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Abstract

This thesis covered the subject of stress analysis in simple tubular joints, with a focus on
tubular joints with loaded chord members. The type of loading investigated is even though
quite common, not very much investigated. This is referring to local loads on joints that
may come from minor sources such as installation of mechanical clamps around the local
area of joints. This type of loading can have an effect on the overall fatigue performance
of the joints and by extension the structures in which they are present.

Finite element analysis with shell elements was used a tool to investigate stress concen-
tration in such joints. Chord loading was defined as a distributed circumferential vertical
load at defined distance away from chord crown positions. Stress concentration factors
and where relevant, fatigue life(s) where determined using both FEA and parametric equa-
tions from DNV-RP-C203. For some of the joints, FEA results were directly compared to
results from standard, while for other joints, results from standard were only used as a ref-
erence point for FEA results. For the tubular joints with loaded chord members, focus was
mainly on finding stress concentration factors on the chord side of the joint intersection.
i.e the crown and saddle positions of the chord.
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Chapter

Introduction

1.1 Background

Tubular structures are widely used in offshore installations, these structures are mainly
constructed as three-dimensional frames comprising tubular members as structural ele-
ments. In offshore platforms, cylindrical hollow sections (CHS) are typically used. While
rectangular hollow sections (RHS) and square hollow sections (SHS) are most commonly
used in trusses and high rise buildings. Tubular sections have inherent properties that al-
low them to minimize hydrodynamic forces and posses high torsional rigidity. They are
also reported to give the best compromise in satisfying the requirements of low drag co-
efficient, high buoyancy and high strength-to-weight ratio [22] . The space inside the
hollow section can also be used for transport or to obtain additional strength by the use of
internal support. This allows them to deliver excellent structural performance in addition
to an attractive architectural appearance. Because of these advantages, tubular structures
are used in various structural applications.

The most common offshore application is in the design of jacket structures used for
drilling and production of oil and gas. Some of these structures are installed in very hostile
environments which exposes them to several types of cyclic environmental and operational
loads including, wind, waves, currents, earthquakes etc. In addition, gravity loads also ex-
ist, gravity loads arise from dead weight of structure and facilities that are either permanent
or temporarily installed in the structures. An example includes structural dead loads, fa-
cility dead loads, fluid loads, live loads etc. The environmental loads play a major role in
governing the design of offshore structures. The loads mentioned above are more global
both in their application and in the effects they cause on the overall fatigue performance
of the structure, However, there is a class of loading which is common but not quite in-
vestigated. This is referring to local loads on joints that may come from minor sources
such as the installation of sacrificial anodes or application of mechanical clamps around
the local areas of joints. Figure 1.2 gives an illustration. Overall, These loads cause time
varying stresses which can lead to fatigue damage in critical joints in the structures. Ac-
cording to [3], Fatigue cracking has been regarded as the main cause of damage to North
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sea steel structures. Therefore, in order to ensure structural integrity, joint design for oft-
shore structures is controlled by fatigue performance in addition to static strength. It is
for the same purpose that exists dedicated standards providing guidelines for the overall
and detail design methodology for fatigue in offshore structures. A typical example is the
DNV-RP-C203 which is the main standard used in this project.

In the fatigue design of offshore structures, both the structural members (elements),
and joints must be designed to sustain the ultimate design load, (e.g. the 100-year design
condition), as well as the long term cyclic stresses due to long term action. The design
process includes both a global and local analysis of the structure. The global analysis de-
termines the sectional forces and the nominal member stresses in the various elements of
the structure. The results obtained from the global analysis establish the boundary condi-
tions for the local analyses of the structural joints. The local analyses of simple tubular
joints will be the focus of this project. This problem boils down to a detailed examination
of the stresses in simple tubular connections with known geometry and boundary condi-
tions. This will mainly involve the determination of stress concentration factors as well as
fatigue life of joints using established principles. These exercises allow for more effective
joint designs by allowing engineers to have a good understanding of structural behaviour,
and of the stress systems in operation. Figure 1.1 below illustrates how tubular joints are
applied in offshore structures as well as a breakdown of the stages involved in study of the
stress systems present in such structures.

HOT SPOT

v
NOMINAL
STRESS

b. Local shell c. Three dimensional
analysis analysis near weld

a. Global analysis

Figure 1.1: Stress analysis of tubular joints [25] .

Generally, it is impractical to inspect all joints and members in offshore structures due
to high cost of inspection, thus inspections are only carried out on selected critical joints.
For some of these joints, the stress concentration can produce a maximum stress at the
intersection as high as 20 times the nominal stress acting in the members [17] . As a
result an accurate prediction of stress concentration is of utmost importance in the design
of tubular joints.
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Figure 1.2: Tubular joint with loaded chord member.

1.2 Objective

The objective of this thesis is to carry out stress analysis of simple tubular joints. This
objective is considered under two main categories, The first category involves the study
of stress concentration in simple tubular joints under the three basic loading conditions,
while the second category is the assessment of tubular joints with loaded chord mem-
bers. The competence built from the first category will form the basis for carrying out
the second objective. Stress concentration in welded joints of tubular structures is an im-
portant consideration for fatigue design of offshore structures. The finite element method
provides a convenient, less time consuming and cost effective means of estimating the
fatigue life for tubular joints. Starting with the most basic type of tubular joint, the T-
joint, this project aims to verify both the stress concentration factors (SCF) and fatigue
life(s) calculated using design code against values obtained using the finite element analy-
sis software Abaqus/CAE. DNV-RP-C203 has covered extensively the procedures for the
determination of stress concentration factors using parametric equations, as well as fatigue
life estimation for most joints in common use. Fatigue life(s) will be estimated using the
S-N approach. The study will cover tubular joints under axial loading, in-plane bending
and out-of-plane bending.

Generally only one member (Chord or brace) is loaded at a time while evaluating SCFs,
the first objective of this thesis is to load the brace member with the three basic loading
cases mentioned previously, and then later modify the scenario by including in addition
to the load on the brace, a vertical circumferential load on the chord, acting in a direction
perpendicular to the chord axis. A joint under this combination of loading will henceforth
be referred to in this report, as a tubular joint with loaded chord member. Additional
hot spot stresses are said to be generated if the chord or other members are also loaded
along with the brace member in a joint. The effects of this additional hot spot stress on
the stress concentration factors at different locations around the joint intersection will be
investigated.
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1.3 Limitations

As mentioned previously, this investigation aims to assess fatigue performance of joints
using parametric equations from DNV standard, DNV-RP-C203 and compare against re-
sults obtained using finite element method (FEM). With FEM, any arbitrary case can be
investigated using an adequate definition of the model, including the case that this investi-
gation aims to study, However the standard to be used for comparison only covers certain
cases/instances of the stress concentration problem in tubular joints. The stress analysis of
tubular joints with loaded chord members has not been covered by DNV-RP-C203 which
will be considered as a source of reference for comparison. There is also very limited
resources available in the literature regarding tubular joints with loaded chord members,
this is considered as a source of limitation for this investigation.

1.4 Organization of thesis

This report is organized into five chapters as follows;

1.4.1 Chapter 1

This chapter gives an introduction to the problem, a brief overview for the applications
of tubular joints in offshore structures, leading to the motivation behind the study. It also
outlines the objectives as well as the limitations of the study.

1.4.2 Chapter 2

This chapter covers the fundamental concepts that form the basis for fatigue analysis of
tubular joints. This includes classification of joints, stress concentration and fatigue life
evaluation of tubular joints.

1.4.3 Chapter 3

This chapter covers the ground work upon which the competence to study tubular joints
with loaded chord members was built. This involved the determination of stress concen-
tration factors and fatigue life(s) for a simple T-joint using both FEA and DNV-RP-C203.
This was performed under the three basic loading modes in tubular joints. For the FEA,
a mesh convergence study was carried out. Results from FEA and DNV-RP-C203 were
compared.
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1.4.4 Chapter 4

This chapter covers the main work for investigating tubular joints with loaded chord mem-
bers. A total of four joints were investigated under axial loading on the brace as well
as a distributed vertical circumferential load on the chord. Focus was mainly on finding
the effect of chord loading on the stresses that arise in the chord members of the joints.
SCFs were determined from FEA and compared to values obtained using the Efthymiou
equations.

1.4.5 Chapter S

This chapter covers a discussion of the results as well as a conclusion of the study.




Chapter

Theoretical background

2.1 Introduction

This chapter covers a discussion of the fundamental concepts that provide the basis for
performing fatigue analysis of tubular joints. This includes a brief general classification of
tubular joints based on geometry as well as balance of forces, definition of the geometric
parameters used to define tubular joints, a discussion of the main stress systems common
in tubular joint configurations, simple joints stress concentration factor equations, as well
as the fundamental principles used in fatigue life evaluation. This chapter also comprises
a summary of the finite element method (FEM), the basic theories that allow the inves-
tigation of stress concentration using FEM. Figure 2.1 below gives an illustration of the
application of tubular joints in offshore jacket structures alongside the geometric notations
used to classify these joints.

(@) (b)

L: Chord length,
I: Brace length;
&: Gap
Crown Heel
Saddle
/ Crown Toe
VB=diD
\ p=DI2T |
Chord 1 gmyr |
V=g

Voa=2LD

Figure 2.1: Example of a tubular joint in an offshore structure along side its geometric notation [2]
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2.2 Classification of tubular joints

Jacket structures are constructed from diverse types of joints, the configurations of which
are normally chosen to provide the best horizontal and torsional resistance to the particular
environmental forces under consideration. The number, size and orientation of the mem-
bers meeting at a joint vary significantly depending on the size and configuration of the
structures in which they are used. Generally, joints are classified into four main categories
based on fabrication,;

1. Simple welded joints
2. Complex welded joints
3. Cast steel joints

4. Composite joints

Each joint type possess different design and fabrication challenges and each require
different treatment. For the purpose of this project, we focus on the ”simple joint” category.
A joint is considered to belong to this category only when it is formed by welding two
or more tubular members in a single plane without the overlap of brace members and
without use of gussets, diaphragms, stiffeners, or grout. The circular hollow sections
coming together to form the joint are classified into chord and brace(s) in such manner
that; For a two member joint, the chord member is the one with the larger diameter and
the other is treated as a brace. In the case of members having equal diameters, the one
with the thicker wall is considered as the chord member. And in case the of members with
equal diameter and thickness, the most horizontal member is taken as the chord member.
On the other hand, the term complex welded joints is used for joints with uni-planar or
multi-planar overlapping brace members, joints with internal and/or external stiffeners or
diaphragms and other less readily categorised joints.

Brace

Brace stub

Chord can Chord

Figure 2.2: Geometrical definitions of tubular joints. [4]
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It is common for simple tubular joint to contain a short length of thicker walled tube,
sometimes of higher strength material, in the connection area. Or as illustrated in Figure
2.2, designed to have thicker-walled brace tubular sections close to the joint. This is in
order to prevent excessively high local stresses and to provide adequate static strength.

There is a more design inclined classification of tubular joints which requires proper
consideration of the applied loads and joint configurations, this method is based on force
transfer in the joint rather than its physical appearance. The basic types of joint configura-
tions in this method are T, X and K or N joints.

a). A joint where the normal component of the brace member force is balanced by
beam shear (and bending) in the chord member, is classified as a T joint when the brace
is perpendicular to the chord, if the brace meets the chord at an acute angle, the joint is
classified Y.

b). When the normal component of a brace member force is essentially balanced
(within 20 percent) by the normal force component of another brace member (or mem-
bers), on the same side of the joint, the joint is classified as a K joint [24] . For this type
of joints, two braces come together on one side of the chord so that the center line of each
brace forms an acute angle with the axis of the chord. An N joint is a special type of K
joint.

¢).When the normal force component is transmitted through the chord member and is
balanced by a brace member (or members) on the opposite side of the chord, the joint is
classified as an X joint. This configuration is also considered as a combination of single Y
joints.

d).Other configurations with members on opposite sides of the chord are possible,
these are known as double joints. Their single counterparts are formed by combining
mirror images of the corresponding single joint. There are three basic configurations in
this category; DT, DY and DK.

—
|

BRIz

|
|
i
A

a) Y-joint b) K-joint c) X-joint

Figure 2.3: Joint classification according to force transfer [9] .
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A joint is classified as a combination of Y-,K- and X-joints when the behaviour of
the braces contains elements of the behaviour of more than one type. This classification
applies to the combination of an individual brace with the chord, rather than to the whole
joint, on the basis of the axial force pattern for each load case. For example, If the brace-
chord combination carries part of the axial brace force as a K-joint, and part as a Y-joint
or X-joint, it shall be classified as a proportion of each relevant type, e.g. 50 percent as
a K-joint and 50 percent as an X-joint. Figure 2.4 gives an illustration of such, whereby
braces are either fully of a particular type or classified as a mixture of classes.

| 5] 50 % K, 50 % X

1400 S — 1400
\ |
SNK |
2 NP 2 ]
K X \
1000 1000 500 500
e R = | ==
Ko 4 “I
\ 3 |
| KN |
‘ 1400 |
¥/‘T®

Figure 2.4: Brace-chord classification according to force transfer [9] .

When performing an analysis of a joint, it is critical that an appropriate classification
of each brace-chord pair is carried out. Figure 2.5 illustrates such example where the two
braces forming the joint can be checked in order to appropriately classify them. Applying
the equilibrium condition about the joint intersection and utilizing a brace-chord angle
of 38.7 degrees, the lower part of the figure shows a balance of forces illustrating the
combination of joint actions present in each of the braces. As can be seen, the leftmost
brace is made up of both K- and X-joint actions in approximately 60 and 40 percentages
respectively, while the rightmost brace is made of a 100 percentage K-joint action.

I | to

.
3N F=—————————— 878 kN
it 2 S 1 -_‘:er__)rss kNm
219.1x7.1_* y

139.7x45 7 \ 88.9x36
/

-108

e 0 3% l 474

-338 1 84 = —_— —

0 4
_— +
N -25V. \259 -17/
-43/ \259

Figure 2.5: Determining the components of joint action in braces [24] .
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2.3 Geometric parameters for tubular joints

The geometric parameters used to define tubular joints vary according to the type of the
joint. However, some of these parameters are fundamental and are shared by most joint
types. They are non dimensional parameters that describe joint properties such a chord
stiffness, wall thickness ratio, etc. For example, the chord stiffness parameter (gamma)
describing the chord radial stiffness is a very important parameter in many formulations of
stress concentration. Parameters are calculated from geometric dimensions of the members
that make up the joint. In the design of tubular joints, each brace is considered separately
in relation to the chord in order to calculate a geometric parameter. A more symbolic
description of these parameters as provided in DNV-RP-C203 is shown in the appendix of
this report, but generally, the following non dimensional parameters are used.

e Chord length parameter :: This is defined as the ratio of chord length L, to chord
radius D/2. It gives an indication of chord beam characteristics.

e Chord thinness ratio y: This is defined as the ratio of chord radius to chord wall
thickness. It gives an indication of thickness and radial stiffness of the chord.

e Diameter ratio 5: This is defined as the ratio of the brace diameter to chord diameter.
It describes the compactness of the joint.

e Wall thickness ratio 7: This is defined as the ratio of the brace to chord wall thick-
ness (t/T). It is a measure of the likelihood of chord wall failure before brace cross
section fracture.

e Gap parameter ¢: This is defined as the ratio of the gap between braces to chord
diameter. It describes the proximity of other brace members to the subject brace
member for joints with more than one brace.

2.4 Stress analysis of tubular joints

The stress analysis problem of tubular joints in offshore structures has been extensively
studied over the past several years, both experimentally and analytically. The main pur-
pose of conducting stress analyses of tubular joints is to obtain information on the Hot
spot stress (HSS) and by extension, the stress concentrations around the intersections for
fatigue assessment [12] . From local linear stress analysis, studies have shown that stresses
concentrations mainly occur near the welded intersections, thus, areas of stress concentra-
tion are practically always found in the joints and not in the members themselves. The
mechanism works as such, forces subjected to the structure itself transition into stresses
observed around joints, the variation of force transition is dependent on the section prop-
erty of the arbitrary joint member, as well as the load combination of the three basic load
modes. Offshore structures are exposed to multi-axial loading, i.e. a combination of axial
forces, in-plane bending (IPB) and out-of-plane bending (OPB) moments, which are illus-
trated separately by Figure 2.6 below. The underlying stress systems present are discussed
in sections 2.4.1 - 2.4.4 below;
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Figure 2.6: Basic tubular joints load cases [25] .

2.4.1 Nominal stress

Otherwise known as the engineering stress, the nominal stress is the basic structural re-
sponse of a joint to applied loads. This form of stress arises from the framing action of
the jacket structure under applied external loads. It is calculated by the global analysis of
the structure using a relevant software package e.g. SAP2000, or by the use of the simple
beam theory. The simple beam theory expresses the stress as a function of either an axial
force only, a moment force only, or a combination of both. The equation below is an ex-
pression of the nominal stress according to the simple beam theory, where N is the applied
axial compressive load, A is the cross sectional area, M is the applied bending moment, y
is the position of the extreme fibre and I is the moment of inertia.

N My
Fnom =4 T

- —_

Brace wall Brace wall Nominal stress
oface wall | o bracewa’ 1 o

Nominal stress Notch
Weld otch zone

| | Weld toe |

\
Weld toe” > Weld
Notch zone Chord wall Chord wall

Figure 2.7: Nominal stress distribution in Chord and brace sides [14] .
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2.4 Stress analysis of tubular joints

2.4.2 Geometric stress

Geometric stress, also known as the structural hot stress is a stress field that arises due
to difference in the load response exhibited by the brace and chord under a given loading
condition. For example, when there is a difference in deformation between the brace and
the chord, the tube wall bends in order to maintain compatibility in the deformation of the
chord and brace around the intersection. This stress includes nominal stresses and stresses
from structural discontinuities but do not include stresses due to the presence of welds. It
is commonly used to determine the fatigue life of tubular joints.

Brace wall Brace wall

Geometric stress

Geometric stress

Notch zone

Weld toe/ ‘ Weld
Notch zone Chord wall Chord wall

Figure 2.8: Geometric stress distribution in Chord and brace sides [14] .

2.4.3 Notch stress

The notch stresses also known as the local stresses are the result of geometric discontinuity
of the tubular walls at the weld toes where an abrupt change of section occurs.This stress
include the notch effect occurring along the notch zone [22] . They are known as local
stresses because they do not propagate far through the wall thickness which results in a
local region where stresses vary rapidly in three dimensions. Local stresses are a function
of the weld geometry and size, and thus it is mainly dependent on the quality of welding
and workmanship. It is also reported to be quite difficult to incorporate their effect into
formulation of stress concentration.

Brace wall | | Bracewall | |
Notch stress
Notch stress
Weld\ Notch zone
‘ \ | Weld toe |
Weld toe h Weld
Notehzone Chord wall Cherd wall

Figure 2.9: Notch stress distribution in Chord and brace sides [14] .
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2.5 Stress concentration factors

2.4.4 Hot spot stress

This refers to the maximum stress caused by applied external loads on the joint, The
hotspot stress occurs in what is known as the "hot-spot’, which is a point on the struc-
ture where a fatigue crack may initiate under a cyclic load, due to the combined effect
of structural stress fluctuation, as well as the weld geometry or a notch. In other words,
the hot-spot stress is the surface value of the structural stress at hot-spots. For the types
of joints studied in this project, the hot-spots are located in the intersection between the
brace and the chord for non welded tubular joints, and at the weld toes for welded joints.
The definition of this stress field sets the foundation for the application of the Hot-spot
stress method for fatigue life analysis of tubular joints. In order to determine the Hot-spot
stress (HSS) using finite element analysis (FEA), the stresses at two locations away from
the weld toe are discovered, these stresses are then linearly extrapolated to the weld toe
in order to determine the HSS. While according to the design code, DNV-RP-C203, the
HSS is determined based on nominal stress and stress concentration factors achieved using
parametric equations. Both approaches are employed in this project.

A —

Linear extrapolation of
geometric stress to weld toe
Brace wall | | > Brace wall | |

Hot spot stress

Hot spot stress I

Linear extrapolation of
Notch zone

geometric stress to weld toe

Weld “
‘ | Weld toe |

Weld toe Nosch zone Weld
Chord wall Chord wall

Figure 2.10: Hot spot stress distribution in Chord and brace sides [14] .

2.5 Stress concentration factors

The stress concentration factor (SCF) in tubular joints is defined as a relationship between
the stress recorded at a local area of extra-high stress and the nominal brace stress. Inves-
tigation has shown that there are two areas where the most stress rising effect occur, one
is the weld toe at the brace side, and the other at the weld toe at the chord side. These
points are known as the hot spots. As mentioned previously, local stresses at these points
are several times higher than the nominal brace stress, thus the load transferred to the weld
is not even. This is a result of the difference in the relative stiffness of the chord and brace.
For example, in an axially loaded T-joint as in Figure 2.11, the thin chord wall is ineffi-
cient at supporting normal loads as compared to in-plane loads. As a result, large bending
stress occur due to ovalisation of the chord [25] . The SCF definition lays an important
foundation for the fatigue assessment of tubular joints. Stress concentration factors are
determined using finite element analysis, experimental methods, or empirical parametric
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2.5 Stress concentration factors

equations determined from any of the two previous methods. These methods are discussed
in the upcoming sections.

160
KSI

KSI

1 ksi = 6.9 MPa
HOT SPOT ...\
160 KSI <

B TRt
—OVER 60KSM

: N
5 OVER 36 KSI
- N

22 Ksl =
AXIAL <
10 3/4 @ .250 \
THEORETICAL ELASTIC STRESSES 20 9 .500

AXIALLY LOADED "T" JOINT

Figure 2.11: stress concentration in an axially loaded T-joint [25] .

2.5.1 Experimental method

The main purpose of laboratory tests is design substantiation through physical model test-
ing. Physical model testing is the primary source from which all design recommendations
for tubular joints are derived [20] . This come in the form of observational data recorded
during experiments. Other objectives of undertaking experimental work include paramet-
ric studies to confirm design equations, correlation of numerical analysis techniques and
so on. For a tubular joint, there are three basic design criteria which are considered;

1. Static strength

2. Fatigue performance
3. Local joint behavior (stress distribution and local joint flexibility)

The selection of the appropriate modelling and testing techniques is dependent on both
the objectives as well as the design criteria to be evaluated. There are three primary ex-
perimental techniques for modelling tubular joints; steel modelling technique, acrylic and
araldite modelling techniques. while the latter two techniques are only suitable for es-
tablishing local joint behaviour, the steel modelling technique is suitable for all design
problems. In essence, the stress concentration problem can be studied using any of the
aforementioned techniques. Strain gauges are used to obtain the strain and stress distri-
bution around the joint intersection. A special extrapolation gauge is placed according to
the location of the peak stress. This type of tests are performed using suitable test rigs
that apply special constraints to the joints. Figure 2.12 below gives an illustration of an
experimental set up.
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2.5 Stress concentration factors

Figure 2.12: Tubular T-joint test. [8]

2.5.2 Simple joints SCF equations

This is a computational technique developed by researchers which give designers a most
convenient way to estimate the hot-spot stress in simple tubular joints. These equations
were reported at different points in time, utilizing different approaches in the definition
and calculation of hot-spot stresses. There are also noticeable differences in their recom-
mended ranges of applicability. Some of the most commonly used parametric equations
are described under this section.

Kuang equations

The Kuang equations were reported in 1975-1977, utilizing a modified thin shell finite
element program specifically designed to analyse tubular connections. These equations
cover T/Y, K and KT joint configurations. In the Kuang formulation, tubular connections
were modelled without a weld fillet, and stresses were measured at the mid-section of the
member wall. The validity range for these equations is illustrated by table 2.1 below.

Lower limit | Parameter | Upper limit
6.66 o 40.0

0.3 B 0.80

8.33 vy 333

0.2 T 0.80

0.00 0 90.0

0.01 S 1.0

Table 2.1: Validity range for Kuang equations
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Wordsworth and Smedley equations

These equations were reported in 1978 and 1981 by Wordsworth/Smedley, using acrylic
model test results on tubular joints modelled without a weld fillet. The first set of equations
were reported by both researchers in 1978 covering T/Y and X joint configurations. And
in 1981, Wordsworth reported another set of equations covering the K and KT joint con-
figurations. These parametric equations adequately cover the crown and saddle, however
it is unclear if interim sets of gauges were adopted, particularly under IPB where for some
configurations the hot-spot stress occurs between the saddle and crown [18] . The validity
range for these equations is illustrated in table 2.2 below;

Lower limit | Parameter | Upper limit
8 o 40.0

0.13 Jé] 1.0

12 vy 32

0.25 T 1.0

30.0 0 90.0

N.A < N.A

Table 2.2: Validity range for Wordsworth/Smedley equations

Efthymiuo/Durkin equations

These series of parametric equations were published by Efthymiou and Durkin in 1985.
They cover T/Y and gap/overlap K joint configurations. In 1988, Efthymiou published
an update of simple joint parametric equations covering T/Y, X, K and KT simple joint
configurations. Efthymiou‘s equations are found in popular design standards such as DNV-
RP-C203, BS-EN ISO 19902 etc.These equations were derived using influence functions
to describe K, KT and multi-planar joints in terms of simple T braces with carry-over
effects from the additional loaded braces [18] . Their validity range is illustrated by table
2.3 below;

Lower limit | Parameter | Upper limit
4.0 Q@ 40.0

0.2 15} 1.0

8.0 ~y 32.0

0.20 T 1.0

20.0 0 90.0
-0.63/sinf S 1.0

Table 2.3: Validity range for Efthymiuo/Durkin equations
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2.5 Stress concentration factors

2.5.3 Finite element method FEM

One of the major applications of finite elements analysis in the offshore industry is the
determination of stress concentration factors (SCF) for the purpose of fatigue analysis.
According to [15], a finite element analysis may be required in tubular joint design cases
where stress concentration factors are not adequately predicted by the standard paramet-
ric formulae, or where greater confidence is needed in the results. Application of FEA
involves the use of a finite element analysis (FEA) software, and it begins with a com-
puter aided design (CAD) model of the part been simulated, a knowledge of the material
properties making up the structure, as well as the applied loads and boundary conditions.
As opposed to experimental method, FEA provides the means to explore a wide range of
design options quickly and cheaply, allowing the prediction of solutions to real problems
with often high accuracy. However, the accuracy of results obtainable is largely dependent
on the skill of the user. In this project, a finite element analysis of simple tubular joints
will be carried out using the FEA software Abaqus/CAE, also known as complete Abaqus
environment. Abaqus is used for both pre-processing (modelling and analysis) as well as
post-processing or visualisation of analysis results. The upcoming sections will go through
the relevant theoretical concepts involved in the finite element modelling of tubular joints.

Stress theories

This section aims to discuss some of the most common stress theories applied in the inves-
tigation of stress concentration in tubular joints. Most finite element software can extract
a wide range of stresses and from any part of choice in a model. However, the most com-
mon stress results used for analysis are the principal stresses and the Von Mises stress.
Depending on mechanical properties of the material, analysts choose which one of the two
stresses is more suitable. For example, when looking at brittle materials, analysts choose
maximum principal stress. While Von Mises stress is preferred for linear static analysis of
ductile materials such as steel. However, maximum principal stress is often used in fatigue
analysis of ductile and brittle materials. It should also be noted that the direction of the
principal stresses do not always align with the FE software coordinate, and that they could
be at any angle. In summary, the principal stress vector contours gives a useful indication
of the flow of stresses, while the Von Mises stress is used as an overall indicator of stress
distribution and stress concentration location, which is the subject of this study. Therefore,
the Von Mises stresses will be used to quantify stress concentration in this study.

17



2.5 Stress concentration factors

Element formulations for FEM

A number of element formulations are available for the analysis of tubular joints, ranging
from flat plate elements to solid elements. Curved shell elements are widely used and
they provide a good balance between accuracy and economy. According to DNV-RP-
C203, the arrangement and type of elements (element formulation) in FE modelling of
tubular joints have to allow for steep stress gradients as well as for the formation of plate
bending. And conversely, only the linear stress distribution in the plate thickness direction
needs to be evaluated with respect to the definition of hot spot stress. In essence, both
2D shell elements and 3D solid elements are commonly used for FE analysis of tubular
joints. The choice of element type for analysis depends on the geometry of the joint and
the purpose for which the results are needed. It can be said to be a compromise between
the accuracy of representation and the computation time necessary. These two options are
further described below.

Shell elements

Shell elements are used to represent parts that are thin compared to their area dimension,
i.e. one dimension is much smaller than the other two. They are either defined as four sided
elements known as quadrilaterals or three sided elements commonly known as tris. Shell
elements are physically represented as surfaces, and their thickness is determined by a
user-defined property on the FEA software. This presents a great benefit in the use of shells
since a change in thickness does not require any CAD or geometry changes. Abaqus shell
element library provides a wide range of elements that are broadly categorized into thin,
thick and general purpose shell elements. Shell elements are suitable for solving the elastic
structural stresses according to the shell theory. Using these shell elements, tubular joints
are modelled as intersecting cylindrical tubes at the mid-surfaces of the walls. Where the
mid-plane stress is equal to the membrane stress, and the top and bottom surface stresses
are superimposed membrane and shell bending stresses. Since thin shells can only model
the mid-planes of the tube because material thickness is only a property of the element,
the weld is not modelled and some details of the 3D stresses are lost. This leads to hot
spot stress locations which are different to steel models and the same reason why there are
some differences between results obtained using FE shell modelling and the those obtained
using steel models [3].

Solid elements

Solid elements are volume elements filling a defined volume. They are defined as six-sided
hexahedrons, known as bricks or hexes, five-sided triangular prisms known as wedges or
pentas, four-sided solids called tetrahedrons, often called tets or square pyramids which
allow for transitions between hex and tet meshed areas. These types of elements can be
used to model tubular joints including the weld toe profile which could be modelled as
a sharp notch. And because of this, models using solid elements provide more accurate
and detailed stress behavior near the intersection. These element types are also useful
in applications that require more detailed information in the intersection such as fracture
mechanics studies of defects in tubular joints.
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Summary

In summary, the following considerations are given by [16] regarding finite element
modelling of tubular joints in order to obtain hot spot stress.

e Element type: Linear elastic quadrilateral plate or shell elements are typically used,
with mesh created at the mid level of the plate and without representation of the
weld profile in the model. In special situations where the weld effect brings about
changes in the analysis results e.g. in cases where the results are affected by high
local bending, solid elements are preferable. However a use of triangular elements
in the hot spot region is discouraged.

e Element size: The element size around the hot spot region should be approximately
t x t, where t is the thickness of the shell. For 8 noded shell elements, mesh size up
to 2t x 2t may be used.

e Aspect ratio: An aspect ratio of 1:1 should be used immediately adjacent to the hot
spot location. It should ideally be limited to 1:3 and should not exceed 1:5. The
aspect ratio of the shell element represents the ratio of its arbitrary length to width.

e Gradation of mesh: The mesh is expected to get finer towards the hot spot region
and coarser away from it, in a smooth and uniform fashion. It is also suggested that
several of the elements leading into the hot spot location should be the same size.

e Stress of interest: The hot spot stress approach utilizes a linear extrapolation of
relevant stress at two locations adjacent to the hot spot stress location, to the actual
hot spot.

2.6 Fatigue life evaluation

This section will cover relevant concepts and methods used for fatigue assessment in tubu-
lar joints. The fatigue performance of tubular joints is of primary importance to the in-
tegrity of offshore jacket structures. Poor fatigue performance is marked by large stress
variations in hot spots, and the high residual stresses and defects introduced by welding,
this combination can ultimately lead to fatigue failure. Fatigue assessment refers to a pro-
cess whereby the fatigue demand on a joint is established and compared to its predicted
fatigue strength. Fatigue assessment techniques are categorized either based on a direct
calculation of fatigue damage or expected fatigue life. In this project, fatigue assessment
based on expected fatigue life will be considered. There are two most basic approaches to
the fatigue life assessment of tubular joints. The S-N approach which depends on empiri-
cally derived relationships between applied stress ranges and fatigue life and a second ap-
proach which is based on linear elastic fracture mechanics. There is also a more advanced
approach based on damage accumulation. This approach is more commonly known as the
Palmegran-Miner rule and is mentioned in several industry standards including DN'V-RP-
C203. The following sections discuss these approaches.
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2.6.1 The S-N Approach

The S-N approach is the most widely used approach for the fatigue life assessment of
tubular joints. As mentioned earlier, it relies on empirically derived relationships between
applied stress ranges and fatigue life. As such, it presents the fatigue strength of tubular
joints as a curve representing the number of cycles that will cause fatigue failure. Within
the S-N approach, several other methods exist. These methods are mainly distinguished
by the parameters used to describe fatigue life ‘N*. These methods include the nominal
stress method, the hot spot stress method, the notch intensity approach etc. This further
classification makes it important that stresses are calculated in agreement with the defini-
tion of stresses to be used with particular S-N curves. For example, in order to derive the
fatigue life using the hot spot stress method for tubular joints under multi-axial loading
conditions, 8 points around the periphery of a tubular joint are usually considered. SCFs
are obtained at each of these points and multiplied with the nominal stress range to obtain
the hot spot stress range. The calculated hot spot stress is entered in a hot spot S-N curve
for derivation of fatigue life. Notch stresses due to local weld geometry is excluded from
the stress calculations since they are assumed to be accounted for in the hot spot S-N curve.
It is important to note that the derivation of the stress range depends on the type of loading
to which the joint is subjected to, for a joint under multi-axial loading, the procedure using
8 points around periphery is applied, while for a case of uni-axial loading, the largest hot
spot stress around the joint can simply be used as can be seen later in this report.

But more generally, two types of S-N curves are observed from fatigue tests of different
materials. Certain materials like most ferrous and titanium alloys exhibit a distinct limit
known as the endurance limit, this means that there is a stress level below which an infinite
number of loading cycles can be applied without causing fatigue failure. On the other hand,
many non ferrous materials and alloys such as aluminum, and magnesium alloys do not
show such defined limits, they instead display a continuously decreasing S-N response.
Because of that, the term endurance strength is used to measure fatigue life. Both curves
are illustrated using figure 2.13 below.
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Figure 2.13: Typical S-N curves [13].
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One of the major shortcomings of this approach is that it cannot be used to assess the
structural integrity of cracked tubular joints in service. Which is where fatigue analysis
based on fracture mechanics comes in as a supplement to S-N data. Fracture mechan-
ics uses the Paris equation to predict crack propagation or fatigue life in a welded detail.
The Paris law relates crack propagation, fatigue life to the stress intensity factor. Fracture
mechanics is recommended for use in assessment of acceptable defects, evaluation of ac-
ceptance criteria for fabrication and for planning in-service inspection. The approach is
said to report shorter fatigue life than the S-N approach since crack initiation is not nor-
mally included in deriving the solution. It is also important that there is available S-N data
to verify assumptions made in deriving solutions using fracture mechanics. The fracture
mechanics approach will not be further discussed since it is not relevant to this study.
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Chapter

Stress analysis of simple tubular
joints

3.1 Stress concentration factors by design code

This section covers the methodology as well as the computation work carried out in order
to obtain the stress concentration factors, hot spot stresses, as well as the fatigue life(s) of
simple tubular T-joint using DNV-RP-C203. The joint will be checked for stress concen-
tration under the 3 basic loading modes namely; Axial loading, in-plane and out-of-plane
bending. Several other standards such as BS-EN ISO19902 and API RP-2A WSD have
referenced stress concentration in such a joint but the DNV recommended practice will be
utilized here.

3.1.1 Stress concentration factor SCF

Stress concentration in DNV-RP-C203 is defined through stress concentration factors de-
rived from parametric equations. The parametric equations to be used in calculating SCFs
are reported by Efthymiou, reference can be made to section 2.5.2 of this report. These
equations as found in the standard were prescribed for different joint configurations under
different boundary conditions, as well as having defined ranges of applicability. In order
to compute SCFs using these equations, it is necessary to carry out a detailed classification
of the joint as well as checking for the validity of the set of equations in relation to the
joint under consideration. After establishing validity, SCFs are then calculated at different
locations around the joint. Figure 3.1 illustrates the joint under consideration, where posi-
tions indicated 1 and 2 are called the crown and saddle positions respectively. The location
at which most stress concentration is likely to occur depends on the loading mode as can
be seen by the choice of locations checked. It should also be noted that SCF equations in
the standard are only presented for crown and saddle positions.

For the T-joint considered in this section, the joint parameters as well as their valid-
ity with respect to the referenced equations are presented under table 3.1 below. A more
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o0

i

Table 3.1: Geometric parameters for the joint under consideration.

Figure 3.1: T or Y-joint [9].

Parameter | Value Validity/Efthymiou
@ 5.087 OK
B 0.5205 OK
¥ 27.38 OK
T 0.75 OK
0 90 degrees | OK
S N.A OK

Table 3.2: Stress concentration factors using DNV-RP-C203.

Location SCF ¢ SCF;pp SCFopp
Brace saddle 7.960 - 10.14
Brace crown 1.290 3.95 -

Chord saddle 12.66 - 13.63
Chord crown 3.300 5.010 -

symbolic definition of the parameters can be seen in the appendix of this report. The same
reference also shows the equations with are used to determine SCFs at chord/saddle po-
sitions under different loading conditions as specified by DNV-RP-C203. As shown by
table 3.2, SC'F4¢ represents the stress concentration factor for the T-joint under axial
compression while SC Fypp and SC Fo p p represent the stress concentration factors un-
der in-plane and out-of-plane bending respectively. All stress concentration factors were
calculated assuming fixed boundary conditions on the chord ends. These values are later
compared with SCFs obtained using FEA software Abaqus/CAE.
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3.1.2 Fatigue life estimation

Fatigue life evaluation is performed using the S-N approach. DNV-RP-C203 recommends
a particular S-N curve for tubular joints known as the T-curve. This curve covers tubular
joints in both air and seawater conditions under cathodic protection as illustrated by figure
3.2. The fatigue life of a joint is simply read on the curve using the corresponding stress
range to which it is subjected. In a single action loading case, the stress range is the same
as the highest hot spot stress recorded under the load. In this case, the loads are applied
differently, each at a single step, therefore each loading case will have a single relevant hot
spot stress that can be considered for fatigue life evaluation. Depending on the size of the
stress range it can be determined whether or not the fatigue life can be read from the S-N
curve, In cases where the stress range is not represented by figure 3.2, Equation 3.1 is used
to determine the fatigue life. This equation is defined in relation to parameters in table 3.3.
The stress range applied in this case is covered by the S-N curve but accurate reading can
be difficult, so the fatigue lives are calculated using Equation 3.1 and the results are shown
in table 3.4.
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Figure 3.2: S-N curve for tubular joints in air and in sea water under cathodic protection. [7]

logN = loga — mlog(Ao( b)) (3.1)

tre f
where; N = predicted number of cycles to failure for stress range Ao
Ao = Stress range
m = negative inverse slope of S-N curve
log = intercept of logN axis by S-N curve
tres = 32mm for tubular joints
t = thickness through which a crack will likely grow, t = t,.e; for thickness less than ¢,..
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The above parameters are defined by DNV-RP-C203 according to N by table 3.3.

Table 3.3: S-N curve for tubular joints in air DNV-RP-C203.

S-N curve N<1.0E +07 N > 1.0E +07 Thickness component
T logay mi logas mo 0.25 for SCF < 10
12.164 3 15.606 5 0.3 for SCF > 10

Table 3.4: Fatigue life estimation using DNV-RP-C203.

Load/Location SCF Stress range [MPa] Fatigue life (cycles)
Axial-Chord saddle 12.67 127.0 7.172E +05
IPB-Chord crown 5.010 50.10 1.160E +07
OPB-Chord saddle 13.63 136.0 5.761E +05

3.2 Stress concentration factors by Abaqus CAE

This section covers the steps involved in determining stress concentration factors using
finite element software Abaqus/CAE. The aim here is to use finite element analysis FEA
to determine the hot spot stress and then use the applied nominal stress in order to com-
pute SCFs. FEA provides a more convenient alternative for calculation of fatigue damage
because in practice, it may be difficult to evaluate what is the nominal stress to be used
together with the S-N curves, as some of the local stress due to a detail is accounted for in
the S-N curves [7] . The method consists of 3 seperate stages. Pre-processing which in-
volves creating an input file for the FEA solver, processing or finite element analysis which
produces an output visual file, and post-processing which involves reading and extracting
results from the output. It is possible to carry out all stages in Abaqus/CAE. However,
the Abaqus package is more powerful for executing the last two stages. In this project,
all 3 stages were carried out in Abaqus/CAE. The Abaqus/Standard which is a general-
purpose finite element analyzer that employs an implicit integration scheme as the solver
is utilized. The next sections cover the stages involved through the finite element analysis.
Refer to section 2.5.3 for more on the finite element method.
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3.2.1 Part module

The tubular T-joint was modelled as a 3D deformable type, extruded as a shell section. The
tubular joint comprised of brace and chord without the weld. The procedure described in
3.2.7 allows modelling of tubular joints as shells without modelling the weld as will be
done here. Table 3.5 defines the geometric dimensions used for joint modelling, see figure
3.1 for illustration. The property module is used to define a material for the model, with
mechanical properties as shown in table 3.6 below. The units are defined in accordance
with Abaqus consistent units. Also the section is created and assigned separately for both
brace and chord. While creating the sections, shell thickness for brace and chord were
defined and the default Simpson rule with 5 integration points was selected. Material
orientation was assigned to model top surface of the shell.

Table 3.5: Definition of joint parameters.

Parameter Value
Chord diameter (D) 438 mm
Brace diameter (d) 228 mm
Chord thickness (T) 8 mm
Brace thickness (t) 6 mm
Brace-chord angle (6) 90 degrees
Chord length (L) 1114 mm

Table 3.6: Material properties.

Property (structural steel) Value Unit
Elastic modulus 200000 kPa
Poisson ratio 0.3 -
Yield stress 180 MPa
Ultimate stress 380 MPa

3.2.2 Assembly module

The assembly module is used to create and modify the assembly. An assembly is made
of instances of parts from the model. The role of the assembly is to allow positioning
instances of parts relative to each other in a global coordinate system. The model in this
case consist of a single instance of the T-joint, created as an independent part. The partition
toolset is used to divide the T-joint into smaller regions as shown by figure 3.3 below. Par-
titioning allows the user to gain more control over mesh generation, this includes obtaining
regions to which different element types can be assigned.
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Figure 3.3: Instance of T-joint showing partitions.

3.2.3 Step module

The step module was used to create the steps involved in the analysis as well as to specify
output requests. The step sequence provides a convenient way to define changes in the
loading and boundary conditions of the model [1]. Abaqus/CAE automatically creates an
initial step which will later be used to define boundary conditions. This is followed by three
more steps each for the different loading modes namely, axial loading, in-plane and out-of-
plane bending conditions. Each step is defined as a static general with a default increment
size. Alternatively we could define three different models each containing one loading
mode. Field output request in each loading cases is restricted to the relevant analysis
step without allowing propagation to subsequent analysis steps. Figure 3.4 illustrates the

definition of analysis step for the axial loading mode. The other two were defined in
similar fashion.

& £t Step X 5 EditSup ®
Name: Asial

Type: Static, Genesal

Basic |Incrementstion | Other

Description: Axial loading Type @) Automatic () Fixed

Tume pesiod: |1 Maximum number of increments: 100
@ Initis) Minimum  Maxiouer
Hageom: O (This setting controls the inchusian of nonliness effects \ N \eos .
" (on ot large displacements and affects subsequent steps.) merement ioe -05

Automatic stabilization: None -

[ Include adiabatic heating effects

oK Cancel L3 Cancel

Figure 3.4: Defining analysis step for axial loading.
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3.2.4 Interaction module

The interaction module was used to define analysis constraints between regions of the T-
joint. This involved defining constraints for boundary conditions as well as region for the
application of load. 3 multi point constraints (MPCs) were created, at each of the two chord
ends and at brace end. The MPC constraints were defined as beam types with a master node
at a reference point in the center of e.g. the chord, and slave nodes around the chord end.
Beam MPCs provide a rigid beam between two nodes to constrain the displacement and
rotation at the first node (at reference point) to the displacement and rotation at the second
node (in the shell section), corresponding to the presence of a rigid beam between the two
nodes [1] . Figure 3.5 shows the various constraints and their location. MPC chord L and
R represent constraints for left and right chord ends respectively.

4= Edit Constraint X

MName: MPC Brace
-
Type:  MPC Constraint

Name Type § Control point: _PickedSet321 [y
%@l MPC Brace MPC Beam
v MPC ChordL MPC Beam fl Slavenodes: _PickedSet320 Iy
¥ MPC Chord R MPC Beam MPC Type: | Beam ~

CSYS (Global) [ L

oK Cancel

Create... Copy... Rename... Delete... Dismiss

Figure 3.5: Constraints for application of load and boundary conditions.

3.2.5 Load module - Load and boundary condition

The load module was used for defining loads and boundary conditions. Each load was
defined as a single action load in each of the three steps. Their step dependent feature was
used to specify the steps in which they are active and vice versa. Loads were specified
using already defined constraints from the interaction module. A concentrated force was
used to define axial loading while concentrated moment was used to define both in-plane
and out-of-plane bending. Figure 3.6 shows procedure for specifying axial load and table
3.7 shows the magnitudes of loading used for calculation of SCFs.

A fixed boundary condition was applied at chord ends allowing zero translational and
rotational motions in all directions. Corresponding to the boundary condition specified for
the parametric equations referenced in DNV-RP-C203. Figure 3.7 shows the definition of
one of the boundary conditions.
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Figure 3.6: Definition of axial loading.

Table 3.7: Magnitude and direction of loads applied under different loading modes.

Loading type X-direction Y-direction Z-direction
Axial [N] - -41846 -

In-plane bending [Nm] 2.32E+006 - -
Out-of-plane bending [Nm] - - 2.32E+006

% Edit Boundary Condition b4

Name: Chord tie R
Type:  Displacement/Rotation
Step:  Axial (Static, General)

Region: (Picked)

CSYS: (Global)

Distribution: | Unifarm
[ 0
uz:
Uz
URT:
UR2:
UR3:

radians.

radians.

radians.

EHENENENE

Amplitude: | (Ramp) F P

Note: The displacement value will be
maintained in subsequent steps.

0K Cancel

Figure 3.7: Definition of boundary conditions.

3.2.6 Mesh module

The mesh module was used to generate meshes on the T-joint instance. The mesh module
provides a number of features including, tools for prescribing mesh density at local and
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global levels, model coloring that indicates the meshing technique assigned to each region
in the model. It also provides a variety of mesh controls such as element shape, meshing
technique, meshing algorithm and adaptive remeshing [1] . The mesh density was speci-
fied by first applying global seeding on the T-joint instance and later applying local seeds
on regions around which hot spot stresses are to be determined. Biased seeding was used
where needed to ensure smooth variation as mesh density changes between regions. Mesh
density is measured in millimeters. Figure 3.8 displays the seeding window as well as a
seeded instance of the T-joint.

The element type window allows the user to select the element type that is assigned
to the mesh by choosing the element family, geometric order, shape and other specific
element controls. In this project, The main element used for meshing was the 8-noded,
doubly curved thick shell element, otherwise known as the S8R element. The toolset
provides several other options as can be seen in Figure 3.9 below, this includes the 4-
noded thick shell element, but S8R element is recommended especially in case of steep
stress gradients. This is specified in DNV-RP-C203. However, the S4R element is said to
posses additional degrees of freedom for improved in-plane behaviour [7] .

Mesh controls allows the user to choose the meshing technique which could be free,
structured or swept. It is also possible to choose the meshing algorithm where applicable,
this could be medial axis or advancing front. Abaqus/CAE automatically color codes the
assembly according to which meshing technique could be used to mesh each region, In
this case free meshing was indicated as meshing technique. Figure 3.10 shows the set
data applied using the mesh control dialog. Lastly, mesh verification can be carried out to
identify errors and warnings in the mesh and correct them.

.
>

Sizing Controls
Approximate global size:
Curvature control

Maximum deviation facter (0.0 < h/L < 1.0): 0.1
{Approximate number of elements per circle: 8]

Minimum size control
@) By fraction of global size (0.0 < min < 1.0) 0.1

(O By absolute value (0.0 < min < global size} 1.5

oK Defaults

Cancel

Figure 3.8: Seeding of part instance for mesh generation.
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Quad  Tri
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Drilling hourglass scaling factor: @) Use default () Specify
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| S8R: An 8-node doubly curved thick shell, reduced integration. |
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Figure 3.9: Element type window.
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Element Shape

i O Quad-dominated (O Tri

Technique Algorithm
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@) Free D
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O Sweep D Use mapped meshing where appropriate

OK Defaults Cancel

Figure 3.10: Mesh control window.

3.2.7 Derivation of hot spot stresses

The hot spot stress or geometric stress in tubular joints is calculated by a linear extrap-
olation of the stresses obtained from analysis at positions at distances a and b from the
weld toe as indicated by Figure 3.11 [7] . a and b are known as the points for read out
of stresses and are defined for the different locations as shown by equations 3.2-3.7. For
joints other than tubular joints, stresses can be read at 0.5t and 1.5t, where t is as defined
in Figure 3.11.

For extrapolation of stress along the brace surface normal to the weld toe [7].

a=0.2vrt (3.2)
b= 0.65Vrt (3.3)

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

position [7].
a=0.2vrt (3.4)
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Crown

Saddle

Figure 3.11: Points for read-out of stress for calculation of HSS [7] .

b=0.4VrtRT (3.5)

For extrapolation of stress along the chord surface normal to the weld toe at the saddle
position [7].

a=0.2Vrt (3.6)
TR

It should be noted that, locations a and b are defined from the weld toe location and
not from the brace wall. So in order to find out the extrapolation point, the distance from
the weld toe to location a and b have to be determined, this is done according to the weld
profiles shown in Figure 3.12 for both saddle and crown positions. Weld toe locations can
be determined by checking the values of ¢ from each finite element model.

For ease of reading results, meshing can be adapted so that nodes are placed at a and
b positions. This way, stresses at locations a and b can be directly extracted from the
software and extrapolated to the weld toe in order to obtain the hot spot stress. Figure
3.13 shows an example of derivation of hot spot stress. This procedure allows the manual
extrapolation of hot spot stresses from integration points. However, one should be mindful
of the locations of the integration points when using this procedure. It should be noted that
the illustration in Figure 3.13 is for plated structures not tubular joints.
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Figure 3.12: Welding profiles at both saddle and crown positions for determination of a and b
locations. [23].
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Figure 3.13: Example of derivation of hot spot stress. [7] .

Shape functions are used to interpolate coordinates or displacements over an element.
The interpolation provides a continuous field of the field quantity in question. Because
stresses are extrapolated from the integration points to the side of an element, the shape
functions can be used to carry out extrapolation within the element to the point of readout.
This procedure is direct for the quadratic element (Q8 element, otherwise known as S8
in Abaqus/CAE) since it has a mid side node. But for the bi-linear quadrilateral element
(otherwise known as Q4), it leads to more work for the analyst as the global coordinates of
the corner nodes for the relevant element has to be found from the model and then extrap-
olation of stress components to the element sides can be performed. After reading stress
at two points away from the weld toe, stress at the weld toe is determined by use of linear
extrapolation. Figures 3.14 and 3.15 show the accompanying details for implementing this
procedure. The procedure has not been utilized in this study.
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Figure 3.14: 4 node plane element in physical space (left) and the same element mapped into & 7
space (rght). [19].

Figure 3.15: Sampling points for integration using Gauss rule of order 2. [19].

3.2.8 Mesh convergence study

In order to verify the FE model and analysis procedure, a mesh convergence study is
carried out. Mesh quality is known to affect the accuracy of results obtained from finite
element analysis. Coarse meshes can yield inaccurate results therefore it is important to
use a sufficiently refined mesh to ensure adequate results. In addition, this also ensures that
adequate computational resources are used. The procedure involves the analysis of a single
model with increasingly finer mesh and comparing the results. The numerical solution
provided by the model tends toward a unique value as the mesh density is increased.

For the model presented under this chapter, ¢ has been measured from the model to
be 121 degree, and weld toe locations are estimated using the pythagorean relation. The
values are shown alongside values of a and b in table 3.8. Notice that the weld toe location
estimated at the chord saddle position is quite small, therefore an assumed value of 3mm
will be used as is the estimate for the crown position according to figure 3.12. All other
values are used as estimated according to figure 3.12.

Extraction of analysis output was carried out as shown in Figure 3.16, illustrating
the points of readout of stresses at the chord saddle. A path is created passing through
points a and b, and the averaged Von Mises stress along the path is extracted. This data
is plotted as shown by figure 3.17, alongside locations a, b as well as the weld toe. The
crossing point between the linear extrapolation line and the weld toe line gives the hot spot
stress. Analysis output can also be extracted directly at nodes by extracting nodal values
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Table 3.8: Definition of points for readout of stresses and weld toe at different locations.

Position Weld toe [mm)] a [mm] b [mm]
Chord saddle 0.868, (Estimated) 6.099 19.979
Chord saddle 3, (Assumed) 8.231 22.11
Brace saddle 4.60 9.831 21.600
Chord crown 3 8.231 16.235
Brace crown 8.57 13.80 25.57

of stresses at a and b and then extrapolating the values to the weld toe.

First extrapolation point

Second extrapolation point

Figure 3.16: Illustration of points for readout of stresses at the chord saddle position.

Mesh convergence is checked at the chord saddle using five different mesh qualities
for S4R and the S8R elements. These elements use reduced integration when solving the
integral and therefore require lower computation time. Reduced integration is the default
Abaqus setting. However, it could have an effect on the accuracy of the element for a given
problem. The effect of reduced and full integration is not investigated.

Mesh convergence was checked for the axial loading case at the chord saddle position.
This is because tubular joints with loaded chord members will only be studied in the axial
loading case, and focus will be mainly on the nature of stresses in the chord member.

Results shown in Figure 3.18 shows that SCFs determined using the standard are con-
servative compared to the FEA results. This is expected because the Efthymiuo equations
show a bias of up to about 10% to 25% on the conservative side when compared with FEA
results [9] .

Comparing results obtained using S4R and S8R elements, the S8R element seems to
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Figure 3.17: Derivation of hot spot stress.

converge faster, but results from both elements appeared to be tending towards a unique
value as the mesh density increased. The difference in the manner of convergence comes
from how the different elements are formulated in Abaqus/CAE, the S4R element has only
one integration point per element, while the S8R has 4 integration points for every element,
Abaqus stores results at these integration points and these results are then averaged to
the nodes around the integration points. So the more the integration points, the closer
the numerical solution gets towards convergence. Therefore it makes sense that the S8R
element converged faster, and that the two elements tended towards the same value as the
mesh density increased.

The eight-noded (S8) element is recommended by [7] particularly in case of steep
stress gradients. And for this element, a mesh size from t x t up to 2t X 2t may be used.
Henceforth this recommendation will be used.

3.2.9 Stress concentration factors SCF

In order to determine stress concentration factors using FEA software Abaqus/CAE, pro-
cedures described and section 3.2.7 and implemented in section 3.2.8 were used. Hot spot
stress was determined by linear extrapolation of stresses at and b points, and then extrap-
olated to the weld toe. Read out points were defined as node sets to allow the extraction
of unique nodal solutions from ODB field output. The averaged Von Mises stress at inte-
gration points was used as the field output for determination of hot spot stresses. Stress
concentration factors were defined as a ratio of the hot spot stress to the nominal stress
in the brace. A summary of the finite element modelling is presented in table 3.9. SCFs
obtained for different locations under different loading cases are shown in table 3.10. The
results are discussed under section 3.3.
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Figure 3.18: Estimated SCFs with respect to number of elements for S4R and S8R elements com-
pared to the SCF from Efthymiou equations.

Table 3.9: Details for defining Abaqus/CAE model.

Property Definition

Material behaviour Linear elastic

Model body Shell

Element type 8-noded thick shell element (Reduced integration)
Mesh refinement t x t mesh around hot-spot areas

Weld Not included

HSS for SCF calculation Linear extrapolated stress from points of read out

Table 3.10: Stress concentration factors using Abaqus/CAE.

Location SCF 4¢ SCF;pp SCFopB
Brace saddle 8.090 - 9.158
Brace crown 1.053 1.680 -

Chord saddle 11.08 - 12.13
Chord crown 3.747 3.522 -

3.2.10 Fatigue life estimation

The fatigue life estimation was done in the same way as under section 3.1.1. The S-N
approach as recommended by DNV-RP-C203 was used alongside the relevant S-N curve
(T-curve) to determine fatigue life under different loading conditions. The main difference
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to the procedure in section 3.1.1 is the manner in which the hot spot stress is determined,
i.e. using the hot spot stress method as mentioned in 3.2.7. So in essence the fatigue life
is only a function of the hot spot stress. The results are shown in table 3.11.

Table 3.11: Fatigue life estimation using Abaqus/CAE.

Load/Location SCF Stress range [MPa] Fatigue life (cycles)
Axial-Chord saddle 11.08 110.8 1.072E +06
IPB-Chord crown 3.522 35.22 7.448E +07
OPB-Chord saddle 12.13 121.3 8.174E +05

3.3 Comparison of FEA and DNV results

FEA results demonstrate good agreement with results obtained using Efthymiou equations,
with deviations of less than 20% except in the in-plane bending loading case where a
deviation of up to 57% was recorded. The source of this deviation is suspected to be
overestimation of the distance of extrapolation which resulted in a lower stress gradient.
This will lead to lower stress region around this estimated weld toe, and thus result in a
lower SCF.

The results of axial loading and out-of-plane bending agree with the assertion in ISO
19902 [9] , which is according to the comparison studies by Lloyd’s Register, that the
Efthymiou SCF equations were found to provide a good fit to the screened SCF database,
with a bias of about 10 % to 25% on the conservative side. Therefore the results are
considered to be fairly accurate.

Even though results presented in table 3.13 show a quite considerable levels of devia-
tion, they are still within the range of validity/accuracy expected of the FEA as compared
to the Efthymiou equations with regards to fatigue life evaluation. This is deduced from
the fact that the stress concentration factors used for determining the fatigue life(s) are
within range of the accuracy achieved in comparison with the Efthymiou equations. This
is ofcourse with the exception of the results estimated under in-plane bending.
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Table 3.12: Stress concentration factors for T-joint using Abaqus and Efhtymiou equations.

Axial loading
Location SCF 34 SCFpnv Deviation[ %]
Chord saddle 11.08 12.66 12 %
Brace saddle 8.090 7.960 2 %
Chord crown 3.740 3.300 12 %
Brace crown 1.053 1.290 18 %
In-plane bending
Chord saddle - - -
Brace saddle - - -
Chord crown 3.522 5.010 30 %
Brace crown 1.680 3.950 57 %
Out-of-plane bending
Chord saddle 12.13 13.63 11 %
Brace saddle 9.158 10.14 10 %

Chord crown

Brace crown

SCFgpq - SCF using Abaqus.
SCFp v - SCF using DNV.

Deviation - Percentage deviation between SCF,;,and SCFp nv

Table 3.13: Comparison between estimated fatigue life(s)

Load/Location FL 5, (cycles) FLp Ny (cycles) Deviation
Axial-Chord saddle 1.072E +06 7.172E +05 33%
IPB-Chord crown 7.448E +07 1.160E +07 84%
OPB-Chord saddle 8.174E +05 5.710E +05 30%

FL,4 - Fatigue life using Abaqus stress range.

FLp v - Fatigue life uisng DNV stress range.
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Chapter

Stress analysis of simple tubular
joints with loaded chord members

4.1 Introduction

This section covers the methodology and computation work carried out to determine stress
concentration factors for the simple tubular joints with loaded chord members. The con-
text of loaded chord member in this study shall be distributed circumferential vertical
chord loading at different locations away from the crown position, in addition to axial
brace loading. Illustration is given by figure 1.2. This context, as shall be discussed in
the upcoming section has been largely unstudied. This study shall mainly focus on axial
compressive loading on the brace, i.e. In-plane and out-of plane bending loads shall not be
looked at. Also for the sake of perspective, vertical chord loads shall be defined as ratios
of the axial compressive load on brace members.

A number of joint models will be investigated, where different magnitudes of chord
load will be applied at different locations away from the crown position. For all models,
focus will be on finding stress concentration factors on the chord side of the joint intersec-
tion as the effect of this type of loading is anticipated to be mainly on the chord member
especially for the simple T-joint. This is further discussed in the next section. Also, fatigue
life(s) are not calculated from stress concentration factors since they are only functions of
the stress concentration factors for the type of loading used in this study.

4.2 Effect of chord stresses on SCFs

Different research projects have been carried out to investigate stress concentration in tubu-
lar joints with loads on the chord member, for example, [5] studied the effects of different
boundary constraints and chord axial stresses on a K-configured joint. More closer to the
objective of this thesis, [10] investigated bending effects on multi-planar welded tubular
DT-joints. The study examined the effect of bending on both brace and chord members of
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the joint. For chord bending, it was shown that chord crown locations exhibit significant
stress concentrations, whereas SCF values at all other locations are negligible. However,
it should be noted that the study only considered the chord load (axial or bending) as the
only load from which stress concentration is determined, i.e. not chord load in addition to
axial brace load as is considered in this study. ISO 19902 [9] also made a brief mention
of the effects of nominal chord stress highlighting that nominal variable stress in the chord
member contributes to stress ranges for fatigue damage accumulation, even though this
contribution is small because chord forces do not cause any significant local distortion of
the chord walls hence causing minimal stress raising effects. In the same standard, it was
also pointed out that for T/Y joints, beam bending of the chord influences primarily the
crown SCFs. This is in relation to the parametric equations reported by Effthymiuo. In
essence studies have been carried out to investigate the effects of chord stresses on SCFs,
although not exactly in the same context as this study, but it remains to be found how
results from this study will compare to what is obtained in the literature.

4.3 Finite element modelling

Most of the steps involved in finite element modelling of the tubular joints with loaded
chord members is covered in chapter 3, with few modifications on the loading and type of
boundary condition used as described under the upcoming section.

4.3.1 Load Module - Load and boundary condition

In this section, definitions for loading and boundary conditions for the tubular joints with
loaded chord member are outlined. Load on each model was a combination of a single
action axial load on the brace as well as a distributed circumferential vertical load on the
chord. The steps followed under section 3.2.5 for defining single action brace loads are
similar to those applied here. vertical loads on the chord were defined as nodal loads, such
that the total amount of load intended for the chord is divided by the number of nodes
around the chord circumference and each unit applied on each of the nodes accordingly.
This is illustrated by figure 4.1.

For all models investigated under this chapter, a pinned/hinged boundary condition
will be utilized at chord ends. This is illustrated by figure 4.3. It is assumed that the effect
of vertical chord loading might be more accurately captured using a hinge support instead
of a completely rigid one. According to [11], the use of pinned boundary conditions led
to higher SCFs at the crown position for the axial loading case. This will be kept in mind
when evaluating the effects of the vertical chord loading on SCFs.
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Figure 4.1: Tllustration of application of chord load.
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Figure 4.2: Boundary condition of model of left and right sides of chord member.

4.3.2 Checks for FEM models

In order to have confidence about the results obtained from finite element analysis of joints
under this section, a few verification steps were carried out for each and every model.

e Meshing : Work has been put into ensuring that all meshes used are of sufficient
quality. All meshes are carefully verified to discover any errors or warnings be-
fore submission for analysis. As much as possible element sizing was restricted to
between t x t and 2t x 2t as recommended by DNV-RP-C203 for the S8R element.

e Reaction forces : In Abaqus visualization module, reaction forces are checked at
boundary conditions to ensure that they match the forces exerted on to the particular
joint under consideration.

e Field output contours : In Abaqus visualization module, contours of field output
variables such as displacements or stresses can be checked for any discontinuities.
Discontinuities in field output contour may indicate a low quality mesh. For a good
quality mesh, different averaging options should yield similar results. Figure 4.4
shows contour plots for an unconverged mesh using different averaging options.
50% and 75% showing different Mises stress at hot spot.
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Another option is to use the Quilt-type contour plot for element based output which
extrapolate values to element faces with no averaging, for this, only one color should
be plotted per element to indicate a converged mesh.

S, Mises

SPOS, (fraction = 1.0)

(Avg: 75%)
+4.890e+00

S, Mises

SPOS, (fraction = 1.0)

(Avg: 50%)
+5.745e+00

Figure 4.3: Contour plots for Mises stress using different averaging options.

o Shell orientation : Shell orientation is checked to ensure that results are extracted
from the correct side of the element depending on the definition of the active section
point.

4.3.3 Averaging of results in Abaqus

In Abaqus, stresses are calculated at integration points/element centroids, these points
are inside each element. In order to determine the distribution of stresses over the entire
model, values from integration points are extrapolated to nodes. Most nodes are common
two more than one element, so they receive contribution from more than one element. The
default setting in Abaqus is to compute results before averaging and then use 75% averag-
ing threshold to average results from neighboring elements to obtain single scalar values
for each node. 75% averaging means that if the relative difference between contributions
coming to a node exceeds 75%, results are not averaged. 100% threshold averages all
results, while 0% threshold does not average at all.

This provides an effective tool to quickly check mesh convergence, for the more suf-
ficiently refined meshes, No difference should be noticeable between averaged and un-
averaged results [6] . But on a more general basis, the closer the averaged results to the
unaveraged, the more accurate the FEA results.
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4.4 Stress concentration factors

In order to determine the stress concentration factors for the simple tubular T-joint with
loaded chord members, parametric equations recommended by DNVGL-RP-C302 for gen-
eral fixity conditions will be utilized. It should be noted that these equations were derived
without considering any additional loading on the chord, so the loading condition in the
finite element model is not exactly similar to that utilized in deriving the parametric equa-
tions. For the crown positions for both the brace and the chord, two equations were rec-
ommended, tagged equations 7a and 7b for the brace crown, and 6a and 6b for the chord
crown. Equations 6a and 7a only provides correct hot spot stresses due to a single action
load in the considered brace. While 6b and 7b provides correct hot spot stresses at the
crown points under general loading conditions and moments in the chord member. Again,
none of these recommended equations match the exact loading conditions of our finite
element model, since we are considering a single action load on the brace in addition to
distributed circumferential vertical load on the chord. Results from these equations will be
used as a point of reference.

Since our finite element models are subjected to a single action load and only stress
concentration factors on the chord side of the joint intersection are of interest, only equa-
tions 6a will be utilized.

4.5 Model I

This is a model of the simple T-joint with the same geometry as illustrated by table 3.5, and
with geometric parameters within the validity range of the Efthymiou equations. For this
model, a total of 9 cases were run, Utilizing 3 chord loading cases at 3 locations as shown
by figure 4.4. The chord loading cases were defined as 1/8,1/4 and 1/2 of the size of brace
axial load, each loading case was applied one at a time at 3 different locations away from
chord crown position, in this report, this is termed as the loading instance. Therefore for
this model, 1/2, 1/4 and 1/8 represent the loading cases while SD1, SD2 and SD3 represent
the loading instances. Each loading case has 3 loading instances. SD is the unloaded case.
A summary of the FE model is shown in table 4.1.

With regards to the Efthymiou equations, this joint has a short chord as it has an o <
12, This joint is investigated so it could be compared to a similar joint with a long chord
according to this definition.
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4.5 Model I

Figure 4.4: Illustration of partition lines for application of chord load.

Table 4.1: Summary of Model I

Tubular T-joint with short chord, o < 12
Element type Shell, S8R
Method for read out of stress aandb
Weld toe location Assumed as 0.5t
Axial brace load 4184.6 N
Number of nodes around circumference 92
Nodal loads applied for 1/8,1/4,1/2 loading cases 5.686 N, 11.37 N, 22.74 N
Distances of chord load from crown position 110.75 mm, 221.5 mm, 332.25 mm

4.5.1 Results and observations

Stress concentration factors calculated are shown in table 4.2. These results are also plot-
ted for better visualization as shown by Figures 4.6-4.8. Unit loads were used on the brace
therefore the hot spot stress also represents the stress concentration factor. Figure 4.5
shows contour plots of Mises stresses for averaged and unaveraged results with slight de-
viation between the two, thanks to gradation of mesh towards the hot spot area. However,
the two results are fairly close enough. The averaged results were used to compute SCFs.

For the chord saddle position, it could be seen that not much has happened, All extrap-
olation lines are effectively overlapping each other for all three loading cases. The SCF
calculated using Efthymiou equations for such a joint is around 14.72, showing a 21%
deviation between the standard and the unloaded case. There is no observable difference
between loaded and unloaded cases. In fact, SCFs at this position is about the same for all
cases run. Magnitude of chord load or its location did not seem to matter.

At the chord crown position, a consistent increase could be observed between loaded
and unloaded cases as the magnitude of the distributed chord load increases. Starting from
a 2 % deviation for 1/8 loading case up to a 7% deviation for the 1/2 loading case. With
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S,

Figure 4.5: Contour plots for Mises stress showing averaged and unaveraged results.
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Table 4.2: SCF from FEA T-joint with loaded chord member.

SCFs for load application at different locations away from the chord crown.
Load case position | SD SD1 SD2 SD3 DNV
1/8 brace load saddle 11.06 11.05 11.06 11.06 14.72
crown 4.16 4.24 4.22 4.19 3.50
1/4 brace load saddle 11.06 11.05 11.05 11.06 14.72
crown 4.16 4.32 4.28 4.22 3.50
1/2 brace load saddle 11.06 11.04 11.05 11.05 14.72
crown 4.16 448 4.39 4.28 3.50
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Figure 4.6: Extrapolation of stresses at point a and b to the hot spot for the 1/8 loading case.

the loading instances closest to the crown position showing the highest deviation from
the unloaded case. In general, all loaded instances show effectively higher SCFs than the
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4.5 Model I

unloaded case. SCF calculated from Efthymiou equation is 3.5, which as expected, is
lower than all SCFs from the loaded cases. However chord loading does not account for
all the difference between the two values, since the SCF from FEA for unloaded case is
around 4.1.

Comparing the unloaded FEA case with DNV, it could be observed that SCF from
DNV at the chord saddle position is conservative within expected range, while SCF from
FEA at the crown position is on the conservative side. This is in agreement with the
findings of [21] from a parametric study. Where they found that SCFs from the literature
are not always conservative particularly at the crown of the chord.
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Figure 4.7: Extrapolation of stresses at point a and b to the hot spot for the 1/4 loading case.
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4.6 Model 11

The aim of this model is to check the effect of the chord length parameter o on the SCFs for
T-joints with loaded chord members. The chord length for the joints modelled are defined
to satisfy o > 12 which is equivalent to L > 6D. Ohterwise SCFs must be corrected using
the Efthymiou short-chord correction factors. Nine joints were investigated utilizing three
loading cases, and their geometry is defined by table 4.3. For this model, 1/2, 1/4, 1/8
represent the loading cases, while LD1, LD2 and LD3 represent the loading instances.
LD is the unloaded case. All geometric parameters are within range of validity of the
Efthymiou equations. A summary of the FE model is shown by table 4.4.

Table 4.3: Definition of joint geometry.

Parameter Chord Brace
Length 4658 mm 1000 mm
Outer diameter 438 mm 228 mm
Thickness 8 mm 6 mm

Table 4.4: Summary of Model II

Tubular T-joint with long chord, o > 12
Element type Shell, S8R
Method for read out of stress aand b
Weld toe location Assumed as 0.5t
Axial brace load 4184.6 N
Number of nodes around circumference 68
Nodal loads applied for 1/8,1/4,1/2 loading cases 7.691 N, 15.38 N, 30.76 N
Distances of chord load from crown position 553.75 mm, 1107.5 mm, 1661.25 mm

4.6.1 Results and observations

SCFs calculated from FEA results are shown by table 4.5. These results are plotted as
shown by Figures 4.9-4.11 for ease of visualization. Unit load is used on the brace so the
hot spot stress also represent the SCF. Figure 4.9 shows contour plots of Mises stresses
for averaged and unaveraged results with effectively no difference between the two results
indicating a fully converged mesh. Here both results could be used to compute SCFs but
the averaged result was used for consistency.

At the chord saddle position, the same pattern (as in Model I) is observed for the effect
of chord loading on SCF. No visible deviation is recorded between the unloaded case and
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Figure 4.9: Contour plots for Mises stress showing averaged and unaveraged results.

Table 4.5: SCF from FEA T-joint with loaded chord member.

SCFs for load application at different locations away from the chord crown.

Load case position | LD LD1 LD2 LD3 DNV

1/8 brace load saddle 20.35 20.35 20.35 20.34 22.14
crown 6.03 6.03 5.90 5.77 5.71

1/4 brace load saddle 20.35 20.36 20.34 20.34 22.14
crown 6.03 6.41 6.15 5.90 5.71

1/2 brace load saddle 20.35 20.39 20.37 20.35 22.14
crown 6.03 7.18 6.67 6.15 5.71

the different loaded instances, with all the extrapolation lines effectively overlapping each
other. It can be said that the difference in chord length has no effect on the result of chord
loading. But generally, an increase in chord length has the effect of increasing the SCF as
is shown by the results.

At the chord crown position, the effect of chord loading seems to be gradually man-
ifesting as the size of the load increases, For the 1/8 loading case, some of the loaded
instances show a slightly lower SCF than the unloaded case, which is not expected. It
is unclear why there is a dip in SCF, this seem to even out as the size of the chord load
increased. Showing a more logical result in the 1/2 loading case, whereby the highest de-
viation from the unloaded case has increased to about 16% for the LD1 loaded instance.
Based on this, chord length can be said to have an effect of increasing SCF at the crown
position.

Comparing unloaded FEA case and DNV results shows the same pattern as observed
in Model I. SCF from DNV at chord saddle position not quite as conservative as in Model
I but still conservative. While SCF from FEA at the chord crown is yet the result on the
conservative side. Once again agreeing with [21] .
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Figure 4.10: Extrapolation of stresses at point a and b to the hot spot for the 1/8 loading case.
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Figure 4.11: Extrapolation of stresses at point a and b to the hot spot for the 1/4 loading case.

4.7 Model 111

The aim of this model is to check the effect of the diameter ratio of the brace and the chord
on SCFs. 9 models were investigated where, 1/2, 1/4, 1/8 represent the loading cases, and
PD1, PD2 and PD3 represent the loading instances. PD is the unloaded case. The T-joints
used for the model are defined with long chord member with reference to the Efthymiuo
equations, satisfying L > 6D. Their geometry is defined by table 4.6, and a summary of
the FE model is shown by table 4.7.

4.7.1 Results and observations

SCFs calculated from FEA are shown by table 4.8. These results are also plotted as shown
by figures 4.14-4.16 for better visualization. On these figures, hot spot stresses also rep-
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Figure 4.12: Extrapolation of stresses at point a and b to the hot spot for the 1/2 loading case.

Table 4.6: Definition of joint geometry.

Parameter Chord Brace
Length 4658 mm 965 mm
Outer diameter 508 mm 406.5 mm
Thickness 7.987 mm 7.828 mm

Table 4.7: Summary of Model III

Tubular T-joint with long chord, o > 12

Element type Shell, S8R

Method for read out of stress aandb

Weld toe location Assumed as 0.5t

Axial brace load 9803.89 N

Number of nodes around circumference 82

Nodal loads applied for 1/8,1/4,1/2 loading cases 1494 N, 29.89 N, 59.78 N

Distances of chord load from crown position 531.44 mm, 1062.87 mm, 1594.31 mm

resent SCFs since unit stress was applied on the brace. Figure 4.13 shows contour plots
of Mises stresses for the averaged and unaveraged results with some level of deviation
between the two. However, this deviation is not quite pronounced. The averaged results
were used to compute SCFs.

At the chord saddle position, the effect of chord loading on the SCF is quite negligible,
similar to what is recorded in Models I and II. Looking at the results in table 4.8, there is
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Figure 4.13: Contour plots for Mises stress showing averaged and unaveraged results.

Table 4.8: SCF from FEA T-joint with loaded chord member.

SCFs for load application at different locations away from the chord crown.

Load case position PD PD1 PD2 PD3 DNV

1/8 brace load | saddle 2543 | 2537 | 2539 | 2541 27.17
crown 8.20 8.84 8.62 8.41 8.08

1/4 brace load saddle 25.42 25.32 25.36 25.40 27.17
crown 8.20 9.49 9.05 8.63 8.08

1/2 brace load | saddle 2542 | 2522 | 2530 | 25.36 27.17
crown 8.20 10.78 | 9.91 9.06 8.08

a slight lowering of the SCF due to chord load, but this too is quite insignificant.

At the chord crown position, the effect of chord loading on the SCF show a consistent
increase both according to the loading cases, and in comparison with Models I and II. All
loading instances show higher SCF than the unloaded case and with highest deviation for
the loading instance closest to the crown position. See figures 4.14-4.16. By comparing
the SCF values determined for the 1/2 loading case of this model and Model II, it is clear
that a higher diameter ratio leads to a higher effect of the chord loading on crown SCF.

Comparing the unloaded FEA case with DNV, it could be observed that SCF from
DNV at the chord saddle is conservative even though the gap appeared to be closing off
compared to Models I and II. SCF from FEA at crown position show more agreement with
results obtained from standard. Even though FEA results are slightly on the conservative
side.
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4.8 Model IV

The aim of this model is to investigate a Y-joint with a 45 degree inclination angle between
the brace and chord. In a Y-joint, axial brace force is reacted by both bending and axial
force in the chord as opposed to a T-joint, where axial brace load is reacted by bending in
the chord. The T and Y joints are often grouped together as they have similar behaviours.
For this model, 2 loading cases were used with 4 loading instances each, 2 on the heel side
and 2 of the toe side, giving a total of 8§ models. As such, 1/2 and 1/4 represent the loading
cases while YT1, YT2 , YHI1 and YH2 represent the loading instances. Y is the unloaded
case. See figure 4.17. Table 4.9 shows defines the geometry of the Joint used while table
4.10 summarizes the FE model.
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Table 4.9: Definition of joint geometry.

Parameter Chord Brace
Length 3302 mm -

Outer diameter 508 mm 243.84 mm
Thickness 15.97 mm 10.06 mm

Table 4.10: Summary of Model IV

Tubular Y-joint with long chord, o > 12

Element type

Shell, S8R

Method for read out of stress

aandb

Weld toe location

Assumed as 0.5t

Axial brace load

7319.4 N

Number of nodes around circumference

106

Nodal loads applied for 1/4,1/2 loading cases

17.43 N, 34.87 N

Distances of chord load from crown position

See figure 4.17

4.8.1 Results and observations

SCFs were determined for each loading instance for all loading cases and the results are
shown in table 4.11. Results are plotted for better visualization as shown by figures 4.19-
4.20. Hot spot stresses on these plots also represent SCFs. Figure 4.18 shows contour plots
of Mises stresses for averaged and unaveraged results with very slight deviation between
the two, yet indicating a well converged mesh. The averaged results were used to compute
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Figure 4.17: Illustration of partition lines for application of chord load for the Y-joint.

SCFs.

At the chord saddle position, chord loading does not show any effect on the SCFs. It
does not seem to matter where the chord load is applied, be it the heel or the toe side of
the brace. This is similar to what is observed in Models LII and III.

At the chord crown position, the effect of chord loading is quite visible, showing an
increase in SCF on both toe and heel side loading. Also as observed in the T-joint, the
closer the load to the brace, the higher the effect of chord loading. However chord loading
for the same loading case showed higher SCF on the toe side than on the heel side. This is
likely because SCFs were determined from stresses extracted at the toe side of the brace.

Comparing the unloaded Y case and DNV, results show the same pattern as observed
in Models I and II. Whereby DNV results at the chord saddle tend to be conservative, in
this case may be a bit too conservative, showing a deviation of about 28 %. while FEA
results at the chord crown are on the conservative side, in agreement with [21] .
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Figure 4.18: Contour plots for Mises stress showing averaged and unaveraged results.
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Table 4.11: SCF from FEA Y-joint with loaded chord member.

SCFs for load application at different locations away from the chord crown.
Load case position Y YH1 YH2 YT1 YT2 DNV
1/4 brace load saddle 4.51 4.51 4.51 4.50 451 6.30
crown 3.60 3.88 3.73 3.98 3.81 3.39
1/2 brace load saddle 4.51 4.53 4.51 4.50 4.50 6.30
crown 3.60 | 4.16 3.85 4.37 4.01 3.39
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: T : s -
Hss ! Deviationfrom¥ | e ! Duvlaion from ¢ —
“ ; About 0% | | YH1- 7% higher | "
1 ! l 2 1 YH2 - 3% higher :
! ] —m | ¥T1- 10% higher | —m
: 3 e . L : ¥T2 - 5% higher i :-:.a
EiY . _———
Em | Z T !
| L i
1 u | ]
, , | 5

0 5 0

15 n

True distance from joint intersection [mm|

True distance from joint intersection [mm]

Figure 4.19: Extrapolation of stresses at point a and b to the hot spot for the 1/4 loading case.
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Figure 4.20: Extrapolation of stresses at point a and b to the hot spot for the 1/2 loading case.

56




Chapter

Conclusion

5.1 Discussion

This section covers an interpretation as well as an explanation of the results of the study.
It is also the aim of this section to justify the approach used and to critically evaluate the
study as a whole. Some of the key factors for consideration in this regard are discussed
below;

5.1.1 Stress concentration using Efthymiou equations

The Efthymiou equations where used in order to quantify/estimate stress concentration
for tubular joints investigated in this study, this is as recommended by industry standards
such as DNV-RP-C203 and ISO-19902. The Efthymiou equations are quite popular and
cover SCFs in the more common joint types under all relevant brace force conditions.
The expressions were based on extensive FEA using thick shell elements for modelling
chord and braces, and weld modelling using 3-D brick elements. The key attribute of
the Efthymiou equations is that they are quite robust, in that they are found to provide a
good fit to the screened SCF database from steel joint tests with a bias of about 10% to
25% on the conservative side [9] . This level of fit and coverage of more joint types than
most other SCF equations made them a natural choice for use by designers in the industry.
Their usage make designs more convenient as the bias allows for the incorporation of
safety factors into design.

However, as dicussed in this report, loaded chord members as defined in the context
of this study are not covered by the Efthymiou equations even though such loading is
common practice. Therefore with regards to tubular joints with loaded chord members,
results from the Efthymiou equations were only used as a point of reference.

Loading condition is the key difference between the Efthymiou equations used and
FEM in this study. The former used axial brace load, while the latter used axial brace load
in addition to distributed vertical circumferential load on the chord. This difference deem a
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direct comparison between results from the two procedures risky. Therefore comparisons
are considered to be more appropriate between results from Efthymiou equations and re-
sults from the unloaded cases. On that regard, FEA and the Efthymiou equations yielded
results that showed fair agreement, with deviations being mainly within the 25% bias.

5.1.2 Stress concentration using FEA

FEA results were determined following as diligently as possible, recommendations from
DNV-RP-C203. This is with regards to choice of element formulation, mesh density
around hot spot areas as well as derivation of hot spot stresses for determination of SCFs.
Hot spot stresses were mainly derived by linear extrapolation of stresses obtained from
analysis at distances a and b from the weld toe. This procedure is described under section
4.2 in DNV-RP-C203. While the averaged Von Mises stress was used for calculation of
SCFs. The maximum absolute Von Mises stresses were also found to give about the same
results. Determination of stress concentration was mainly focused on the chord members
since additional loading is not expected to have an effect on brace SCFs [10] .

With regards to FEA results for loaded versus unloaded cases, loaded cases demon-
strated a noticeable deviation from unloaded cases, with the effects of chord loading
mainly manifesting in the crown SCF. Higher deviations were recorded for loads applied
closest to the chord crown, and deviations were generally observed to be dependent on
the behaviour of the joint under investigation. No observable effect was noticed on the
saddle SCFs for all the models investigated. These findings agree with what is obtainable
in ISO-19902 [9] and what was found by [10] regarding chord loading. They pointed
out that chord bending, -which could result from chord loading as defined in this project-
primarily influences crown SCFs. This has been discussed in section 4.2 of the report.

The highest deviation recorded between a loaded and unloaded case was about 24%,
which is for the 1/2 loading case and PD1 loading instance of Model III. This brings to
question whether or not the Efthymiou equations can be used for design purposes involving
joints with loaded chord members as defined in this project. This is a very difficult question
to answer. Looking at the just mentioned case, the 24% deviation almost equals the bias
that makes results from the Efthymiou equations conservative as compared to steel joints
tests or FEA as in this project. This is just a single loading case with a certain magnitude of
load at a defined distance away from the crown. It is also a point of discussion how much
load the chord actually gets subjected to in practice. This is another difficult question
to answer due to the complex nature of loads in jacket structures. But for the sake of
perspective, the case in question assumed half the magnitude of the brace load as the load
acting on the chord.
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5.1 Discussion

5.1.3 Factors influencing the effect of chord loading

Some of the factors that were found to influence the effect of chord loading are discussed
under this section;

e Chord length : The chord length was found to influence the effect of chord load-
ing. This is easily seen by comparing results of loaded cases from Models I and II,
With all other geometric parameters been equal for the two models except the chord
length parameter o, Model II showed a much higher deviation between loaded and
unloaded cases for the same magnitude of loads on the chord. With a highest devi-
ation of 7% and 16% for the 1/2 loading cases of models I and II respectively. This
is a manifestation of the problem that the short chord correction factors in relation
to the Efthymiou equations are meant to address in joints with av < 12.

e Diameter ratio: The ratio of the brace diameter to the chord diameter is found to
influence the effect of chord loading. This is seen by comparing the 1/2 loading
case of Model II and 1/4 of Model III. It can be observed that, for higher magnitude
of chord load, Model III showed a lower deviation ( about 14 % ) between loaded
and unloaded cases due to a higher diameter ratio, compared to the 16 % showed by
Model II with a lower magnitude of load and a lower diameter ratio. So the higher
the diameter ratio, the lower the effect of chord loading.

¢ Distance of chord load from crown position : The distance of chord load from
crown position has been found to influence the effect of chord loading, this was
observed consistently in all the models investigated. And as it turned, the closer the
chord load to the crown position, the higher the deviation expected between loaded
and unloaded case.

e Type of joint: Although most of the joints investigated under this study are simple
T-joints, the only Y-joint investigated seemed to show quite some similarities but
also some differences to the behaviour of T-joints under chord loading. The main
source of difference is which side of the brace chord load is applied. Overall, chord
loads applied on the toe side of the brace appeared to show higher deviations from
unloaded cases.
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5.2 Conclusion

5.2 Conclusion

The aim of this study was to carry out stress analysis of simple tubular joints using the
finite element method as well as industry standard DNV-RP-C203. Focus was mainly to
be on estimating stress concentration factors for joints with loaded chord members. A
total of 35 models where run, subject to different magnitudes of loading and at different
distances away from the chord crown, the results were computed analyzed and discussed,
It is on that basis that the following conclusive remarks will be made;

e At chord crown positions, chord loading as defined in this thesis was found to have
an effect of increasing SCFs. An increase as high as 24% was recorded between
loaded and unloaded cases. This result agreed with what was found in the literature.

e At chord saddle positions, chord loading as defined in the thesis was found to have
no observable effect on the SCFs. This is true for all the joints studied. This finding
is also in agreement with what is available in the literature.

e Factors such as the chord length parameter, the brace/chord diameter ratio were
found to have an influence on the effect generated from chord loading. Other factors
include the distance of chord load from the crown position as well as the type of
joint under investigation.

e However, in order to provide a definite solution to stress concentration problems of
tubular joints with loaded chord members, more holistic investigations need to be
carried out, a part of which could be the recommendations in section 5.3.
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5.3 Further work

Although a considerable amount of work has been done to investigate the effect of chord
loading on stress concentration in this study, It is the opinion of the author that a lot more
needs to be done in order to adequately address the problem, to the point of, say, provid-
ing generalized equations/solutions that can be used for design purposes involving tubular
joints with loaded chord members. To that end, the author has the following recommenda-
tions;

e There should be an extensive coverage of the more common types of joints used in
jacket structures especially the K and KT joints. These are very common joint types
and their coverage will allow a better understanding of the effects of chord loading
as discussed in this project.

e There should be a more thorough exploration of the options provided by FEA es-
pecially in terms of element formulation. Solid element modelling should certainly
be considered allowing modelling of welds and thus better capturing of geometric
stresses.

e Even though this can be expensive, physical experiments can provide a better point
of reference for FEA. This would provide a lot of observational data which can aid
understanding of the behaviours of joints under such loading.

e Collaboration with industry can also bring a lot of perspective into an investiga-
tion like this. This would mainly provide an idea on the magnitude chord loading
obtainable in practice.
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Figure B-2 Definition of geometrical parameters.
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The validity range for
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the equations in Table B-1 to Table B-5 is as follows:
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Section [4.2] if actual geometry is outside validity range.

Table B-1 Stress concentration factors for simple tubular T/Y joints

Lralbrace

e Shart
Load type and fixity SCF equations Eqn. ch:rd
conditions No. s
Axial load- Chord saddle:
Chord ends fixed 5 3
o (1.11-3(3-0.527) (sin6)'* | "
Chord crown:
0z 2 = - (2) None
11265+ 5 (3 - 0.6 |+ 1 $(0.250 - 3)sin O
Brace saddle:
; ¢ R 3) F1
13+ 1" a" '[ 0.187 - 1.258"'(p - ﬂ.%]]{sm oo
Brace crown:
12 3 (4) None
3+ 9" 0.12exp(- 4p) + 0,015 = 0.045)+ pr{0.1a = 12)
Axial load- Chord saddie:
General fixity conditions : L8 ” (5) F2
(Eqn(1))+C, (08a—6)ep(1-p2) (sin20)’
! Chord crown:
6a None
kl—le “{‘]'1‘[(2.65+5[p~u.65)2]+‘[ﬁ[(_‘2ﬂ—3) sinf) v
Alternatively
: a 2 O emiingtierd o
SCF, =y 1(2.65+5 (- 0.65)7)-31 Ssin @+ ——2222 SCF (6b)
G.Lh:l.'.'ﬂ.x .
where
OBending chord = NOMinal bending stress in the chord
Oial brace = nominal axial stress in the brace.
SCFan = stress concentration factor for an attachment = 1.27
Brace saddle:
F2
(Egn. (3))
Brace crown:
347 (0.12exp(- ) + 0.011% - 0.045)+ it ( C; a—12) tza);| Nona
Alternatively
1 1 04 a-n?rxmul “hond 7b
SCF, =3+ 7 (012exp(~4 )+ 00114 —0.045) ~1 2fr+ ————_gcf, | (7B)
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Table B-1 Stress concentration factors for simple tubular T/Y joints (Continued)

In-plane bending Chord crown:
p o) = i = (8) None
1.45p r“'s'"y{"“"’w(sm 9)0..
Brace crown:
(9) None
1+ 0.658 Tu..l‘rf.l.m-u.mij{s-m B)do.um-L.la]
QOut-of-plane bending Chord saddle:
igee (10) F3
yeB(1.7 -1.05p*)(sin )"
Brace saddle:
054,005 0 69 _ 0,475+ 0.08p* - (Eqn. 10)) ta) R
Short chord correction factors (o< 12) Chord-end fixity parameter
Cl1 = 2(C-0.5)
Fl=1-(083p-056p* —002) y"Zexp(-021 y"a2*) gl o
C = chord end fixity parameter
F2=1-(143p-097p% - 0.03) y*™exp (- 0.71 y'4a24) Da=LaLD, ypcely C=0:7
F3 = 1-055p"%y"" exp ( 0.49 y*’-*”‘u’-")
where exp(x) = e*

It should be noted that equations (6b) and (7b) will for general load conditions and moments in the chord
member provide correct hot spot stresses at the crown points while equations (6a) and (7a) only provides
correct hot spot stress due to a single action load in the considered brace. Equations (6b) and (7b) are also
more general in that a chord-fixation parameter need not be defined. In principle it can account for joint
flexibility at the joints when these are included in the structural analysis. Also the upper limit for the o
parameter is removed with respect to validity of the SCF equations. Thus, these equations are in general
recommended used.

Equation (6a) and (6b) will provide the same result only for the special case with a single action load in the
considered brace and SCFyy = 1.0. For long chords the brace can be considered as an attachment to the
chord with respect to axial stress at the crown points. This would give detail category F from Table A-7 (for
thick braces and E-curve for thinner) which corresponds to SCFyy = 1.27 from Table 2-1.
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