inch, resulting in β values of 0.21, 0.38, 0.63 and 0.81.
Again there is one big outlier in comparison to the DNV Efthymiou equations. This is for aβ of 0.81, where the
difference is 49%. Furthermore when looking at Figure 5.18 the SCFs do not follow the Efthymiou equations,
except for β = 0.38.

The deviation of principal stress directions between locations A and B increases for decreasing β, as Fig-
ure 5.17 illustrates.

Table 5.7: Change of β

β

Principal
stress angle
location A
[degrees]

Principal
stress angle
location B
[degrees]

DNV’s
Efthymiou

[SCF]

Difference
DNV-Femap

[%]

Principal
stress
[SCF]

Primary
stress
[SCF]

0.21 -9.07 41.83 3.42 16.39 4.03 4.00
0.38 -9.45 34.80 4.39 1.69 4.46 4.45
0.63 -12.53 18.00 4.51 19.27 3.72 3.75
0.81 -22.44 3.03 3.58 48.91 2.17 2.23

Figure 5.17: Principal Stresses directions for different β

Figure 5.18: SCF for different β
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CHANGE OF γ

Joint parameter γ represents the chord radial stiffness. It is an important parameter in many SCF formulae.
To achieve the desired gammas, the dimensions of chord diameter, brace diameter and their respective thick-
ness were altered. Gammas of 12.8, 16, 25.6 and 32 were analysed while keeping the other joint parameters
constant. The biggest outlier in comparison with the Efthymiou SCF is 19.27 and it can be seen in Table 5.8
that for increasing γ the percentage difference in SCF between Efthymiou and Femap decreases.

Table 5.8 and Figure 5.19 both show that γ has no noticeable effect on the deviation of principal stress
directions for the two extrapolation locations A and B. Nevertheless the difference in direction is 30 degrees
for all four configurations.

The SCFs from the primary stresses are slightly higher than the SCFs from the principal stresses. Despite
the consistently lower values compared to Efthymiou, the extrapolation values do show a similar path for
increasing γ, as can be seen in Figure 5.20.

Table 5.8: Change of γ

γ

Principal
stress angle
location A
[degrees]

Principal
stress angle
location B
[degrees]

DNV’s
Efthymiou

[SCF]

Difference
DNV-Femap

[%]

Principal
stress
[SCF]

Primary
stress
[SCF]

12.8 -12.53 18.00 4.51 19.27 3.72 3.75
16 -8.64 24.78 5.71 11.99 5.07 5.08

25.6 -5.59 28.43 9.03 9.76 8.19 8.20
32 -4.12 28.01 11.43 8.68 10.48 10.48

Figure 5.19: Principal Stresses directions for different γ

Figure 5.20: SCF for different γ
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5.2.2. PARAMETRIC STUDY SCF TO SNCF RATIO
In order to maximize the output results of the investigated joint configurations described above, not only the
difference in SCFs will be researched. Also the relationship between the SCF and SNCF will be investigated
for all the configurations. Again this is done for the Chord saddle position under axial loading on the brace.

Experimental research of welded tubular joints commonly involves the use of strain gauges to measure
an extrapolated strain at the position of the weld toe. This is the hot spot strain εhs . As fatigue calculations
usually make use of a stress concentration factor and not a strain concentration factor, the measured strain is
converted to stress by σ= E ∗ε.

CALCULATION OF SNF

According to [6] the perpendicular stress component σ⊥ should be used as input for the fatigue analysis, for
the initial fatigue crack propagation is usually oriented along the weld toe. Additionally, the SCF and SNCF
that should be used are:

SC F = σx;hs

σnom
(5.2)

SNC F = σx;hs −νσy ;hs

σnom
(5.3)

As mentioned in Chapter XX, besides the stresses also the strains were extracted from Femap. Just like
there is a Stress Concentration Factor at the hot spot, there is a Strain Concentration Factor. This SNCF is
calculated in the same manner as the SCF, but with strains instead of stresses. The ratio between SCF and
SNCF is important in order to get from experimental obtained strains to desired stresses. This so called snf-
ratio (=SCF/SNCF) is used for the conversion of the experimentally meaured SNCF into SCF and comes down
to the following:

sn f = SC F

SNC F
(5.4)

=
σx;hs
σnom

σx;hs−νσy ;hs

σnom

(5.5)

= 1

1−νσy ;hs

σx;hs

(5.6)

As this leads to a range of snf values between 0.8 and 1.4 for |σy ;hs

σx;hs
| ≤ 1, the question is what factors in-

fluence the snf-ratio. These factors are the joint parameters, type of loading joint geometry and the member
under consideration, [6]. This investigation is aimed to check the effect of the joint parameters on the snf-
ratio for axial loading. Again this is done for the 13 configurations used in the previous investigation into the
different extrapolation methods for the SCF.

Despite that literature states that σx;hs and σy ;hs should be used for snf determination, it is interesting to
see what happens with the snf when principal stresses/strains are used. Thirdly the component extrapolation
method is used to determine the snf. The way all three snfs are calculated is by dividing the SCF by the SNCF
from the extrapolated stresses and strains at the hot spot location. So the SCFs from the previous investigation
are used and divided by the SNCFs for that location.

OUTCOME

The results in Table 5.9 show the snf-ratios for the investigated configurations. The variable joint parameters
are the in-plane angle θ, the wall thickness ratio τ, the diameter ratio β and the half chord diameter to thick-
ness ratio γ. The graphs in Figure 5.21 illustrate the relationship between the individual joint parameters and
the snf. A second order polynomial trendline has been fitted through the points.

τ From the results in Table 5.9 and corresponding graph in Figure 5.21 it can be seen that the snf increases
for a decreasing τ with a maximum of 1.30 and a minimum of 1.18. Compared to the other joint parameters,
this difference is biggest, concluding that τ has the greatest influence on the snf.
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γ Joint parameter γ has a slight increase in snf for decreasing values. A maximum for γ= 12.8 of 1.22 and a
minimum of 1.16 for γ= 32.

θ In-plane brace to chord angle θ has effect on the snf, such that it varies between 1.19 and 1.27 for angles
between 90 and 30 degrees. A smaller angle results in a lower snf.

β β appears to have little effect on the snf, with values varying between 1.21 and 1.25. However, as the
validity range of β has a maximum of 1.0, the difference in snf could be bigger. This is not tested, because it
was difficult to analyse a model with a beta of 1.0. If an imaginary parabolic trendline is extended through
the points in the corresponding β-snf graph, this might results in a higher snf.

Table 5.9: snf-ratios at chord saddle for 13 T/Y-joint configurations with axial loading

Conf. #
snf principal
stress/strain

snf σx;hs and
σy ;hs θ [Degrees] τ β γ

1 1,29 1,30 45 0,2 0,6 12,8
2 1,22 1,22 45 0,6 0,6 12,8
3 1,19 1,19 45 0,8 0,6 12,8
4 1,17 1,18 45 1 0,6 12,8
5 1,21 1,22 45 0,6 0,2 12,8
6 1,21 1,21 45 0,6 0,4 12,8
7 1,27 1,25 45 0,6 0,8 12,8
8 1,20 1,20 45 0,6 0,6 16.0
9 1,18 1,18 45 0,6 0,6 25,6

10 1,17 1,17 45 0,6 0,6 32.0
11 1,27 1,27 30 0,6 0,6 12,8
12 1,21 1,20 60 0,6 0,6 12,8
13 1,20 1,19 90 0,6 0,6 12,8

Figure 5.21: relationship between snf-ratio and individual joint parameters





6
SUMMARY AND CONCLUSIONS

This chapter gives a summary of the research done together with the conclusions drawn based on the results
obtained. Finally a couple of recommendations are given.

6.1. STINGER JOINT
PRINCIPAL STRESS DIRECTION VARIATION

Firstly an analysis of the change in principal stress directions during loading along the connections of a tubu-
lar joint on the stinger structure from the Solitaire vessel has been performed. Strain data obtained from
strain measurements on the Solitaire stinger resulted in a load input for a created finite element model. The
data from the nominal strain gauges on braces A and B are used for this research. The strain data is decom-
posed into axial forces, in-plane bending moments and out-plane bending moments to be able to use it as
input for the model. Two boundary condition sets are used for analysis, namely an all fixed ends set and a
pinned-roller combination set. Elemental results at 8 locations around each brace to chord connection are
extracted from Femap containing the principal stress angles at each data point. Based on the change in the
principal stress angle during loading multiaxial response locations of the joint have been found.

Extracting the principal stress angles along the brace to chord connections has led to the following con-
clusions on which locations are sensitive to multiaxial fatigue. See Table 6.1, Figure 6.1 and the bullet points
below:

• The most sensitive locations are indicated by ’++’ in Table 6.1. These locations show variations of more
than 20 degrees in principal stress angles for both constraint sets.

• The locations indicated by ’+’ are shown for the two constraint sets seperately. The choice of boundary
conditions has a clear effect on the results, which is why they are presented in such a way.

• As there are clear signs of non-proportional multiaxial fatigue loading, namely the change in principal
stress direction during loading, the stinger joints could experience additional strain hardening due to
the interaction of slip planes. This will result in a decrease of fatigue life and leads to the statement that
an appropriate multiaxial fatigue assessment method should be chosen for fatigue calculations.

Table 6.1: multiaxial fatigue sensitive locations of investigated stinger joint

Brace A Brace B Brace C
sensitivity chord brace chord brace chord brace

Both sets ++ 6 3 3 1,2,3,4 8
Fixed + 4,8 2,6,8 4
Pinned-rollers + 7 7 5 2,3,4,5 1,2,3,5,6

59
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HOT SPOT STRESS

One of the locations that showed a high change of principal stress direction during loading is the chord saddle
position of the brace A connection, as depicted by location A7 in Figure 6.1. For there exists a debate about
which stresses to use for Hot Spot Stress extrapolation, principal stresses or primary stresses perpendicular
to the weld toe, location ’A7’ on the chord was subjected to further research. This is the chord saddle. A finite
element model with a new mesh was created to be able to extract the stresses at the correct extrapolation
locations according to DNV [2]. The analyses were performed with in-phase loading and out-of-phase loading
with the original time histories of the load components. Additionally two analyses were performed with 1) the
bending moments multiplied by a factor of 10 and 2) only axial forces. The HSS differed most when only axial
forces were applied on the braces. For this case the principal stress extrapolation resulted in a 18 percent
higher HSS compared to extrapolating the primary stresses. As previous studies suggest that this is due to
a difference between principal stress directions at the extrapolation locations a and b, this hypothesis was
investigated further for simple CHS T/Y-joints.

Figure 6.1: Investigated locations of braces A, B and C Figure 6.2: Investigated T/Y-joint configuration

6.2. T/Y-JOINTS
A more fundamental research has been done on T/Y-joints. SCFs of simple tubular T/Y-joints have been
determined for different extrapolation methods. SCFs and SNCFs are used to determine the snf-ratio. This
section elaborates on the investigation of T/Y-joints by using the finite element method.

SCF
SCFs are often calculated by extrapolating the principal stresses and so does Allseas. Det Norske Veritas rec-
ommends this in their code DNV-RP-C203. However, others recommend using the primary stresses σ⊥ per-
pendicular to the weld toe, e.g. Romeijn [6]. Stated is that primary stresses need to be used, for it is possible
that the principal stresses have different directions at the extrapolation locations A and B. This could lead to
an underestimation of the SCF if principal stresses are used. An analysis was done on the difference in SCF
between extrapolation methods to find a relation with the principal stress direction deviation from the nor-
mal to the intersection line at the extrapolation locations. A script has been written that creates and analyses
T/Y-joints based on specified dimensions. The dimensions are chosen such that the joint parameters τ,γ,β
and θ are changed one at a time. An interaction between joint parameters was not part of this study. By do-
ing this the influence of each joint parameter on the principal stress angle difference between extrapolation
locations A and B can be checked. In the end the difference in SCF between the extrapolation methods is
calculated and compared. This comparison leads to a conclusion involving principal stress directions, joint
parameter influence and SCFs. The chord ends are fixed and only an axial force is applied on the brace, see
Figure 6.2. Parametric formulae by Efthymiou are used to compare the results obtained from finite element
modelling.

Joint parameter influence on principal stress directions The joint parameters that are changed by chang-
ing the joint dimensions are τ,γ,β and θ. Their individual influence on the principal stress directions are
checked and shown in Table 6.2. As can be seen, the principal stress angle differences decrease for increasing
θ and β. As τ increases, so does the angle difference. γ is found to have no noticeable effect on the principal
stress angles. After these relations are found, the SCFs are determined to see what the effect of the principal
stress direction deviation is.



6.2. T/Y-JOINTS 61

Table 6.2: joint parameter influence on principal stress angle difference between extrapolation locations A and B

value angle difference

τ ↑ ↑
θ ↑ ↓
β ↑ ↓
γ ↑ ≈

Extrapolation principal stresses vs. primary stresses perpendicular to the weld toe With the previous
results showing that the principal stress directions do differ between extrapolation locations, the SCFs are
calculated and compared. For all 13 configurations that have been analysed, concluding that either princi-
pal or primary stresses result in higher SCFs is not reasonable. For certain configurations extrapolating the
principal stresses result in higher SCFs. For other configurations extrapolating the primary stresses result in
higher SCFs. The difference does not reach 1 percent. So based on these results it can be concluded that the
difference in principal stress direction between locations A and B does not have an effect on the value of the
Stress Concentration Factor for T/Y-joints under axial loading. This conclusion is extended to the stinger joint
in the sense that the difference in principal stress direction at the extrapolation locations is not the reason for
the difference in Hot Spot Stress. This leads to the statement that other factors must be responsible for the
difference in HSS. One factor could be that the difference is due to the presence of the other brace members,
which changes the stiffness distribution around the welded intersection area.

SNF-RATIOS

Commonly the stress concentration factors of welded tubular joints are obtained by experimental research,
by measuring an extrapolated strain at the hot spot εhs and converting it to stress by σhs = E ∗ εhs . Due to a
triaxial stress state at the weld toe with a negligible stress perpendicular to the surface, σz , only the x and y
components of the assumed plane stress are considered, with εx = 1

E (σx −νσy ) and εy = 1
E (σy −νσx ). In or-

der to arrive at the SCF, the SNCF needs to be multiplied by a snf-ratio, which is in fact the coupling between
the SCF and SNCF. As this snf-ratio depends among other things (i.e. type of loading and joint geometry) on
joint parameters, this influence is researched. Again the 13 Femap configurations of the T/Y-joints are used
to calculate the snf-ratio. Therefore the already calculated SCFs from the previous research are divided by the
matching SNCFs calculated at the chord saddle hot spot. Extrapolation was done with principal stresses.

Table 6.3 shows the snf-ratios with respect to the different joint parameters. It gives the maximum and
minimum values that were calculated and the behaviour when the value of the individual joint parameters
is increased. From these results it can be concluded that τ has the greatest effect on the snf-ratio, then the
in-plane brace to chord angle θ. It should be noted that the difference caused by β could be bigger, for the
entire validity range has not been used. However, γ and β have the smallest effect on the snf-ratio.

So, when converting strains to stresses by using a standard value, e.g. 1.20 [6], this can lead to a too
conservative fatigue life estimation in case the real ratio is lower and vice versa.

Table 6.3: snf-ratios with respect to joint parameters

min snf max snf value joint parameter snf

τ 1.18 1.30 ↑ ↓
γ 1.17 1.22 ↑ ↓
β 1.21 1.25 ↑ ↑
θ 1.19 1.27 ↑ ↓
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6.3. RECOMMENDATIONS
This section points out possible directions for further research.

• In order to improve the conclusion on the difference in HSS between the two extrapolation methods,
with σp and σ⊥, a larger variety of multiplanar joints needs to be numerically researched. Attention
should be paid to the boundary conditions, for these effect the outcome substantially based on the
results from this study.

• This study only qualitatively investigated the locations prone to multiaxial fatigue. As the results in-
dicate that the stinger is subjected to non-proportional multiaxial fatigue loading, a correct multiaxial
fatigue calculation method should be incorporated in the in-house developed fatigue assessment of
Allseas. The question of which multiaxial fatigue method needs to be used is subject to debate due to
the complexity of the phenomenon. So this supports the ongoing research on multiaxial fatigue that is
done by the 4D-fatigue project, of which Allseas is a sponsor. This research project can help Allseas in
choosing the correct multiaxial fatigue calculation method.

• The snf-ratios have been determined only with respect to a variation of individual joint parameters. The
influence of the interaction of joint parameters on the snf-ratio was not part of this study and could be
done numerically in order to have a more complete overview of the factors influencing the snf-ratio.
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66 B. API-SCRIPT FOR FEMAP CONFIGURATIONS OF T/Y-JOINT
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C
T/Y-JOINT CONFIGURATIONS

Figure C.1: Configuration 1 Figure C.2: Configuration 2

Figure C.3: Configuration 3 Figure C.4: Configuration 4
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78 C. T/Y-JOINT CONFIGURATIONS

Figure C.5: Configuration 5 Figure C.6: Configuration 6

Figure C.7: Configuration 7 Figure C.8: Configuration 8

Figure C.9: Configuration 9 Figure C.10: Configuration 10

Figure C.11: Configuration 11 Figure C.12: Configuration 12
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Figure C.13: Configuration 13
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