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ABSTRACT

This thesis is concerned with the development of tools and methodologies for non-

destructive fatigue strength evaluation of offshore tubular welded joints.

The sizing capability of new Non-Destructive Technique(NDT), alternating current field
measurement(ACFM), was investigated. The University College London(UCL) underwater
Probability Of Detection(POD) trial results were re-analysed to make them suitable for

reliability fracture mechanics procedures.

Comprehensive thin shell finite element analyses were conducted for 660 tubular Y, T, X and
DT-joints, with geometries typical of those used in offshore structures, subject to different
modes of loading. The results have been used to produce a new set of stress parametric
equations. These were assessed by comparing the predicted values with available test data.
The equations can be used to predict hot spot Stress Concentration Factor(SCF) and Degree
Of Bending(DOB) at all critical positions for X and DT-joints and also the full SCF
distribution along both chord and brace toes for Y and T, X and DT-joints. Combination of
these parametric equations with original UCL HCD equations allows one to recreate the full
2D stress distribution for tubular Y and T, X and DT-joints. Moreover, stress distribution
concentration factor(SDCF) has been proposed and parametric equations were derived to
predict average SCF and SDCF for Y and T, X and DT-joints.

Combining available weight functions and the UCL database of T-butt through-wall stress
analysis results, a new set of weld toe Stress Intensity Factor(SIF) parametric equations were
derived for both the deepest and surface points of semi-elliptical surface cracks in T-butt
welded joints. Using thin pipe weight function as reference data, a novel weight function and
the corresponding SIF solutions were derived for the deepest point of a semi-elliptical cracks
at the saddle of tubular welded T-joints. A comparison of the predictions with the UCL
experimental results, especially early fatigue crack growth data, showed that this new model
can work well with the constant force shedding and the non-linear moment shedding derived

from previous line spring FE analysis.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

In order to meet the demands of the world's energy requirements, many steel offshore
platforms have been built for exploration and exploitation of oil and gas reserves from
hydrocarbon reservoirs below the sea bed. The first steel offshore structure was installed off
the Louisiana coast shortly after World War II. Presently, over 6000 offshore steel platforms
are operational with predominant locations being the Gulf of Mexico(GOM) and the North

Sea.

Hydrocarbon production is dominated by use of bottom supported fixed platforms. Among
them, the most predominant type is the steel jacket or "template" platform pioneered in the
GOM. 1t is a truss-work tower consisting of tubular members with a deck on the top and
piles into the sea-bed (Figure 1.1). Tubular members are used extensively in jacket
platforms because of their high strength to weight ratio and non-directional buckling and
bending strength, and low wave resistance. Within the jacket structure, tubular members are
welded together at their intersections in a variety of forms, normally classified as T, Y, K,
X, etc. and these joints are referred as tubular joints. The complex intersection of these
joints represents a structural discontinuity that gives rise to severe stress concentrations at
the weld toe and may introduce possible fatigue failure. Therefore, the service life of

offshore jacket platforms is dependent on the structural integrity of tubular joints.

The detailed design of the framing for a jacket stmcture can vary considerably, mainly
depending on requirements of strength and fatigue. For most jacket platforms in the GOM,
where calm wave climate largely prevails only occasionally interrupted by hurricanes,
fatigue criteria are not governing and an ultimate strength approach is used for the rarely

occurring hurricane loading.

Exploitation and production of crude oil and natural gas moved to deeper and more hostile
ocean environments following the discovery of oil in the North Sea in the early 1960s. The
design of North Sea platforms has been traditionally based on the experience gained from
platforms in GOM. However, the North Sea presents an entirely different situation. During a
typical operational life, tubularjoints experience up to 200 million waves that could produce

fatigue damage. With the large proportion of the medium sized waves that produce fatigue
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damaging stress cycles in the structures, North Sea oil production platforms had to be

designed against fatigue crack growth.

As some of these platforms are now approaching the end of their design lives, the
maintenance of offshore structural integrity becomes more important to the safety and
operational reliability of offshore installations. Fatigue damage has been identified as one of
the most important factors in causing degradation of these joints in the North Sea because of
the significant levels of cyclic fatigue damage associated with oscillatory wave loading and
lower fatigue strengths due to high stress concentrations at the weld toes. Therefore,
periodic in-service inspections are required in order to ensure the structural integrity of
offshore structures. To provide a cost effective inspection, maintenance and repair policy,
accurate fracture mechanics modelling is needed so that one can predict the fatigue crack
growth behaviour. This information needs to be linked to an understanding of the ability of
non destructive techniques (NDT) to reliably detect and size fatigue cracks in tubular

welded joints.

The fatigue performance of offshore tubular welded joints is of considerable importance
both in the original design and also during service for the offshore jacket platforms in the
North Sea. In response to this challenge, several major European research and development
programmes, such as United Kingdom Offshore Steels Research Programme(UKOSRP)
Phases I(HSE, 1988) and II(HSE, 1987), and European Coal and Steel
Community(ECSC)(Steel in Marine Structures, 1987), have been carried out in order to
understand the fatigue and fracture behaviour of these joints for..past two decades.-.
Meanwhile, a series of cohesive fatigue programmes(Fatigue of Offshore Structures, 1988)
have been conducted under management from University College London(UCL) in the
application of fracture mechanics to predict fatigue crack growth. These programmes
produced a broad fatigue database and reliable methods of using such data for design and
certification; this has significantly increased our understanding of fatigue damage for
offshore welded tubular joints. The results from these programmes have been used to
develop and update the standards and guidance(Department of Energy, 1984 a)(HSE,
1990)(API, 1993)(CAN/CSA-S473-92, 1992). Taking account of new fatigue data produced
over recent years, the fatigue guidance of the Offshore Safety Division of the Health and
Safety Executive(HSE) was recently revised(HSE, 1995).

This chapter will review the main findings from these research programmes in the following

areas:
i) Behaviour of the fatigue cracks in tubular joints
ii) NDT techniques to detect and size these fatigue cracks and their reliability

iii) Determination of stress distribution in tubular joint
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iv) Assessment of fatigue strength for tubular joint.

The final section of this chapter will address the research objectives of this study and

describe the scope of the rest of thesis.

1.2 Fatigue Cracks in Tubular Welded Joints

Tubular joints consist ordinarily of joints between main and secondary member tubes. The
former, which are larger in diameter, are denoted as chord, and the latter, which consist of
small sized tubes, are denoted as braces. The joints in the main structure of offshore steel
jackets are often multiplane joints. Uniplane joints are found in the bracings between main
legs in horizontal planes and in secondary structural elements. In the present state of the art
the joints are normally classified and evaluated in terms of the simple uniplane joints(Figure
1.2), disregarding the effect of braces that are not lying in the considered planes. Figure 1.3

shows the non-dimensional geometrical parameters that define simple welded joints.

It should be emphasised that the classification should not be based only on the geometry of
the nodes, but also on the load transfer mode. For the fatigue analysis of tubular joints it is
convenient to separate the loads in multiples of three basic load cases, i.e. axial load, in-

plane bending load and out-of-plane bending load(Figure 1.4).

The fatigue life is a combination of initiation life and crack propagation life. It is been
known that there are many different types of defects (i.e. undercuts, slag inclusions and
porosity) caused by the welding process in the weld toes of these joints. Although these
defects do not exceed the maximum limit permitted in codes, they cannot be eliminated or
observed by present NDT techniques. Also the severe stress concentration occurs at an
intersection of the steel tubes. As a result, the cracks initiate at the existing welding defects
or stress concentration sites such as the weld toe. The first occurrence of detectable cracks

occurs at a very small fraction of the service life of these joints.

Generally, fatigue cracks initiate at several locations around the weld toe in the form of
multiple adjacent surface cracks in the chord toe. These cracks grow and eventually coalesce

to form a single dominant crack. The propagation of this dominant crack will cause failure.

Crack propagation and fatigue damage may occur even at very low stress level. For tubular
joints, propagation often forms a larger fraction of the total life than initiation. Experiments
have shown that the surface cracks propagate along the weld toe of the intersection and in
the wall thickness direction. The growth path direction of the weld toe cracks is a function
of the principal stress field(Remzi and Blackburn, 1987). The through-wall principal stress
direction generated by brace-chord load transfer varies with crack depth. This causes

increasing curvature as the crack deepens. In general if a crack is subjected to a mixed mode
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of deformation, under fatigue loading it curves to minimise the Ky and Kyyy values. In
simple joints, fatigue cracks are usually found to have propagated through the chord
thickness in a direction close the radial direction (normal to the shell surface), but to curve

towards the brace in the latter stages of crack penetration.

The fatigue strength of a tubular welded joint is mainly characterised by the hot-spot stress.
The crack growth behaviour is influenced by both membrane stress and |

bending stress. Tubular joints having the same hot spot stress but with different through
thickness stress will have different fatigue lives. A weld toe surface crack, growing in a
predominantly membrane stress field, will grow rapidly and at an increasing rate to chord
wall penetration. In contrast, for a predominantly bending stress field, the same crack would

grow at a steady rate(Dover, 1992).

The thickness of the chord wall influences the fatigue life. The fatigue lives of larger joints
are found to be less than that of smaller joints in the high cycle range. This thickness effect
is mainly due to the varying stress intensity in the weld notch region and can be largely
decreased or eliminated by reducing the weld toe angle(Niu, 1987). The thickness effect will

be discussed in detail later on in this chapter.

In as-welded tubular joints, residual stresses of yield stress magnitude exist. Thus, any
load, compressive or tensile, will be equally damaging(Vughts and Kinra, 1976). Post-weld
heat treatment does significantly improve the fatigue life of tubular joints. This increase is

believed to be due to an extension of the crack initiation phase in these joints(Reynolds,
1987).

Both weld angle and weld toe radius can influence the non-linear stress region close to the
weld toe(Niu and Glinka, 1987). The weld toe radius is the most significant feature affecting
fatigue crack initiation but the weld toe angle is more important for subsequent crack

growth. Therefore, modifying the weld profile on these joints can improve the fatigue life.

1.3 Non-Destructive Measurement and Underwater Inspection Reliability
1.3.1 Non-Destructive Inspection Techniques

Offshore structure are subjected to periodic inspections, since in-service inspection is the
main safeguard against uncertainties in fatigue life prediction. Inspections are frequently
carried out in service on a selection of joints, based upon their assessed fatigue and
criticality to system strength. Detection and sizing of any cracks which grow allows the
fatigue model to be updated, as well as providing the opportunity to repair the crack. The
inspection interval will be dependent on the quality and nature of the information coming

from inspection techniques.
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The important part of offshore structure inspection involves examination of the submerged
part of the platform and this is mainly performed by divers. Over the last 20 years, there has
been a considerable improvement in the effectiveness of underwater inspection. In the
1970s, underwater jacket weld inspection consisted mainly of cleaning and close visual
inspection (CVI). It soon became apparent that CVI would only detect serious through-
thickness cracks that were open at the surface. During the 1980s, use of non-destructive
inspection methods considerably increased the effectiveness of underwater weld inspection.
Additionally, flooded member detection (FMD) was introduced, and it has become very
effective for checking through-thickness cracking.

A range of non-destructive inspection systems have been developed for the underwater
inspection of tubular welded joints. In particular magnetic particle inspection (MPI) is
commonly used for the crack detection and measurement of surface crack length. However,
this technique relies heavily on the skill of the diver, and does not give crack depth. Also the
use of MPI is time-consuming since it requires extensive cleaning of the area to a bright
metal finish together with setting up of the encircling induction coils prior to inspection. If
the defect is confirmed by MPI, the depth of crack is often measured by the alternating
current potential drop (ACPD) technique which measures crack depth by a comparison of
surface electrical potential differences in the cracked region. This technique has also been
successfully used for continuous fatigue crack growth monitoring in array form in
laboratory. However, electrical contact has to be maintained between the probe and the

component being inspected for ACPD measurement.

Based on the theoretical developments at UCL of the ACPD technique, a new technique,
termed alternating current field measurement (ACFM), has been developed recently. The
basic principle of this technique is to generate a uniform electromagnetic field, to measure
the magnetic fields in the region of a crack, and to perform calculations according to the
developed theory to estimate the depth of a crack. ACFM technique is simpler in operation
and gives a reliable estimate of crack depth in a single pass as it depends on the
measurement of the near-surface magnetic fields rather than the surface electric fields like
ACPD. Thus ACFM does not require electric contact with the metal surface. For this
technique, the input current is induced into the specimen thus making the system fully non-
contacting. Non-contacting probes are useful for the inspection of coated or painted surfaces

in order to reduce the time spent on cleaning prior to inspection.

The main advantage of the ACPD and ACFM techniques is the ability to size cracks without
the need for prior calibration. Both the ACPD and ACFM techniques are particularly suited
for measurement of the depth of surface cracks and the ACFM technique can also be used
for detection. However, the ACPD and ACFM techniques depend on a theoretical model for

their accuracy. When the theoretical conditions are not met then corrections need to be
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applied, if available. ACFM and also the eddy current system are recently used more often

since they offer the possibility of similar performance but reduced time compared to MPI.

1.3.2 Reliability of Underwater Non-Destructive Inspection

The offshore structural integrity assessment relies very much on the information obtained in
service by underwater non-destructive inspection. The performance of underwater non-
destructive inspection systems is subject to variations and uncertainties. When the
inspection does not reveal a crack it does not necessarily mean that no crack is present. For
reliability fracture mechanics based inspection planning, it is necessary to know the
reliability of the inspection method in detection and sizing. The reliability of an non-
destructive inspection technique for defect detection in a particular application is normally
expressed as a probability of detection (POD) curve which characterises the uncertainties of
any particular technique. The POD of cracks, using a particular inspection method, is
important in determining the likelihood of detecting cracks at a stage where they can be

repaired before affecting the integrity of the structure.

Non destructive inspection technique capabilities can only be demonstrated through
experiment. Producing fatigue cracks in tubular welded joints is obviously an expensive
undertaking and could be prohibitively expensive if these samples were only used for one
trial and then destroyed in order to yield the true crack sizes. As crack sizes could be
reasonably accurately determined by laboratory non-destructive inspection techniques, a
confidential library of tubular welded joints containing known fatigue cracks has been
established in the underwater NDE Centre at UCL and this has been used for a series of

trials.

Many research efforts have been made towards improving inspection techniques and
assessing the reliability of various underwater NDT techniques to detect and size surface
breaking fatigue cracks in tubular joints at the University College London(UCL) Non
Destructive Evaluation(NDE) Centre. POD trials(Rudlin and Dover, 1990 a)(Rudlin and
Dover, 1990 b) have been carried out by the UCL Underwater NDE Centre in collaboration
with The City University as a series of joint industry projects. These were for many
underwater non-destructive inspection techniques such as MPI and two well-known eddy
current systems (Hocking AV100 and Thorburn EMD III), all of which have been

successfully used offshore.

The result of above trials have been reported as POD against crack length. However, It is
more appropriate to have POD data in terms of crack depth as the crack depth is the primary

parameter for remaining life estimation and fracture mechanics based calculation of fatigue
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crack growth. Thus POD data in terms of crack size have to be reinterpreted before they can

be used in probabilistic based inspection scheduling.

1.4 Stress Analysis
1.4.1 Stresses Acting on Tubular Welded Joints

Because fatigue strength is controlled by the maximum local stress anywhere in a
component, a greater understanding of the stress distribution particularly in regions where
cracks are likely to initiate and grow would create a basis for the development of a fracture
mechanics approach for the prediction of fatigue life and provide the essential information

for stress/life(S-N) fatigue design approach.

The problem with tubular joints is that the stress distribution at the intersection between
members is uneven with very high stress concentrations occurring at some points. These
stresses can be as high as twenty times the nominal stress for the intersection and therefore

have considerable impact upon the fatigue lives of the joints.

The stresses in tubular welded connections can be divided into three categories:

a) Nominal stresses caused by the basic structural response of the system to applied loads
b) Geometric stresses caused by the need to maintain compatibility between the tubes

c¢) Notch stresses caused by highly localised deformations in part of the tube wall

The nominal stresses arise due to the tubes behaving as beam/columns, and may be
calculated by frame analysis of the structure. Away from connections this gives an accurate

assessment of stress levels.

In order to determine the nominal stresses acting on the structural members, a global stress
analysis is normally performed on an offshore structure. At this level the structure is
modelled as a simplified three-dimensional space frame using beam theory to determine the
forces and moments acting on the joint. This global analysis will provide basic information
on the stresses in the members, under the action of applied dynamic loading due to wind

waves, etc.

Fatigue, however, is a local phenomenon. It depends on the stresses acting around the
intersection of tubular joints. These local stresses are complex in nature but arise from the

following two main sources.
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The tube-to-tube intersection of a joint causes local bending of the tubular walls under
loading. The differences in deformation between the chord and the brace due to this bending
require the tube walls to bend so that the chord and the brace remain in contact at the weld.
This bending effect results in stresses adjacent to the intersection known as the geometric
stresses. The geometric stresses are dependent on geometric parameters of the joints, overall

joint configuration and applied loading types.

Reinforcement due to the weld at the intersection locally stiffens the tube walls. The notch
stresses arise because of the finite thickness of the tube walls and weldments. However, this
effect is not propagated far through the wall thickness, and thus leads to a local region of
three-dimensional stresses. The notch stresses are mainly determined by the parameters
representing local weld geometry, such as weld toe angle and weld toe radius, as illustrated

in Figure 1.5.

The stresses inside the notch region are important for fatigue crack initiation and early crack
growth. However, they are not the controlling parameter as the cracks grow through the
thickness because the presence of a crack will produce load redistribution. Also the notch
stress varies according to the geometry of the weld, and in consequence it is difficult to
provide a deterministic value of the peak stress. Instead it has been assumed that the most
important stresses controlling the fatigue behaviour are the geometric stresses at the weld

toe.

As a part of the UKOSRP programme initiated to investigate the fatigue behaviour of
tubular joints, various joint geometries were studied using a combination of finite-element
stress analyses, strain-gauged acrylic models and photo-elastic models, and subsequently
compared with strain-gauge measurements from the steel tubular test pieces, together with
the results derived from parametric equations. The results showed that the stress variation on
the exterior surface close to the weld toe follows a general form, shown in Figure 1.6. Far
from the weld toe the nominal stresses predominate, close to the weld toe the notch stresses
due to the weld geometry dominate, between these two regions exists a region where the
changes in the stress field are linear and this variation is thought to be due to the geometric
stresses produced by the interaction of chord and brace. Thus, a fictitious stress, known as
the "hot-spot" stress has been introduced into the analysis. According to the
recommendation proposed by UKOSRP I(Irvine 1981), the hot-spot stress is defined as "the
greatest value around the brace/chord intersection of the extrapolation to the weld toe of
the geometric stress distributions near the weld toe. This 'hot spot' stress incorporates the
effects of overall joint geometry (i.e. the relative size of the brace and chord) but omits the
stress concentrating effect of the weld itself which results in a local stress distribution.".
This is the stress which may be derived by linearly extrapolating the geometric stress to the

weld toe. The locations of the points recommended for linear extrapolation for
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tubular welded T and X joints(Irvine, 1981) are illustrated in Figure 1.7. This definition
of hot spot stress is now held to be the most realistic expression of the fatigue crack growth

inducing stress acting on a tubular joint.

For convenience these geometric weld toe stresses are often expressed in the form of the
stress concentration factor (SCF) where the SCF is defined as
extrapolated weld toe stresses

SCF = - (1-1)
nominal stresses

In order to conduct fracture mechanics calculations of remaining fatigue life on tubular
welded joints, it is necessary to have the information on the magnitude and distribution of
the stress acting in the anticipated crack path, not just the peak stress at one location such as
saddle and crown. In particular one could identify another two key pieces of information
that are needed, as well as the SCF, for fatigue crack growth calculations. These are listed

below.
1) Stress variation through the thickness. (Degree of Bending)

Figure 1.8 shows a typical stress distribution through the chord wall. The surface stress field
is predominantly due to chord wall bending (linear) and the stress concentration due to the
change in section at the weld toe (non-linear). For a deep crack the weld toe stress
concentration region would have little effect. Also in the design stage, it is difficult to
predict the non-linear distribution that is dependent on the weld and weld toe geometry.
Therefore, most efforts have been concentrated on the linear through thickness distribution
and in particular attempting to define the ratio of bending to tension. Thus the stress
distribution across the wall thickness is assumed to be a linear combination of membrane
and bending stress about the plane of the element. The stress distribution through the chord
wall is often characterised by either the degree of bending(DoB), i.e. the ratio of bending

stress over total external stress or the ratio of bending to membrane stress.

2) Stress variation along the weld toe between the crown and saddle sites. (Stress

Distribution around Intersection)

Fracture mechanics calculations on tubular joints require a knowledge of the local stress
distribution around the joint as the way in which the multiple cracks initiate and coalesce is
very much dependent on this information. Apart from the hot spot stresses, the average
stress around a joint(Dharmavasan and Dover 1987) has also been shown to play an
important role during the fatigue crack propagation. The stress distributions along the
intersection of tubular joint are shown in Figure 1.9 for a tubular T-joint under axial, IPB
and OPB loading. One can see from this figure that each load case has its particular

distribution of stresses along the intersection line and thereby its particular influence on the
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fatigue life. Thus the accurate prediction of stress distribution around a joint is very

important for fatigue strength assessment especially under multiple axes loading.

1.4.2 Stress Analysis Techniques

The determination of the stress distribution around the intersection in tubular joints by
analytical techniques has proven to be costly as well as difficult due to the relative
complexity of the geometrical configuration as well as the thin-shell theory governing their
behaviour. But some partial solutions have been obtained. These theoretical methods range

from elementary strength of materials approaches to mathematical theory approaches.

A simple punching shear model was proposed by Carter et al(1969). The load transfer from
the brace to the chord is assumed to be via shear forces acting through the chord wall and
the force is considered to be uniformly distributed around the intersection. The method
ignores the local bending that may occur and this would be an important omission for elastic
behaviour. However, if larger scale yielding occurred then the stress distribution through the
chord wall becomes much more uniform and this particular model might be more relevant.
This elementary strength of materials approach was used to calculate the static strength in

design codes.

The stress and deflection distributions(Hoff et al., 1953)(Bijlaard, 1955)(Kellog, 1956) in
tubular chords caused by load transmitted through various attachments were studied using
the classical thin shell equations for cylindrical shells, such as those presented by
Donnell(1934) and Flugge(1934). The results show that the stress decays rapidly away from
the point of load application and that the decay has a characteristic wave length. Although
these attempts were limited to simple geometries such as T-joints and failed to account
properly for the stiffening of the chord wall due to the presence of the branches, these
models were useful because they have been used to provide a physical understanding of the

joint behaviour that has led to the present definition of hot spot stress.

A more realistic analysis of T joint was developed by Dundrova(1965). She assumed that
the chord were subjected only to forces directly parallel to the brace axis. The distribution of
these forces was determined by imposing compatibility of the displacements in the brace
axial direction between the brace and the chord. Although it did not completely model the
connectivity of the branches to the chord, this is the first analytical solution which explicitly

included the brace in the analysis.

However, fatigue fracture mechanics analysis of tubular joints needs a more detailed stress
distribution around the intersection and with greater accuracy. It has proved to be necessary

to use numerical and experimental techniques for the determination of the stress
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distribution. In the next section, a brief review of the most commonly used stress analysis

techniques for offshore tubular joints is presented.

1.4.2.1 Numerical methods

Numerical methods are, in principle, capable of solving any stress analysis problem, to an
accuracy which is limited only by the computing resources available. Traditionally, Fourier
series superposition was used to solve the governing equations(Bijlaard, 1955)(Scordelis
and Bouwkamp, 1970). For example, Bijlaard's solution(Bijlaard, 1955) is based on a
double Fourier series representation of the displacements: one Fourier series in the axial
direction, and the other in the hoop direction. However, a large number of terms in this
solution must be used to obtain a relatively accurate result. It required extensive

computational efforts and has been largely superseded by more advanced methods.

Nowadays, the principal numerical techniques are the finite difference method, finite
element method and boundary element method. The finite difference method leads to an
approximate solution to the exact problem, while the finite element method and boundary
element method give an exact solution to an approximation of the original problem. The
basic difference between the finite element method and boundary element method is the
solution strategy. The finite element method is probably the most versatile and most
adequate tool to analyse tubular joints. Hence it has been widely used to obtain the stress

distribution of tubular joints.

1.4.2.1.1 Finite Element Method

The finite element method is a numerical procedure which is ideal for solving physical
problems, such as for complex structural components, whose closed form solutions are
almost impossible to obtain. This technique uses the assumption that although a complex
structure can not be analysed directly, it can be discretized into small, regular, or finite,
elements from which the solution can be formulated. The governing differential equations
for a continuous system are approximated with simpler algebraic equations applied to a
discretized model of the continuous system. By solving the combined effect of loading and
constraints of these elements through the nodal compatibility, the overall behaviour of the

structure can be evaluated.

Early attempts to apply the finite element method to the stress analysis of tubular joints
were difficult due to the relative crudity of the elements used and the lack of computational
power in dealing with large numbers of elements. Earlier facet shell/plate elements were

used to model the joint because of their simplicity. For example, using constant strain
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elements superposed with a nine degree of freedom flat plate bending element, Greimann et
al(1973) obtained results within 20% of the experimentally determined steel joint test

results.

Facet shell/plate elements introduce geometrical errors and the coupling which exists in
shells between the membrane forces and bending moments is not reproduced. In these
formulations at the element level, it is necessary to use more advanced elements for tubular

joint analysis.

With the development of curved shell elements, finite element stress analysis for tubular

joint has improved tremendously. These curved shell may be categorised as follows:
1) the thin shell elements based on Kirchoff assumptions.

The comprehensive studies of stress concentration in tubular joints using various thin shell
elements were conducted by Kuang(1975) and Gibstein(1981). It is now generally accepted
that isoparametric thin shell elements are the most useful elements for tubular joint stress

analysis, since they combine relatively high accuracy with low cost.

2) the shell element based on Reissner-Mindlin theory which may are be applied to both
thin and thick shells. They include the Ahmad element(Ahmad et al, 1970) and the complex

semi-loof element(Irons, 1976).

The difference between these two kinds of curved shell elements is that the latter permits

shear deformation and is suited to thick shells whereas the former is not.

One significant disadvantage in the use of shell elements for stress analysis in tubular
intersections is that the tubular joints are modelled as intersecting cylindrical tubes at the
mid-surfaces of the walls. Thus the weld is not modelled and the three dimensional stresses
in the joint are lost. This could lead to spurious local bending of the member walls to be
induced, particular in the brace. However, the shell elements do provide, in many cases, an
acceptable compromise between accuracy and computational cost. Because the spurious
local bending at intersections can lead to significant difference between calculated and
observed stresses in some cases(Dijkstra, 1981), it is recommended that shell elements
should not be used for tubular joints for which P exceeds 0.8 unless the weld is also

explicitly modelled.

In order to overcome the above difficulty, three dimensional brick elements have been used
to model the whole tubular joint. Using this type of element, the weld toe profile could be
modelled as a sharp notch. This method will provide more accurate and detailed stress
behaviour near the intersection than a simple thin shell analysis. It is only limited by the

computational costs involved.



Because the three dimensional elements are very inefficient for shell bending situations,
Parkhouse(1981) combined them, to model the weld toe, in a conforming manner with shell
elements to model the portions of the tubular remote from the intersection and obtained
promising results on an X-joint. However, the interpretation of the results was difficult as®
infinite stresses arise at the notch tip in theory. It is necessary to calculate the stresses at
some characteristic distance from the intersection which has the additional advantage that
this may be chosen to coincide with typical strain gauge positions used in laboratory tests.

Thus some information would be lost in the region close to the weld toe.

The choice of an element for a tubular joint analysis depends on the geometry of the joint
and the purpose for which the results of the analysis are to be used. Curved-shell elements
are adequate for SCFs in joints for which [3 does not exceed 0.8. For certain applications
which require detailed information in the vicinity of the weld and through the wall thickness
of the members, such as fracture mechanics studies of small defects at tubular joints, three-
dimensional elements are essential, preferably used in conjunction with conforming shell

elements to model areas remote from the intersection.

The major difficulty is the generation of the mesh, particular in regions where the stresses
are changing rapidly, and numerous elements may be required for accurate results. The
actual mesh chosen is a compdgr;e between achieving acceptable accuracy and reducing the
cost of the analysis. An important aspect of mesh design is that badly distorted elements
must be avoided. For an economical analysis, the planes of symmetry and asymmetry in
each joint are used to reduce the mesh size. Although this resulted in the need for additional
load cases, there is a net cost saving since the finite element solution cost varies to
approximately the square of the number of nodes making up the problem. As a "branched"
structure, the tubular joint leads itself naturally to the technique of substructuring. This
technique may provide additional savings if a given substructure can be used more than

once in the same analysis or in a series of analyses.

In general, the advantages of finite element method include the ability to provide
information on the stress behaviour of an entire joint and the ease with which extra load

cases may be analysed.

1.4.2.2 Experimental Methods

According to the modelling media, laboratory-based techniques are generally divided into
the testing of steel models, acrylic models and photoelastic models. All other methods

should be calibrated against such experimental methods.
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1.4.2.2.1 Strain Gauged Steel Model

The steel tubular joints, to scale or full-scale, may be tested statically to obtained strain
distributions at the joint intersections using strain gauges. In this technique, the global
features of geometry.”with the weld toe present and loading can be realistically reproduced.
Any steel tubular joint must be fabricated to standard offshore procedures e.g. AWI(1984).
Care must be taken for scaled specimens in the scaling down of the weld size, since large
welds will produce inaccurate results. Tolerances on dimension must be based on current
offshore practice and the results must be viewed in light of the actual dimensions of the

specimen.

In order to obtain the strain and stress produced by the application of a static load, strain
gauges are used around the intersection. Usually, a set of rosette gauges are placed around
the intersection to locate the positions of maximum stress. Then the extrapolation gauges

can be mounted to obtain the hot spot stress.

Being the most definitive testing technique, steel model tests provide the most realistic and
accurate evaluation of the stresses in tubular joints. Hence the results of the other methods

are validated against them.

However, this technique is costly and time-consuming, because of the extensive and careful
strain gauging, and the large loading equipment and testing rigsthat are requiredfor
representatively sized specimens. The notch stressfield is difficult to measure due to the
physical size of the strain gauges. Also for the steel models, the through thickness stress
distribution is usually unknown as the stress distribution on the inner surface is difficult to
measure, especially for the small joints. The use of steel models is only feasible when

further tests, such as fatigue testing, are to be carried out.

1.4.2.2.2 Strain Gauged Acrylic Model

The acrylic models are made from commercially available cast acrylic tubes and are
normally much scaled down versions of the steel models. It is a low cost alternative to
testing larger steel joints. The procedure adopted for obtaining the stress distribution is

similar to that of the steel models.

Acrylic models of tubular joints provide a number of advantages. Firstly, since acrylic has a
low Young's modulus(E) that is about 1/80 of that of steel, low loads are required to
produce a measurable strain and consequently the test rigs can be small. Secondly, welds
can be included or excluded. The welds may be added by attaching acrylic 'weld' machined
to shape. It is often desirable to carry out the test without any fillets. This is particularly

beneficial and cost saving when carrying out parametric studies. Thirdly, as strain gauges
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may be fitted before assembly, strain data may be obtained on the inner surfaces of the
chord and brace walls. This would be very difficult in steel welded joints. Finally,
additional load cases can be performed easily and the models are available for re-testing and
modification. Generally acrylic models have shown good correlation with the large scale

steel model results.

The main disadvantage in using acrylic is that it creeps under loading. In order to obtain
consistent results, any strain gauge reading must therefore be taken at a fixed time (usually

one minute) after the loading has been applied.

1.4.2.2.3 Photoelastic Method

The photoelastic method is the only technique that enables a complete three dimensional
stress pattern including stress distributions on the exterior and interior surfaces and through
the chord and brace walls in the region of intersection to be obtained. The brace-chord weld
profiles are modelled, hence continuous stress information in this region is obtained. It is

particularly useful for joints with complicated geometry and/or loading conditions.

The stress freezing method is the most commonly used photoelastic technique in analysing
tubular joints. It consists of heating the joint under loading, followed by cooling, so that the
stresses are effectively frozen in the model and can be used to determine the total tubular

joint stress distribution.

The photoelastic method can provide a detailed and accurate assessment of the total stress
distribution. However, the models must be carefully prepared and the analysis of the fringe
counts obtained can be extremely time-consuming and expensive. Moreover, the

information obtained from this technique is usually too detailed for use in design.

1.4.2.3 Concluding Remarks

As a summary of the above discussion, although the strain gauge steel model results are
considered most accurate, the performance of other modelling methods investigated
indicates that each can be used for accurate stress analysis for tubular joints, with
appropriate care. The choice of the stress analysis techniques must be considered in terms
of cost and accuracy. The advantages and disadvantages of above methods have been
summarised(Clayton and Irine, 1978)(Connolly, 1986).

Photoelasticity and steel modelling give the ability of modelling weldments in detail and the
former method allows the extraction of stress data from any part of the connection, rather
than at points where strain gauges have been affixed. Also the stresses in the interior of the

structure can be determined. Acrylic models have been found in particular to be reliable,
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cheap and flexible. Without weld toe modelling, it reproduced primary membrane stresses in
close agreement in shape to those obtained from corresponding steel models. The thin shell
finite element method, which does not attempt to model notch stresses, produces stress
outputs at the mid surface intersection which broadly agree in shape with the geometric

stress obtained with steel models. It can significantly over-predict brace stresses.

1.4.3 Parametric Equations

For most design and re-certification work, it is quite expensive and time consuming to
estimate the stresses, in particular the hot spot stresses, for tubular joints using any of the
above methods except for a few very important joints. Therefore, parametric equations
which express the hot spot stresses in the form of the non-dimensional parameters of joints,
o B, v, T, 6 were developed for various joint geometries by carrying out extensive

parametric studies.

In practise only finite elements and the strain-gauged acrylic model techniques have been
used for economical reasons. The most widely used equations are the Kuang(Potvin et al,
1977), Efthymiou and Durkin(1988), Wordsworth and Smedley(1981), Wordsworth and
Smedley as modified by UEG(UEG 1985), Lloyds Register(Smedley and Fisher 1991) and
UCL HCD(Hellier Connolly and Dover 1990). Of these equations those by Kuang,
Efthymiou and Durkin, and UCL HCD are based on finite element models of various types.
The Wordsworth and Smedley equations are based on results of acrylic model tests, and
UEG equations are based on the Wordsworth and Smedley equations with modifications
based on the comparison of the equations with steel joint data. Lloyds Register equations
have been derived only recently and are based on the database of measured SCFs from steel

and acrylic joints.

The accuracy of parametric equations can be assessed by comparing their predictions with
existing strain-gauged steel test results. Unfortunately, the amount of steel data are limited.
For this reason the data from acrylic model test are often used as well. A steel and acrylic
test database based on the Lloyds Register data and the UCL database (with the criteria
developed for acceptance of SCF data) was established by MaTSUMaTSU 1996). By
comparing the results derived from all parametric equations against the database, the
performances of all existing SCF parametric equations have been recently assessed by the
Fatigue Guidance Review Panel supported by the HSE(DEn.)(MaTSU 1996). It has been
concluded that only two sets of SCF equations for simple tubular (i.e. X, K and T/Y) joints,
i.e. the Efthymiou and Lloyd's Register equations, are recommended in the revised fatigue
guidance for the saddle and crown positions in the chord and brace under axial, in-plane

bending and out-of-plane bending loading.

Tubular joints of differing geometry or mode of loading but with similar hot-spot stresses

often exhibited significantly different numbers of cycles to failure. These differences are

42



thought to be attributable to changes in crack growth rate, this being dependent on the
through-thickness stress distribution as well as the hot-spot stress. It is anticipated that a
joint with a high proportion of through-thickness bending stress, for example, will have a
longer fatigue life than one with a similar hot-spot stress, but with a greater component of
through-thickness membrane stress. Despite the degree of bending being important for
fracture mechanics based crack growth assessment, so far there is only one set of parametric
equations(UCL)(Connolly et al 1990) to predict the through thickness stress distributions

and these are for tubular Y and T-joints.

The fracture mechanics calculations on tubular joints also requires a knowledge of the local
stress distribution around the joint. The simple interpolation formulae based on the peak
local stress at saddle and crown were reported by UEG(1985) tubular joints programme.
Similarly, the parametric equations were developed at UCL(Hellier et al 1990) for the stress
distribution around the brace/chord intersection of tubular Y and T-joints. These
formulations predict the distribution around a joint based on the peak stresses from
parametric equations. The UCL equations allow the effect of a hot spot at a point other than
the crown or saddle to be taken into account. After comparing the UEG equations with finite
element analysis results, Vinas-Pich(1994) concluded that the stress distribution proposed in
design guidelines is not accurate enough around the whole brace-chord intersection. The
problem with the UCL HCD equations and the UEG equations, is that they were derived
from only a limited number of typical sample results rather than whole database and

therefore they can not provide enough accuracy to all other cases for detailed analyses.

Despite being borderline in terms of the assumed criteria, the UCL HCD equations are not
recommended for SCF calculation in revised fatigue guidance. However, the UCL HCD
equations are the only set of parametric equations that can predict the SCF, the bending to
membrane ratio and stress distribution in tubular Y and T-joints. The predictions from UCL
HCD equations are compatible as they are obtained from the same database. All these
aspects are essential for the fatigune crack growth analysis by using fracture mechanics.
Given the importance of these three sets of equations for crack growth analysis, it would be
valuable to conduct the parametric study to derive a further comprehensive set of stress

equations for other type of joints such as K, X and DT-joints etc..

1.5 Fatigue Strength Assessment

The fatigue strength assessment is a major consideration in the design and in-service
assessment of offshore tubular welded joints in North Sea. There are two basic approaches
used in the fatigue life assessment of these joints. The first method relies on the use of

stress-life(S-N) curves obtained from carrying out constant amplitude fatigue tests on
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tubular joints. The second method is based on linear elastic fracture mechanics and

considers the details of how the cracks propagate under the applied loading.

1.5.1 S-N Approach

Historically, the fatigue design life of offshore tubular welded joints is predicted using the
S-N approach, which relates the stress range at a point under consideration to the number of
cycles to failure. It is necessary to define the two parameters that describe the S-N curves,
i.e. stress range and failure criterion, prior to analysis of data. The hot-spot stress range was
selected as a good representation of the stress range. As most of the tests ignored the details

of the crack monitoring, the failure life is divided in three stages:
1) N1: the number of cycles to first discernible surface crack
2) N»: the number of cycles to first through wall crack

3) N3: the number of cycles to termination of the test which is normally when the test rig
can no longer apply the desired load because of increasing compliance of the specimen due

to extensive cracking

It has been found that once the crack has gone through the thickness of wall, the stiffness of
the joint decreases rapidly and the crack accelerates(Dover and Petrie 1976). Also the
complete severance of a joint(N3) in service does not often happen because the load
redistribution in the frame structure will make the joint redundant and possible non-load
carrying when Ny has been reached. For these reasons, Ny has been defined as the end of

fatigue life of a tubular joint.

Based on the results of the experimental test programmes initially as part of UKOSRP-I
and ECSC tests and by consideration of some safety factors, the S-N curves for tubular
welded joints was proposed by UK Department of Energy(1983) and revised in current
fatigue guidance(MaTSU 1996). The new curve for tubular joints has been designated the T'
curve. The chord wall thickness in the test series ranged from 16 to 75Smm. The basic S-N
curve to be adopted is for joints tested in air with a chord wall thickness up to 16mm. The

basic design S-N T' curves for fatigue in air are expressed below.
Log,N =12.182—-3Log,,S; when S, 253Mpa (1-2)
Log,,N =15.637~5Log,,S, when S, <53Mpa (1-3)

This design curve was defined as that corresponding to a 2.3% probability of failure which
is equivalent to two standard deviations of Log joN below the mean S-N curve since fatigue

endurance is log-normally distributed.
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given a similar nominal stress
It is generally recognised that the thicker chord wall gives a shorter fatigue 1if* Therefore an
empirical relationship based on the experimental results of welded joints was suggested for
the strength (S) of tubular joints with chord wall thickness (t):
/i3
5= (1-4)
Viy
where Sp is the basic fatigue strength from the basic curve for a given life. A set of curves

based on this concept can be obtained for different wall thickness.

For variable amplitude loading, it is assumed that each load cycle causes a damage
proportional to the total fatigue life in that level of load. The proportional damages then
accumulate to a level which results in failure. The Miner's linear damage summation

rule(Miner 1945) is often used to calculate the total damage fractions. It is defined as:

D= (1-5)

where D is the linear sum of damage fractions
iij is the number of cycles at i stress range AS;

Nj is the corresponding mean fatigue life under the stress range AS; taken from the design

S-N curve

The advantage of S-N approach is that only one value of stress range, i.e. the hot spot stress
range, is used to estimate the fatigue life. Moreover, it is possible to accommodate complex
conditions such as combined modes of loading, corrosion, size effect, stress relief and other
conditions with simple modifications. The S-N approach has gained widespread acceptance

in design codes because of its ease of application.

However, the S-N curves are limited to the range of tubular joint geometries and loading
comprising the database from which they are derived. It can be a severe limitation due to the
variety of tubular designs used. Also, these S-N curves can only be applied to notionally
crack free joints and can not be used to predict how cracks grow and remaining life when
cracking is detected in service in a tubular joint because they do not correlate the physical

damage mechanism to the assessment.

1.5.2 Fracture Mechanics Approach

In common with all engineering structures, offshore structures contain flaws, ranging from
microscopic material defects to macroscopic geometric imperfections introduced during
fabrication and construction. Wave action on the submerged structure creates cyclic stresses
throughout the structure. When these cyclic stresses are magnified by geometric features and

coincide with pre-existing flaws, fatigue cracking can develop in offshore structures during
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their service. It is important to predict the propagation of a pre-existing crack and decide
whether remedial action is necessary. Whereas the S-N method can only predict the total
fatigue life, an alternative approach, based on linear elastic fracture mechanics, allows
fatigue crack growth to be modelled. This approach can be combined with non-destructive
evaluation to assess the significance of defects found during inspections and to calculate the
remaining life of an in-service cracked structure in order to make run, retirement or repair
decisions. So it is becoming increasingly important to the design and subsequent operation

of structures that may develop cracks during their service life.

It is known that the concept of elastic stress concentration factor breaks down as a stress
singularity exists close to the crack tip. Fracture mechanics seeks to relate the conditions of
stress and strain fields in the vicinity of a crack tip to the remote stress and the crack size.
Using a stress function approach, Sneddon(1946) obtained the stress expression in the

vicinity of the crack tip as following.

o, = —%cos(gj[l - sin(g) sin(ﬁj + non-singular terms (1-6a)
@ur)” \2 2) 2 )]

c,= K, = cos(9j|:l + sin(g) sin(ﬁJ + non-singular terms (1-6b)
(27tr) 2 2 2]

T, = meos(g) sin(g) cos(—:ﬁ) + non-singular terms (1-6c¢)
(2nr) 2 2 2

where (r,0) are polar co-ordinates based on the right-hand crack tip, and G,, o, T,, are the

stress acting on the element so located.

It has been found that the distribution of the stresses and strains ahead of the crack tip is
always of the same form and the magnitude of the stress field changes as a result of changes
in applied stress or crack size. Under the assumptions of linear elasticity, the magnitude of
the stress field ahead of the crack tip can be used to describe the strength of the singularity
by a single parameter, K, termed the stress intensity factor(SIF). It is a measure of the stress

occurring in the highly stressed region at the tip of the crack in an elastic solid.

Successful use of linear elastic fracture mechanics(LEFM) requires a knowledge of the
stress intensity factor for the configuration being considered. The crack in a three
dimensional body may be deformed in three independent ways (Figure 1.10): opening
mode(mode I), shear mode(mode II) and tearing mode (mode III). The opening mode(mode

I) is considered as the most important. In general the SIF can be normalised with a divisor
(o +/ma ) which is the SIF value corresponding to a crack of half length a in an infinite sheet

under a constant normal loadG .

K =Yo+ra (1-7)
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where Y is SIF calibration factor
O is the representative stress
a is the half length of the crack

As a measure of how the geometry and loading of a particular configuration affect the SIF
for a crack in an infinite plate, the SIF calibration factor Y is a function of the crack size and
shape, and the geometry and boundary conditions of structure in which it is located. The
aspect ratio (depth/surface length) is also an important factor because the surface cracks are

always approximated as semi-elliptical ones in all analytical methods.

Most materials deform plastically once some critical combination of stress is achieved and
therefore a plastic zone is introduced at the crack tip although the crack tip stress field
remains predominantly elastic. Under cyclic loading this plastic zone which undergoes
permanent deformation changes in size and results in crack growth. Since the size of this
plastic zone is a function of stress field and hence SIF, the changes in the plastic zone can be
characterised by AK (Kmax - Kmin)- Therefore Paris et al(1963) suggested that the fatigue
crack growth rate can expressed by the range of SIF as follows:
da

— =C(AK)" 1-8
N (AK) (1-8)

growth
where da/dN is the crack! | rate(the crack extension per load cycle)

AK is the stress intensity factor range
C and m are the material constants

The key feature of the stress intensity factor is that it is possible to relate the materials'
resistance to crack growth since the stress intensity factor provides a measure of the driving
force for crack propagation. Experiments have shown that the crack growth can be classified
into three regions according to the relative magnitude of the crack growth rates (Figure
1.11). Region A starts with a fatigue threshold, AKy, below which cracks do not propagate
under cyclic loading, and continues until the slope of the curve becomes constant. Region B
is a linear one where the behaviour can be represented by Paris law. Finally region C
corresponds to the onset of unstable crack growth rate where AK approaches the material
inherent fracture toughness K.. The majority of fatigue crack growth in engineering
structures can be considered as lying in region B. Although some investigators have
modified the Paris law to incorporate the threshold level, environment and the nature of the
cyclic loading(its mean value and other features), it is still most widely used in its original

form to describe the crack growth rate for the intermediate range of AK.

The procedure for fracture mechanics fatigue assessment is based on linear elastic behaviour

and development of crack propagation using the Paris law. The determination of the stress
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intensity factor K is very important step in this process since it is a measure of the severity
of the defect in a given cracked region. Once the SIF solution is known with the material
constants C and m, the fatigue propagation life from an initial crack size aj to a final crack

size af can be determined from

Linear elastic fracture mechanics uses the stress intensity factor concept to characterise
conditions at the crack tip. In conjunction with empirically derived material crack growth

data, this technique can be used to model fatigue behaviour.

1.5.3 SIF Evaluation Methods

Much effort has been put into the derivation of SIFs and a variety of methods have been
developed to approach the problem. This section intend'to review these method very briefly.
However, the emphasis is on the weight function method which has been recently

developing very rapidly.

1.5.3.1 Analytical Method

Analytical solutions are those which satisfy all the boundary conditions exactly. Based on
the Airy stress function approach, analytical solutions for the stress field, and therefore the
SIF, in a large number of 2D Mode I and II crack geometries have been derived in closed
form using Westergaard and Muskhelishvili's complex stress function method. The
advantage of this approach is that it extends the possible range of problems by using
conformai mapping. For example it can map a circular hole into a crack subjected to general

loading.

However, for an arbitrary region it will usually be impossible to calculate the SIF using the
analytical method. Instead, weight function, numerical, and experimental methods are

needed.

1.5.3.2 Weight Function Method

One of the most powerful methods for calculating SIF for a crack subjected to general (non-
uniform) stress fields is the weight function method proposed by Bueckner(1970) and
Rice(1972). It has received more and more attention for recent years due to its relative
simplicity with which SIF can be calculated for arbitrary symmetric loading, while

preserving accuracy.
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The idea is that if the SIF and corresponding displacement field on all the boundaries of a
cracked body are identified as functions of crack size, then the SIF for the same body
subject to any other symmetrical load system can be determined directly. Based on the
principle of the strain energy release rate, the weight function can be obtained from

following expression for plane problems.

m(x,a) = - " (1-10)

where m(x,a) is the weight function for the cracked geometry
H is the generalised modulus of elasticity
H=E for plane stress
H=E/( 1-v*) for plane strain
where E is modulus of elasticity
V is Poisson's ratio
a is the crack size

Uj-gf is the crack opening displacement field associated with the reference symmetric

loading
Kpgf is the stress intensity factor solution for the reference system.

It has been demonstrated that the weight function is a property of a particular crack
geometry and is independent of loading. Once the weight function is known for the crack
geometry, it may be used in the derivation of additional SIFs under different load cases by a

simple integration.

where Kj“ew the new stress intensity factor.
Onew represents the new stress field through the crack plane.

The only restriction on a new loading is that it must not have less symmetry than the
original. For a more general two-dimensional problem, the boundary tractions and

displacements will be functions of x and y and the integral is evaluated over all boundaries.

It has been shown that the weight function is equal to the SIF at a point along the crack front
when a pair of opposite unit forces act on the crack surface. Thus it may be thought of as a
form of the Green's function for a cracked body. This approach separates the effect of
component geometry from that of the imposed loading. It is one of the indirect methods in

which a stress analysis of unflawed body is performed initially, and making use of
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superposition principles, the stresses acting on the crack surfaces are used in a separate

calculation to compute the SIF.

Only one stress analysis is required for the uncracked body and the results may be used in
all successive evaluations of the crack tip SIFs. Thus the weight function method offers a
cheap alternative to the finite element method. However, the weight function and the stress
distribution must be known a priori. Although the SIF solutions are available for a wide
range of crack problems, the corresponding crack opening displacement solutions are very
scarce in the literature. In order to overcome this difficulty, it is necessary to make some
necessary approximations for the crack opening displacement function or weight function
itself to derive the weight function for a two dimensional cracked geometry. By using
different assumptions, three approaches have been developed to derive weight function and

are reviewed as following.

i) Assuming a crack opening displacement (COD) function

An approximation for the crack opening displacement function is required to derive the
weight function for a two dimensional cracked geometry. The most common approach is to
assume an expression to define COD in terms of the crack dimensions and stress state.
Based on correct behaviour and for simplicity in use, Petroski-Achenbach(1978) proposed
the particular dependence of ug.¢ for plane problems as follows:

312

] G(a—x)
Uy =Fj§ 4Eef1/a(a—x)+—f7— (1-12)

where Fief is a known SIF calibration function for the reference state and G ,is a

characteristic (or normal ) stress magnitude.
Kref
F _ = (1-13)

ref —GO‘JE

This is an approximation for edge cracks under mode I loading and is consistent with the

behaviour of the crack profile near the crack tip and small crack. The only unknown

parameter, G, can be determined from self-consistency of solution and expressed as below.

(1, -4F, Nal,Na

G= 1-14
T (1-14)
I, =6 2| F ada (1-15)
0
L= o, (xNa—x)"dx (1-16)
0
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L=[o,,(x) a-x)"dr (1-17)
0

Thus the general form of weight functions derived by using the Petroski-Achenbach method

can be expressed as the 'Bueckner type' function in following form.

m(x,a)=ﬁ|:l+Ml(aa;xj+ MZ(?T] (1-18)

8F,a+4F,, +3G
M, =

4 F‘ref

M =2G'a-G

2
4E‘ef

(1-19)

(1-20)

Therefore, the task of the derivation of a weight function for any particular geometry can be

reduced to determination of parameters M1 and M, only.

Although Petroski-Achenbach COD function is an approximation for edge cracks under
Mode I loading, it has been widely used to derive the weight function for other more
complicated cases due to lack of assumed COD function for three dimensional crack. Using
this approach and choosing the Newman-Raju equations for tension as a reference SIF
solution, Niu and Glinka(1987)(1989) derived a set of weight functions for the SIF at the
deepest point of semi-elliptical surface cracks in finite-thickness plates with an angular

cormner.

Although only one reference SIF solution is needed, it is difficult to implement the above
approach to derive the weight functions for any particular crack geometry due to the
limitation of the assumptions and the complexity of heavy computation which involves
numerical differentiation. Thus two approaches using multiple-reference state method has

been developed and have reviewed by Brennan(1994).

ii) Assuming a weight function directly

Fett(1987) showed that the crack opening displacement(COD) could be accurately

calculated from known SIFs and corresponding load states and expressed in terms of a
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power series. Furthermore, Shen and Glinka derived the 'Bueckner type' function

independent of the Petroski-Achenbach COD and expressed the weight function as follows.

m(x,a)= W{HM(“ x)/2+M2(a;x]+M3(a;x)3/T (1-22)

The parameters M1, My and M3 for a particular cracked body can be determined by

knowing at least two reference SIF solutions and corresponding stress states. These
reference data must be linearly independent of each other. An extra relationship is required
if there are only two reference data. This is supplied by the observation that the slope of the

crack surface of central through edge cracks under symmetrical loading is zero at x=0, i. e.

dulx.a) =0 (1-23)
ox |,
hence,
Imwa) (1-24)
ox | _,

For deep single edge cracks, due to rotation of the cracked section in a finite thickness body,

the curvature of the crack mouth is zero, i.e.

0’m(x,a)

= =0 (1-25)

x=0

By solving these constitutive equations simultaneously, the three unknowns M1, My and
M3 specific to a particular cracked geometry may be found. Thus the knowledge of a second
set of reference data can eliminate the necessity of a formal derivation of crack opening

displacement.

iii) Assuming a crack opening displacement (COD) derivative function

As it is the derivative of crack opening displacement, not the actual crack profile, that is
needed for deriving the weight function, another approach of multiple-reference data is
suggested(Ojdrovic Rasko and Petroski 1991) to directly define the derivative of crack
opening displacement in the form of a series as below.

du(a, x) 40'0 ( )1_”2
1-= 1-26
» V2 Zc (1-26)

where
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Fref g
c - (t)— K (1-27)
° 2 20 ,VTa

CJ. are unknown coefficients. The number of terms can be assumed to be m+1 for

convenience where m is the number of symmetrical loading states.

By substituting equation ( 1 - 26 ) into the following equation

J ref( )aU(a x)dx= I(iref (a)Klref (a) ( 1- 28)
0
then
a m j-12
ool WSc[1-2] a-KT@KT@  (-29)
0 j=0 a
Letting
j-12
jo”f( )(1——) (1-30)
gives
Fref( )
Z ,C =K (a)———= %a (1-31)
Knowing C, gives

Fref( j
2 ii |:Kref\/: W.'O:I (1-32)

The unknown coefficients Cj could be determined by solving a system of m simultaneous
linear equations with m unknowns(Ojdrovic Rasko and Petroski 1991) and the weight
function is determined as:

H du(a,x)_ 20, ( )’ e
,X)= 1-— 1-33
e KT oa K7 (a )J_ZC v

This approach is to directly define the derivative of COD in the form of a power series, not
COD itself and determine the coefficients from one or more known SIF solutions. It avoids
numerical differentiation and thus reduces computational effort significantly and increases

accuracy.

After comparing the results using the above approaches with published "exact" solutions for

simple cracked bodies, Brennan(1994) concluded that the multiple reference states is not
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only less troublesome mathematically, but far more accurate and stable than the traditional
assumed profile approach. However, the disadvantage of this approach is that it generally
requires at least two known solutions where it is often difficult to get even one reference

solution.

1.5.3.3 Finite Element Method

As one of the direct methods in which the calculation of the SIF is performed in a single-
stage analysis, finite element method is most widely used to model the singular stress and
strain behaviour in the crack tip region. There are two basic approaches for calculating the

SIF, i.e. using non-singular crack tip representation or singular elements.

i) Non-singular crack tip representations

Early FE model involved the use of a very high density of conventional elements around the
crack tip to get the stress, G , or displacement, v, at some small distance, r, from the crack

tip. SIF may be calculated by making use of the relationship between the SIF with the

displaced shape of crack face or the stress field close to the crack tip as below.

, 172
K= 1im2(2—n] (1-34)
r—0 4 r
172 5.
K. =(2mr) lrgr()loy (1-35)

where Ky is SIF in mode I
r is the distance from the crack tip, measured close to the crack tip

E' is effective elastic modulus, equal to E for plane stress conditions and E/(l-l)z)
for plane strain conditions, E is Young's modulus

O , is the stress normal to the crack plane ahead of the crack.

It has been found that the displacement method is consistently more accurate than the stress
method(Yamomoto et al 1973), and typically yields SIFs within 5% of accurate solutions.

However, this method requires very accurate stress analysis near the crack tip.

An alternative method, i.e. the energy approach, is widely used in order to avoid the need to
approach the crack tip and reduce the requirement for large numbers of very small elements
near the tip of crack. As SIF is a function of the energy release rate during an incremental

crack extension, this approach calculate the SIF by using following relationship.
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Ki=+GE' (1-36)

where G is energy released per unit increase in crack size (6W/8a), W is energy, a is crack

size.

In traditional approaches, finite element analyses have been repeated with every small
change in crack size in order to calculate the energy change, G. The typical errors are of
order 2%. A more efficient version of this approach, termed the virtual crack
extension(VCE) method, was proposed by Parks(1974) to estimate the strain energy release

rate, G. It does not require a re-analysis of the problem.

Both of the above methods require high or medium density finite element meshes to model
the stress distribution around the crack tip where the stresses are changing very rapidly. It is
necessary to develop the techniques which can model the singularity at the tip of the crack

in order to increase accuracy and reduce the necessary computational facilities.

ii) Singular elements

Various crack tip singular elements have been developed to represent the singular behaviour
surrounding the crack tip in the element formulation. The near-tip stress and displacement
fields may be written in terms of stress functions due to Westergaard, Muskhelishvili and
Williams. Based on these classical-solutions, the special elements can be formed to permit
the evaluation of SIF directly. Using polynomial displacement functions, appropriate
singularities may be introduced either by manipulation of element shapes(Levy et al 1971)
or of displacement fields(Tracey and Cook 1977) to ease the numerical solution process.

By moving some nodes to the particular locations, a conventional eight-noded quadrilateral

isoparametric element can be modified to obtain a singularity of order r*

on all rays
emanating from the comer point in a full 3D FE analysis. Further development of this
technique allows additional elements adjacent to the near-tip element to include the effects

of the nearby singularity.

Extensive finite element work has been done on the use of finite elements to model the
singular stress and strain behaviour in the crack tip region. The advantage of FE analysis of
a cracked body is the inclusion of all geometric and restraint parameters. Crack modelling
accounts for local load redistribution around the crack, so SIF calculations are based on the
local cracked, rather than the uncracked, stress distribution. However, this method needs a
complex mesh generation scheme. It usually is quite time consuming and expensive,
because successive calculations of the stress distribution and the corresponding SIFs are

required for each increment of crack growth.
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1.5.3.4 Combining Literature Solutions using Superposition Techniques

By using above method, tables and graphs of SIFs for a wide range of cracked geometries
under simple stress states have been printed in handbooks(Rook and Cartwright
1976)(Murakami 1987). It is possible to adapt these available standard solutions to practical
problems. The principle of superposition can be used to combine one or more of the simple
solutions in order to solve complicated 2D crack problems. Furthermore, If two or more
different loadings are applied to the system, the effect of the combined loading is the sum of
their individual effects. In particular, the stress intensity factor for a region under multiple
loading is the sum of the SIFs for the region under each part of the load. It enables one to

relate SIFs for different load cases when the geometries are the same.

1.5.4 SIF Solutions of Surface Cracks in Offshore Structures

Accurate fatigue crack growth modelling in tubular welded joints using fracture mechanics
requires a suitable SIF solution. Unfortunately, it is impossible to calculate the SIF
analytically due to complex geometry and the non-uniform stress distribution in tubular
joints. As a consequence, cracks in tubular joints are sometime represented as planar cracks
in plates or T-butt welded plates, subjected to a combined tension and bending through-
thickness stress distribution. By using this assumption, the SIF solution in form of
parametric equations have been proposed using different methods. Also attempts have been
made to use finite element methods and semi-empirical models to obtain more accurate SIF

solutions for tubular joints. These models will be reviewed as following.

1.5.4.1 SIF Solutions of Surface Fatigue Cracks in Plates

The first SIF solution for a flat elliptical crack embedded in an infinite elastic solid, under
uniaxial tension (Figure 1.12), was first derived by Irwin(1962) and the SIF at the points

along the crack front is given by

GK m?2 025
Ki = (Ka —-Los"" + Sin™" (1-37)
E{k) ¢ y

where E(k) is the complete elliptical integral of the second kind
a and c are the half lengths of the minor and major axis of the crack respectively

() is the angle around the crack tip where ()= 0® and ()= 90° corresponds to the ends of

the major and minor axis respectively

For a semi-elliptical surface crack in a plate of finite dimensions (Figure 1.13), the effect of

free surfaces( front and back surfaces) and finite plate dimensions must be included in the
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SIF solutions. However, the analytical solution for this problem has proved to be impossible
due to the complexity of geometry. To account for these effects, some correction factors
were used to derive the surface solutions from the embedded crack solution by using

approximate techniques. The widely used ones are outlined here.

a) Newman-Raju Equations

With singular crack tip elements to model the rapidly changing stress distribution in the
region of the crack tip, Raju and Newman(1979) presented an analysis on a variety of semi-
elliptical surface crack shapes in flat plates of finite width by extensive three-dimensional
FEM studies using pure tension and pure bending loadings. The relationship between Ky
and stress values ahead of the crack tip was used to calculate values of SIF at the deepest
point. They obtained modifications to the embedded crack results for a range of crack sizes

and included a correction factor to account for the effects of the finite plate width.

The accuracy of this solution was verified by analysis of a series of embedded cracks and
the results of the SIF were found to be within 3% of the exact solution. Also, fracture tests
of surface crack in a brittle acrylic material agreed favourably with the finite element

analysis.

Raju and Newman studied the boundary layer effect near the surface. They found that the
SIF near the free surface decrease rapidly across the thin layer called the boundary layer and
the singularity of the order of r-1/2, which generally exists near the crack tip, does not occur
at the surface point of semi-elliptical cracks. Their FEM results have shown the boundary
layer is very thin and the maximum surface SIF is insensitive to the finite element mesh

configuration.

Subsequently, their results have been used to derive the parametric equations which give the
values of SIF for embedded and surface semi-elliptical cracks in flat plates in the cases of
uniform tension and pure bending as a function of the angle around the intersection, the
crack depth, the surface crack length, the plate thickness and the plate width(Newman and
Raju 1981).

b) Holdbrook-Dover Equations

In order to model the physical situation more closely, Holdbrook and Dover carried out
fatigue tests on specimens of finite dimensions, containing a surface crack under tensile
loading. The SIF solutions(Holdbrook and Dover 1979) for the surface cracks were derived
to correlate the results of these tests with the fatigue crack growth data in standard

specimens. Based on the solution of surface cracks in a semi-finite body, these equations
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provided the correction for the finite dimension effects. The correction included the effects
of finite area, the end conditions, load eccentricity and the induced secondary bending
produced by changes in the position of the neutral axis as the crack grows. These equations
provide good correlation between the crack growth data for surface cracks and through

thickness cracks in pure tension.

c) O-Integral

For cracks in flat plates, one of the most popular weight function has been proposed by Oore
and Burns(Oore and Burns 1980), known as O-Integral. They derived a general form of the
weight function for an enclosed crack of arbitrary shape in an infinite continuum subject to a

variable stress field (Figure 1.14) as

V2
ds 1/2
2
o[22}

where  geo is the stress intensity factor at a point Q' on the crack front due to a pair of unit

goo'= ( 1 -38)

forces acting at a point q on the crack face

Then the SIF at the point Q' due to a distributed pressure Ge on the crack face would be

Ko= [[ ge0odA, (1-39)
A

where dA, is an infinitesimal area around the point Q
A is the area of the crack surface
O¢ 1s the stress in the uncracked material

This expression allows for any variation of stress across the crack surface (via the parameter

loo' ) and variation in crack shape (via the parameter po ), whereas earlier models assume

constant stress across the crack surface and a simple crack shape. Its formulation, however,

requires a numerical solution.

As the O-integral is only valid for embedded flaws in an infinite solid, it has to be modified

for surface breaking cracks using the relationship:

Kxurjarz = embedded ® Mf ( 1 - 40 )

where Kgyrface i the SIF due to an irregular surface crack subjected to any stress

distribution

Kembedded is the SIF due to an embedded crack with the same half geometry and under the

same half loading on both halves of the crack surface
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Mg converts the embedded flaw to an equivalent surface breaking flaw. It is a constant and
dependent on geometry but not on loading. Assuming that the crack shape is always semi-
elliptical, this correction factor can be obtained from the ratio between Newman-Raju

solutions for a surface crack and an enclosed crack subject to same uniform tension.

One advantage of this two dimensional solution over other methods is that both crack depth

growth and crack length growth can be modelled at the same time.

d) Shen-Glinka and Wang Lambert Solutions

The weight functions of the surface and the deepest point of semi-elliptical crack in an
infinitely wide plate of finite thickness(Shen and Glinka 1991)(Shen et al 1991) were
derived by using two reference SIFs and the general weight function form. They were
validated against finite element data and differences were less than 2% for the surface point
and 5% for the deepest point. It has been noted that these weight functions are only suitable
for semi-elliptical surface crack of relative depth within 0.2 <a/t <0.8and aspect ratio
0.2 £a/c<1. However, the aspect ratio in a welded joint is often less than 0.2. In order to
extend the use of above weight functions to real problems, three dimensional finite element
analyses(Wang and Lambert 1995) have been conducted to calculate the SIFs for low aspect
ratio semi-elliptical surface cracks. Based on these results and some existing FE data for
high aspect ratios(Newman and Raju 1981)(Shiratori et al 1987), the weight functions for
the deepest point and surface points were derived and verified by Wang and Lambert(1995)
using a similar procedure to that of Shen and Glinka(1991). They are suitable for semi-

elliptical surface cracks with aspect ratio in the range of 0<a /¢ <1and the relative depths
02<a/t<08.

e) Concluding Remarks

Some plate solutions were assessed in terms of accuracy by comparison with known flat
plate solution for uniform tension and simple bending by Haswell and Dover(1991). The
Newman-Raju solution can be regarded as a suitable standard for checking other
formulations. It has been found that O-integral is inaccurate for plate solutions at values of
crack depth in excess of 30% of the plate thickness(0.3T). More recently, Burns provided
correction factors for cracks in plates at depths exceeding 0.3T. Unfortunately the correction

factors are only for the deepest point of the crack front.

The results from Holdbrook and Dover gave good agreement with Newman-Raju for tension
but lower values of Y for bending. But Dover and Connolly(1986) obtained good agreement

with the experimental data to predict the crack shape development in plates subjected to
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tension and bending using Holdbrook and Dover equations. It suggested that Newman-Raju

might be over-conservative in the bending case.

1.5.4.2 SIF Solutions of Surface Fatigue Cracks in Thin Wall Cylinders

The effect of curvature is not considered in the above plate solutions. However, it is
important for pipes, pressure vessels and tubular joints. By using 3D finite elements, Raju
and Newman(1982) and Shiratori(1989) obtained SIFs for constant, linear, parabolic or
cubic stress distributions acting on the crack surface of internal and external longitudinal
semi-elliptical surface cracks in pipes with a radius/thickness ratio of 10. Based on these
reference data and using the generalised form of Mode I weight function expressions, Shen
and Glinka(1993) derived the weight functions for the deepest and surface points of semi-
elliptical cracks in thin pipe. However, these solution are restricted to the cracks with aspect
ratios between 0.2 and 1.0. In order to overcome this difficulty, Wang and Lambert( 1996)
conducted a series of 3D FE analyses to obtain the low aspect ratio crack data. Using these
results together with existing FE data for higher aspect ratios, they(Wang and Lambert
1996) derived the closed form weight functions for the deepest and surface points of
longitudinal semi-elliptical surface cracks in thin pipes which are valid for aspect ratios in

the whole region 0 <1/ /c< 1.

1.5.4.3 SIF Solutions of Surface Fatigue Cracks in T-Butts

All joints in offshore platforms are welded. Fatigue cracking occurs in the form of surface
cracks initiating from the weld toe in these welded joints. The presence of the weld usually
gives rise to a stress concentration, which is function of weld geometry, in the vicinity of
the weld toe. This stress concentration introduces changes in the stress distribution in a
section at the weld toe. The T-butt welded plates are usually used in offshore structure and
can be treated as a simple model of tubular joints. This section reviews some models for T-

butt.

a) Mk Approach

Maddox(1975) suggested that for the surface cracks located at the weld toe, subjected to
nominal bending or tension, the SIFs at the deepest point of the crack could be calculated

from the equation

= (1-41)
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where Y is the SIF calibration factor for a similar surface crack in a flat plate subjected to

the same nominal loads. Hence the magnification factor is the ratio of the SIF for a

crack at the weld toe to the SIF for a similar crack in a flat plate subjected to the same

nominal loads. normally decreases with increase in crack depth, from a value equal to

the stress concentration factor in the absence of a crack down to unity at crack depths of
typically 30% of material thickness. The factor was obtained from the 2D finite
element analysis of edge cracks at the weld toe and comparing the results with the

corresponding results for the same crack in a flat plate. By curve fitting these values, the

analytical expressions for M ~ have been derived. Much work was carried out to enhance

the accuracy of at The Welding Institute(TWI). The final results were included in

PD6493(1991). It should be noted that this approach is limited to a weld angle of 45° and a
sharp weld toe and only consider the variation of the ratio of overall weld attachment length

to wall thickness(L/T). Dijkstra et al(1989) also reported M” solutions for a range of

surface cracks at the weld toe of a T-butt.

It is common practice to use the 2D factors combined with the 3D flat plate solution to

calculate the SIF for a semi-elliptical surface crack at the weld toe. For the surface point

where the ends of the semi-elliptical crack meet the plate surface, the M “factor should be
obtained from 3D analysis and few solutions are available. It is normally assumed to be
constant and equal to either the elastic stress concentration factor at the weld toe( W, ), or the
value of corresponding to a very small crack, such as a=0.15mm. The latter approach is
compatible with the fact that in steels there are inherent crack-like flaws of this order at the
weld toes. After an extensive review, Pang(1990) concluded that it is conservative when
applied 2D to 3D situation for calculating the SIFs at deepest point of semi-elliptical
surface cracks in weld joints and the current practice of adopting a constant value for surface

point, based on the 2D solution is over-conservative.

b) Niu-Glinka Equations

Based on Petroski-Achenbach crack opening displacement expression and using Newman-
Raju solutions as the reference SIF solution, Niu-Glinka(1990) have derived a weight
function in closed form for the calculation of SIF at the deepest point of a crack emanating
from the weld toe of a T-butt welded connection. This weight function is capable of
incorporating weld profile effects due to different weld angle @ and weld toe radius p under

any mode I type of loading as an important development of weight function technique.

Initially they derived a weight function for an edge crack emanating from the weld toe in a
T-butt joint. They also carried out the stress analysis of the uncracked body of this type of

joint and derived the stress distribution for a range of geometries(Niu and Glinka 1987). Niu
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and Glinka derived a weight function for the deepest point of a surface crack in a plate from

Newman-Raju solution(Niu and Glinka 1989). They assumed that:

K:=-"K% (1-42)

where is the SIF for a surface crack in a welded joint
K*g is the SIF for a surface crack in a plate subjected to the same stress distribution
is the SIF for an edge crack in a welded joint

is the SIF for an edge crack in a plate subjected to the same stress distribution
This assumption enabled Niu and Glinka to calculate factors and then derive a weight

function for a surface crack emanating from the weld toe of a T-butt welded joint. Based on
this weight function they calculated the stress intensity factors for this type ofjoints having
a surface crack subjected to pure tension or bending. It has been found that the SIF for a
semi-elliptical surface crack is more affected by the weld angle than by the weld toe radius.
However, it also depends strongly on the crack aspect ratio and crack depth. In general, the

weld profile effect can be neglected for cracks deeper than half the plate thickness.

By using the stress distribution equations, a set of parametric equations(Hall et al 1990)
have been derived to calculate SIF at the deepest point under tension and bending

respectively.

The result from Niu-Glinka weight function were found to be substantially the same as
those from Newman-Raju for all values of a/T in a flat plate. This is because this weight
function is based on the Newman-Raju solution. The Niu-Glinka weight function gives a
good agreement with fatigue crack growth data from flat plate welded connections. It is very
interesting to compare the results from Niu-Glinka and Mk approaches as both of them

incorporate the weld angle.

1.5.4.4 SIF Models for Surface Fatigue Cracks in Tubular Welded Joints

The fracture mechanics based fatigue crack growth modelling for tubular joints requires a
model for the prediction of the stress intensity factors in tubular joints. Even if one assumes
that crack is always located at the saddle position of the joint, and that the crack shape is
semi-elliptical with constant aspect ratio, the determination of SIFs for defects located in
tubular joints is an extremely difficult task. However, it is possible to obtain an approximate
solution of acceptable accuracy to describe the crack growth behaviour by combining

numerous experimental, numerical and theoretical methods.
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1.5.4.4.1 Semi-Empirical Models Based on Experiment Data

As discussed in the previous section, once Y is determined, the crack growth and fatigue life
can be evaluated by integrating the instantaneous crack growth rates. There are two semi-
empirical models for rapidly modelling Y of surface crack growth in simple tubular joints,
namely the Average Stress Model(AVS) and the Two Phase Model(TPM). These models are
based on the analysis of fatigue crack growth data obtained during tests on simple tubular
joints carried out at University College London. The results of measurements of crack size
during fatigue tests, has provided the data about the variation of crack size as a function of
the number cycles and hence the crack growth rate. Thus the unique value of the stress

intensity modification factor, Y can be determined by using the Paris Law.

Early fatigue tests have shown that the growth rate for a T-joint under axial loading was
higher than that of a similar joint under out-of-plane bending for a similar hot spot stress
range. It would seem that the hot spot stress range is not sufficient to describe the behaviour
of crack growth under different type of loading. There are other several other parameters
which influence the crack growth behaviour in tubular joints. These are the magnitude of
hot spot stress, the stress distribution around the intersection, mode of loading, joint
geometry and joint size. Assuming that the stress distribution was important, Dharmavasan
and Dover(1987) proposed an AVS model based on early fatigue growth data of welded
tubular joints and derived experimental Y as a function of relative depth (a/T).

Y=DT" - (1-43)
a

where a is the crack depth
T is the tubular wall thickness

The parameters D, P and j are functions of average stress around the intersection as

followings:
D= 1.18-0.32 S (1-44a)
j=024+0.06S (1-44b)
P=0.13-0.02 8 (1-44c¢)
where S = / SCF"y

SCF~g is hot-spot stress concentration factor
SCF”y is the average of stress concentration factors around the intersection

For in-plane bending SCF”"y is given by:
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SCt,, =" JsCH()W)) (1-45)

For axial and out-plane bending:

(1-46)

where SCF((j)) is the geometric SCF around the intersection and the angle, is measured

from the crown.

Realising the effect of increasing joint size is to reduce the crack initiation or early growth
phase, this model was later modified to account for the two phase of crack initiation and
propagation separately and is called as TPM(Kam et al 1987). The experimental Y factor

could be adequately expressed as:

/
Y= MB (1-47)
«J
where
T o
M= 0.25- for a< 0.25T ( initiation) (1-48a)
M=1 for a>0.25T ( propagation) (1-48b)
and
f =0.231 018 (1-49)
0.016
B=1(0.669-0.1625")1 - (1 -50)
{ \ 0.016/
N-0.099
)t= (0.353+0.057.51- (1-51)
N

to.

(3 is the ratio of brace diameter to chord diameter of a tubular joint

The TPM was formulated using data from nine large scale tubular joints of various
configurations tested in air under different modes of loading and has found to be able to
forecast the influence of the wall thickness correctly. This empirical model, derived from
constant amplitude fatigue data has been successfully applied to variable amplitude fatigue

crack growth data with modification.

One problem noted is that the right side of (1-43) is not non-dimensional as T is the chord

wall thickness. Austin(1994) found that the AVS model tended to over-predict the
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experimental Y factors by a factor of approximately 15%. He noted the range-counted
equivalent stress range was used for the variable amplitude in-air test in order to derive AVS
model. However, the rainflow method of cycle counting is shown to produce better
correlation with constant amplitude growth rate data for BS 4360:50D steel rather than
range counting. Thus, using the rainflow method to re-interpret the variable amplitude test

data, he suggested the following modified AVS model.

A(TY
Y=—w|— (1-52)
115\ a
where A=0.73-0.18S (1-53a)
j=0.24+0.06S (1-53b)

The predictions using this improved model achieved a better agreement for recent

experimental data compared to the original model(Myers 1996).

1.5.4.4.2 Application of Simplified Models to Tubular Joints by using Load Shedding
Model

Due to the complexity of tubular joints, the practical application of fracture mechanics
analysis usually requires simplification of the structural problem. This difficulty is usually
overcome by using various simplified models such as plate, thin cylinders or T-butt welded
plates. These fracture mechanics models with semi elliptical cracks and arbitrary stress
fields on the crack centreline were derived provided that the boundary conditions remain
fixed. Therefore they are sufficiently accurate in the case of statically determinant structures
or in situations where the nominal stress level driving the crack does not change
significantly with the changes in stiffness of the cracked sections. These models can easily
be incorporated into approximate tubular joint crack growth models. Comparison of plate
model predictions with fatigue growth results from full scale tubular joints for the same
through-thickness stress and crack shape have been done(Haswell and Dover 1991). The
results from Newman-Raju and Oore-Burns show the divergence between the these plate
models predictions and experimental results at values of a/T in excess of 0.3. It has been
found that plate models consistently over predict the Y factor for tubular joints. A small
improvement could be obtained using the Niu-Glinka approach if the notch stress
distribution was also included. This improvement could be significant in early crack growth,

but would probably not have a dramatic effect on results for deep cracks.

It is now believed that this over-prediction is due to the multiple load paths found in tubular
joints and the load shedding that takes place during fatigue crack growth. The fixed

boundary conditions is a reasonable assumption for plates. However, in the case of tubular
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joints the stresses responsible for crack growth are the membrane and bending stresses
which depend on the stiffness of the cross section near the weld and change as a
consequence of the presence of the crack. Aaghaakouchak(1989) have shown that varying
the boundary conditions from built-in to simply supported would require special
consideration in order to reconcile the standard flat plate Y prediction with tubular joint

data.

Haswell and Hopkins(1991) carried out a study using FE shell models with line spring crack
modelling, compared the Y prediction for a T joint subject to axial load with Y predictions
obtained from plate models with different boundary conditions. It has been found that the
boundary conditions of a cracked plate model influence the load path across the crack plane
and its compliance. The ability of the plate ends to rotate or the imposition of displacement
control are of major importance. Plate end rotation is due to a through-thickness bending
moment resulting from the neutral axis offset caused by the crack and the imposed bending
stress. Controlled plate end rotation together with changes in the model compliance will
influence the SIF prediction. A displacement controlled condition provides a better model of

the tubularjoint considered.

In case of tubular joints with a complex geometry the load shedding mechanism is not yet
fully understood. As the crack grows, the cracked region could gradually lose the local
bending stiffness and rotational constraints, and the excess bending load could be
transmitted through the uncracked part of the joint. It is thought that the reduction in local
bending moment due to cracking, and the allied increase in local flexibility can be modelled
by a systematic moment release. Assuming the tensile stress component does not change
while the bending stress component decreases, the moment release models have been
proposed(Aaghaakouchak 1989). They include the parabolic and the linear releases models.
The parabolic release model is from the studies of edge cracks in plates and rings. The linear
moment release model is proposed as a "limiting case". The results show that linear release
in conjunction with Niu-Glinka method accurately models axial load cases but still slightly
over-predicts out-of-plane and in-plane bending results. Du and Hancock(1989) found the

non-linear force and moment shedding in tubular joints by using line spring FE model.

Although the simplified model combined with linear moment release model gives good
agreement with the experimental data, the linear moment release mode is not based on solid
theoretical foundation. It could be that this improved agreement is due to the over-prediction

of simplified SIF solution for tubular joint and severity of linear moment release model.

Experiments show that the K level remains beneath the fracture toughness level during the
fatigue crack growth in tubular joints due to the load shedding. This is a quite important

reason why the brittle fracture is not likely to happen during the tubular joint fatigue test.
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1.5.4.4.3 Finite Element Models

A most accurate evaluation of SIF for tubular joints could be obtained by a three
dimensional(3D) modelling of the joints containing the crack using the finite element
method. The advantage of FE analysis of a cracked tubular joint is the inclusion of all

geometric and restraint parameters.

Two types of finite element models have been proposed for tubular joints and outlined as

followings.

a) Complete Model

The complete tubular joint is modelled using a shell finite element representation with the
crack and weld geometry modelled using 3D element. The crack front is represented by

collapsed 3D quarter point elements.

Ritchie and Voerman(1987) used this method to analysis a few cases of tubular joints. In
their finite element model of a T-joint subjected to axial loading, they introduced several
cracks of varying sizes obtained from fatigue experiments, which are normal to the shell
surface. They calculated the SIFs for points along the crack front for each crack shape. The
SIFs were found to be highest at the surface and lowest at the deepest point of the crack
which agree with what is suggested by the more rapid surface growth of the crack observed
in experiments. The calculated SIF values for the surface and deepest points of the crack
were in excellent agreement with the empirical data. Also, they calculated the contributions
of the different modes and concluded that for the first part of crack growth, and were

insignificant compared to K..

b) Simple Model

In this simple approach, the complete tubular joint can be modelled using a shell finite
element representation, with the crack modelled using line spring elements. This technique
has the advantage of modelling the overall geometry of the cracked tubular joint and
provides a highly efficient numerical model for crack analysis. The limitation of the this
model is that it cannot model the weld geometry which affects the results for shallow

cracks.

The line spring model developed by Rice and Levy(1972) provides a well-established,
computationally efficient method for the analysis of part-through cracks in plate and shell
structures. Based on Rice and Levy's model, a finite element line spring formulation has

been developed by Parks and White(1982).
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In this model the surface crack was replaced by a part-through thickness crack where it can
be represented in a shell FE model as a series of one-dimensional line spring finite elements
along the line of crack. Having both stretching and bending resistance acted, it simulated the
constraints provided by the net ligament of the crack and its stiffness varied along the crack

depending on the surface crack depth.

The line spring elements introduce an additional freedom, which is calculated from existing
solutions for single edge notched specimens in plane strain. The local solution dominated by
the crack tip singularity is therefore included in the global response of the structural model.
Relative displacements and rotations calculated from the analysis are then coupled with the
respective compliance value to compute the SIF at the line spring element integration

points.

Huang and Hancock(1988) analysed a shell FE model with line spring representation of a T
joint. Although the shell model used does not include the weld, Hancock's comparison with
both semi-empirical and 3D FE results demonstrates the validity of the FE line spring model
for crack depths between a/T=0.2 and 0.8. However, as the weld has not been modelled, the
SIF is under-predicted at shallow crack depths.

Clearly an FE analysis can accurately model geometry, loading and structural restraint.
However, as SIFs are invariably used in fracture mechanics analysis of cracks in offshore
structures, they must be supported by accurate information on crack propagation and shape
development. This information is best obtained by experiment and consequently there is a
need to combine the numerical analysis with comparable empirical data. This combination
would allow both the numerical models to be validated and their accuracy in terms of

fatigue predictions be quantified.

1.5.4.4.4 Concluding Remarks

The attempts have been made to use the modified simplified models and finite element
method and derive semi-empirical models to obtain more accurate SIF solution for tubular
joints. It seems that there are two reasonable methods for obtaining SIFs in cracked tubular
joints. The first method is to use simplified models that are analytical and easy to apply.
However, the SIF solutions derived from these simplified models are influenced by model
boundary condition assumptions. Thus these simplified solutions cannot be directly applied
to tubular joints as they do not model major effects such as load shedding. A linear moment
release modification was found to be appropriate for use with flat plate SIF solutions to give
predictions of Y for tubular joints(Aaghaakouchak 1989).

The second and more representative approach is an FE analysis of the full-scale joint. SIFs

for cracked tubular joints obtained from 3D finite element analysis of a tubular joint are in
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reasonable agreement with semi-empirical data. The results of Hancock and co-workers,
using line spring elements to model the crack, indicate that the weld profile does not
significantly affect the SIF obtained from numerical analysis for crack depths in the range

20-80% wall thickness. However, this analysis is slow and expensive.

Finally, it is possible to use the multiple reference weight function method developed

recently to provide the SIF solutions for fatigue cracks in tubular joints.

1.5.5 Thickness Effect

A size effect was well known in notched machined components whereby fatigue strength
decreases with increase in size. This effect was also found in welded joints in 1970s. Fatigue
design curves for offshore structures were developed from the test results of laboratory
specimens which generally are less than 25mm thick (typical thickness=12.7mm and
diameter=500mm) due to the limitation of loading capability of testing machines. However,
the size of offshore structures are usually larger than that of these laboratory specimens.
Therefore, the size effect issue has been the subject of considerable research over the past
decade. Significant advances have been made in the understanding of the mechanisms which

govern this apparent reduction in fatigue strength with increasing size.

Plate material in the as-rolled condition also shows a thickness effect which is somewhat
less than that for welded joints, but still significant. It can be explained statistically in that
the number and severity of flaws is likely to increase with size. However, for welded joints,
this statistical explanation is probably of lesser significance. Of particular importance is the
influence of weld joint dimensions on stress concentration and through wall stress
distribution. This geometry effect has been generally recognised as the major cause to

thickness effect and can be explained by the following factors(Berge 1985):

1) the magnitude of the stress concentration at the weld toe which is mainly determined by
the local weld geometry. The notches at the weld toe in large joints are relatively sharper.

The toe of the weld has nearly always the same radius due to the welding process.

2) the gradient of the stress in the plane of crack growth which is mainly determined by the
plate thickness. The stress gradients are less steep in large size joints, which means that in a
large joint a crack of a certain dimension is in a higher strained area than in a smaller joint.

Moreover the plastic zone size will be larger.

3) the number of cycles in crack growth through the region of a steep stress gradient,
relative to the total number of cycles to failure which is mainly determined by the size of the

initial crack and the crack ellipticity.
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Based on theoretical fracture mechanics calculation and considering the effect of joint

dimension on SIF and crack growth rates by using weld toe SIF correction factor( ) for

fillet welded joints, Gumey(1979) proposed the following model:

S=S. y ] (1-54)

W= (1-55)

where Sg is the stress range and Ng is the fatigue life at the reference thickness, 7g, while

S is the stress range which results in the same fatigue endurance and N is the fatigue life

which has the same stress range at a thickness T.

Using a simple fracture mechanics model, Berge(1985) got the same answer as Gurney by

making following assumptions:

1) Welded joints of the same type in various plate thickness are geometrically similar.

2) Initial conditions of fatigue crack growth are independent of plate thickness( a.constant ).
3) Furthermore, the notch root at the weld toe may be of constant radius, p = constant

instead of ~ = constant as they are largely determined by the condition of the last pass at

the weld toe.

The experimental data from some plate as-welded joints with thickness from 16mm-100mm
confirmed the above model. Supported by the experimental data, the model suggested by
Gurney and Berge has been implemented in UK Department of Energy fatigue guidance in
1984. (B=22mm for welded plates and 32mm for tubular joints). Insufficient tubular joint
test data (UKOSRP-I thickness 6.3mm-32mm diameter 168mm-914mm as-welded
condition and some ECSC data) exist to investigate this effect. However, it is assumed that
tubular joints will behave in the same way as other welded plates with respect to the

influence of thickness.

With more data produced from extensive research programs in Europe including UKOSRP
II data (chord diameter 1830 and thickness 75mm) available, it seems that it is possible to
have a more reasonable model. By fitting S-N curves to these data at each thickness, a
conservative thickness correction exponent of 0.3 is proposed in current fatigue guidance:
(1-56)
T

Additionally, the base line thickness for thickness correction was extended to 16mm for

tubular joints.
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There is a debate about whether the thickness effect can be largely decreased or eliminated
by improving weld profiles between the researchers in Europe and US. In the US view, the
thickness effect can be compensated for by improving weld profiles in thick sections. Weld
improvement leads to an increase of fatigue strength and a decrease of the thickness effect.
This means that increasing rate of fatigue strength due to weld improvement becomes larger
as the plate thickness increases. Use of an improved AWS weld on joints with equal
attachment as base-plate thickness reduces the effect of thickness from a factor of over four

to a factor of about two.

European research, especially from UK and Norway, found that the thickness effect is
essentially the same for a wide range of welded joints and weld geometry. Welds with
improved weld toe profile showed higher fatigue strength, however the strength decreased
when the thickness was scaled up. For joints improved by weld toe grinding or TIG re-
melting the fatigue strength in general is improved. However, test data indicate that the

thickness effect is of the same magnitude as for unimproved joints.

Apart from this debate, it is noted that there are some secondary factors from research

programmes and these are listed as follows:
1) attachment thickness

There is a reduction of the thickness influence if the attachment thickness is kept constant.
but it is only secondary effect on fatigue strength compared to the effect of main plate

thickness because the dominant parameter affecting weld toe SCF is the ratio of weld toe

radius to main plate thickness, (—;—1 ), which is not influenced by attachment thickness. The

experimental data on tubular joints indicated that the fatigue endurance is proportional to

77" and it is small compared to that for chord thickness T,

2) Loading mode

The thickness effect is stronger under

bending than under axial loading.
3) High/low SCFs

Experimental results and fatigue predictions indicate that the thickness exponent decreases
with decreasing value of the SCF. Welded joints with low SCFs(SCF<1.5) give a smaller

thickness effect as compared with as-welded joints.
4) Fatigue Life

The thickness effect depends on fatigue life, and increases as the fatigue life becomes
longer. In particular, this trend is remarkable in the as-welded proportional joints. Both

crack initiation and propagation lives are reduced with increasing thickness for welded
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joints. The thickness effect is larger for crack initiation life than for failure life, the thickness
effect on crack propagation life is very small. The thickness effect of a welded joints is
supposed to be determined by crack initiation behaviour and the growing process of a

shallow crack to the depth of about Imm.

However, the thickness effect appears to be the same, regardless of local weld geometry and
loading. Also it represents the average performance of welded joints and therefore is not too
conservative when the thickness effect is evaluated for individual data sets. So the design
rules for welded joints should be amended to include some secondary factors such as a less
severe thickness penalty for low SCF joint and a stronger thickness effect for high SCF
joints. It seems that the best solution is to establish the accurate fracture mechanics model
that can take account the thickness effect. Thus an accurate thickness exponent can be

applied depend on local geometry and loading.

1.6 Research Objectives and Scope of Thesis

A considerable amount of research effort has been spent to develop the methodology for the
assessment of fatigue behaviour of welded tubular and plate joints. Non destructive
evaluation of offshore tubular welded joints involves crack detection, crack sizing, stress
analysis and fracture mechanics based assessment of crack growth. So far a lot of significant
developments have been achieved in each of these areas. However, each of these areas still
poses challenging problems for the offshore industry as reviewed in previous sections. In
order to use the existing methodology, it is crucial to have the accurate information such as
POD in NDT reliability, SCF, DOB and stress distribution in stress analysis, and SIF in
fracture mechanics analysis. However, the task to have these basic modelling tools is far
from being finished. In this study, it is intended to concentrate on the computational aspect
of fatigue strength assessment. It will try to provide more information on underwater NDT
reliability and stress distribution for tubular joints in a format suitable for fracture
mechanics analysis. With more information available, it will be possible provide the more
accurate modelling that is needed to improve the accuracy of prediction of fatigue crack
growth. So the final objective of this study is to develop the models to predict the stress
intensity factor in welded T-butts and tubular joints. As a summary, this study aims to
provide the POD information of underwater NDT in convenient format for reliability based
scheduling and the more accurate models for stress analysis and fracture mechanics analysis

by carrying out a parametric study.
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This chapter overviews the several important aspects of non-destructive fatigue strength
assessment of offshore tubular welded joints. The rest of the thesis can be split into the

following three parts.

1) Underwater Non Destructive Inspection Reliability

Chapter 2 will report the work on underwater NDT reliability. Fatigue cracks on tubular
welded joints were measured using ACPD and ACFM techniques in order to clarify some
characterisation data in UCL crack library. The UCL underwater Non destructive inspection
reliability trial results (POD data) were re-analysed to make them suitable for reliability
fracture mechanics procedures for the first time and these were incorporated into the

Reliability based inspection scheduling(RISC) system.

2) Deriving the Stress Parametric Equations for Simple Tubular Joints

Comprehensive thin shell finite element stress analyses have been carried out for 330
tubular X, DT, and Y, T-joints. Based on the results of these systematic analyses, a series of
stress parametric equations have been derived by regression analysis and will be presented
from Chapter 3 to Chapter 6. Chapter 3 is on the derivation of a set of comprehensive SCF
parametric equations for tubular welded X, DT-joints. A set of parametric equations to
predict the degree of bending and stress distribution around the intersection of tubular X and
DT-joints are reported in Chapter 4. In Chapter 5, efforts have been made to derive a new
set of parametric equations to predict the stress distribution along the intersection of tubular
Y and T-joints in order to enhance the prediction capability of UCL HCD stress parametric
equations. Chapter 6 deals with developing a set of characteristic parametric equations for
tubular Y, T, X and DT-joints to represent the stress distribution around the intersection of

simple tubular joints.

3) Developing a set of SIF Parametric Equations for T-butt and Tubular Welded Joints

A series of SIF parametric equations was derived for both the deepest and surface(corner)
points of semi-elliptical surface cracks in T-butts and the deepest points of semi-elliptical
surface cracks in tubular welded joints, by using the weight functions and the database of T-
butt through wall stress analysis results. This aspect is addressed in Chapter 7 to Chapter 9.
Chapter 7 is on derivation of the deepest point SIF parametric equations for T-butt using the
Niu-Glinka weight function. Chapter 8 reports on the derivation of the surface point SIF
parametric equations for T-butt using the Wang-Lambert weight functions. In Chapter 9,

taking the Wang-Lambert weight function for longitudinal cracks on thin pipe as reference
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data, a new weight function for tubular welded joints is proposed and the corresponding
deepest point SIF parametric equations are derived. Combined with the non-linear load
shedding model, this solution can be used to predict the fatigue crack growth in tubular

joints and this is confirmed by the experimental data.

Finally, Chapter 10 presents the conclusions of the study and proposes the areas which need

further research and investigation.
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Figure 1.3 Geometric Notation for Simple Tubular Joint(UEG 1985)
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Figure 1.4 Modes of Loading on Tubular Joint
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Figure 1.8 Typical Stress Distribution Through the Chord Wall
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CHAPTER TWO
IMPROVED FATIGUE CRACK SIZING USING ACFM

2.1 Introduction

Offshore fixed platforms, as used by the oil & gas industry, are designed to resist both static
and cyclic loading (topside weight, wind and wave loading) and to have a design life often
in excess of 100 years. Unfortunately the uncertainties in design and manufacture give rise
to the possibility of fatigue cracking during service. Hence, regular inspections are required
in order to ensure the structural integrity of offshore platforms. An important part of the
inspection involves detecting and sizing the fatigue cracks in the submerged part of
platforms. Originally it was mandatory to inspect platforms during a five year period but
more recently cases based on rational inspection scheduling have become acceptable. These
inspection schedules are based on fatigue fracture mechanics calculations which are in turn
based on accurate stress analysis, stress intensity factor solutions, crack detection and crack
sizing. This chapter is concerned with the last mentioned aspects, especially the Probability

of Detection(POD) and accuracy of crack sizing.

In essence the strength of a cracked member is dependent on crack size or the size of the
remaining ligament of material. Thus crack depth is the governing parameter and detection
capability must be assessed in terms of performance with respect to crack depth.
Conventionally POD data has been expressed in terms of crack length and the method was
utilised in earlier UCL POD trials reporting. Moving to crack depth instead of length puts
great emphasis on the quality of sizing data available with the trials data. In the
circumstances it became apparent that the UCL crack library information needed to be
reassessed in order to confirm the earlier results with ACPD and to improve confidence by
using newer equipment. At the same time the non contacting version of ACPD, known
ACFM, had became available and was being used widely in service. It would thus be
valuable to investigate the sizing capability of ACFM. Given that ACFM was relatively
new, this step also allowed procedure investigation. The final step was that given the
confirmed library crack sizes the POD data would be reanalysed in terms of POD versus

crack depth.
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2.2 Crack Measurement using Non-Destructive Techniques
2.2.1 Re-Measurement of Fatigue Cracks in Tubular Joints using ACPD and ACFM

As discussed in Chapter 1, the key idea in the UCL study on the reliability assessment of
underwater non-destructive inspections is to set up a characterised fatigue crack library of
tubular joints. The POD is a comparison of the underwater non destructive test results with
the corresponding characterised library data. Whether this approach is successful is very

much dependent on the accuracy of sizing these fatigue cracks in air.

Inspection of a large number of welded joints for fatigue cracks has been carried out in the
underwater NDE Centre at UCL for the Inter-Calibration of Offshore NDT(ICON) project
using several non-destructive inspection techniques. The data is expressed in terms of POD
versus crack length but it is now considered desirable to reanalyse its data in terms of crack
depth. Thus it is necessary to remeasure some cracks from the UCL library to give increased
confidence. Development of the ACPD and ACFM technique has led to the introduction of
new instruments, the Technical Software Consultants(TSC) crack microgauge model UIO
(for both ACPD and ACFM) and U1 l(underwater version for ACFM). However, the
underwater ACFM trials results indicated there were some large differences for three cracks
on library of cracked nodes between in-air ACPD characterised data using U7 crack
microgauge and the corresponding underwater ACFM sizing data using U I1(Table 2.1). For
these reason, a project was carried out to re-measurement of these cracks in air with ACPD

and ACFM techniques using U7, UlO and Ul 1 instruments.

The U7 ACPD measurements were repeated. An investigation has also been carried out to
compare the behaviour between the U7 and UlO instruments. Finally a new non contacting
sizing technique ACFM has become available and given its widely use in service, replacing
ACPD, it was decided to include this approach as well. The details of measurement results

were reported in reference(Chang et al, 1992 c). The main procedure is listed as below:
i) Check chord and brace identification and record the information

i) Carry out MPI with magnetic yoke and mark position of crack ends

iii) Size crack with ACPD technique using U7 and UIO

iv) Size crack with ACFM technique using UlO and U 11

v) Re-interpret the old underwater ACFM results using U 11

The crack profiles were measured using ACPD technique based instruments U7 and UlO
and they are illustrated in Figure 2.1. A comparison of new ACPD measurement results
using U7 and UlO with in-air ACPD characterised data was made(Table 2.2). The corrected

data were calculated using the revised calibration equation ( 2 - 1 ) for the ACPD
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technique(Monahan 1991). It can be seen that the old ACPD data using U7 agree very well
with the new ACPD results using U7. Although being slightly high, the ACPD data from
U10 are very close to that from U7. The line contact behaviour is also consistent for U7 and

U10. Thus it seems that the in-air ACPD data are reliable.

The ACFM measurements using U10 and Ul1l were carried out in-air for these library
cracks. Old underwater ACFM data using Ul1 were re-analysed and some mistakes were
found on interpreting crack depth from these data. Individual reasons for these mistakes
were found. Some were due to bad scanning and others are caused by using the wrong
physical length. After correcting these errors and using revised interpretation procedures,
better results have been obtained. The detailed information for these measurement results
were listed in Table 2.3. On can see that the underwater ACFM data using U11 are reliable,

if one use this instrument and the corresponding software in the correct way.

As a summary, the re-measurement results using ACPD by U7 and U10 agree reasonably
well with those using ACFM by U10 and Ull. Furthermore, some crack depth
measurements have been carried out on T-butt samples. It has been found that the inferred

depths from ACPD measurements are also very close to those from ACFM.

2.2.2 Effect of using Different WAMI Versions on Underwater ACFM Sizing Results

Containing theoretically-derived sizing algorithms, automated instrument control, data
storage facilities and dedicated graphical output, the ACFM crack detection and sizing
software(WAMI) was developed at TSC to interpret and size the results recorded during the
underwater inspection using the ACFM technique. Initially, the crack sizing results in
POD/Probability of Sizing(POS) for the TSC U1l ACFM crack microgauge report(Rudlin
et al 1992) were obtained by using WAMI version 3.6b. A more recent version, WAMI 3.8b
has become available since the completion of the trial. It has been found that there are some
differences in the sizing estimates using the different versions of WAMI with same mean

Bx, minimum Bx and same physical length. So it is necessary to report this difference.

WAMI version 3.8b has been used to calculate the underwater ACFM trial data again. Some
mistakes in the old data were found and corrected. The new sizing results have been
compared with the old data which were calculated with old version of WAMI and
subsequently revised by TSC(Figure 2.2).

The comparison(Chang 1992 d) has shown that the new data tend to be slightly higher than
the old data. The effect of using the different WAMI versions on underwater ACFM sizing
results is basically small since the old data are quite close to the new data after correcting

mistakes.
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2.2.3 Investigation of Sizing Procedures for Underwater ACFM Inspection Results

It is well known that the fatigue cracking in tubular joint starts as a number of small semi-
elliptical cracks that initially grow on different planes and subsequently coalesce by jumping
from one plane to the another. This creates small steps or facets perpendicular to the main
crack face and these facets act as line contacts. As far as alternating current field
measurements are concerned, each line contact forms an electrical short circuit and the
whole long crack acts as a series of shorter cracks. There are some long cracks in the UCL
library. The ACFM sizing algorithm is based on a single crack with a semi-elliptical shape.
However, the physical length used in initial depth sizing was the whole length of a defect
indication. This may be one reason why the ACFM depth predictions are greater than the
destructive and characterised data in most cases. Thus it is necessary to carry out the further

investigation on the sizing procedure for the TSC U11 ACFM crack microgauge.

Since there are some difference between the sizing results with different versions of WAMI
as discussed in section 2.2.2, only the latest version, WAMI 3.8b has been used in this
investigation in order to update and standardise the results. The report from this
investigation(Rudlin, Chang and Dover 1992 b) is a supplement to the POD/POS report on
the TSC Ul1 crack microgauge(Rudlin et al 1992). It should be noted that the length
estimates used to assess crack depth after the trials must be treated with reservation, as they
will assume a constant scanning speed. The main steps of this investigation are listed as

below:

1) Compare the destructive test data with the ACFM signals including the line contacts and

other features. Based on these observation, develop the several different sizing procedures.

2) Apply these different procedures to the remainder of the library characterised cracks to

see which procedure gives the best results.

3) Evaluate other effects on sizing accuracy, particular variations in the value of the

background Bx.

A comparison of the ACFM signals including the line contacts with all available
corresponding destructive test results was carried out. A typical example is shown in Figure
2.3. It was found that the signal between separate cracks always return to the background
level. A line contact within a long crack can be recognised when the Bx signal does not
return to the uncracked value and the butterfly tends to form a loop inside the long crack
butterfly while the Bz signal responds by a peak and trough. One may locate a line contact

by a Bx peak in the long crack dip in above circumstances.
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As the physical length used in the initial depth sizing procedure in the trial was the length of
the whole crack range, the sizing results showed that there is a tendency for this procedure
to oversize the crack depth, particularly where line contacts were known to be present.
Therefore, it is necessary to develop other procedures. Comparison with destructive test data
tends to show that the depth predictions using the length between the large visible line
contact indications or the length between the above line contact and the end of whole crack
range are better than those using the initial procedure in the majority of cases. In order to
find a more reasonable sizing procedure, three procedures have been formulated as

following

Procedure 1: Treat the length between existing markers or whole crack range with Bz

responding by a peak or trough as the physical length of independent crack.

Procedure 2: Treat the length between the line contact indications which are equal or greater
than 90% of the Bx range (Bx background - Bx minimum) with Bz responding by a peak or
trough (including the end of crack) or the length between above line contact and the end of
whole crack range as the physical length of separate cracks. The Bx signal within this length

should contain Bx minimum.

Procedure 3: Treating the length between the line contact indications which are equal and
greater than 50% of Bx range (Bx background - Bx minimum) with Bz responding by a
peak or trough (including the end of crack) or the length between above the line contact and
the end of whole crack range as separate cracks. The Bx signal within this length should

contain Bx minimum.

Using the value of the background Bx in initial sizing, a comparison has been carried out of
the whole inspection results using the three different procedures with the destructive and
characterised data. An example of the physical lengths obtained using the three different

procedures is shown in Figure 2.4.

It was found that there is the geometry influence on ACFM signal and the value of
background Bx was overestimated in initial sizing for long cracks. Assuming that the
influence on ACFM signal for the same geometry is same, the ACFM depth sizing was re-
evaluated for the cracks at the saddle toe of three right angled braces in DT-joints having the
same dimensions by using the Bx background in uncracked joints. Comparison of the
ACFM predictions using this revised background Bx with those using initial background Bx

was done.

Result details were reported in reference(Rudlin, Chang and Dover 1992 b). The

investigation resulted in the following conclusions.

1) There are two important factors in underwater ACFM crack depth calculations. One is

how to decide on the Bx background. The other is how to select the physical length, i.e.
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what is the appropriate procedure. It has been found that the influence of the former is much

larger and more sensitive than that of the latter.

2) Comparison of the destructive test results and characterised data with the corresponding
underwater ACFM depth predictions using three different procedures is shown in Figure
2.5. One can see that the predictions using procedure 3 are better than the results using
procedure 1 or 2, especially for the cracks with depth less than 17mm. The ACFM depth
predictions using procedure 2 are close to those using procedure 1, although the former is a

slightly better.

3) The underwater ACFM sizing results using revised background Bx are better than those
using initial background Bx. They are closer to the destructive test results and characterised

data(Figure 2.6).

4) When the effects of using procedure 3 and revised background Bx are combined, the
underwater ACFM depth predictions agree very well to the destructive test results and

characterised data(Figure 2.7).

2.3 Underwater Inspection Reliability of Non destructive Techniques

The probability of detection(POD) has been identified as a primary tool for assessing the
capability of NDT techniques. All inspection processes are uncertain due to inherent POD
being less than 1 in the range of defect size of interest. The measure of this uncertainty
always comes from blind trials. The true POD as a function of crack size will never be
known exactly since NDT technique capabilities can only be demonstrated through the
experiment. The objective of such an experiment is to provide a point estimate of POD over
the whole population of any similar inspection area under investigation, and to provide the
an estimate of how it may vary. There is relationship between the measured POD and true
POD for the service situation. Statistical methods can be used to provide confidence limits
on the true probabilities. In other words, the POD estimate can be made by setting a level of
confidence that the results will be within certain limits. The lower bound of 90% population
POD with 95% confidence has been chosen as the target. In other words, the objective of the
POD trial is to estimate the crack size for which there is a 95% confidence that it can be

detected by 90% of all cases.

It has been shown that both the magnitude and scatter in POD estimates are significantly
influenced by crack size(Figure 2.8). A very large sample size would be required to reduce
the "error" in the POD estimates in order to yield more precise crack length predictions of
detection. Assuming a binomial distribution of the data, the number of cracks which need to
be successfully detected in a trail within a crack size range can be shown to be 29 out of 29

to achieve a 90% at a 95% confidence limit.
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2.3.1 UCL POD Trials

POD trials have been carried out by University College London Underwater NDE Centre for
MPI(Rudlin and Dover 1990 a), two well-known eddy current systems, Hocking and HMD
ITII(Rudlin and Dover 1990 b) and ACFM(Rudlin et al 1992), which have been successfully
used offshore. As discussed above, more than 150 fatigue cracks in tubular welded joints are
needed to produce the desired experimental POD curves. These fatigue cracks can be
produced using a variety of fatigue test rigs capable of applying in-plane bending, out-plane
bending and axial loading. Producing these pre-cracked tubular welded joints is obviously
an expensive undertaking and could be prohibitively expensive if these samples were only
used for one trial and then destroyed in order to yield the true crack sizes. Also, it has been
shown that crack sizes could be reasonably accurately determined by laboratory NDT
techniques. These consideration led to the concept of producing a library of precracked
tubular joints which could be used for a series of trials. The confidential library of tubular
welded joints containing known fatigue cracks have been established in underwater NDE

Centre at UCL.

Therefore, it should be noted that the POD curves are produced in the way of comparing
underwater non-destructive trial results using different underwater NDT techniques with the
characterisation database of a confidential library of fatigue cracks formed by the laboratory
techniques rather than by comparison of that with the destructive test results. The accuracy
of POD is therefore dependent on the accuracy of the in-air crack measurement. So it
requires a high level of confidence in the characterisation of cracks in library specimens to
establish accurate POD curves. A reasonable estimate of crack size could be obtained by in
air by MPI, ACPD and time of flight ultrasonic (TOED). The first two are used to establish
the length of a crack, whereas ACPD and TOED can be used to establish the depth.

It is necessary to check on the quality of characterisation data of the above library cracks by
carrying out a limited set of destmctive tests since the measure POD values are obtained by
comparing the air characterisation with the underwater results. Assessing the quality of air
inspection results by means of destmctive sectioning two double-brace T-joints belonging to
the UCL confidential library of fatigue cracked tubular joints was therefore carried
out(Monahan 1991). The results were used to evaluate the existing crack depth
characterisation procedure for deep cracks and extended the ACPD calibration equation to
include cracks less than Smm in depth. The revised calibration equation for the ACPD
technique which has been adopted for creating new characterisation database in the

following analysis is listed as below:

JL,=0.92-h1.05J 2-1)



where is the 'true' or corrected depth (mm)

d is the predicted depth (mm) determined by laboratory NDT techniques.

2.3.2 Re-analysis of POD Trial Results using a New Classification

Cracks are often initiated in a number of places in the same region of a welded joint. The
final appearance of a crack investigated by MPI may show a number of small indications.
The criteria for grouping a number of small indications(appearances of cracks) determines
the crack length. The classification A, B, Bl and C(Figure 2.9) have been used in the course
of UCL underwater NDE Centre POD trials(Rudlin and Dover 1990 a)(Rudlin and Dover
1990 b). It is necessary to establish rules for the definition of a success. The resulting
inspection performance will be strongly influenced by the success criteria chosen. The
possible outcomes of an inspection are detection, missed (no detection) and spurious
data(Figure 2.10). However, the detection is complicated by the fact that a number of small
cracks can be detected together. The degree to which this happens depends on the

classification. The classifications used in this thesis are outlined as below.
Classification A: Individual Crack Indications

Each small 'in-air' indication is treated as one crack. Cracks located in chord toe, brace toe

or interbead are treated as the separate cracks.

There are two types of detection, namely isolated detection and combined detection. An
isolated detection is where the indicated result from the diver corresponds to a single
indication classified in air. The isolated detection can be further analysed by comparison of
lengths. A combined detection is where the indicated results from the diver correspond to a
number of indications in air. A spurious indication in these cases is one which does not

overlap the in-air indication
Classification B: Dominant Defect in Defect Region

A defect region is defined as a part of the weld with defect indications separated from all

other defect indications by at least 30 degrees of the circumference.
Classification B 1: Dominant Defect in a Weld

As Classification B but expanded to include all the weld (i.e. the total weld area from brace

toe to chord toe).

For Classification B and B1, a detection is defined as an indication from the diver within the
cracked region. A spurious indication in these classification is a reported indication outside

the cracked region. Where the lengths are compared, the length of the dominant crack, the
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largest individual reported in-air crack indication in the cracked region, is used for

comparison.

Several studies(Rudlin and Dover 1990 a)(Rudlin and Dover 1990 b) have been completed
on the POD trials of various underwater NDT methods, using divers in a tank in underwater
NDE Centre at UCL. For cracks which have an isolated detection, it is possible to carry out
further comparison of the in-air and underwater results using the length ratio in order to get
crack length sizing accuracy. The length ratio can provide a filter for the POD curves, by

only admitting results of a certain accuracy as a positive detection.

However, the effect of length ratio on the POD can not be carried out on combined detection
in the classification A, B, B1and C. In order to facilitate further analysis of length ratio, the

new classification D(Figure 2.9) has been introduced by the author and is defined as below:

Classification D: The Cracks where indications as in classification A are closer than
30 degrees are considered as a single crack. The Cracks in chord toe, brace toe or interbead

locations are treated as separate cracks.

For this new classification, a detection is defined as an indication which overlap the in-air
indications. A miss indication is one which does not overlap the in-air indications. A
spurious data is the indication obtained underwater which have no corresponding indication

in-air.

The POD trial data for underwater MPI, Hocking and FMD IIl Eddy Current Inspection
methods have been re-analysed(Chang et al 1991a) using the new classification D. The POD
curves in terms of crack length with depth information in the form of thresholds have been
produced in this analysis. The existing UCL FORTRAN 77 programme was modified to
calculate the lower bound estimate of the population POD with any specified confidence on
the VAX/VMS system(Chang et al 1991b). So the lower bound estimates of population
POD 0f 90% with 95% confidence level have also been calculated and included on the POD

curves.

Typical examples are shown in Figure 2.11-2.13. It should be noted that all points are
plotted on POD curves at the end of the crack size range. From the POD curves in terms of
crack length with depth information in the form of thresholds, one can see that as the depth
threshold increases the POD is generally higher. Sometimes, it can become irregular when
the number of cracks is small at crack size ranges. Also the POD data with effect of length
ratio threshold have shown that as the length ratio threshold increases, the POD level
reduces. Increasing the length ratio threshold did not change the general shape of these
curves. Comparing with the measured POD, the 95% confidence curve reduces but the

general shape is maintained.
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2.3.3 Re-analysis of POD Trial Results against Crack Depth

Historically, the NDT inspection reliability data have been based on the crack length as they
are displayed as the variation of POD with surface crack length. It is realised that these data
generated by the NDT inspection reliability investigations may not be used directly since
they are not presented in a format readily for the reliability fatigue assessment which rather
requires information on crack depth. The crack depth is the most important dimension used
for remaining life prediction and the fracture mechanics based calculation of fatigue crack
growth. Also, aspect ratios of fatigue cracks do not keep constant during fatigue crack
growth in welded joints. The large scale test data have shown that different crack shapes
occur (such as long shallow, long deep or short deep) due to different stress distributions in
tubular welded joints. So, a fatigue damage assessment needs crack depth based POD
information. In order to accommodate this requirement, POD curves versus crack depth is

therefore required for various underwater NDT techniques.

Each characterised crack length in the UCL library for particular classification has a
corresponding characterised maximum crack depth. This allows re-interpretation of the
existing POD data. The POD trial data for underwater MPI, Hocking and EMD III Eddy
Current Inspection methods have been re-analysed to make them suitable for reliability
fracture mechanics procedures. These analyses(Chang and Dover 1991 c¢)(Chang and Dover
1992 a)(Chang and Dover 1992 b) have produced the POD in terms of crack length as well
as the POD in terms of crack depth using a classification D. The lower bound estimate of
population POD is included on the POD curves. The confidence level used was 95%.
Furthermore, for the underwater MPI technique, the similar analyses to those described
above have been done(Chang and Dover 1992 e) for classification B and Bl. The
underwater MPI trial results(Rudlin and Dover 1990 a) have been extended to include POD

versus crack depth for the classification B and B 1.

The results of all these studies formed a revised inspection reliability database and were
incorporated into UCL RISC system(Chang and Dove 1994). Some examples are illustrated
in Figures 2.14-2.20. The use of the different classifications is dependent on the particular
application and the eventual remedial action to be taken. The classification Bl was decided
to be used initially in inspection scheduling work as it is the commonest classification in use

for a wide range of NDT system.

2.3.4 Comparison of Underwater POD Trial Data for ACFM and MPI

A variety of non-destructive techniques(NDT) are available for this purpose. It is important
for an offshore operator to know the capabilities such as the minimum detectable crack size

and often the reliability for detection of these different techniques. By comparison of the
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performances of these individual NDT techniques, the most appropriate NDT technique may
be chosen at the right price and to the appropriate accuracy. Furthermore, this information is

crucial for rational inspection scheduling.

The underwater fatigue crack detection capability for the ACFM using TSC Ull
Microgauge and MPI were compared in this section. To make this comparison, the results
from the POD trials carried out at the UCL underwater NDE Centre on underwater
ACFM(Rudlin et al 1992) and MPI(Rudlin and Dover 1990 a) have been used. Since some
fatigue cracking had been carried out between the two trials, the new cracks have been
removed from the original database as reported in the underwater ACFM trial document.
The comparison has therefore been made on an identical database. These POD trials were
carried out on the 80 brace/chord intersections of the UCL cracked node library, 24 of which
had no fatigue damage. The others contained the cracks with varying length from 2mm to
643mm.

The classification A and B1(Figure 2.9) have been used in this analysis. It should be noted
that the results using classification A are susceptible to missing of small defects by location
error. This is due to using tape measurement on the weld and it has been observed that an
error up to 20mm is possible. The classification A data give some idea of the capability for
completing coverage of defects areas. On the other hand, the classification B1 data are much
less susceptible to location error and may be used in further analysis as results of using a

"first pass detection" criteria.

The information of the missed cracks is very important since a small number of the large
missed defects can cause significant changes in POD curves. In order to further understand
the classification A underwater ACFM trial results, the following types of missed defects

have been introduced.

Type 1: a missed crack adjacent to a detected classification B1 dominant crack (in other

words, a small crack missed at the end of the large crack which was detected)

Type 2: a missed crack running parallel to a detected classification B1 dominant crack (for
example, an interbead crack is missed which runs parallel with a toe crack which was
detected)

Type 3: a missed classification B1 dominant crack
Type 4: a missed crack where a classification B1 dominant crack missed nearby
A diagrammatic representation of the types of the missed defects is shown in Figure 2.21.

The comparison of the POD trial results in terms of crack length for the underwater MPI and
underwater ACFM techniques has been carried out(Rudlin, Chang and Dover 1992 a). For

the purpose of comparison, crack size ranges have been maintained the same. Comparison
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on a "first pass detection” criteria(using classification B1) for the cracks with depth
thresholds showed the POD curves(Figure 2.22-2.23) are similar for underwater ACFM and
MPI. The small differences observed are no more than one crack in any size range. This is
exaggerated slightly by the POD curve presentation because of the small number of cracks

in the larger size range.

From the classification A comparison results, it showed that the POD curves reach 100% in
the 50-108mm range for both techniques. The POD curve for ACFM is higher than MPI at
range 29-49mm but lower below this range(Figure 2.24-2.25).

The relative frequency of different types of missed defects for ACFM trials was calculated
as shown in Table 2.4. Examination of results showed the small cracks missed by
underwater ACFM are mostly the cracks extending from the end of detected larger detects.

Some of them may be due to location errors.

A comparison of the numbers of the spurious indications between these two
techniques(Table 2.5-2.6) showed that the underwater ACFM technique has given a far

superior performance in the trials for the non-reporting of spurious indications.

More recently, underwater ACFM POD data versus crack depth for classification B1 have
been produced and compared with correspondent underwater MPI results(Dover, Chang and
Rudlin 1994). Again, the POD versus crack depth curves(Figure 2.26) shows they are very
close with underwater ACFM giving slightly better results. In order to see more detail, the
cracks are grouped in blocks of 10 rather 29(Figure 2.27) and the conclusion remains the

same.

As a summary, the POD performances for these two techniques are quite similar. The
ACFM length measurement does not on a few occasions, include all the small cracks
extending from the end of a crack. As giving superior performance in the trials for non-
reporting of spurious indications and offering many advantages such as crack depth
measurement, without prior calibration and requiring no electrical contact, the ACFM

technique is preferred for underwater inspection.

2.4 Conclusions

The ACPD and ACFM techniques were used to size the fatigue cracks in tubular joints and
the effect of using different versions of WAMI(ACFM crack detection and sizing software)
and sizing procedures for the underwater ACFM results were investigated. Moreover, the
underwater POD trials results for ACFM and MPI were compared. The POD performance
for these two techniques is close. The ACFM is preferred as this technique offers many

additional benefits for inspection of offshore structures. However, it does sometimes miss
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the small cracks near the end of long crack. The sizing accuracy of ACFM technique
depends on a theoretical model and the interpretation of ACFM inspection results is slightly

complicated. Thus, it is important to use correct procedures.

A new crack classification D has been proposed. The POD in terms of both the crack length
and the maximum crack depth for MPI and two well-known eddy current systems(Hocking
and EMD III) using classification B, B1 and D were produced. These data, especially the
crack depth based POD information, formed the inspection reliability database and has been
directly used as input for reliability fracture mechanics based inspection planning of
offshore jacket structures. Finally, it should be noted that the underwater NDT reliability
assessment in current study at UCL aims to obtain the capability information for each

technique and therefore do not include the human effect.
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Table 2.1 Comparison of In-air ACPD Characterised Data using U7 Crack Microgauge and

Old Underwater ACFM Sizing Results using TSC U11 ACFM for Three Library Cracks

Library Crack Crack Depth (mm)

Crack Location ACPD U7 ( in-air) ACFM U11 (underwater )
I Chord Toe 18.4 35.8
I Chord Toe 2.4 17.4
i Chord Toe 18 9.8

Table 2.2 Comparison of New ACPD Measurement Results using U7 and U10

with In-air ACPD Characterised data for Three Library Cracks

Library Crack | Status Instrument Depth (mm) | Corrected Depth (mm)

Ooid u7 16.28 18.01

I New U7 16.63 18.38
New u10 18.9 20.77
Old u7 2.4 3.44

Il New U7 2.44 3.48
New u10 2.56 3.61
o u7 18 19.82

1 New u7 17.36 19.15
New u10 17.65 19.45
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Table 2.3 Comparison of New and Old ACFM Measurement Results using U10 and U11 (In-air and Underwater) for Three Library Cracks

Library | Measurement Circumference Environment | Instrument | Start | Finish Physical Depth | Revised Length
Crack Status Total Length (mm) Length (mm) (mm) (mm)
Old 1610 underwater Ull 334 525 291 35.8 -
Revised 1610 underwater Ull 334 525 191 18.6 200.1
I New 1583 in-air U10 330 505 175 18.1 184
New 1583 in-air Ull 330 505 175 17.9 184
New 1583 in-air MPI 325 516 - - 191
Old 1610 underwater Ull 80 165 85 17.4 -
II Revised 1610 underwater Ull 155 165 10 1.7 11.1
New 1580 in-air Ul10 145 160 15 3.6 16.4
New 1580 in-air MPI 142 157 - - 15
Old 1440 underwater Ull 220 510 290 9.8 -
III Revised 1440 underwater Ull 220 510 290 22.9 301.6
New 1406 in-air U10 174 480 306 20.9 320
New 1406 in-air MPI 167 513 - - 346
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Table 2.4 TSC U11 ACFM Missed Defects Analysis for Classification 'A' Cracks

Type of Missed Crack 1 2 3 4
No. 61 10 10 9
% 68 11 11 10
Notes:

Type 1: Classification B1 Dominant Crack Detected nearby

Type 2: Classification B1 Dominant Crack Detected on Deferent Positions across the Weld
Type 3: Classification B1 Dominant Crack Missed
Type 4: Classification B1 Dominant Crack Missed nearby

Table 2.5 Comparison of Ten Largest Spurious Indications
Between TSC U11 ACFM and MPI Underwater POD trials

for Classification 'A' Cracks

TSC UT1 ACFM MPI
Length of Spurious Length of Spurious
Indication(mm) Indication(mm)
23 280
23 280
22 170
21 101
18 100
17 90
16 60
15 30
14 30
11 25

Table 2.6 Comparison of Total Number of Spurious Indication
Between TSC U11 ACFM and MPI Underwater POD TRIAL

for Classification 'A' Cracks

TSCU11 ACFM MPI
Total Number 16 45
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Figure 2.1 Fatigue Crack Profiles using ACPD Technique
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Figure 2.1 Fatigue Crack Profiles using ACPD Technique (Continued)
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100



400

350

300

250

200

150

100

Figure 2.4 A example to decide the physical lengths using three different procedures

101

Note:

(1)-lhe physical length
using procedure 1

(2) -the physical length
using procedure 2

(3) -the physical length

using procedure 3



50

45 T Q
o
40 T
v
35 T
R g0
30 + oo
ACFM o
Depth25 + 9 o o o
(mm) o °
20 + o . ° Unity
*f Ow .
15 + w* O Using Procedure 1
o o ° ¢ Using Procedure 2
10 + ‘m °
(Jee) ° Using Procedure 3
5+ 5 ® o}
0 t ——+ t t } + I I i
0 5 10 15 20 25 30 35 40 45 50

Destructive and Characterised Depth (mm)

Figure 2.5 Comparison of ACFM Depth Predictions against Destructive and

Characterised data using Different Procedures

50
45 4 o
40 + .
35 +
30 +
ACFM o

Depth25 + ¢
(mm)

20 + Unity

15 o Using initial background Bx

. Using Revised background Bx

10 +

0 ! J Il | | } Il S J !
T T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50
Characterised Depth (mm)

Figure 2.6 Effect of the Background Bx on ACFM Depth

Predictions using Procedure 3

102



50 -

45 -

40 -

35 -

30
ACFM
Depth 25
(mm)

20 -

15

10 -.

Unity

ACFM Depth against
Destructive Depth

ACFM Depth against
Characterised Depth

0 5 10 15 20 25 30 35 40 45
Destructive and Characterised Depth (mm)
Figure 2.7 The ACFM Depth Predictions using
Procedure 3 and the revised Background Bx

Effect of sample size
(o)
o
>
g} 0»(‘(‘*0:»»
8 a,. >CCtirasx

represenaoon
CRACK SIZE

Figure 2.8 Effect of the Nature and Size of the Sample on the POD Curve

103

50



Overview
\
d
- £ b c e
Classification — —
A
e
d
cracked region
. for crack e
cracked region for crack b )I( >130
N )
Classification
B
e ——)
Ce—
—
cracked region for crack d
> 36 ; T
~ b e
Classification
Bl
e ——————
d .
cracked region for crack b g z:cl:re:dr(eflon
(a+b+C) e
Classification
D —
d

Figure 2.9 Crack Classifications

104




Characterisation

Include all
cracked region
for Class ‘B’

Include oll
crocked region
for Class 'B’

Detection — — com—
Anyvhere in Anywhere in
cracked region racked region
for Class ‘B’ Ifor Class °B’

Detection Type Isolated i1solated Conbined Missed

Spurious

Missed ¢+ Spurious

Figure 2.10 The Possible Outcome of an Inspection

105




100 + —D

90 T
80 +
70 +
60 4+ —=— ALL CRACKS
POD —LO— CRACKS>=1mm deep
%) 50 A
20 - CRACKS>=1.5mm deep
—— CRACKS>=2mm deep
30 +
20 A
10 +
0 # } } t + } } {
0 100 200 300 400 500 600 700

Crack Length (mm)

Figure 2.11 Magnetic Particle Inspection
Effect of Depth Threshold on POD against Crack Length using Classification 'D'

700

100 +
90 +
80 1
70 +
60
POD
) 80
Experimental POD
40
30 Lower Bound Esfimate of
Population POD at 95%
20 Confidence
10
0 } } } 1 } i
0 100 200 300 400 500 600
Crack Length (mm)

Figure 2.12 EMD III Eddy Current Inspection
POD Against Crack Length for Cracks>=1mm deep using Classification D'
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Figure 2.15 EMD III Eddy Current Inspection
POD against Maximum Crack Depth using Classification 'D'
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Figure 2.16 Hocking Eddy Current Inspection
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POD against Maximum Crack Depth using Classification 'B'
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Figure 2.20 Magnetic Particle Inspection

Effect of Length Ratio on POD against Maximum Crack Depth using Classification 'B1'

110



Characlerisation

Class B1 Dominamt Crack

Class 81 Dominam Crack

l

Class B1 Dominamt Crack

l

Class B1 Dominant Crack

l

Delection

Types ol Missed Crack

1
Class B1 Dominant Crack
Detected nearby

2
Class B1 Dominant Crack
Detected on Dillerent Positions
across the Weld

3
Class B1 Dominant Crack
Missed

4
Class Bt Dominani Crack
Missed nearby

Figure 2.21 Types of Missed Cracks using Classification 'A’
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CHAPTER THREE

STRESS CONCENTRATION FACTOR PARAMETRIC
EQUATIONS FOR TUBULAR X AND DT-JOINTS

3.1 Introduction

Many kinds of offshore structures, such as jacket platforms, are constructed from tubular
members welded together in a variety of forms (normally classified as T, Y, X, DT, K, etc.)
because of their high strength to weight ratio and non-directional buckling and bending
strength. The service life of these offshore platforms is dependent on the structural integrity
of tubular joints. Fatigue damage has been identified as one of the most important factors in
causing degradation of these joints in the North Sea because of the significant levels of
cyclic fatigue damage associated with wave loading and the low fatigue strengths due to
high stress concentrations at the weld toes. Therefore, periodic in-service inspections are

required in order to ensure the structural integrity of offshore structures.

To provide a cost effective inspection, maintenance and repair policy, accurate fracture -
mechanics modelling, to predict the fatigue crack growth behaviour in tubular welded joints,
is required. Fatigue strength is controlled by the local stress, and hence a greater
understanding of the stress distribution, particularly in regions where cracks are likely to
initiate and grow, is needed for the development of a fracture mechanics approach for the
prediction of fatigue life. Stress information for tubular joints, including SCFs, stress
distribution through the wall (degree of bending) and stress distribution around the

intersection, are important elements in the prediction method.

The problem with tubular joints is that the stress distribution at the intersection between
members is uneven with very high stress concentrations occurring at some points. These
stresses can be as high as twenty times the nominal stress for the intersection and therefore

have considerable impact upon the fatigue lives of the joints.

The fatigue performance of offshore tubular welded joints is also of considerable importance
in the initial design. Historically, the fatigue design life is predicted using the Stress-Life(S-
N) approach, which relates the stress range at a point under consideration to the number of
cycles to failure. For tubular welded joints, the SCF can be used, with nominal loading, to
calculate the magnitude of the local stress range, or as it is usually termed, the hot-spot

stress range(HSS). HSS is a representative stress range for estimating the relative fatigue
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strengths of tubular welded joints using an S-N approach. Therefore, much research effect

has been directed towards the determination of SCFs for simple tubular joints.

Stress variation through the thickness and around the intersection has not attracted as much
attention as SCFs. However, in order to conduct fracture mechanics calculations of
remaining fatigue life on cracked tubular welded joints, information is required on the
magnitude and distribution of the stress acting in the anticipated crack path, not just the
peak stress at one location. It is therefore necessary to carry out a comprehensive study of

stresses on various kinds of tubular welded joints.

For most design and re-certification work, parametric equations have been widely used to
estimate the stresses and in particular the hot spot stresses for tubular joints. These
equations are based on either extensive finite element(FE) stress analyses or experimental
data from acrylic model tests. However, to date comprehensive stress studies have only been
conducted on the Y and T-joints, using finite element method(Connolly et al 1990)(Hellier
et al 1990 a)(Hellier et al 1990 b). For X and DT-joints as illustrated in Figure 3.1, there are
some parametric equations for SCFs(Wordsworth 1987)(Efthymiou and Durkin 1988)(UEG
1985)(Smedley and Fisher 1991) but no equations exist for stress variation through the
thickness and around the intersection. Even for SCF parametric equations, there is no full
set of equations especially for single brace loading. Although in some cases one can get this
information by using simplifying assumptions (i.e., using the solutions for Y and T-joints),
but they may not always be appropriate. Also the three aspects of stress information should
be obtained from the same sources in order to maintain the compatibility. All these

consideration led to the present comprehensive study of stresses on X and DT-joints.

Nearly 2000 thin-shell finite element analyses have been conducted as a systematic study of
stresses in tubular X and DT-joints. These analyses cover a wide range of joint geometries
under six loading cases. This chapter aims to present the SCF parametric equations derived
using regression analysis on the finite element analysis results. The parametric equations to
predict the degree of bending and a full description of SCF distribution around the

intersection will be addressed in the next chapter.

3.2 Finite Element Analyses

The determination of the stresses around tubular joints by analytical techniques, has proven
to be very difficult due to the relative complexity of the geometrical configuration. Instead,
parametric equations have been produced, which provide the SCF in terms of the non-
dimensional parameters of joints, a, |3, 7, x, 6 (see Figure 3.1). In practise for economical
reason, only finite elements and the strain-gauged acrylic model techniques have been used

to provide the input data for parametric equations.
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The finite element method has been adopted in this study since this numerical procedure is
ideal for solving physical problems, such as complex structural components, whose closed
form solutions are difficult to obtain. It is by far the most common approach to determine
the stress distribution and hot spot stress in tubular joints. The general-purpose finite
element analysis package, ABAQUS/Standard(HKS 1992 a) was employed for this
systematic study. ABAQUS/Post(HKS 1992 b) was used to post process the results from
ABAQUS/Standard analyses.

Fatigue is a local phenomenon. It depends on the stresses acting around the intersection of
tubular joints. These local stresses are complex in nature but are likely to arise from two
main sources. Firstly, local bending under loading results in stresses adjacent to the
intersection, known as the geometric stresses, in order to maintain compatibility between the
tubes. They are dependent on geometric parameters of the joints, overall joint configuration
and applied loading types. Secondly, notch stresses arise in highly localised regions in part
of the tube wall since the weld toe is a region of rapidly varying shape. This effect is not
propagated far through the wall thickness, however, and thus leads to a very localised region
of high stresses. The notch stresses are mainly controlled by the weld geometry factors such

as weld toe angle and weld toe radius.

The initial stresses inside the notch region, may be important for fatigue crack initiation.
However they are not the controlling parameter as the cracks grow through the thickness.
Also, as the notch stress varies according to the geometry of the weld, it is difficult to
provide a deterministic value of the peak stress. For these reasons, only the geometric
stresses at weld toe have been produced in this study. This is the conventional approach for
SCF developed within the UK Department of Energy Guidance Notes(Department of
Energy 1984 b). The hot-spot stress is defined as the largest value around the brace/chord
intersection obtained by linear extrapolation to the weld toe of the geometric stress
distribution near the weld toe. Ignoring the local stress arising from the weld profile, the hot
spot stress is considerably lower than the peak stress but provides a consistent definition of

fatigue stress for use with the traditional S-N design approach.

3.2.1 Pre-processing
3.2.1.1 Element Types

Shell elements are commonly used for tubular joint stress analysis, since they combine
relatively high accuracy with low cost. Shell elements are based on shell theory which
approximates a three-dimensional continuum with a two dimensional theory when the shell
thickness is less than 1/10 of the typical shell global dimension. They are appropriate for

modelling tubular joints. Shell elements are divided into two types, thin shell elements and

117



thick shell elements. The thin elements do not transmit shear forces, whereas the thick
elements do. The choice of shell element type, thin or thick, is influenced by the importance
of shear deformation in the structure. As the ratio of thickness to shell global dimension
increase, shear deformation becomes more important. It has been shown(Connolly et al
1990) that there is little difference between results obtained using a thin shell finite element
mesh and a thick shell element mesh for tubular joints since the ratio of wall thickness to
diameter for tubular joints used for offshore structures are generally small (in other words,
the tubes are thin walled). Thin-shell elements are commonly used for tubular joint analysis

and have been chosen for this study.

The ABAQUS package offers a wide variety of shell elements. Two types of generally
curved thin shell elements have been used to generate meshes for this study, namely
quadrilateral eight-noded elements denoted 'S8RS' and triangular six-noded elements
designated as 'STRI6S'. They are fully compatible. These elements possess shape functions
which make them suitable for any generally curved or folded shell problem and allows
displacements normal to their surfaces and rotations about their edges. These displacements
and rotations give rise to a stress distribution which varies linearly across the element.
Stresses are initially calculated at the Gauss integration points and then extrapolated to
obtain values at the nodal positions. The diagram of these elements are shown in Figure 3.2.
They use five degrees of freedom (three displacement components ux, u,. 4. and two local in-
surface rotation components (s, ®,) at each node. In order to perform well in thin shell
situations, a reduced integration technique is used with explicit integration through the
element thickness. These elements are recommended for 'thin' shell applications since

Kirchhoff constraints are imposed numerically in these elements.

One disadvantage in the use of shell elements for stress analysis in tubular intersections is
that the tubular joints are modelled as intersecting cylindrical tubes at the mid-surfaces of
the walls. Thus the weld is not modelled and some detail of the stresses are lost. This leads
to hot spot stress locations which are different to steel models especially for the brace. For
the chord the steel model location of the hot spot stress is close to that of the FE model.
This is the reason why there are some discrepancies between the finite element results and
those obtained from steel model test, especially at the brace side. However, the difference is
generally quite small when comparing with results from strain-gauged acrylic models in
which the weld is also omitted. The thin shell elements do provide, in many cases, an
acceptable compromise between accuracy and computational cost except for situations
where the chord and brace are of similar dimensions. For this reason the present study does

not include SCFs in tubular joints for which B exceeds 0.8.
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3.2.1.2 Mesh Generation

The main difficulty when using the finite element method is generation of the mesh,
particular in regions where geometric discontinuities occur because stresses are changing
rapidly in these regions. For the tubular joint, a geometric discontinuity occurs around the
brace/chord intersection. Thus the stress gradients throughout the joint are not evenly
distributed. Around the intersection the stress gradients are large, whilst in regions remote

from the intersection the gradients are more evenly distributed.

In order to conduct a parametric study covering the majority of tubular joints used in
offshore structures, a large number of finite element analyses must be performed. It is,
therefore, preferable to use an automatic mesh generation program to produce the input files
required for the ABAQUS finite element analysis. As mentioned before, this program
should be capable of producing relatively fine elements in the vicinity of the brace/chord
intersection, and coarse elements near the ends of the chord and brace, in order to obtain
accurate results whilst avoiding unnecessary computational effect. Furthermore, the
elements should not be excessively elongated and distorted in order to obtain the best
numerical conditioning of the stiffness equations and to ensure maximum numerical

accuracy.

An automatic mesh generation program for X and DT tubular joints (based on an existing
program(Dharmavasan 1983) for T and Y tubular joints) has been developed in FORTRAN
77. This mesh generation program can reliably generate meshes for X and DT tubular joints
having widely differing geometric parameters o, 3, ¥, T and 0, and produce input files
suitable for direct finite element analysis using ABAQUS/Standard. The program requires
only a small amount of user input, usually only either absolute dimensions or non-

dimensional geometric ratios.

When modelling the tubular joint, eight-noded quadrilateral elements were used in
preference to triangular elements, since they are considerably more accurate. The latter were
only used for reasons of geometric compatibility between adjoining regions. The sequence
of steps executed in this mesh generation program was as follows. Firstly, the co-ordinates
of the nodes at the intersection between the brace and chord were calculated and used to
generate the brace nodes and elements. Secondly, the plug region was filled with a number

of triangular elements. Thirdly, the remaining regions of the chord were generated.

Application of symmetry boundary conditions can simplify the finite element analysis
saving CPU time and storage disk space. Only one half of each joint geometry needs to be
modelled, owing to symmetry in the single/balanced axial loading and single/balanced in-
plane bending cases. Although for single/balanced out-plane bending the situation is no
longer symmetric, it was found(Connolly et al 1990) that satisfactory results could be

obtained with the same meshes used for the other load cases by applying appropriate
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restraints on the bisecting plane. A typical X joint mesh comprising 2167 nodes and 718
elements is shown in Figure 3.3. It took approximately 45 seconds of CPU time to generate
on a DEC VAX/VMS workstation.

3.2.1.3 Loading and Boundary Conditions

There are two types of loading on tubular joints, single brace loading and double brace
loading. The former loads are assumed to be axial loading, in-plane bending(IPB) and out-
plane bending(OPB). Only balanced axial loading, balanced IPB and balanced OPB are
considered in the latter since they are quite common in service. Figure 3.4 illustrates these

six modes of loading.

In the case of single/balanced axial loading, the nominal stress was defined as the total
applied load divided by the sectional area of the brace. Nominal stresses for moment loading
were calculated from simple beam bending theory, using a moment arm measured from the
brace end along its outer surface to the crown position for IPB, and to the saddle position for
OPB. In order to make post processing easy, loads and moments applied to the brace end

were always set to give unit nominal stress.

It is important to use the correct boundary conditions to obtain a realistic solution of stress
distribution in tubular joints. The boundary conditions are summarised diagrammatically in
Figure 3.5. The bottom brace end was rigidly fixed for balanced axial loading whereas both
chord ends were rigidly fixed for all other load cases. Only one half of the joint was
modelled owing to symmetry in the single/balanced axial and the single/balanced IPB cases,
with no out-of-plane displacements and rotations permitted at nodes on the symmetry plane.
For single/balanced OPB the situations are no longer symmetrical, but it has been
found(Connolly et al 1990) that results of acceptable accuracy could be obtained by using

the half-joint meshes with the in-plane displacements restrained over the bisecting plane.

3.2.2 Finite Element Calculation

The finite element analyses were run on a DEC VAX/VMS workstation. Young's modulus
and Poisson's ratio were taken to be 207 Gpa and 0.3 respectively. Before the parametric
study, a convergence test was performed in order to check that the meshes used for this
study were sufficiently fine to predict the stresses at the brace/chord intersection with
reasonable accuracy. Three meshes with 16, 20 and 24 elements respectively around the half
intersection were analysed and the SCF results from these meshes are compared in Table
3.1. Comparison of SCF values obtained from these meshes generally has shown a good

convergence. The coarsest mesh, having 16 elements around one half of the intersection,
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was chosen for this study as an acceptable compromise between accuracy and the

computational costs.

3.2.2.1 The Influence of brace length

Early studies showed that for balanced axial loading, the intersection stresses on either side
were not identical. This was because only one brace end was rigidly fixed. It was found that
a longer brace was needed in order to make the stresses on both sides of the chord identical.
In order to save materials, most laboratory tests on joints have relatively short braces, these
have been used to produce the experimental results which are used to assess parametric
equations. The majority of tubular joints in offshore structures have relatively long braces.
For this reason an additional study of the brace length effect on stress analyses of tubular

joints has been conducted.

The geometric ratio 0., =21/ d has chosen to assess the effect of brace length on SCFs

around the intersection, where [ is the brace length(from centre of brace end to centre of

plug) and d is the diameter of brace. A comparison of SCF distribution data for the tubular
X-joints, with different o, under single brace loading, is shown in Figures 3.6-3.11. These

figures show that there is a critical 0., beyond which SCF data converge very quickly and
o, has little influence. For this case, critical 0, is about 6 and the corresponding [ is
around 0.36L. This is probably the reason why 0., has not been included in any existing
parametric equation. However, when 0. is below the critical 0L, the hot-spot stress can be
under predicted for Axial and OPB loading and over predicted for IPB Loading. It is

advisable that the o, ratios of the tubular joints of SCF values be considered when

comparing with the experimental database.

In the present study, it was decided to avoid the effect of short brace length. For this reason,
joints with a brace length of about 0.4L were used. The long brace length did not increase

the calculation work since coarse elements were used near the end of brace.

3.2.2.2 Parametric Finite Element Production

In order to produce parametric equations which are valid over the ranges of geometric joint
parameters typically encountered in service, this study encompassed the following ranges of

the geometric parameters:

6.0<0<40.0 (3-1)
0.2<B<0.8 (3-2)
7.6<y<32.0 (3-3)
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0.2<1<1.0 (3-4)

01944 <6 <

o a

(3-5)

Within the above parameter ranges, 330 joints were carefully chosen to give a representative
coverage of joint sizes. In order to save CPU time, each joint was analysed consecutively for
six load cases, without the need for recomputing the element stiffness matrices. Generally, it
took about 3 hours of CPU time to analyse a typical joint. Figures 3.12-3.17 show typical
examples of the deformed mesh superimposed upon the unloaded mesh for all modes of

loading.

3.2.3 Post-processing

Stresses are linearly extrapolated through the Gauss integration points to the nodes by the
nature of the elements chosen. The numerically greatest principal stress on the outer surface
of the tube, at each node around the intersection, was used to calculate the SCF. Stresses at
nodes shared by adjacent elements were averaged around, but not across the intersection.
Since nominal stresses of value unity were chosen for the input files, the values of SCFs
were obtained directly on both the chord and brace sides of the intersection from finite

element output files.

The definition of hot-spot stress by Department of Energy(DEn) proposes linear
extrapolation of the maximum principal stresses, outside the region of weld geometrical
influence, to the weld toe. The sizes of the elements in the immediate vicinity of the
intersection were carefully checked in order to make the linear stress distribution region
similar to that as DEn recommend. However, shell elements are two-dimensional in nature,
possessing thickness only in a mathematical sense needed to define the element stiffness
matrix. A tubular joint analysed using these elements is actually modelled as the intersection
between the brace and chord mid planes and the weld fillet can not be incorporated into this
model. This means that the intersection stresses are calculated a small distance away from
the point of interest. For the chord this distance is usually quite small. However it is
relatively large for the brace. Therefore, it is necessary to verify the results by validating

against the laboratory data and this will be addressed in later section.

In order to handle the large amount of data generated by the finite element runs, many batch
files in VMS operating system have been written in order to read the required information
from 330 ABAQUS output files and write them into a file which was used later in curve-

fitting.
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3.3 Deriving Parametric Equations by Regression Analyses

Using the database of finite element analysis results, parametric equations can be derived for
the SCFs under six loading cases for both the chord and brace sides of the intersection. This
was done using a statistical regression package known as 'MINITAB'(1991) which is
capable of performing multiple regression and correlation analysis. The methodology used

in deriving the equations was as follows.

a) The variations of the SCF were plotted as a function of the parameters o, B, ¥y and T and 0
in order to determine the best forms of the terms required, and also to ascertain if any cross-

correlation existed between the terms.
b) A first attempt at the equation was made using the following simple form:

SCF = A0 Bhy*1%0% (3-6)
where A, to A, were determined from the regression analysis.

c) The above equations were then modified by using other (e.g. exponential) terms, and
numerous regressions performed until a suitable equation with a large product moment

correlation coefficient was obtained.

All the parametric equations obtained for each mode of loading and for both the chord and
brace sides of the intersection are given in Appendices 1 to 12. These equations can predict
the SCF:s for tubular welded X and DT joints at a number of key locations around the brace
and chord intersection. Also the equations describing angular location of the hot-spot stress
site around the intersection are derived according the above regression methodology.
Moreover, a summary of fitting quality for each parametric equations is presented in Table
3.2. For most equations, their correlation coefficient R? is greater than 90%, where a value

of R?=100% would imply that the equation fitted exactly all the variations in SCF.

It should be noted that all equations assume the loading direction shown in Figure 3.4.
Therefore under single/balanced IPB loading negative hot-spot is at or close to crown toe
while positive hot-spot lie at or near crown heel. In these loading cases, the SCFs on both
brace and chord saddle positions were taken to be zero since they are generally very small.
For the same reason, the SCFs on both brace and chord crown positions were also zero for
single/balanced OPB cases. The hot-spot location in these loading cases was taken to be
90° because they were close to the saddle position. In order to avoid a large

underprediction, a minimum SCF value of 1.5 was assigned irrespective of the prediction.
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3.4. Validation

During the design stage, hot-spot stresses are usually estimated from parametric equations to
assess the fatigue performance of tubular joints by an S-N approach. Underprediction of hot-
spot stress can result in a significant reduction on fatigue life. It is therefore useful to
examine the accuracy of prediction for all SCF parametric equations including this new set

of parametric equations(UCL).

The most widely used equations for X and DT-joints are the Wordsworth and
Smedley(WS)(Wordsworth  1987), Efthymiou(EFT)(Efthymiou and Durkin 1988),
Wordsworth and Smedley as modified by UEG(UEG)(1985) and Lloyds
Register(LR)(Smedley and Fisher 1991). Of these equations those by Efthymiou are based
on 3-D shell finite element models. The Wordsworth and Smedley equations are based on
results of acrylic model tests, and UEG equations are based on the Wordsworth and
Smedley equations with modifications based on the comparison of the equations with steel
joint data. Lloyds Register equations are derived recently and are based on the database of

measured SCFs from steel and acrylic joints.

One way to assess the accuracy of parametric equations is to compare the predicted data
with existing strain-gauged steel test results. Unfortunately, the amount of steel data for X
and DT-joints is limited. For this reason the data from acrylic model test are often used as
well. A steel and acrylic test database based on the Lloyds Register data and the UCL
database (with the criteria developed for acceptance of SCF data) was established by
MaTSU(1996). By comparing the results derived from all parametric equations against the
database, the performances of all existing SCF parametric equations can be assessed. This
was done recently by the Fatigue Guidance Review Panel supported by the
HSE(DEn.)(MaTSU 1996). During the review, it was decided that only those recorded SCFs
greater or equal to 1.5 would be included in the assessment. Also for each equation, ratios of
predicted SCF(P) to the measured or recorded SCF(R) were determined for those joints
having their geometric parameters within the recommended range of the particular equation.
A ratio of 1.0 indicates an exact fit. The mean values of P/R were calculated, together with
the standard deviation. In addition the percentage ofjoints for which P/R was less than both
1.0 and 0.8 was determined, representing the degree of underprediction of each equation.
The percentage of joints for which P/R>L5 was also recorded, indicating the degree of
overprediction. These values are given in table 3.13-3.21 for each combination of load case

and measuring position.

Finally recommendations on the most suitable equations for use in design were made

according to following criteria of acceptance.

i) If %[P/R<1.0]<25% and %[P/R<0.8]<5% then accept the parametric equation.
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ii) If in addition to the above, %[P/R>1.51250% then note the equation is generally

conservative.

iii) If %[P/R<1.0] is between 25% to 30% and/or the percentage of joints with values of
P/R<0.8 is slightly in excess of 5% then the equation was regarded as borderline and
engineering judgement was used in assessing the validity of the equation. Otherwise the

equation was rejected, since it was considered not acceptable.

Similar procedures and criteria to those described above have been adopted to validate this
new set of parametric equations(UCL). Firstly, the prediction data from UCL equations
together with other existing parametric equations are used to compare with steel and acrylic
test results in order to test the relative accuracy. The results were all assessed in terms of the
ratio P/R. Moreover, statistical properties such as mean, standard deviation, %[P/R<0.8],
%[P/R<1.0] and %[P/R>1.5] were also calculated. Based on these data, comments can be
made about the performance of new UCL equations as a results of using the above criteria.
Also these values were used to compare with those of other equations to test the relative
accuracy. The assessment of the UCL equations is presented for each mode of loading in

turn in following sections.

3.4.1 Single Brace Loading

For single brace subject loading modes, there are not enough test data to assess the accuracy
of UCL parametric equations. Only a few strain-gauged steel test data for single brace
subject IPB or OPB(Mshana 1993)(Smith 1995) can be found. Despite this the data have
been used to compare the results from UCL parametric equations with Efthymiou
equations(Tables 3.3-3.5). It should be noted that a number of SCFs for a given location on
joints with same geometry were all included. Other than UCL, the Efthymiou set of
equations is the only set of equations considering single brace subject loading. However, the
Efthymiou equations are identical to those for T/Y-joints for IPB and OPB loading. From
Tables 3.3-3.5 it can be seen that UCL predictions are consistently conservative when
compared with these small set of steel test data. The predictions from the Efthymiou
equations are generally slightly lower than those from UCL formulae (3 out of 4 cases
studied).

3.4.2 Balanced Axial Loading

The comparison between the UCL equations and the steel and acrylic model results
(together with other parametric equations) is shown in Tables 3.6-3.9 for balanced axial
loading. The test results were obtained for models within the validity range of UCL

equations. The statistical analyses were done for UCL equations at crown and saddle
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positions for the brace and chord side respectively and are given in Tables 3.14-3.17
together with those of other parametric equations. All equations are accepted for brace
saddle point(Table 3.15). However the UCL equation is regarded as conservative borderline
whilst the Efthymiou one is only accepted as borderline unconservative. Table 3.17 shows
that all of the equations except the Lloyds Register pass the criteria for chord saddle. For
both brace and chord crown positions, UCL equations (Tables 3.14 & 3.16) cannot yet be
recommended since there are less than 15 steel and acrylic joints in the SCF database.
However, there is a tendency for the UCL equations to underpredict SCF data for the chord
crown. A large underprediction of SCF, by 40%, for the chord crown was also found in
previous work(Hamilton 1984). It seems that thin shell element method cannot model
physical intersection of X and DT joints under balanced axial loading properly over a region
near the chord crown. The UCL equation for a single brace subjected to axial
loading(UCLS) at the chord crown was used to compare with the test database, although
both chord ends were rigidly fixed in this loading case. The predictions were very much
improved by using the UCLS equations. Therefore, the UCLS may be suggested to be used

as a useful first estimate for SCF at the chord crown location.

3.4.3 Balanced IPB Loading

The test results and SCFs obtained from UCL and other equations are compared in Tables
3.10-3.11 for balanced IPB loading. The statistical analysis results for UCL equations at
maximum SCF positions for the brace and chord side are given in Tables 3.18-3.19 together
with those of other equations. It can be seen that UCL equations meet the given criteria like
other equations on the chord side. On the brace side, the UCL equation is acceptable as it is

not quite as conservative as the WS and UEG equations.

3.4.4 Balanced OPB Loading

Tables 3.12-3.13 contain the comparisons between the test results and SCFs values
predicted by UCL and other equations for balanced OPB. Again the statistical properties of
UCL equations were obtained at maximum SCF positions for brace and chord sides and are
given in Tables 3.20-3.21 together with those of other equations. These tables show that

UCL equations pass the criteria on both chord and brace sides like all of the other equations.

3.4.5 Summary

Predicting accurately hot-spot stresses is very important as existing S-N curves to estimate

the fatigue life of tubular joints are based on those values. The finite element analysis is
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virtually the only feasible numerical technique which can be used to compute SCFs of
tubular joints(UEG 1985). Based on the results of the finite element analyses, the SCF
parametric formulae, such as Kuang(Kuang et al. 1977), Gibstein(1978),
Efthymiou(Efthymiou and Durkin 1988) and Hellier, Connolly and Dover(1990), have been
widely used on current methods of design and assessment of offshore steel structures. The
UCL equations were derived from the results of the stress linearly distributed thin-shell
finite element analyses which do not include a weld fillet at the tubular joint intersection.
This is the same as most of the equations quoted above. The SCFs used to derived the

formulae were the maximum principal stresses at all locations.

The results show that using either 3D FE, shell element FE or strain gauged acrylic model
data did not confer a consistent advantage in the prediction of SCF. In contrast the results
show that all three methods of analysis can give acceptable accuracy in SCF prediction. For
the new UCL equations, the predictions look to be acceptable across the range studied,
except for the chord crown under balanced axial loading where single brace axial loading
equation(UCLS) is recommended as a useful first estimate. Thus one could use any of the
five quoted equations for calculation of SCF. However only in the case of the UCL
equations will there be a set of parametric equations for the bending to membrane ratio and
stress distribution obtained from the same database. Thus the new UCL equations are

suitable for S/N calculations and remaining life fracture mechanics calculations.

As a summary of validation results, it can be seen that there are not enough data to assess
UCL equations for single brace loading and those at the crown location for balanced axial
loading. However, they can be used as a useful first estimate. The UCL equations are
consistent in meeting the given criteria for estimating hot-spot SCFs for balanced loading.
Hence they can be used in fatigue design and reassessment of offshore welded tubular X and
DT-joints.

3.5 Conclusions

A systematic study of stresses in tubular X and DT joints based on nearly 2000 finite
element analyses using thin-shell elements have been carried out. The results have been
used to derive a full set of SCF parametric equations by regression analysis. These equations
describe SCFs at a number of key locations as a function of non-dimensional joint
geometric ratios o, B, Y, Tand 6 for each mode of loading, and for both the chord and brace
sides of the intersection in tubular welded X and DT joints. In order to test the accuracy,
these parametric equations have been assessed by comparing the predicted values with
results from steel and acrylic model tests and also with other predictions from existing

parametric formulae given in the literature. It is concluded that this set of hot-spot SCF
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equations can be used to predict hot-spot SCFs of tubular X and DT-joints under balanced
loading.
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Table 3.1 Comparison Between SCFs around Upper Intersection from Coarse to Fine

X Joint Meshes to Show Extent of Convergence ( a=10, =0.6, y=20, 1=0.5, 6=60°)

No. of elements Chord Brace
around intersection Crown Toe Saddle Crown Toe Saddle
Single Axial Loading
16 2.631 7.386 2.307 8.044
20 2.638 7.372 2.392 8.106
24 2.643 7.368 2.435 8.120
Single In-Plane Bending
16 2437 0.1583 2.843 0.000
20 2.439 0.1588 2.941 0.000
24 2436 0.1588 2.990 0.000
Single Out-Plane Bending
16 0.1851 6.540 0.3127 7.366
20 0.2072 6.524 0.2980 7421
24 0.2220 6.512 0.2881 7.429
Balanced Axial Loading
16 1.013 12.16 1.750 12.58
20 1.021 12.14 1.818 12.66
24 1.036 12.13 1.860 12.66
Balanced In-Plane Bending
16 2.436 0.2048 2.862 0.000
20 2.438 0.2043 2.960 0.000
24 2.435 0.2038 3.009 0.000
Balanced Out-Plane Bending

16 0.1811 6.351 0.3142 7.034
20 0.2024 6.336 0.2984 7.077
24 0.2164 6.325 0.2878 7.081
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Table 3.2 Summary of Fitting Accuracy for SCF Parametric Equations

Location Brace Chord
Circumferential position R? % Equation R? % Equation
Single Axial Loading
Crown toe 81 Appendix Al.1 93.1 Appendix A2.1
Saddle 97.4 Appendix A1.2 97.4 Appendix A2.2
Crown heel 84.3 Appendix A1.3 92 Appendix A2.3
Hot-spot site 97.8 Appendix Al1.4 97.6 Appendix A2.4
Position of hot-spot stress 90.1 Appendix A1.5 84.2 Appendix A2.5
Single In-Plane Bending
Crown toe 88.2 Appendix A3.1 97.2 Appendix A4.1
Crown heel 84.6 Appendix A3.3 97.4 Appendix A4.3
Positive hot-spot site 95.3 Appendix A3.4 97 Appendix A4.4
Negative hot-spot site 93.7 Appendix A3.5 974 Appendix A4.5
Position of hot-spot stress 85.1 Appendix A3.6 82.2 Appendix A4.6
Position of hot-spot stress 83.5 Appendix A3.7 85.2 Appendix A4.7
Single Out-Plane Bending
Saddle 97.2 Appendix AS.2 97.8 Appendix A6.2
Hot-spot site 97.2 Appendix AS.4 97.8 Appendix A6.4
Balanced Axial Loading
Crown toe 88.1 Appendix A7.1 90.2 Appendix A8.1
Saddle 97.2 Appendix A7.2 97.4 Appendix A8.2
Crown heel 82.9 Appendix A7.3 85.6 Appendix A8.3
Hot-spot site 97.8 Appendix A7.4 97.8 Appendix A8.4
Position of hot-spot stress 86.9 Appendix A7.5 79.5 Appendix A8.5
Balanced In-Plane Bending
Crown toe 89.7 Appendix A9.1 97.8 Appendix A10.1
Crown heel 86.7 Appendix A9.3 97.8 Appendix A10.3
Positive hot-spot site 95.3 Appendix A9.4 97.2 Appendix A10.4
Negative hot-spot site 93.7 Appendix A9.5 97.8 Appendix A10.5
Position of hot-spot stress 88 Appendix A9.6 81.1 Appendix A10.6
Position of hot-spot stress 84.8 Appendix A9.7 82.3 Appendix A10.7
Balanced Out-Plane Bending
Saddle 95.8 Appendix A11.2 96.8 Appendix A12.2
Hot-spot site 95.8 Appendix A11.4 96.8 Appendix A12.4
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Table 3.3 Comparison Between Predicted and Recorded SCF Data at Chord Crown Position for Sin

le IPB Loaded X and DT-Joints

Ref, Spec. o B v T 0 Materials | Rec | UCL EFT |UCL/ | EFT/R

no. (deg) Rec | ec

Mshana 1993 | IPB-1A 7.84 0.64 10.2 0.5 90 Steel 176 | 218 | 1.72 | 1.24 | 0.98
Mshana 1993 | IPB-2A 7.84 0.64 10.2 0.5 90 Steel 1.76 | 218 | 1.72 | 1.24 | 0.98
Mshana 1993 | IPB-1B 7.84 0.64 10.2 0.5 90 Steel 147 | 218 | 1.72 | 1.48 | 1.17
Mshana 1993 | IPB-2B 7.84 0.64 10.2 0.5 90 Steel 168 | 218 | 1.72 | 1,30 | 1.03

Table 3.4 Comparison Between Predicted and Recorded SCF Data at Brace Saddle Position for Single OPB Loaded X and DT-Joints

Ref. Spec. o B Y T 0 Materials | Rec | UCL EFT |UCL/ | EFT/R

no. (deg) Rec | ec

Smith 1995 W2 9.90 0.80 10.00 0.99 90 Steel 480 } 859 | 813 | 1.79 | 1.69
Smith 1995 w4 9.90 0.80 10.00 0.99 90 Steel 470 | 859 | 813 | 1.83 | 1.73

Table 3.5 Comparison Between Predicted and Recorded SCF Data at Chord Saddle Position for Single OPB Loaded X and DT-Joints

Ref. Spec. o B Y T 6 Materials | Rec UCL EFT |UCL/|EFT/

no. (deg) Rec | Rec

Mshana 1993 | OPB-1A 7.84 0.64 10.2 0.5 90 Steel 3.81 427 | 465 | 112 | 1.22
Mshana 1993 | OPB-2A 7.84 0.64 10.2 0.5 90 Steel 3.09 | 427 | 465 | 1.38| 1.50
Mshana 1993 | OPB-1B 7.84 0.64 10.2 0.5 90 Steel 300 | 427 | 465 | 1.42]| 1.55
Mshana 1993 | OPB-2B 7.84 0.64 10.2 0.5 90 Steel 3.66 | 427 | 4.65 | 1.17 | 1.27
Smith 1995 W1/W5 9.90 0.80 10.00 0.99 90 Steel 650 | 1025 9.21 | 1.58 | 1.42
Smith 1995 W2 9.90 0.80 10.00 0.99 90 Steel 670 | 1025 | 921 | 1.63 | 1.37
Smith 1995 W3/Wb 9.90 0.80 10.00 0.99 90 Steel 670 | 1025 | 9.21 | 1.63 | 1.37
Smith 1995 w4 9.90 0.80 10.00 0.99 90 Steel 640 | 1025 921 | 1.60 | 1.44
Smith 1995 S1 9.90 0.80 10.00 0.99 90 Steel 640 | 1025 921 | 1.60| 1.44
Smith 1995 S2 9.90 0.80 10.00 0.99 90 Steel 6.00 | 1025| 921 | 1.71 | 1.63
Smith 1995 S3 9.90 0.80 10.00 0.99 90 Steel 6.60 | 1025 | 9.21 | 1.55| 1.39
Smith 1995 S4 9.90 0.80 10.00 0.99 90 Steel 620 | 1025| 9.21 | 1.65| 1.48
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Table 3.6 Comparison Between Predicted and Recorded SCF Data at Brace Crown Position for Balanced Axially Loaded X and DT-Joints

Spec. o B Y T 0 Materials | Rec | UCL | WS EFT | UEG LR JUCL/ | WS/ [EFT/ [UEG/ | LR/
no. (deg) Rec |Rec | Rec | Rec |Rec

E30 | 9.80 | 0.38 | 20.70| 0.79 | 90 Steel 1.50 | 3.16 1 336 | 235 [ 339 | 204 | 211 | 224|157 | 226 |1.36

E36 | 9.80 | 0.38 [ 20.50 | 0.81 | 90 Steel 1.70 { 3.16 | 3.40 | 236 [ 3.43 | 205 | 1.86 | 200 1.39 | 202 |1.2]

E37 | 9.80 | 0.38(21.00|0.83| 90 Steel 160 | 3.12 | 348 | 234 | 350 | 208 | 195 |2.17]1.46| 2.18 |1.30

1U/1 1 10.00 | 0.26 | 12.00 | 0.75| 90 Acrylic | 1.70 | 393 | 3.10 | 296 [ 3.10 [ 1.95 | 231 | 1.82]|1.74| 1.82 |1.15

1U/2 | 10.00 | 0.50 | 12.00 | 0.75 | 90 Acrylic | 200 | 278 | 256 | 2.49 | 256 | 1.73 | 1.39 | 1.28]|1.24| 1.28 |0.86

1U/3 | 10.00 | 0.80 | 12.00 | 0.75| 90 Acrylic | 1.70 | 1.50 | 1.89 | 235 | 1.89 | 1.564 | 0.88 | 1.11] 1.38| 1.11 |0.90

1U/5 | 10.00 | 0.26 | 24.00 | 0.75| 90 Acrylic | 280 ) 450 | 3.79 | 292 | 3.79 | 235 | 1.61 |1.35|1.04| 1.35 |0.84

1U/9 | 10.00 | 0.26 | 32.00 | 0.75| 90 Acrylic | 340 | 419 | 415 | 288 | 434 | 258 | 1.23 | 1.22]|0.85| 1.28 |0.76

2U/1 | 10.00 | 0.80 | 24.00 | 0.75| 60 Acrylic | 1.80 | 1.50 ] 230 | 1.50 | 230 | 1.76 | 0.83 | 1.28| 0.83 | 1.28 | 0.98

Table 3.7 Comparison Between Predicted and Recorded SCF Data at Brace Saddle Position for Balanced Axially Loaded X and DT-Joints

Spec. o B Y T 6 |Material | Rec | UCL | WS EFT | UEG [ LR [UCL/ | WS/ [EFT/ |UEG/ [LR/R
no. (deg) S Rec | Rec [ Rec | Rec | ec

A 850 [ 07211040 094 90 Steel 7.50 11452 | 1090 | 838 | 11.10| 8.64 | 1.94 | 1.45| 1.12 | 1.48 | 1.48

E30 | 9.80 | 0.38 [ 20.70 ] 0.79 | 90 Steel [10.60]22.70 [ 1530 [ 14.13 | 15644 | 1504 | 2.14 | 1.44 | 1.33 | 1.46 | 1.46

E36 | 9.80 | 0.38 | 20.50 | 0.81 | 90 Steel 114.30]23.01 [ 15652 ]14.16| 1568 | 1621 | 1.61 [ 1.09 | 0.99 | 1.10 | 1.10

E37 | 9.80 | 0.38 [ 21.00{ 0.83| 90 Steel [12.40]24.03 1624 |14.65[1636)1602{ 194 | 1.31 | 1.18 | 1.32 | 1.32

X4 11750 067 2530|082 90 Steel [ 15.00]| 29.61 | 22.96 | 18.72 ] 23.14 12294 1.97 [ 1.53 | 1.26 | 1.54 | 1.54

1U/1 [ 10.00 | 0.26 | 12.00 [ 0.75| 90 | Acrylic | 7.60 | 13.10| 6.77 | 681 | 677 | 6.00 [ 1.72 | 0.89 | 0.90 | 0.89 | 0.89

1U/2 | 10.00 | 0.50 | 12.00) 0.75 | 90 | Acrylic [ 10.50| 13.43 (1027 | 928 [ 1027 [ 871 [ 1.28 [ 0.98 | 0.88 | 0.98 | 0.98

1U/3 [ 10.00 1 0.80 | 12.00| 0.75| 90 [ Acrylic | 9.10 | 13.67 | 890 | 7.56 | 9.38 | 730 | 1.50 | 0.98 | 0.83 [ 1.03 | 1.03

1U/56 | 10.00 | 0.26 | 24.00]| 0.75| 90 | Acrylic | 13.20|24.43 | 12.54 | 12.62| 12.54 [ 13.03| 1.85 | 0.95 [ 0.96 | 0.95 | 0.95

1U/6 | 10.00 | 0.50 | 24.00{ 0.75| 90 [ Acrylic | 19.20]25.06 | 19.54 | 17.55[19.64 {19.70| 1.30 | 1.02 | 0.91 | 1.02 | 1.02

1U/7 [ 10.00 | 0.80 | 24.00{ 0.75| 90 | Acrylic | 17.50]| 25,50 [ 16.80 | 14.11 [ 17.75116.24| 1.46 | 0.96 | 0.81 [ 1.01 | 1.01

1U/9 [ 10.00 | 0.26 | 32.00| 0.75| 90 [ Acrylic [21.90] 31.64 | 16.39 11649 [ 17.31 118.40| 1.44 | 0.75]0.75 | 0.79 [ 0.79

1U/10] 10.00 [ 0.50 [ 32.00)| 0.76 | 90 | Acrylic [29.10|32.44 | 25.72 (23.07 | 27.21 {28.09| 1.11 | 0.88 [ 0.79 | 0.94 | 0.94

1U/11{13.30 { 0.80 { 32.00{ 0.75| 90 | Acrylic |28.90|33.52 | 22.07 | 18.47 | 24.68 | 23.06| 1.16 | 0.76 [ 0.64 | 0.85 | 0.85

2U/1 | 10.00 | 0.80 | 24.00 | 0.75| 60 | Acrylic {11.20[ 18.66 | 12.47 | 10.15] 13.16 {12.47 ] 1.67 | 1.11 { 091 | 1.17 | 1.17
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Table 3.8 Comparison Between Predicted and Recorded SCF Data at Chord Crown Position for Balanced Axially Loaded X and DT-Joints

Spec. o B Y T 0 |Material | Rec | UCL |UCLS| WS | EFT [UEG| LR [UCL/ |UCLS/ | WS/R |EFT/ |UEG/ | LR/
no. (deg) S Rec Rec ec | Rec | Rec | Rec

E30 9.80 | 0.38 120.70) 0.79 | 90 Steel 3.30 | 209 | 470 [ 3.75 | 3.46 | 3.79 | 3.61 | 0.63 | 1.42 | 1.14 [ 1.05[ 1.16 | 1.09

E36 9.80 | 0.38 | 20.50| 0.81 | 90 Steel 3.60 | 2.14| 480 [ 3.82| 354 |3.86| 3.69 | 059 | 1.33 [ 1.06 | 0.98 | 1.07 | 1.02

E37 9.80 | 0.38 121.00) 0.83 | 90 Steel 330 [ 215| 493 | 3.93[3.65396| 376 | 0.66 | 1.60 | 1.19 [ 1.11 ] 1.20 | 1.14

1U/1 10.00 | 0.26 [12.00[ 0.756} 90 | Acrylic | 3.70 | 3.58 | 4.16 [ 3.33 | 3.62 |385| 463 | 097 | 1.12 [ 090 [098 | 1.04 [1.25

1U/2 [10.00| 050 (1200075 90 | Acrylic | 220 | 1.76 | 3.83 [ 2.48 | 228 | 286| 241 | 0.80 | 1.74 | 1.13 [ 1.04]| 1.30 | 1.09

1U/5 | 10.0010.26 [2400] 0.75]| 90 | Acrylic | 400 | 293 ) 488 | 442 | 4241442 533 | 073 | 1.22 | 1.11 [ 1.06 ) 1.11 |1.33

1U/9 | 10.00|0.26 (32001075 90 | Acrylic | 410 | 3.16| 622 | 500 | 4563 |530| 654 | 077 | 1.27 | 122 [1.11] 1.29 |1.35

2U/1 10.00 | 0.80 [ 24.00{ 0.756]| 60 | Acrylic | 1.60 | 1.50 | 4.12 {207 | 235|207 | 122 | 0.94 | 258 | 1.29 | 1.47 | 1.29 [0.77

XJOINT2 | 16.00 { 0.33 | 24.00] 1.00 | 45 | Acrylic |10.30]| 3.91 | 636 { 690527690 [11.85| 038 | 0.62 | 0.67 | 0.51 [ 0.67 |1.15

XJOINT3 | 16.00 | 0.50 | 24.00| 1.00 [ 45 | Acrylic | 620 [ 233 | 6.04 | 539 | 416 | 539 | 589 | 0.38 | 0.97 | 0.87 | 0.67 | 0.87 |0.95

XJOINTS | 16.00 | 0.83 | 24.00| 1.00| 45 | Acrylic | 200 [ 1.50 | 6.67 | 2.45 [ 3.55 244 1.73 | 0.75 | 2.83 | 1.22 | 1.77 | 1.22 |1 0.86

XJOINT9 | 16.00 | 0.50 | 2400} 1.00 | 30 | Acrylic | 6.20 | 3.18 | 5.66 | 523 | 447 | 623 | 7.34 | 051 | 0.91 | 0.84 | 0.72| 0.84 | 1.18
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Table 3.9 Comparison Between Predicted and Recorded SCF Data at Chord Saddle Position for Balanced Axially Loaded X and DT-Joints

Spec. o B Y T 8 |Materia| Rec | UCL | WS EFT | UEG | LR |UCL/ |WS/ [EFT/ [UEG/ [LR/
no. (deg) Is Rec | Rec | Rec | Rec [Rec
18 6.70 | 0.76 | 12.00] 0.50 | 90 Steel | 770 | 810 | 910 | 864 | 943 | 7.64 | 1.05 | 1.18 | 1.12 | 1.23 [0.99
19 7.00 { 0.71 | 11.40| 0.64 | 90 Steel [ 1020 ] 10.78 | 11.86 | 11.23 [ 1206 | 9.89 | 1.06 { 1.16 | 1.10 | 1.18 [0.97
20 6.70 | 0.76 | 1200} 0.50 | 90 Steel | 770 | 810 | 9.10 | 864 | 943 | 7.64 | 1.05 | 1.18 | 1.12 | 1.23 {0.99
34-35 |10.00| 0.50 | 14.30| 0.50 | 90 Steel | 1090 997 | 11.69] 11.25| 11,69 | 10.75| 091 | 1.07 | 1.03 | 1.07 [0.99
39-40 | 10.00| 0.50 | 14.30| 0.50 | 90 Steel | 11.20| 9.97 | 11.69 | 11.256| 11.69 [10.75| 0.89 | 1.04 | 1.00 [ 1.04 [0.96
A 8.50 | 0.72 | 1040} 0.94 | 90 Steel | 1090 ) 16.74 | 156.71 | 14.88 [ 16.03 | 12.73 | 1.54 | 1.44 | 1.37 | 1.47 [1.17
E30 9.80 | 0.38 | 20.70| 0.79 [ 90 Steel |21.80| 27.57 | 22.70 | 22.24 | 22.91 | 23.67 | 1.26 | 1.04 | 1.02 | 1.05 [1.09
E36 9.80 | 0.38 | 20.50| 0.81 [ 90 Steel | 20.80 | 28.24 | 23.05 | 22.58 | 23.29 [ 23.96| 1.36 | 1.11 | 1.09 [ 1.12 [1.16
E37 9.80 | 0.38 | 21.00| 0.83 | 90 Steel |21.40 | 29.96 | 24.19 | 23.70 | 24.38 | 26.34| 1.40 [ 1.13 | 1.11 | 1.14 [1.18
X4 17.50 | 0.67 | 25.30| 0.82 | 90 Steel | 29.50| 37.05 | 34.86 | 33.01 | 35.14 | 37.17{ 1.26 | 1.18 | 1.12 [ 1.19 | 1.26
X5 17.50] 0.67 | 256,30} 0.82 | 90 Steel | 31.80 | 37.05 | 34.86 | 33.01 | 36.14 |37.17} 1.17 | 1.10 | 1.04 | 1.10 [1.17
X6 17.50] 0.35 | 256.00| 0.81 | 90 Steel | 24.00 | 35.98 | 26.43 | 26.03 | 26.45 | 29.26| 1.50 | 1.10 | 1.08 | 1.10 | 1.22
1U/1 10.00| 0.26 | 12.00| 0.75 | 90 | Acrylic [ 9.80 | 1442 | 9.16 | 9.16 | 9.16 | 821 | 1.47 | 0.93 | 0.93 | 0.93 | 0.84
1U/2 |10.00] 050 [ 12.00| 0.75 | 90 | Acrylic | 13.10 | 14.42 | 14.72 { 1416 [ 1472 [ 12.84| 1.10 [ 1.12 [ 1.08 | 1.12 |0.98
1U/3 [ 10.00| 0.80 [ 12.00]| 0.75 | 90 | Acrylic | 10.70 | 14.42 | 12,54 | 12.00 | 13.30 [ 10.44| 1.35 | 1.17 | 1.12 | 1.24 [0.98
1U/5 [10.00| 0.26 [ 2400]| 0.75 | 90 | Acrylic | 18.50 | 30.07 | 18.32 | 18.32 | 18.31 [20.23| 1.63 | 0.99 | 0.99 [ 0.99 [1.09
1U/6 [10.00} 0.50 [ 24.00| 0.756 | 90 | Acrylic [ 25.70 | 30.07 | 29.43 | 28.31 | 29.43 [31.62| 1.17 [ 115 | 1.10 | 1.15 | 1.23
1U/7 |10.00| 0.80 [ 24.00]| 0.75 | 90 | Acrylic | 24.10 { 30.07 | 25.08 | 24.01 | 26.59 | 26.71| 1.25 | 1.04 | 1.00 | 1.10 [1.07
1U/9 {10.00( 0.26 [ 3200] 0.75 | 90 | Acrylic | 23.50 | 40.79 | 24.42 | 24.43 | 29.64 | 29.40{ 1.74 | 1.04 | 1.04 | 1.26 | 1.25
1U/10 | 10.00| 050 | 32.00| 0.756 | 90 | Acrylic | 39.90 [ 40.79 | 39.25 | 37.75 | 39.80 | 456.96| 1.02 [ 0.98 | 0.95 | 1.00 | 1.156
1U/11 [ 13.30| 0.80 | 32.00| 0.75 | 90 | Acrylic | 37.80 [ 41.43 | 33.44 | 32.01 | 37.59 | 37.37 | 1.10 [ 0.88 | 0.85 | 0.99 | 0.99
2U/1 10.00] 0.80 | 24.00| 0.75 | 60 | Acrylic | 17.00 | 22.42 | 18.20 [ 18.80 | 19.30 [ 19.28] 1.32 [ 1.07 | 1.11 | 1.14 [1.13
XJOINT2 | 16.00 | 0.33 | 24.00| 1.00 | 45 | Acrylic | 16.70 | 22,56 | 20.31 | 16.39 | 20.31 | 1639 1.35 | 1.22 | 0.98 [ 1.22 |0.98
XJOINT3 | 16.00| 0.50 | 24.00{ 1.00 | 45 | Acrylic | 14.80 | 22.56 | 19.97 [ 20.94 | 19.96 | 21.08| 1.52 | 1.35 | 1.41 | 1.35 | 1.42
XJOINT? | 16.00| 0.50 | 24.00| 1.00 | 30 | Acrylic | 880 | 11.13 | 10.16 | 11.62 | 10.16 | 10.54| 1.26 | 1.16 | 1.32 | 1.15 | 1.20
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Table 3.10 Com

arison Between Predicted and Recorded SCF Data on Brace Side for Balanced IPB Loaded X and DT-Joints

Spec.no.| « B Y T 0 Materials | Rec | UCL | WS EFT | UEG | LR |[UCL/ |WS/ |EFT/ |UEG |LR/R
(deg) Rec | Rec | Rec | /[Rec | ec

AA 850|072 [1060] 099 | 90 Steel 180|296 | 315 | 265 | 315 | 231 | 1.64 | 1.75| 1.47 | 1.756 | 1.28
E30 9.80 | 0.38 | 20.70 | 0.79 90 Steel 250433378 | 352 | 381|276 1.73 | 151|141 ]152|1.10
E36 9.80 | 0.38 | 20.50 | 0.81 90 Steel 230|434 | 382 | 352 | 385 | 278 | 1.89 | 1.66 | 1.63 | 1.68 | 1.21
E37 9.80 | 0.38 | 21.00 | 0.83 90 Steel 240 | 441 | 392 | 360 | 394 | 285 | 1.84 | 1.63 | 1.50 | 1.64 | 1.19
1U/1 10,00} 0.26 | 1200 | 076 | 90 Acrylic | 160 | 3.14 | 283 | 237 | 283 | 1.83 | 1.96 | 1.77 [ 1.48 | 1.77 | 1.14
1U/2 [10.00] 050 | 12.00 | 0.75 90 Acrylic | 230|329 | 295 | 267 | 295 | 216 | 1.43 | 1.28 [ 1.16 | 1.28 | 0.94
1U/3 |10.00] 0.80 [ 12.00 | 0.75 90 Acrylic | 230281 | 278 | 251 | 278 | 214 | 1.22 | 1.21 [ 1.09 | 1.21 | 0.93
1U/5 10.00]| 0.26 | 2400 | 0.75 90 Acwylic | 310 | 433 | 3.77 | 365 | 3.77 | 254 | 1.40 | 1.22 | 1.14 ]| 1.22 | 0.82
1U/6 |10.00] 050 | 2400 | 075 | 90 Acrylic | 290 | 454 | 396 | 3.72 | 396 | 320 | 1.56 | 1.36 | 1.28 | 1.36 | 1.10
1U/7 |[10.00| 0.80 | 24.00 | 0.75 90 Acrylic | 3.80 [ 3.87 | 3.69 | 3.09 | 3.69 | 3.17 | 1.02 | 097 | 0.81 | 0.97 | 0.83
1U/9 |10.00] 026 { 3200| 075 | 90 Acrylic | 420 | 495 429 | 429 | 449 | 301 | 1.18 { 1.02 | 1.02 | 1.07 | 0.72
1U/10 [10.00| 0.50 | 32.00 | 0.75 90 Acrylic | 520 | 518 | 451 | 433 | 473 | 390 | 1.00 | 0.87 | 0.83 | 0.91 | 0.75
1U/11 [13.30] 0.80 | 32.00 | 0.75 | 90 Acrylic | 430|442 | 420 | 3.40 | 439 | 385 | 1.03 | 0.98 | 0.79 | 1.02 | 0.90
2U/1 10.00| 0.80 | 24.00 | 0.75 | 60 Acrylic | 270 | 326 | 3.61 | 301 | 361 [ 277 | 1.21 | 1.34 [ 1.11 | 1.34 | 1.03
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Table 3.11 Comparison Between Predicted and Recorded SCF Data on Chord Side for Balanced IPB Loaded X and DT-Joints

Spec. o B Y T 8 | Material| Rec | UCL | WS EFT | UEG | LR |[UCL/ |WS/ | EFT/ |UEG/ | LR/
no. (deg) S Rec | Rec | Rec | Rec | Rec
AA 850 | 0.72 | 10.60 | 0.99 90 Steel 320 | 466 | 341 | 3.45 | 3.41 | 331 | 1.46 | 1.06|1.08| 1.06 }1.04
E30 9.80 | 0.38 | 20.70 | 0.79 90 Steel 440 | 502 | 442 | 427 | 446 | 451 | 1.14 | 1.00( 097 | 1.01 |1.02
E36 9.80 | 0.38 | 20.50 | 0.81 90 Steel 400 [ 613 | 448 | 433 | 453 (456 | 1.28 | 1.12|1.08( 1.13 | 1.14
E37 9.80 | 0.38 | 21.00 | 0.83 90 Steel 420 | 531 | 4.64 | 450 | 467 |475| 1.26 | 1.10| 1.07 | 1.11 {1183
X4 1750 | 0.67 | 25.30 | 0.82 90 Steel 280 | 659 | 604 | 476 | 505 | 484 | 200 | 1.80(1.70| 1.80 | 1.73
X5 1750 | 0.67 | 25.30 | 0.82 90 Steel 3.30 | 559 | 504 | 476 | 505 | 484 | 1.69 | 1.63 | 1.44| 1.63 |1.47
X6 17.50 | 0.35 | 25.00 | 0.81 90 Steel 440 | 559 | 500 | 493 | 501 [ 551 ] 1.27 [ 114|112 1.14 | 1.25
1U/1 10.00 | 0.26 | 12.00 | 0.75 90 | Acrylic | 220 | 3.82 [ 290 | 228 | 290 {290 | 1.74 [ 1.32|1.04] 1.32 | 1.32
1U/2 10.00 | 0.50 | 12.00}| 0.75 90 | Acrylic | 280 | 3.76 | 3,10 | 293 | 3.10 {280 1.34 [ 1.11]1.05] 1.11 | 1.00
1U/3 10.00 | 0.80 | 12,00 | 0.75 Q0 | Acrylic | 3.20 | 3.71 | 282 | 282 | 282 (281 | 1.16 | 0.88|0.88 | 0.88 | 0.88
1U/5 10.00 | 026 | 2400 | 0.75 Q0 | Acrylic | 420 [ 513 1 439 | 404 | 439 {573 1.22 | 1.05|096| 1.05 | 1.36
1U/6 10.00 | 0.50 | 24.00 | 0.75 90 | Acrylic | 440 | 504 | 4.69 | 462 | 4.69 | 458 | 1.156 | 1.07 | 1.05| 1.07 | 1.04
1U/7 10.00 [ 0.80 | 24.00 | 0.75 90 | Acrylic | 400 | 497 | 427 | 3.87 | 427 | 414 | 1.24 | 1.07 |1 097 | 1.07 | 1.038
1U/9 10.00 | 0.26 | 32.00 { 0.75 90 | Acrylic | 560 | 580 [ 522 | 512 | 553 [7.60| 1.03 | 093 [0.91| 099 [1.36

1U/10 | 10.00 | 0.50 | 32.00 | 0.75 90 | Acrylic | 670 | 5.69 | 558 | 559 | 591 | 561 | 1.00 | 098|098 | 1.04 |0.98

TU/11 | 13.30 | 0.80 | 32.00 | 0.75 90 | Acrylic | 540 | 562 | 508 | 441 | 538 | 486 | 1.04 | 094|082 | 1.00 |0.90

2U/1 10.00 | 0.80 | 24.00 | 0.75 60 | Acrylic | 3.60 | 451 | 414 | 350 | 414 | 385 1.25 | 1151097 | 1.156 | 1.07
XJOINT2 | 16,00 [ 0.50 | 24.00 | 1.00 45 | Acrylic | 440 | 530 | 4.64 | 463 | 464 | 484 | 121 |1.05]1.05| 1.05 [1.10
XJOINT9 | 16.00 { 0.50 | 24.00 | 1.00 30 | Acrylic | 500 | 419 | 3.64 | 3.64 | 3.64 | 407 | 0.84 | 0.73]0.73 | 0.73 | 0.81
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Table 3.12 Comparison Between Predicted and Recorded SCF Data on Brace Side for Balanced OPB Loaded X and DT-Joints

Spec. o B Y T 6 |Material | Rec | UCL | WS EFT | UEG LR |UCL/ |WS/ |EFT/ |UEG/ | LR/
no. (deg) S Rec | Rec [ Rec | Rec |Rec
E30 9.80 | 0.38 | 20.70} 0.79 | 90 Steel 380|907 | 706 } 740 | 7102 | 705 | 239 | 1.86 | 1.95| 1.87 |1.86
E36 9.80 | 0.38 | 20.50 | 0.81 90 Steel 620 | 911 716 | 742 | 722 | 712 | 1.47 | 115 (120 1.16 | 1.16
E37 9.80 | 0.38 | 21.00| 0.83 [ 90 Steel 500 | 944 | 746 | 7.67 | 751 | 748 | 1.89 | 149 | 1.63 | 1.50 | 1.50
X4 1750 0.67 [ 25.30| 0.82 | 90 Steel 7.30 {1566 1293 | 11.74 | 13.03 [ 1247 | 215 | 1.77 [ 1.61 | 1.78 | 1.71
1U/1 10.00| 0.26 | 1200} 0.75 | 90 | Acrylic | 250 | 453 { 330 | 3.25 | 3.30 | 3.00 | 1.81 | 1.32|1.30| 1.32 |1.20
1U/2 10.00| 050 | 12.00) 0.75 1 90 | Acrylic | 490 ) 607 | 529 | 517 | 529 | 425 | 124 | 1.08 | 1.05| 1.08 | 0.87
1U/3 10.00( 0.80 | 1200| 0.75 | 90 | Acrylic | 510 748 | 691 | 477 | 620 | 3.90 | 1.47 | 1.16 | 093 | 1.22 |0.77
1U/5 10.00| 0.26 [ 2400 0.75 | 90 | Acrylic | 540 | 854 | 559 | 621 | 659 | 621 | 158 | 1.04| 1.156| 1.04 |1.15
1U/6 10.00| 0.50 {2400 0.75 | Q0 | Acrylic | 11.00]11.43| 959 | 964 | 958 | 936 | 1.04 | 087 | 0.88 | 0.87 |0.85
10/7 10.00| 0.80 | 2400| 0.75 | 90 | Acrylic | 9.40 | 14.09| 10.81 | 846 [11.40| 783 | 1.50 | 1.15] 090 | 1.21 | 0.83
1U/9 10.00| 0.26 [ 3200 0.75 | 90 | Acrylic [ 10.10]11.11] 713 | 810 | 749 | 884 | 1.10 | 0.71 | 0.80 | 0.74 |0.87

1U/10 | 10.00| 050 | 3200 0.75 | 90 | Acrylic | 1640|1487 | 1245|1234 |113.14|13.35| 091 | 0.76 | 0.75 | 0.80 |0.81

1U/11 |13.30| 0.80 | 3200 ]| 075 | 90 | Acrylic | 16.90|19.16| 14,08 | 12.33 | 15671 | 13.62| 1.13 | 083 | 073 | 0.93 [ 0.81
2U/1 10.00| 0.80 | 2400 0.75 | 60 | Acrylic | 650 [ 1051 812 | 672 | 855 | 676 | 1.62 | 1.26]|1.03 | 1.32 |0.89
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Table 3.13 Comparison Between Predicted and Recorded SCF Data on Chord Side for Balanced OPB Loaded X and DT-Joints

Spec. o B Y T 8 |Material | Rec | UCL | WS EFT | UEG LR |UCL/ | WS/ [EFT/ |UEG/ [LR/R
no. (deg) S Rec | Rec [ Rec | Rec | ec
E30 9.80 | 0.38 [20.70| 0.79 | 90 Steel 770 | 1152 962 | 932 | 971 11085 1.50 | 1.25 [ 1.21 | 1.26 | 1.41
E36 9.80 | 0.38 | 20.50 | 0.81 90 Steel 890 (11.73| 9.77 | 9.47 | 987 [11.00] 1.32 | 1.10}{1.06 | 1.11 | 1.24
E37 980 | 0.38 [ 21.00f 0.83 | 90 Steel 8.30 |1235|1026) 993 [ 1034 | 11.61 | 1.49 [ 1.24 [ 1.20 | 1.256 | 1.40
X4 17.50| 0.67 | 25,30 0.82 | 90 Steel 13.20 | 1894|1894 | 1793 | 19.09 [ 2009 | 1.43 | 1.44 | 1.36 | 1.45 | 1.52
X5 1750 0.67 | 25.30]| 0.82 | 90 Steel 16.80 | 1894|1894 | 17.93 | 19.09 | 2009 [ 1.13 | 113 | 1.07 | 1.14 | 1.20

X6 17.50| 0.35 | 25.00 | 0.81 90 Steel 13.90 | 15,13 11.00] 1091 | 11.01 | 13.72 | 1.09 | 0.79 | 0.79 | 0.79 | 0.99
1U/1 10.00| 0.26 | 12.00| 0.75 | 90 | Acrylic | 3.70 | 559 | 3.656 | 3.63 | 3.65 | 3.71 | 1.561 | 099 | 098 | 0.99 | 1.00
1U/2 10.00| 050 | 1200( 0.75 { 90 Acrylic | 630 | 683 | 6.81 | 659 | 681 | 632 | 1.08 [ 1.08 | 1.05] 1.08 | 1.00
1U/3 10.00( 0.80 | 1200| 075 | 90 | Acrylic | 620 | 789 | 7.79 | 715 | 826 | 676 | 1.27 | 1.26 | 1.15] 1.33 | 0.93
1U/5 10.00{ 026 |2400| 075 | 90 | Acrylic | 790 |11.27| 729 | 718 | 729 | 899 | 1.43 | 092 | 091 | 092 |1.14
1U/6 10.00| 0.50 | 2400 0.75 | 90 Acrylic | 13.40 | 13.76 [ 13.63 | 12.72 | 13.63 | 1476 | 1.03 | 1.02 [ 095 | 1.02 | 1.10
10/7 10.00{ 0.80 | 2400| 0.75 { 90 Acrylic | 13.10 | 16.89 | 1657 | 13,13 | 16,51 [ 1243 ] 1.21 | 1.19 | 1.00 | 1.26 | 0.95
1U/9 10.00§ 0.26 | 32.00| 0.75 | 90 | Acrylic | 10.80 | 1507 | 9.72 | 950 | 1031|1294 | 1.40 | 090 | 0.88 | 095 | 1.20

1U/10 | 10.00]| 050 [ 32.00( 0.75 | 90 | Acrylic | 21.40 | 18.40 | 18.17 | 16,53 | 19.27 | 20.74 | 0.86 | 0.85 { 0.77 | 0.90 | 0.97
1U/11 | 13.30( 0.80 {3200 075 | 90 | Acrylic | 2240 122.10|20.77 | 19.41 | 23.34 | 21.39 | 099 [ 0.93 | 0.87 | 1.04 | 0.95
2U/1 10.00| 0.80 | 24.00| 075 | 60 | Acrylic | 970 [ 11941131 1043 | 11.98( 932 | 1.23 | 1.17 | 1.08 | 1.24 | 096
XJOINT2 | 1600} 0.33 {24.00| 1.00 | 45 | Acrylic | 780 | 895 | 836 | 702 | 836 | 7.63 | 1.15 | 1.07 | 090 | 1.07 | 0.98
XJOINT3 | 16.00| 0.50 | 2400| 1.00 | 45 | Acrylic | 9.80 | 10.16| 9.256 | 10.17 | 924 | 1054 | 1.04 | 094 | 1.04 | 094 | 1.08
XJOINT9 | 16.00| 0.50 {24.00| 1.00 | 30 | Acrylic | 630 | 510 | 470 | 5684 | 470 | 627 [ 0.81 { 0.75 | 093 | 0.75 | 0.84
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Table 3.14 Validation of SCF Parametric Equation for X joint

under Balanced Axial at Brace Crown Position

Equation Steel/ No Database Pred SCF/Recorded SCF Decision
Acrylic of
Pts
Mean %st | %P/R< | %P/R< | %P/R>
dev of 0.8 1.0 1.5
Enq
Wordsworth Steel 3 2.13 12.0% | 0.0% 0.0% 100% accept but
& Acrylic 13 137 | 352% | 0.0% 77% | 38.5% | borderline
Smedley Pooled 16 1.51 44.1% | 0.0% 6.3% | 50.0% | conservative
Steel 3 1.47 92% | 0.0% 0.0% | 33.3% accept
Efthymiou | Acrylic 13 145 | 402% | 1.7% 77% | 46.2% but
Pooled 16 145 | 36.1% | 6.3% 6.3% | 43.8% | borderline
Steel 3 2.15 120% | 0.0% 0.0% 100% accept but
UEG Acrylic 13 1.38 353% | 0.0% 7.7% 38.5% borderline
Pooled 16 152 | 445% | 0.0% 6.3% | 50.0% | conservative
Steel 3 1.29 7.7% 0.0% 0.0% 0.0%
LR Acrylic 13 1.12 123% | 0.0% 7.7% 0.0% accept
Pooled 16 1.15 133% | 0.0% 6.3% 0.0%
Steel 1.97 12.7% | 0.0% 0.0% 100% too
UCL Acrylic 6 138 | 54.6% | 0.0% | 33.3% | 33.3% small
Pooled 9 1.57 | 529% | 0.0% | 22.2% | 55.6% database
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Table 3.15 Validation of SCF Parametric Equation for X joint

under Balanced Axial at Brace Saddle Position

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic | Pts
Mean %st | BP/R< | %P/R | %P/R
dev of 0.8 <1.0 >1.5
Enq
Wordsworth |  Steel 4 134 | 188% | 0.0% 0.0% | 25.0%
& Acrylic 12 1.19 | 18.0% | 00% | 16.7% | 8.3% accept
Smedley Pooled 16 123 | 188% | 0.0% 12.5% | 12.5%
Steel 7 122 | 133% | 0.0% 143% | 0.0% accept as
Efthymiou | Acrylic 12 1.06 | 13.8% 83% | 33.3% | 0.0% borderline
Pooled 19 112 | 154% | 53% | 26.3% | 0.0% | unconservative
Steel 4 136 | 189% | 0.0% 0.0% | 25.0%
UEG Acrylic 12 126 | 22.6% | 0.0% 83% | 16.7% accept
Pooled 16 129 | 21.6% | 0.0% 63% | 18.8%
Steel 6 132 | 177% | 0.0% 0.0% | 16.7%
LR Acrylic 12 1.14 | 144% | 00% | 25.0% | 0.0% accept
Pooled 18 120 | 174% | 0.0% | 16.7% | 5.6%
Steel 5 192 | 193% | 0.0% 0.0% | 100% accept but
UCL Acrylic 10 145 | 243% | 0.0% 0.0% | 30.0% borderline
Pooled 15 1.61 | 31.8% | 0.0% 0.0% | 53.3% | conservative
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Table 3.16 Validation of SCF Parametric Equation for X joint

under Balanced Axial at Chord Crown Position

Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Eng 0.8 1.0 1.5
Wordsworth Steel 3 1.12 6.3% 0.0% 0.0% 0.0% too
& Acrylic 9 1.14 243% | 11.1% | 444% | 0.0% small
Smedley Pooled 12 1.14 20.9% 8.3% 33.3% 0.0% database
Steel 3 1.04 5.8% 333% | 333% | 0.0% too
Efthymiou Acrylic 9 1.15 442% | 333% | 333% | 22.2% small
Pooled 12 1.12 38.1% | 333% | 333% | 16.7% database
Steel 3 1.14 6.2% 0.0% 0.0% 0.0% too
UEG Acrylic 9 1.15 253% | 11.1% | 444% | 0.0% small
Pooled 12 1.15 21.7% 8.3% 333% | 0.0% database
Steel 3 1.07 5.7% 0.0% 0.0% 0.0% too
LR Acrylic 9 1.23 22.9% 00% | 222% | 11.1% small
Pooled 12 1.19 21.0% 0.0% 16.7% | 8.3% database
Steel 3 0.62 3.1% 100% 100% 0.0% too
UCL Acrylic 9 0.69 22.1% | 66.77% | 100% 0.0% small
Pooled 12 0.68 19.1% | 75.0% 100% 0.0% database
Steel 3 1.42 8.2% 0.0% 0.0% 0.0% too
UCLS Acrylic 9 1.48 763% | 11.1% | 33.3% | 33.3% small
Pooled 12 1.46 65.2% 8.3% 25.0% | 25.0% database
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Table 3.17 Validation of SCF Parametric Equation for X joint
under Balanced Axial Loading at Chord Saddle Position

Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Wordsworth Steel 8 1.10 4.6% 0.0% 0.0% 0.0%

& Acrylic 17 1.29 27.1% 0.0% 5.9% 11.8% accept
Smedley Pooled 25 1.23 24.0% 0.0% 4.0% 8.0%
Steel 16 1.15 18.9% 0.0% 0.0% 12.5%

Efthymiou Acrylic 16 1.26 28.9% 0.0% 6.3% 12.5% accept
Pooled 32 1.21 24.7% 0.0% 3.2% 12.5%
Steel 10 1.13 6.7% 0.0% 0.0% 0.0%

UEG Acrylic 17 1.36 32.7% 0.0% 0.0% 17.6% accept
Pooled 27 1.27 28.3% 0.0% 0.0% 11.1%
Steel 15 1.09 15.0% 00% | 46.7% | 0.0%

LR Acrylic 17 1.24 20.4% 0.0% 11.8% | 11.8% reject
Pooled 32 1.17 19.3% 0.0% 282% | 6.3%
Steel 12 1.20 21.7% 0.0% 16.7% | 8.3%

UCL Acrylic 13 1.33 21.4% 0.0% 00% | 23.1% accept
Pooled 25 1.27 22.0% 0.0% 8.0% 16.0%
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Table 3.18 Validation of SCF Parametric Equation for X joint
under Balanced IPB Loading on Brace Side

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean %st | %P/R< | %P/R< | %P/R
dev of 0.8 1.0 >1.5
Enq
Wordsworth | Steel 4 155 | 12.7% | 0.0% 0.0% | 75.0% accept
& Acrylic 23 1.50 | 212% | 0.0% 0.0% | 60.9% but

Smedley Pooled 27 1.51 20.1% 0.0% 0.0% | 63.0% | conservative

Steel 6 133 | 25.6% | 0.0% 16.7% | 16.7%

Efthymiou | Acrylic 23 129 | 22.4% 0.0% 43% | 17.4% accept
Pooled 29 1.30 | 22.7% | 0.0% 6.9% | 17.2%

Steel 4 1.57 10.7% 0.0% 0.0% | 75.0% accept
UEG Acrylic 23 1.51 | 20.0% | 0.0% 0.0% | 60.9% but
Pooled 27 1.52 18.9% 0.0% 0.0% | 63.0% | conservative
Steel 5 1.15 | 11.6% | 00% | 20.0% | 0.0%
LR Acrylic 23 1.15 12.9% 0.0% 87% | 0.0% accept

Pooled 28 1.15 12.5% 0.0% 10.7% | 0.0%

Steel 4 1.78 108% | 0.0% 0.0% | 100%
UCL Acrylic 10 1.30 | 30.0% | 0.0% 0.0% 20% accept
Pooled 14 144 | 338% | 0.0% 0.0% | 42.9%
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Table 3.19 Validation of SCF parametric Equation for X joint
under Balanced IPB Loading on Chord Side

Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Wordsworth Steel 9 1.54 68.0% 0.0% 0.0% | 44.4%
& Acrylic 24 1.24 18.2% 0.0% 8.3% 8.3% accept
Smedley Pooled 33 1.32 39.7% 0.0% 6.1% 18.2%
Steel 12 1.33 37.9% 0.0% 83% | 25.0%
Efthymiou | Acrylic 24 1.17 15.7% 0.0% 125% | 0.0% accept
Pooled 36 1.22 25.9% 0.0% 111% | 83%
Steel 9 1.56 73.4% 0.0% 00% | 44.4%
UEG Acrylic 24 1.25 17.8% 0.0% 8.3% 8.3% accept
Pooled 33 1.33 42.1% 0.0% 6.1% 18.2%
Steel 12 1.39 42.7% 0.0% 0.0% 16.7%
LR Acrylic 24 1.23 17.1% 0.0% 8.3% 8.3% accept
Pooled 36 1.28 28.7% 0.0% 6.1% 11.1%
Steel 7 1.44 30.2% 0.0% 0.0% | 28.6%
UCL Acrylic 12 1.18 22.2% 0.0% 8.3% 8.3% accept
Pooled 19 1.28 27.7% 0.0% 5.3% 15.8%
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Table 3.20 Validation of SCF Parametric Equation for X-joint
under Balanced OPB Loading on Brace Side

Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Wordsworth Steel 4 1.57 31.2% 0.0% 0.0% 50.0%
& Acrylic 12 1.35 34.3% 0.0% 16.7% | 33.3% accept
Smedley Pooled 16 1.41 34.0% 0.0% 12.5% | 37.5%
Steel 4 1.60 31.0% 0.0% 00% | 75.0%

Efthymiou Acrylic 12 1.26 23.7% 0.0% 16.7% | 16.7% accept
Pooled 16 1.35 28.9% 0.0% 125% | 31.3%

Steel 4 1.59 31.5% 0.0% 00% | 75.0%

UEG Acrylic 12 1.43 40.2% 0.0% 16.7% | 33.3% accept
Pooled 16 1.47 37.9% 0.0% 12.5% | 43.8%
Steel 4 1.59 30.3% 0.0% 0.0% | 75.0%

LR Acrylic 12 1.21 19.9% 0.0% 16.7% 8.3% accept
Pooled 16 1.31 27.6% 0.0% 12.5% | 25.0%
Steel 4 1.97 39.2% 0.0% 00% | 75.0%

UCL Acrylic 10 1.34 29.6% 0.0% 10.0% | 30.0% accept

Pooled 14 1.52 42.9% 0.0% 71% | 42.9%
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Table 3.21 Validation of SCF Parametric Equation for X joint
under Balanced OPB on Chord Side

Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Wordsworth Steel 6 1.16 217% | 16.7% | 16.7% 0.0%
& Acrylic 17 1.28 37.4% 0.0% 17.6% | 11.8% accept
Smedley Pooled 23 1.25 34.0% 4.3% 17.4% 8.7%
Steel 6 1.13 200% | 16.7% | 16.7% | 0.0%

Efthymiou Acrylic 16 1.23 33.1% 0.0% 25.0% | 18.8% accept
Pooled 23 1.20 30.0% 4.3% 21.7% | 13.0%

Steel 6 1.16 221% | 16.7% | 16.7% | 0.0%

UEG Acrylic 17 1.35 44.8% 0.0% 11.8% | 17.6% accept
Pooled 23 1.30 40.5% 4.3% 13.0% | 13.0%
Steel 6 1.32 20.4% 0.0% 16.7% | 16.7%

LR Acrylic 17 1.23 16.6% 0.0% 5.9% 5.9% accept
Pooled 23 1.25 17.6% 0.0% 8.7% 8.7%
Steel 6 1.33 18.1% 0.0% 0.0% 0.0%

UCL Acrylic 13 1.15 21.4% 0.0% 15.4% 7.7% accept

Pooled 19 1.21 21.5% 0.0% 10.5% | 5.3%
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Figure 3.1 Geometric Notation for Tubular X-joint
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2
1
(a) Typical Eight Noded Quadrilateral Double (b) Typical Six Noded Triangular
Curved
Curved Element (S8R5) with Reduced Integration, Element (STRI65) using Five Degrees
using Five Degrees of Freedom per Node of Freedom per Node

Figure 3.2 Two Kinds of Thin-Shell Elements used in this Study

r////yA

Figure 3.3 Typical Example of Finite Element Mesh Used to Model Tubular Joint

(a=10, p=0.6, 7=20, T=0.5, 0=60° )
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Single in-piane bending Single axial loading Single out-plane bending

(a) Single brace loading

h— -iP --— 4. -f

Balanced m-plane bending Balanced axial loading Balanced out-plane bending

(b) Both brace loading

Figure 3.4 Modes of Loading Used for Finite Element Joint Analyses
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Modes of
Loading
Single Axial
Single IPB
Single OPB
Balanced Axial
Balanced IPB

Balanced OPB
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Figure 3.5 The Boundary Conditions for All Modes of Loading
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Figure 3.6 Effect of ag on the SCF Distribution on Brace Side of Intersection
for Single Axial Loading X Joint ( a=10, (3=0.6, 7=20, 1=0.5, 0=60° )
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Figure 3.7 Effect of ag on the SCF Distribution on Brace Side of Intersection

for Single IPB Loading X Joint ( a=10, P=0.6, 7=20, ¢=0.5, 0=60° )
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Figure 3.8 Effect of ag on the SCF Distribution on Brace Side of Intersection
for Single OPB Loading X Joint ( a=10, (3=0.6, y=20,1=0.5, 0=60® )

SCF 4

0 10 20 30 40 50 60 70 80 90 14.22
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Figure 3.9 Effect of ag on the SCF Distribution on Chord Side of Intersection

for Single Axial Loading X Joint ( a=10, (3=0.6, 7=20,1=0.5, 0=60® )
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Figure 3.10 Effect of ag on the SCF Distribution on Chord Side of Intersection

for Single IPB Loading X Joint ( a=10, (3=0.6, 7=20, x=0.5, 0=60° )
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Angle Measured around Intersection from Crown Position (deg )

Figure 3.11 Effect of ag on the SCF Distribution on Chord Side of Intersection

for Single OPB Loading X Joint ( a=10, (3=0.6, 7=20, x=0.5, 0=60° )
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............. OhgmalMesh Displaced Mesh

Figure 3.12 The Deformed Mesh Superimposed upon the Unloaded Mesh
for Single Axial Loading X Joint ( ct=10, p=0.6, 7=20, x=0.5, 0=60°, 0g=6.09)

1

Original Mesh Displaced Mesh

Figure 3.13 The Deformed Mesh Superimposed upon the Unloaded Mesh
for Single IPB Loading X Joint ( a=10, P=0.6, '/=20,1=0.5. 9=60°, Og=6.09)
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Original Mash Olsplaceo Mesh

Figure 3.14 The Deformed Mesh Superimposed upon the Unloaded Mesh
for Single OPB Loading X Joint ( a=10, P=0.6. 920, x=0.5, 9=600, Og=6.09)

Original Mash CootaoedMasri

Figure 3.15 The Deformed Mesh Superimposed upon the Unloaded Mesh
for Balanced Axial Loading X Joint ( a=10, P=0.6. 'f=20, x=0.5, 0=60°, 0g=6.09)
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Figure 3.16 The Deformed Mesh Superimposed upon the Unloaded Mesh

for Balanced IPB Loading X Joint ( a=10, (3=0.6. -p20, %=0.5. =600, *=".09)

Original Mesh Oisplacea Mesh i

Figure 3.17 The Deformed Mesh Superimposed upon the Unloaded Mesh

for Balanced OPB Loading X Joint (0=10, (3=0.6. --20. t=;.5, 9=60°, ou=6.09)
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CHAPTER FOUR
PARAMETRIC EQUATIONS TO PREDICT STRESS

DISTRIBUTIONS THROUGH THE THICKNESS AND
ALONG THE INTERSECTION OF TUBULAR

X AND DT-JOINTS

4.1 Introduction

During the design stage, the hot spot stress based S-N approach is widely used to estimate
the fatigue life of offshore tubular welded joints. As the hot spot stress is defined as a
surface peak stress at the intersection, this method does not take the stress distribution into
account. However, the analyses of a large number of fatigue tests of tubular welded joints
have showed that fatigue behaviour is not dependent on the hot spot stress alone, but is also
significantly influenced by the stress distribution around the intersection and particularly the
through thickness stress distribution. It becomes apparent that the external surface hot spot
stress is not enough to characterise all aspect of fatigue failure. Joints of differing
geometries or modes of loading, but with similar hot spot stresses, may have different stress
distributions and, as a result, they often exhibit significantly different numbers of cycles to
failure. It is anticipated that a joint with a high proportion of through thickness bending
stress will have a longer fatigue life than one with a similar hot spot stress, but with a
greater component of through thickness membrane stress. Therefore the standard hot spot
stress analysis may be unconservative forjoints with a low degree of bending. Although one
can use the lower bound S-N curve which is two standard deviations below the mean life
curve through the experimental data, it can be over conservative for joints with a high
degree of bending. It seems that the current standard hot spot stress based S-N approach has
to be modified to include some parameters representing the stress distribution. Therefore
stress distribution information is needed in order to have more accurate fatigue life

prediction.

Another problem with the S-N approach is that this method gives only the total life and can
not be used to predict how a crack grows or the remaining life when cracking is detected in
service in a tubular joint. In order to deal with these problems, one has to use fracture
mechanics since it correlates the physical damage mechanism to the assessment. However,
the accurate determination of a Stress Intensity Factor(SIF) is the key for fracture mechanics
calculations of remaining life, on cracked joints in service. It is well known that it is

~-ssary to take the complex stress field in tubular welded joints into account in order to
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have accurate SIF data. The information is required again on the magnitude and distribution
of the stress acting in the anticipated crack path, not just the peak stress at one location.
Fatigue crack propagation rates are important to reliability-based inspection scheduling,

hence the need for this information is becoming more pressing.

In order to obtain the through thickness information from experiments, one has to access the
inside of tubular joints to attach stain gauges. It is generally quite difficult, especially for the
joints with small diameters in laboratory tests. The strain gauges are usually only placed on
several points around the external surface hot spot stress region rather than at many points
around the intersection. Thus the detailed stress distribution data, and especially through
thickness information, are usually not available from tests. By using thin shell finite element
method, parametric equations have been derived for Y and T joints in terms of peak
stress(Hellier et al 1990 a), stress distribution(Hellier et al 1990 b) and bending to
membrane ratio(Connolly et al 1990). However, for X and DT-joints, there are no
parametric equations for stress variation through the thickness and around the intersection.
For this reason, a comprehensive thin-shell FE analysis has been carried for tubular X and
DT-joints(Figure 4.1). The details of FE analyses is omitted in this chapter as it was
reported in chapter three. The SCF parametric equations have been firstly derived and
presented in the last chapter. This chapter will present the derivation and assessment of the
parametric equations for predicting the stress variation through the wall(degree of bending)
and stress distribution around the intersection for tubular X and DT-joints. In particular, new
two dimensional regression methodology was adopted to fit full stress distribution along the
intersection as a function of the geometric parameters a, (3, y, x and 6. This new set of stress
distribution equation can be used to predict the normalised distribution but also provide an

alternative method for calculation of hot spot SCFs.

4.2 Prediction of Degree of Bending in Tubular X and DT-joints

As discussed in chapter 1, the through thickness stress field is predominantly due to linear
chord wall bending and the non-linear stress concentration due to the change in section at
the weld toe. The non-linear distribution around the weld toe stress concentration region is
dependent on the weld and weld toe geometry and is difficult to predict during the design
stage. It would have little effect for a deep crack. Thus, most efforts have been concentrated
on the linear through thickness distribution and in particular attempting to define the ratio of
bending to tension. The stress distribution across the wall thickness is assumed to be a linear
combination of membrane and bending stress. The stress distribution through the chord wall
is often characterised by either the degree of bending(DoB), i.e. the ratio of bending stress

over total external stress or the ratio of bending to membrane stress.
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The through wall thickness stress distribution data are important for fatigue strength
assessment of tubular joints, particularly for fracture mechanics based remaining life
calculation. Owing to the complexities introduced by the structural geometry and the nature
of the local stress fields, it is impossible to calculate analytically the SIFs for defects located
in tubular joints. This problem is often tackled by using the modified simplified models,
such as the Newman-Raju flat plate solution, with an appropriate load shedding model. DoB
has to be known before one can use these simplified SIF models to calculate the remaining
fatigue life of tubular joints.as the high DoB in conjunction with load shedding mechanism,
make the performance of fatigue crack growth in tubular welded joints different from other

types of welded joints, such as T-butt.

Recently results of the SINTEF/TWI tubular joint fatigue tests(Eide 1993) confirmed the
effect of DoB on fatigue life. For these self-reacted load in the double T specimens, a DoB
of 0.69 was measured. It was found that there was a large difference between the
experimentally measured fatigue life compared to predictions using S-N data. As the finite
element analyses of tubular joints show that typical DoBs under axial and OPB loading are
in the range of 0.8 - 0.9, this low DoB gives an additional membrane component in the
chord wall. Thus, for any given hot spot stress, a more pronounced acceleration of crack

growth and a shorter fatigue life may be expected for these specimens.

Fracture mechanics analyses were carried out(Eide 1993) by using both 3-D shell analysis
with a Y compliance calibration based on line spring model computations, and a simplified
two-dimensional analysis with a linear moment release load shedding model. They gave
results in good agreement with the experimental data. The analyses showed that the fatigue
life of tubular joints is not dependent on the hot spot stress alone, but is also significantly
influenced by the through thickness distribution of stress. Consideration of load shedding
makes the effect of DoB on fatigue life more pronounced as shedding of membrane stresses
due to crack growth occurs at a much slower rate relative to the shedding of bending stresses
in the same hot spot section. Assuming a "mean" DoB for the S/N tubular joints to be 0.85,
the effect due to the DoB of 0.69 in the double T geometry was a factor on life of 1.5. With

this correction the data come very close to the mean line of the current database.

As a summary, the DoB is an important parameter for the calculation of fatigue crack growth
in tubular welded joints. So it is necessary to derive the parametric equations to predict the
DoB information in tubular X and DT-joints by post processing the finite element analysis
results reported in chapter 3. The section aims to report the derivation and assessment of

these DoB parametric equations.

In order to make the results compatible, the numerically greatest principal stress on the outer
surface and corresponding principal stress on the inner surface have been used to determine

the relative amounts of through-thickness bending and membrane stress. A simple linear
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interpolation between the stresses on the inner and outer tube walls was used in order to
obtain the distribution of stresses through the joints intersection. A simple method of
representing this linear interpolation is in terms of the ratio of bending to total stress, or

degree of bending(DoB), expressed as

A = AN (4_1)

where G~ is the bending stress component
Gj is the total stress on the outer tube surface

is the membrane stress, =Gj-G*

From the above equation, it can be seen clearly that when the membrane stresses are tensile,

the ratio ~ i s less than one and greater than zero whereas it is greater than one when
the membrane portion is compressive.

The results of DoB convergence tests(Table 4.1) showed that the coarsest mesh with 16
elements around the intersection could be used to obtain DoB with sufficient accuracy. The
required information was obtained from the FE analysis results of 330 tubular X and DT-
joints by using several batch files. They were used to calculate DoBs at the critical
positions, such as saddle and crown position, under six modes of loading for both the chord

and brace sides of the intersection.

Multiple regression analyses were performed on the database of finite element analysis
results using a statistical package MINITAB'(1991) and the methodology used in deriving
these equations is similar to that for SCF equations. The parametric equations of the ratio of
bending to total stress(DoB) were derived at saddle and crown positions for each mode of
loading and for both the chord and brace sides of the intersection. The equations are listed in
Appendix B. A summary of fitting accuracy for all DoB equations is given in Table 4.2. The

is greater than 94% for all the equations except those at brace saddle under single and
balanced axial loading which are around 80%. As a value of R*"=100% would imply that the
fitted equation captures all the variations in DoB, quite good correlation was achieved for

the DoB equations derived.

In order to test the accuracy, this set of parametric equations was assessed by comparing the
predicted values with results from acrylic and steel model tests. Due to the difficulty of
accessing the inside of a tube, only one acrylic test data under single OPB loading was
found and used for validation(Table 4.3). The prediction from the parametric equations for
tubular T-joints is also included as a comparison. It can be seen that the prediction from this
set of parametric equations for DT-joint is slighter higher than that for the T-joint. As both

are conservative, the latter is closer to the experimental data.
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The parametric equations have been derive to predict the DoBs at the critical positions of
both the chord and brace sides of the intersection of tubular X and DT-joints under six
modes of loading. However, the validation of this set of equations is very limited. The
characterised equations for DoB distribution along the intersection(Cheaitani et al 1995)
have been derived recently for tubular T-joints and they permit the interpolation of DoB
between the crown and saddle positions. Combining these two set of equations, the DoB at

any position along the intersection of tubular X and DT-joints can be estimate.

4.3 Parametric Equations to Predict the Stress Distribution along the Intersection

Tubular joints of differing geometries or modes of loading have different stress distributions
along the intersection. For a given joint, each load case has its own particular distribution of
stresses along the intersection line and thereby a different influence on the fatigue life.
Rigorous fracture mechanics calculations on tubular joints require a knowledge of the local
stress distribution around the joint, i.e. stress variation along the weld toe between the
crown and saddle sites. Experimental results show that the initiation and the subsequent
coalescence of multiple cracks are very much dependent on the stress distribution. Apart
from the use of hot spot stresses, the average stress around a joint(Dover and Dharmavasan
1987) have also been shown to play an important role during the fatigue crack propagation.

Stress distribution equations would also be useful for calculating the average stress.

Some simple interpolation formulae have been reported by UEG(1985). Combined with the
peak local stress at saddle and crown positions, they can be used to predict SCF variation
along the brace/chord intersection of tubular joints. The parametric equations which were
developed at UCL(Hellier et al 1990) for tubular Y and T-joints can provide similar
information. All these formulations need the values of peak stresses obtained from SCF
parametric equations. The UCL equations allow the effect of a hot spot at a point other than
the crown or saddle to be taken into account. After comparing the UEG equations with FE
results, Vinas-Pich(1994) concluded that the stress distribution proposed in the UEG design
guidelines is not accurate enough around the whole brace-chord intersection. The problem
with the UCL equations and the UEG equations is that they were derived by observing a
limited number of typical sample results rather than whole database and therefore they can
not provide enough accuracy to all other cases for detailed analyses. As they are only based
on a restricted sample, they may be unconservative for some situations and this has been

confirmed by Monahan(1994).

In order to overcome this difficulty, an effort has been made in this study to fit all the finite
element results as function of all geometry ratio a, p, y, x and 6. The maximum principal
stress on external surface along the intersection was chosen to derive the equations in order to

maintain compatibility and be conservative. It should be noted that these maximum principal
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stresses are often not perpendicular to the weld toe along the intersection. The database used
to derive this set of equations is the same as that used for the previous two sets of equations.
Typical plots of external surface stress distribution around the intersection of tubular X-joint

are shown in Figures 4.2-4 4 for three different modes of single brace loading.

The regression analysis methodology is different from that used for the previous two sets of
equations as it is a two-dimensional fitting process and can be split into the following two

levels.

1) Performing numerous regressions until the best form of expression for the variations of
the SCF, (i.e.) the equation with a large product moment correlation coefficient, was found
for all joints under different modes of loading. After numerous tries, the following
expressions were considered appropriate for both the chord and brace toes under each mode

of loading.

For both brace and chord toes under single and balanced axial loading:

SCF(¢0) =C, + C¢ + C,Cosd + C,Cos2¢ (0<¢=<m) (4-2)
For both brace and chord toes under single and balanced IPB loading:
SCF(0)=C,+C,Cos¢p+C,Cos2¢ (0<¢<T) (4-3)
For both brace and chord toes under single and balanced OPB loading:

SCF(¢) = C, + C,Sin¢ + C,Sin2¢ + C,Cos2¢ (0<so<m) (4-4)

2) Fitting the coefficients in the above equations as a function of the parameters o, B, y, T
and 0.

By carrying out regression analysis using the statistical package MINITAB'(1991), the
parametric equations for SCF distribution equations have been derived for both chord and
brace toes under six different modes of loading and are given in Appendix C. These
equations can be easily programmed and enable the SCF value to be calculated at any
angular location around both brace and chord toe for all modes of loading. A summary of
the degree of fit for each equation is presented in Table 4.4. It shows that these equations fit
the original FE data very well and the correlation coefficient R? is greater than 95% for the
majority of cases including both fitting the form of equation and the coefficients. Assuming
the loading directions shown in Figure 3.4, the negative hot-spot is at or close to the crown
toe while the positive hot-spot lies at or near the crown heel under single/balanced IPB
loading. In these loading cases, the SCFs on both brace and chord saddle positions were
taken to be the average values from the equations from both sides in order to maintain the
smooth transition of SCF. As the maximum principal stress were used to derive this set of
equations, the SCFs on both brace and chord crown positions are not necessarily zero but
are small values for single/balanced OPB cases. If the negative SCF value is predicted at

crown positions under single/balanced axial and OPB loading, the compensation factor D
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for the whole stress distribution is assigned for conservative reason. It should be also noted
that a minimum of 1.5 was assigned when this set of equations are used to predict the SCF

at critical points such as hot spot, saddle, crown toe and crown heel.

Aiming to produce the SCF distribution along the intersection, this set of equations also
included the hot spot SCF information. Thus, the validation of this set of equations has been
divided into the following two steps.

a) Hot spot SCF estimation

Firstly, following the same procedures described in last chapter, the predictions for hot spot
SCFs from this set of equations are compared with the values from previous SCF parametric
equations and together with all available experimental data in Lloyds and UCL database.
They are presented in Table 4.5-4.15. Furthermore, statistical analyses were carried out for
hot spot SCFs under the balanced loading which have relatively more data and are listed in
Tables 4.16-4.21.

Since a different fitting methodology was used, the hot spot SCF predictions from these two
set of equations are different despite the fact they are based on the same database. For single
brace loading, the predictions from this set of equation are more close to experimental data
compared with the predictions from the SCF equations but are still conservative(Tables 4.5-
4.8) except for the cases with high B ratio at chord saddle position under single OPB
loading(Table 4.8). The predictions of the SCFs at crown positions under balanced axial
loading(Tables 4.8 and 4.10) are similar to those from SCF equations. From the results of
comparison of hot spot SCF predictions with experimental data(Table 4.9, 4.11-4.21) for
balanced loading, the tendency to have slightly reduced conservatism is also observed. The
criteria described in the last chapter were used to validate these cases. As a results, all these

equations are accepted.

Further examination showed again that most of the predictions that underpredict the test data
are those with high B ratio. In terms of fitting original finite element hot spot SCF data, this
set of equations may not be as good as the previously derived SCF equations, especially for
high B ratio cases, as they aim to fit the distribution rather than hot spot alone. However, a
comparison with experimental data shows that they can offer a reasonably good performance
for predicting the hot spot SCF. As a summary, this set of equations shows'a reduced degree
of conservatism when used for hot spot SCF predictions but their predictions are still
conservative. Care should be taken for those joints with high B ratio and the previous SCF

equations can be used for these particular cases if necessary.
b) Normalised SCF distribution prediction

Since the predictions from the equations based on the finite element analysis results are

generally conservative, the validation of distribution predictions are therefore based the
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normalised SCF distribution data that can be obtained by dividing by the hot spot SCF. A
comparison has been made between the normalised stress distribution predictions from this set
of equations with all available UCL experimental test data(Mshana 1993)(Smith 1995)(Kam
1989) and this is shown in Figures 4.5-4.13. As can be seen from these figures, good
agreement has been achieved for these cases. As the maximum principal stresses are used to
derive the equations, the SCF predictions at the crown positions for OPB loading are not zero
but small values(Figures 4.7-4.9). As can be seen from the Figures 4.7-4.8, the predictions
agree very well with experimental data. However, the predicted curves for the OPB loading
tend to be slightly high around the crown area for the high P ratio cases due to the nature of
this three items expression. However, the high prediction is of a conservative nature, this
effect is localised and far away from the hot spot area. As a summary, these equations provide
a good normalised SCF distribution along the intersection. However, it should be noted that

validation is limited as only these few test data were available.

4.4 Conclusions

For the accurate fatigue strength assessment of tubular joints, information is required on the
magnitude and distribution of the stress acting in the anticipated crack path, not just the
peak stress at one location. In order to meet this requirement, two sets of parametric
equations have been derived to predict the degree of bending and stress distribution around
the intersection respectively in tubular welded DT and X joints under six modes of loading
as a function of the geometric parameters o, B, ¥, T and 0 from nearly 2000 finite element
analyses results. The stress distribution equations not only can be used to predict the
normalised distribution for all cases but also have been proven to have capability to estimate
the hot spot SCF under balanced brace loading. All these equations are directly compatible
with each other and can be easily incorporated into fatigue life calculation codes. They
provide a predictive capability for the stress acting on the anticipated crack plane, that is at
the welded intersection of tubular X and DT-joints. Combination of these two sets of
parametric equations allows one to recreate the 2D stress distribution around welded tubular
X and DT-joints. However, it should be noted that the validation is very limited as so far only

very few experimental data for DoB and stress distribution are available.
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Table 4.1 Comparison between DOBs around upper Intersection from Coarse to Finite

X joint Meshes to Show Extent of Convergence ( a=10, B=0.6, y=20, 1=0.5, 8=60°)

No. of elements Chord Brace
around intersection Crown Toe Saddle Crown Toe Saddle
Single Axial Loading
16 - 0.872 - 0.786
20 - 0.872 - 0.788
24 - 0.872 - 0.789
Single In-Plane Bending
16 0.778 - 0.764 -
20 0.778 - 0.770 -
24 0.779 - 0.774 -
Single Out-Plane Bending
16 - 0.885 - 0.813
20 - 0.886 - 0.815
24 - 0.886 - 0.816
Balanced Axial Loading
16 - 0.885 - 0.789
20 - 0.886 - 0.791
24 - 0.886 - 0.792
Balanced In-Plane Bending
16 0.777 - 0.768 -
20 0.778 - 0.774 -
24 0.779 - 0.778 -
Balanced Out-Plane Bending

16 - 0.886 - 0.807
20 - 0.887 - 0.810
24 - 0.887 - 0.810
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Table 4.2 Summary of Degree of Fit for DoB Parametric Equations

Location Brace Chord
Circumferential position R? % Equation R? % Equation
Single Axial Loading
Saddle 81.1 Appendix B1.1 96.5 Appendix B1.2
Single In-Plane Bending
Crown toe 94.9 Appendix B2.1 95.3 Appendix B2.2
Crown heel 94.7 Appendix B2.3 95.6 Appendix B2.4
Single Out-Plane Bending
Saddle 96.0 Appendix B3.1 97.0 Appendix B3.2
Balanced Axial Loading
Saddle 79.1 Appendix B4.1 94.0 Appendix B4.2
Balanced In-Plane Bending
Crown toe 94.3 Appendix B5.1 96.0 Appendix B5.2
Crown heel 95.6 Appendix B5.3 95.6 Appendix B5.4
Balanced Out-Plane Bending
Saddle 96.6 Appendix B6.1 96.8 Appendix B6.2

Table 4.3 Comparison of DoB Data between the Predictions from Parametric Equations

and Experimental Results for Tubular DT-Joints under Single OPB Loading

Joint Geometry DoB
Chord Saddle
Ref. o B Y T 6(deg) | Parametric Parametric Exp.
Equation for | Equation for
Tand Y X and DT
Smith, 1995 | 99 | 0.8 106 | 1.0 90 0.862 0.888
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Table 4.4 Summary of Degree of Fit for the Parametric Equations of SCF Distribution

around the Intersection of Tubular X and DT-joints

Mode of Form of Expression C, C, C, G,
Loading/ Equations Descriptive Statistics (%)
Location Mean R? | Std. Dev. R?
Single Axial Loading
Brace Appendix C1.1 97.026 3.256 9473 | 93.73 | 97.91 | 96.36
Chord Appendix C1.2 96.423 4.663 97.67 | 90.02 | 93.29 | 96.13
Single In-Plane Bending
Brace Toe Side Appendix C2.1 98.690 1.673 98.29 | 98.22 | 98.57 N/A
Brace Heel Side | Appendix C2.1 99.242 0.96 9846 | 98.39 | 9849 | N/A
Chord Toe Side | Appendix C2.2 99.79 0.210 97.53 98.83 | 98.06 N/A
Chord Heel Side | Appendix C2.2 98.97 0.962 9798 | 98.08 | 97.69 N/A
Single Out-Plane Bending
Brace Appendix C3.1 97.754 2.160 98.34 | 97.62 | 96.45 | 98.52
Chord Appendix C3.2 98.275 1.792 97.42 | 9693 | 94.49 | 98.77
Balanced Axial Loading
Brace Appendix C4.1 96.162 3.886 93.18 | 91.31 | 97.41 | 99.08
Chord Appendix C4.2 96.867 3.986 98.66 | 87.89 | 90.76 | 98.38
Balanced In-Plane Bending
Brace Toe Side | Appendix C5.1 98.251 2.218 9740 | 9839 | 98.37 | NA
Brace Heel Side | Appendix C5.1 99.272 0.949 98.55 | 98.68 | 98.40 | N/A
Chord Toe Side | Appendix C5.2 99.757 0.313 97.55 | 98.83 | 98.28 | N/A
Chord Heel Side | Appendix C5.2 99.139 0.806 97.10 | 9821 | 97.67 | N/A
Balanced Out-Plane Bending
Brace Appendix C6.1 97.605 2.261 98.02 | 97.78 | 96.61 | 98.30
Chord Appendix C6.2 98.115 1.858 98.05 | 97.52 | 90.22 | 98.27
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Table 4.5 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded SCF data at Chord Crown position for Single IPB loaded X and DT-joints

Ref. Spec. | « B Y T @ | Mat | Rec | SCF | SCF |SCF/ | SCF
no. (deg) Eq Dis | Rec | Dis
EqQ /Rec
Mshana IPB-1TA| 7841064 |102| 05| 90 |Steel|1.76( 218 | 203 | 1.24 | 1.15
1993
Mshana IPB-2A | 7.84 [ 0.64 | 102 | 05| 90 |Steel|1.76]| 218 | 203 | 1.24 | 1.15
1993
Mshana IPB-1B | 7.84 [ 0.64|102| 05 90 |Steel|1.47 (218 | 2.03 | 1.48 | 1.38
1993
Mshana IPB-2B | 7.84 | 064|102 | 05| 90 |Steel| 1.68| 2.18 | 203 | 1.30 | 1.21
1993
Table 4.6 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded SCF data at Brace Saddle position for Single OPB loaded X and DT-joints
Ref. Spec.| o B Y T 6 | Mat | Rec | SCF | SCF | SCF/ | SCF
no. (deg) Eq Dis | Rec | Dis
Eg /Rec
Smith 1995 [ W2 | 9.90 | 0.80 | 10.00|0.99| 90 |Steel| 4.80| 859 | 6.04 | 1.79 | 1.26
Smith 1995 | W4 | 990 | 0.80 | 10.00(0.99| 90 |Steel| 4.70| 8.59 | 6.04 | 1.83 | 1.29
Table 4.7 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded SCF data at Chord Saddle position for Single OPB loaded X and DT-joints
Ref. Spec. B Y 1 6 | Mat | Rec | SCF | SCF | SCF | SCF
no. (deg) Eqg Dis | /Re | Dis
Eq c | /Re
c
Mshana 1993 | OPB-1A | 7.84| 0.64| 102 | 0.5 | 90 |Steel|3.81| 427 [4.08]|1.12|1.07
Mshana 1993 | OPB-2A | 7.8410.64| 102 | 0.5 | 90 |[Steel|[3.09| 427 |4.08]1.38[1.32
Mshana 1993 | OPB-1B | 7.84 | 0.64| 102 | 0.5 | 90 |[Steel[3.00| 427 |4.08|1.42|1.36
Mshana 1993 | OPB-2B | 7.84 | 0.64 | 102 | 0.5 | 90 | Steel|3.66| 427 |4.08|1.17 | 1.11
Smith 1995 | W1/W5 [9.90] 0.80| 10.00|0.99 [ 90 | Steel| 6.50|10.25| 6.1 | 1.58 | 0.94
Smith 1995 W2 990(0.80[10.00|099| 90 |Steel|6.70]10.25| 6.1 | 1.53|0.91
Smith 1995 | W3/Wé | 9.90(0.80 | 10.00 | 0.99 | 90 [ Steel| 6.70]| 10.25} 6.1 | 1.63 | 0.91
Smith 1995 W4 990]0.80]10.00|0.99| 90 |Steel| 6.40|10.25| 6.1 | 1.60]0.95
Smith 1995 S1 9.90(0.80]10.00[/099| 90 |Steel|6.40|10.25| 6.1 |1.60]0.95
Smith 1995 S2 990(0.80[10.00]099| 90 |Steel|6.00]|10.25] 6.1 |1.71[1.02
Smith 1995 S3 99010.80[10.00|099| 90 [Steel|6.60]|10.25] 6.1 | 1.55(0.92
Smith 1995 S4 990 |0.80[10.00|099| 90 [Steel|6.20]10.25] 6.1 | 1.65(0.98
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Table 4.8 Comparison between the Predictions from the SCF and SCF Distribution Equations
with Recorded SCF data at Brace Crown position for Balanced Axially loaded X and DT-joints

Spec. o B Y T 0 Mat | Rec | SCF | SCF |SCF/ | SCF
no. (deg) Eq | DisEq | Rec | Dis/Rec
E30 9.80 |1 0382070079 90 Steel | 150 | 3.16 | 214 | 2.11 1.42
E36 9.80 | 038 |2050]|081| 90 Steel | 1.70 | 3.16 | 227 1.86 1.33
E37 9.80 | 0.38 [ 21.00|0.83| 90 Steel | 1.60 | 3.12 | 222 | 1.95 1.39
1U/1 [ 10.00 | 026 [ 1200 0.75| 90 |[Acrylic| 1.70 | 3.93 | 572 | 2.31 3.36
1U/2 | 10.00 | 0.50 | 1200 | 0.75| 90 | Acrylic| 200 | 2.78 | 2.98 1.39 1.49
1U/3 [ 10.00 |1 0.80 | 1200 | 0.75| 90 |[Acrylic| 1.70 | 1.50 1.67 | 0.88 0.98
1U/5 [ 10.00 | 0.26 | 2400 0.75| 90 | Acrylic| 280 | 450 | 5.57 1.61 1.99
1U/9 [ 10.00 [ 026 | 3200 | 0.75| 90 |Acrylic| 3.40 | 419 | 5.45 1.23 1.60
2U/1 {10001 080 |2400|0.75| 60 |Acrylic| 1.80 | 1.50 | 11.07 | 0.83 6.15

Table 4.9 Comparison between the Predictions from the SCF and SCF Distribution Equations
with Recorded SCF data at Brace Saddle position for Balanced Axially loaded X and DT-joints

Spec. o B 04 T 0 Mat Rec | SCF SCF | SCF/ SCF
no. (deg) Eq | DiskEq | Rec | Dis/Rec
A 850 { 072 11040( 094 | 90 Steel 750 | 1452 | 13.61 | 1.94 1.81
E30 9.80 | 0.38 [20.7010.79| 90 Steel (106012270 | 21.73 | 2,14 2.05
E36 9.80 | 0.38 | 20.50| 0.81 | 90 Steel | 14.30] 23.01 | 21.85 | 1.61 1.53
E37 9.80 | 0.38 {21.00]| 083 90 Steel |12.40(24.03 | 22.53 | 1.94 1.82
X4 17.50 | 0.67 | 26,30 0.82| 90 Steel | 156.00] 29.61 | 27.29 | 1.97 1.82
1U/1 [ 10001 026 | 1200] 0.75| 90 | Acrylic | 7.60 | 13.10 | 13.50 | 1.72 1.78
1U/2 [ 10.00 | 050 | 12.00]| 0.75| 90 | Acrylic | 10.50| 13.43 | 14.67 | 1.28 1.40
1U/3 1 10.00| 0.80 [ 1200| 0.76| 90 | Acrylic | 9.10 | 13.67 | 11.16 | 1.50 1.23
1U/6 1 1000 | 0.26 | 2400] 0.76| 90 | Acrylic | 13.20] 24.43 | 2247 | 1.85 1.70
1U/6 | 10.00 | 050 | 2400 0.75| 90 | Acrylic | 19.20| 26.05| 25.55 | 1.30 1.33
1U/7 [ 10.00| 0.80 | 24.00| 0.75| 90 | Acrylic {17.50] 26,50 | 21.42 | 1.46 1.22
1U/9 1 10.00 | 0.26 | 3200 0.75| 90 | Acrylic | 21.90| 31.64 | 28.64 | 1.44 1.31
1U/10} 10.00 | 0.50 1 3200 0.75| 90 | Acrylic | 29.10| 32.44| 35.10 | 1.11 1.21
1U/11]1 1330 | 0.80 | 3200| 0.75| 90 | Acrylic |28.90] 33.52| 29.33 | 1.16 1.01
2U/1 | 10.00| 0.80 | 24.00| 0.75| 60 | Acrylic | 11.20] 18.66 | 22.46 | 1.67 2.01
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Table 4.10 Comparison between the Predictions from the SCF and SCF Distribution Equations

with Recorded SCF data at Chord Crown

osition for Balanced Axially loaded X and DT-joints

Spec. B Y T 0 Mat | Rec | SCF | SCF |SCF/ SCF
no. (deg) Eq | Disegq| Rec |Dis/Re

C
E30 9.80 [ 0.38 [ 20.70 | 0.79 | 90 | Steel [ 3.30 [ 209 | 15 | 0.63 0.45
E36 9.80 | 0.38 [ 2050 [ 0.81 | 90 | Steel | 3.60 ) 214 | 1.5 | 059 | 042
E37 9.80 [ 0.38 [ 21.00 [ 0.83| 90 | Steel [ 330 [ 215| 15 | 0.65 | 045
1U/1 10.00] 0.26 | 1200 | 0.76 | 90 | Acrylic| 3.70 | 3.58 [ 4.23 | 0.97 1.14
1U/2 [10.00f 050 [ 1200 | 0.75| 90 |Acrylic| 220 | 1.76 | 1.50 | 0.80 [ 0.68
1U/5 1000 0.26 [ 2400 | 0.75| 90 | Acrylic| 400 [ 293 | 3.31 | 0.73 0.83
1U/9 1000 | 0.26 | 3200 [ 0.75| 90 | Acrylic| 410 | 3.16 { 1.72 | 0.77 0.42
2U/1 10.00| 0.80 | 24.00 | 0.75 | 60 |Acrylic| 1.60 [ 1.50 [ 1.50 | 0.94 [ 0.94
XJOINT2 | 16.00| 0.33 | 24.00 | 1.00 | 45 |Acrylic| 103 | 3.91 [ 352 | 0.38 0.34
XJOINT3 | 16.00| 0.50 | 24.00 | 1.00 | 45 | Acrylic| 620 | 233 [ 2.08 | 0.38 0.34
XJOINTS | 16.00| 0.83 | 2400 | 1.00 | 45 |Acrylic| 200] 1.50 | 165 | 0.75 | 0.82
XJOINT? | 16.00| 0.50 | 24.00 | 1.00 | 30 [Acrylic| 620 | 3.18 | 2.56 | 0.51 0.41

Table 4.11 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded data at Chord Saddle position for Balanced Axially loaded X and DT-joints

Spec. no. o Y 0 Mat | Rec | SCF | SCF |SCF/ | SCF
(deg) Eq |DisEq| Rec | Dis
/Rec
18, 20 6.70 | 0.76 { 1200{ 050| 90 | Steel | 770 | 810 | 733 | 1.05 | 0.95
19 700 | 071 | 11.40|{ 0.64| 90 | Steel |10.20| 10.78 | 10.29 | 1.06 | 1.01
34-35, 39-40 | 10.00 | 0.50 | 1430 | 0.50 | 90 Steel [11.05]| 997 | 1046 | 0.90 | 0.95
A 850 [0.72 (1040|094 90 | Steel | 10.90] 16.74 | 1595 | 1.64 | 1.46
E30 9.80 | 0.38 | 20.70]| 0.79 | 90 | Steel |21.80| 27.57 | 27.08 | 1.26 | 1.24
E36 9.80 | 0.38 {2050 0.81 | 90 | Steel [20.80| 28.24 | 27.61 | 1.36 | 1.33
E37 9.80 | 0.38 | 21.00| 0.83 | 90 Steel |21.40}1 2996 | 29.33 | 1.40 | 1.37
X4 17.50 | 0.67 | 25.30 | 0.82 | 90 Steel |29.50| 37.05| 3469 | 1.26 | 1.18
X5 17.50 | 0.67 | 25,30 | 0.82 | 90 Steel 131.80| 37.05| 3469 | 1.17 | 1.09
X6 17.50 | 0.35 [ 25,00 | 0.81 | 90 | Steel [24.00| 35.98 | 33.43 | 1.50 | 1.39
1U/1 10.00 | 0.26 [ 12.00| 0.75| 90 |Acrylic| 9.80 | 1442 | 12.77 | 1.47 | 1.30
1U/2 10.00 | 050 | 12.00| 0.75 | 90 | Acrylic | 13.10| 14.42 | 15.11 | 1.10 | 1.15
1U/3 10,00 | 0.80 | 1200 | 0.75| 90 | Acrylic [10.70| 14.42 | 12.10 | 1.35 | 1.13
1U/5 10.00 | 0.26 | 24.00| 0.75| 90 | Acrylic | 18.50| 30.07 | 24.31 | 1.63 | 1.31
1U/6 10.00 | 0.50 [ 24.00| 0.75| 90 | Acrylic [ 25.70| 30.07 | 33.44 | 1.17 | 1.30
1U/7 10.00 | 0.80 | 24.00| 0.75| 90 | Acrylic |24.10]| 30.07 | 24.83 [ 1.25 | 1.03
1U/9 10.00 | 0.26 | 32.00| 0.75| 90 | Acrylic|23.50] 40.79 | 32.38 | 1.74 | 1.38
1U/10 10,00 | 0.50 | 32.00| 0.75| 90 | Acrylic [ 39.90| 40.79 | 46.44 | 1.02 | 1.16
U/ 13.30 | 0.80 | 32.00| 0.75| 90 | Acrylic|37.80| 41.43 | 33.14 | 1.10 | 0.88
2U/1 10.00 | 0.80 | 24.00| 0.75| 60 |Acrylic|[17.00] 22.42 | 19.73 | 1.32 | 1.16
XJOINT2 16,00 | 0.33 [ 24.00| 1.00| 45 |Acrylic|16.70| 22.56 | 23.19 | 1.35 | 1.39
XJOINT3 16,00 | 0.50 [ 24.00| 1.00 | 45 |Acrylic|{14.80] 2256 | 24.98 | 1.52 | 1.69
XJOINT9 16,00 | 050 [ 24.00 | 1.00 | 30 |Acrylic| 880 | 11.13 | 1426 [ 1.26 | 1.62
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Table 4.12 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded SCF data on Brace Side for Balanced IPB Loaded X and DT-joints

Spec.no.| « B 04 T 6 Mat | Rec | SCF | SCF [SCF/ SCF
(deg) Eq | DiskEg| Rec |Dis/Re
C

AA 850 | 0.72 1 1060|099 | 90 | Steel | 1.80 | 296 | 3.03 | 1.64 1.68
E30 980 | 0.38 |20.70| 0.79 [ 90 | Steel | 250 | 433 | 3.85 | 1.73 1.54
E36 9.80 | 0.38 | 2050 0.81 [ 90 | Steel | 230 | 434 | 3.83 | 1.89 1.67
E37 9.80 | 0.38 |21.00] 0.83 | 90 | Steel | 240 | 441 | 386 | 1.84 1.61
1U/1 10.00| 0.26 | 12.00| 0.75 | 90 { Acrylic| 1.60 | 3.14 | 3.0 1.96 1.88
1U/2 10.00 | 0.50 | 12.00] 0.75 [ 90 [Acrylic| 230 | 3.29 | 3.11 | 1.43 1.35
1U/3 10.00| 0.80 | 1200} 0.75 | 90 | Acrylic| 230 | 2.81 | 257 | 1.22 1.12
1U/5 10.00| 0.26 | 24.00| 0.76 | 90 |[Acrylic| 3.10 | 433 | 4.45 | 1.40 1.44
1U/6 10.00| 0.50 | 24.00]| 0.76 | 90 | Acrylic| 290 | 454 | 3.54 | 1.56 1.22
1U/7 10.00| 0.80 | 24.00| 0.75 | 90 | Acrylic| 3.80 | 3.87 | 8.06 | 1.02 2.12
1U/9 10.00| 0.26 | 32.00]| 0.76 | 90 [Acrylic| 420 | 495 | 542 | 1.18 1.29
1U/10 [10.00]| 0.50 | 32.00]| 0.75 | 90 [ Acrylic| 520 | 5.18 | 8.35 | 1.00 1.61
1U/11 113.30| 0.80 |32.00| 0.75 | 90 | Acrylic| 430 | 442 | 957 | 1.03 2.23
2U/1 10.00| 0.80 | 24.00| 0.76 | 60 |[Acrylic| 2.70 | 3.26 | 3.02 | 1.21 1.12

Table 4.13 Comparison between the Predictions from the SCF and SCF Distribution Equations
with the Recorded SCF data on Chord Side for Balanced IPB Loaded X and DT-joints

Spec. o B Y T 0 Mat Rec | SCF | SCF |SCF/ SCF
no. (deg) Eq |Diskq| Rec |Dls/Re
c

AA 850 | 0.72 11060 099 | 90 Steel | 3.20 | 4.66 | 4.21 1.46 1.32
E30 9.80 | 0.38 {20.70| 0.79 | 90 Steel | 440 | 5,02 | 5.31 1.14 1.21
E36 9.80 | 0.38 | 20.50| 0.81 90 Steel | 400 | 5,13 | 547 | 1.28 1.37
E37 9.80 | 0.38 |[21.00]| 0.83 [ 90 Steel | 420 | 531 | 574 | 1.26 1.37
X4 17.50] 067 | 2530 | 082 | 90 Steel | 280 | 559 | 3.60 | 2.00 1.29
X5 1750 067 | 2530 0.82 | 90 Steel | 3.30 | 659 | 3.60 | 1.69 1.09
X6 17.50 | 0.35 | 25,00 0.81 90 Steel | 440 | 659 | 580 | 1.27 1.32
1U/1 1000 026 | 1200| 0.75 | 90 |Acrylic| 220 | 3.82 | 3.18 | 1.74 1.45
1U/2 10,00 050 {1200 0.75 | 90 | Acrylic| 280 | 3.76 | 3.73 | 1.34 1.33
1U/3 1000( 080 |1200| 075 | 90 {Acrylic| 3.20 | 3.71 | 3.36 | 1.16 1.05
1U/5 1000 026 |2400| 075 | 90 |Acrylic| 420 | 513} 516 | 1.22 1.23
1U/6 1000 050 |2400| 075 | 90 | Acrylic| 440 | 504 | 484 | 1.15 1.10
1U/7 10.00| 080 | 2400 0.75 | 90 |[Acrylic| 400 | 497 | 456 | 1.24 1.14
1U/9 10.00| 0.26 |32.00| 0.75 | 90 | Acrylic| 560 | 580 | 6.81 1.03 1.22
1U/10 [ 1000] 050 {3200| 0.75 | 90 | Acrylic| 570 | 569 | 7.88 | 1.00 1.38
1U/11 [ 13.30} 0.80 | 32.00| 0.75 | 90 |[Acrylic| 540 | 5.62 | 467 | 1.04 0.86
2U/1 1000 0.80 | 2400| 0.75 | 60 | Acrylic| 3.60 | 451 | 3.63 | 1.25 1.01
XJOINT2 | 16.00| 050 [24.00| 1.00 | 45 |Acrylic| 440 | 530 | 443 | 1.21 1.01
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Table 4.14 Comparison between the Predictions from the SCF and SCF Distribution Equations

with the Recorded SCF data on Brace Side for Balanced OPB Loaded X and DT-joints

Spec. o B Y T ] Mat | Rec | SCF SCF | SCF/ SCF
no. (deg) Eq | DisEq | Rec |Dis/Rec
E30 9.80 | 0.38 |20.70| 0.79 | 90 | Steel | 3.80 | 907 | 9.77 | 2.39 2.57
E36 9.80 | 0.38 |20.50| 0.81 | 90 | Steel | 6.20 | 9.11 9.73 | 1.47 1.57
E37 9.80 | 0.38 |21.00( 0.83 | 90 | Steel | 5,00 | 9.44 | 9.99 | 1.89 2.00
X4 17.50 | 0.67 |25.30]| 0.82 | 90 | Steel | 730 | 1566 | 17.02 | 2.15 2.33
1U/1 10.00 [ 0.26 [12.00| 0.75 | 90 |Acrylic| 250 | 453 | 4.67 | 1.81 1.87
1U/2 [ 10.00| 0.50 | 12.00] 0.76 | 90 | Acrylic| 490 | 6.07 | 698 | 1.24 1.43
1U/3 [ 1000 0.80 | 1200| 0.75 | 90 |Acrylic| 510 | 7.48 | 494 | 1.47 0.97
1U/6 [ 1000} 026 24001 0.765 | 90 |Acrylic| 540 | 8564 | 7.16 | 1.58 1.33
1U/6 | 10.00| 050 [24.00| 0.75 | 90 |Acrylic|11.00] 11.43 | 1443 | 1.04 1.31
1U/7 | 10.00| 0.80 [24.00| 0.75 | 90 | Acrylic| 9.40 | 1409 | 10.74 | 1.50 1.14
1U/9 [ 1000 026 3200} 0.75 | 90 |Acrylic|10.10] 11.11 | 850 | 1.10 0.84

1U/10 | 10.00 | 050 |32.00| 0.75 | 90 |Acrylic| 16.40 | 14.87 | 19.86 | 0.91 1.21

1U/11 | 13.30| 0.80 |3200| 0.75 | 90 |Acrylic| 1690 | 19.16 | 1547 | 1.13 0.92
2U/1 10.00 | 0.80 {24.00| 0.75 | 60 |Acrylic| 650 | 1051 | 7.44 | 1.62 1.15

Table 4.15 Comparison between the Predictions from the SCF and SCF Distribution Equations

with the Recorded SCF data on Chord Side for Balanced OPB Loaded X and DT-joints

Spec. o B Y T 0 Mat Rec | SCF | SCF [SCF/R| SCF
no. (deg) Eg | Diskq| ec |Dis/Re
C

E30 9.80 | 0.38 | 20.70) 0.79 | 90 | Steel | 7.70 | 11.52] 10.90 | 1.50 1.42
E36 980 | 0.38 | 2050| 0.81 | 90 | Steel | 890 [ 11.73]| 11.03 | 1.32 1.24
E37 980 | 0.38 121.00| 083 | 90 | Steel | 8.30 | 1235 11.67 | 1.49 1.41
X4 17.50| 0.67 | 25.30| 0.82 | 90 Steel | 13.20|18.94| 2242 | 1.43 1.70
X5 1750 0.67 | 25,30 | 0.82 | 90 Steel [ 1680|1894 | 2242 | 1.13 1.33
X6 17.50| 0.35 | 25,00 | 0.81 | 90 Steel | 13.90}| 16,13 13.50 | 1.09 0.97
1U/1 1000f 026 | 1200] 0.75 | 90 |Acrylic| 3.70 | 659 | 4.86 1.51 1.31
1U/2 |1000| 050 [ 1200 0.75| 90 |Acrylic| 630 | 683 | 7.08 1.08 1.12
1U/3 | 10.00| 0.80 [ 1200 0.75 | 90 | Acrylic| 620 | 7.89 | 3.97 1.27 0.64
1U/5 [10.00| 026 | 2400| 0.75| 90 |Acrylic| 790 {11.27| 857 1.43 1.08
1U/6 | 1000 050 | 2400| 0.75| 90 | Acrylic| 13.40 [ 13.76 | 1654 | 1.03 1.23
1U/7 |10.00| 0.80 [ 24.00]| 0.75 | 90 | Acrylic| 13.10] 1589 | 1544 | 1.21 1.18
1U/9 |10.00) 026 | 3200 0.75 | 90 | Acrylic| 10.80 | 156.07 | 12.96 | 1.40 1.20
1U/10 | 10.00| 050 | 3200 0.75 | 90 | Acrylic| 21.40 | 18.40| 28.33 | 0.86 1.32
1U/11 | 13.30| 0.80 | 3200 0.75 | 90 | Acrylic | 22.40 | 22.10| 29.45 | 0.99 1.31
2U/1 1000 | 0.80 [ 2400| 0.75| 60 |Acrylic| 9.70 | 11.94| 1008 | 1.23 1.04
XJOINT2 1 16,00 | 0.33 | 24.00| 1.00| 45 |Acrylic| 7.80 | 895 | 9.34 1.15 1.20
XJOINT3 [ 16.00| 0.50 | 2400 1.00 [ 45 | Acrylic| 9.80 [ 10.16| 8.12 1.04 0.83
XJOINT9 | 16,00 | 0.50 | 24.00) 1.00 | 30 |Acrylic| 630 | 510 | 679 | 0.81 1.08
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Table 4.16 Validation of SCF Distribution Parametric Equation for X-joint
under Balanced Axial at Brace Saddle Position

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Steel 5 1.92 19.3% 0.0% 0.0% 100% accept but
SCF Eq Acrylic 10 1.45 24.3% 0.0% 0.0% 30.0% | borderline
Pooled 15 1.61 31.8% 0.0% 0.0% 53.3% | conservative

SCF Dis Steel 5 1.81 18.5% 0.0% 0.0% | 100.0% | accept but
Eq Acrylic 10 1.42 30.8% 0.0% 0.0% 30.0% borderline
Pooled 15 1.55 32.6% 0.0% 0.0% 53.3% | conservative

Table 4.17 Validation of SCF Distribution Parametric Equation for X-joint
under Balanced Axial Loading at Chord Saddle Position

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | %P/R< { %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Steel 10 1.25 20.7% 0.0% 10.0% | 10.0%
SCF Eq Acrylic 13 1.33 21.5% 0.0% 0.0% 23.1% accept
Pooled 23 1.29 21.1% 0.0% 4.3% 17.4%

SCF Dis Steel 10 1.20 19.0% 0.0% 20.0% | 0.0%
Eq Acrylic 13 1.27 22.3% 0.0% 7.7% 15.4% accept
Pooled 23 1.24 20.8% 0.0% 13.0% | 8.7%

Table 4.18 Validation of SCF Distribution Parametric Equation for X-joint
under Balanced IPB Loading on Brace Crown Position

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Steel 4 1.78 10.8% 0.0% 0.0% 100%
SCFEq | Acrylic 10 1.30 30.0% 0.0% 0.0% 20% accept

Pooled 14 1.44 33.8% 0.0% 00% | 42.9%

SCF Dis Steel 4 1.63 6.5% 0.0% 0.0% 100%
Eq Acrylic 10 1.54 40.8% 0.0% 0.0% | 40.0% accept
Pooled 14 1.56 34.3% 0.0% 0.0% 57.1%
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Table 4.19 Validation of SCF Distribution Parametric Equation for X-joint
under Balanced IPB Loading on Chord Crwon Position

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Eng 0.8 1.0 1.5
Steel 7 1.44 30.2% 0.0% 0.0% | 28.6%
SCFEq | Acrylic 11 1.22 20.3% 0.0% 0.0% 9.1% accept
Pooled 18 1.30 26.4% 0.0% 0.0% 16.7%
SCF Dis Steel 7 1.28 10.0% 0.0% 0.0% 0.0%
Eq Acrylic 11 1.16 17.9% 0.0% 9.1% 0.0% accept
Pooled 18 1.21 16.1% 0.0% 5.6% 0.0%
Table 4.20 Validation of SCF Distribution Parametric Equation for X-joint
under Balanced OPB Loading on Brace Saddle Position
Equation Steel/ No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Eng 0.8 1.0 1.5
Steel 4 1.97 39.2% 0.0% 0.0% | 75.0%
SCF Eq Acrylic 10 1.34 29.6% 0.0% 10.0% | 30.0% accept
Pooled 14 1.52 42.9% 0.0% 71% | 429%
SCF Dis Steel 4 2.12 43.3% 0.0% 0.0% | 100.0%
Eq Acrylic 10 1.22 29.7% 0.0% 30.0% | 10.0% accept
Pooled 14 1.47 53.2% 0.0% 214% | 35.7%
Table 4.21 Validation of SCF Distribution Parametric Equation for X joint
under Balanced OPB on Chord Saddle Position
Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Eng 0.8 1.0 1.5
Steel 6 1.33 18.1% 0.0% 0.0% 0.0%
SCF Eq Acrylic 13 1.15 21.4% 0.0% 15.4% 7.7% accept
Pooled 19 1.21 21.5% 0.0% 10.5% | 5.3%
SCF Dis Steel 6 1.35 24.0% 0.0% 16.7% | 16.7%
Eq Acrylic 13 1.12 19.7% 7.7% 154% | 0.0% accept
Pooled 19 1.19 23.1% 5.3% 158% | 5.3%
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Figure 4.1 Illustration of Tubular X-joint
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Figure 4.2 Plot of Typical External Stress Distribution around the Intersection
of Tubular X-joint under Single Brace Axial Loading
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Figure 4,3 Plot of Typical External Stress Distribution around the Intersection
of Tubular X-joint under Single Brace IPB Loading
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Figure 4.4 Plot of Typical External Stress Distribution around the Intersection
of Tubular X-joint under Single Brace OPB Loading
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Figure 4.5 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the Single IPB Loaded DT-joints
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Figure 4.6 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the Single IPB Loaded DT-joint
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Figure 4.7 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Steel Model Test Results for the Single OPB Loaded DT-joint
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Figure 4.8 Comparison of Predicted Normalised External Surface SCF Distribution
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CHAPTER FIVE
STRESS PARAMETRIC EQUATIONS
FOR TUBULAR Y AND T-JOINTS

5.1 Introduction

The stress information needed for advanced fatigue strength assessment of tubular joints
includes not only the hot spot SCF, but also the DoB and stress distribution along the
intersection. Much research effect has been made to derive the stress parametric equations.
Among them, the UCL HCD set of equations(Hellier et al 1990 a)(Hellier et al 1990
b)(Connolly et al 1990), is the only set of equations which can provide all these two
dimensional stress information for tubular Y and T-joints. Others were not available for the
fracture mechanics analysis. However, this set of equations was not recommended by fatigue
panel(MaTSU 1996) to predict the hot spot SCF for tubular Y and T-joints as they do not
pass the assessment criteria in some cases. The problem with the HCD stress distribution
equations is that they were characteristic formulae and derived by observing a limited number
of results rather than whole database. For this reason, they did not provide enough accuracy
for all other cases for detailed analyses and may therefore be unconservative for some
situations. Also the use of these stress distributions requires input on peak stresses. Thus it is

desirable to enhance the stress prediction capability of this set of equations.

In the last chapter, it has been demonstrated that it is possible to derive a set of parametric
equations to predict full stress distributions along the intersection of tubular X and DT-joints.
These equations have the capability to estimate both the normalised SCF distributions and the
hot spot SCFs. These new expressions are ideal for advanced fatigue assessment, especially
during the design stage and for rigorous fracture mechanics analysis. Thus, an attempt has
been made to derive similar equations for tubular Y and T-joints. Although systematic finite
element analyses were performed for tubular Y and T-joint at UCL before, the original data
were not available in electronic form now. With the dramatic advance in computing capability
and the experience obtained in analysis of X and DT-joint, it is possible to obtain the new
database very quickly. Using the similar procedure with same finite element package for the
same joint database, the equations to be derived can be fully compatible with the equations for
tubular X and DT-joints. All these consideration led to carry out over 1000 thin-shell finite

element analyses. Being similar to that for X and DT-joints, the whole finite element analysis
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process is only briefly presented in this chapter and the emphasis is placed on the curve-fitting

these results and assessment of this new set of equations

5.2 Systematic Finite Element Analyses

A systematic study of stresses in tubular Y and T-joints(Figure 5.1) have been conducted
using the general-purpose finite element analysis package, ABAQUS/Standard(HKS 1992 a).
Two types of generally curved thin shell elements, namely quadrilateral eight-noded elements
denoted 'S8RS' and triangular six-noded elements designated as 'STRI65', have been chosen to
model tubular joint. They are fully compatible and allow displacements normal to their
surfaces and rotations about their edges. These displacements and rotations give rise to a
stress distribution which varies linearly across the element. Stresses are initially calculated at

the Gauss integration points and then extrapolated to obtain values at the nodal positions.

It should be noted that the tubular joints are modelled as intersecting cylindrical tubes at the
mid-surfaces of the walls. Thus the weld is not modelled and some detail of the stresses are
lost. This leads to hot spot stress locations which are different to steel models especially for
the brace. This is the reason why there are some discrepancies between the finite element
results and those obtained from steel model test, especially on the brace side. However, the
difference is generally quite small when comparing with results from strain-gauged acrylic
models in which the weld is also omitted. The thin shell elements do provide, in many cases,
an acceptable compromise between accuracy and computational cost except for situations
where the chord and brace are of similar dimensions. For this reason the present study does

not include SCFs in tubular joints for which 8 exceeds 0.8.

In order to conduct a parametric study, 330 different tubular Y and T-joints have been chosen
for finite element analyses under axial, IPB and OPB loading respectively. Covering the
majority of tubular joints used in offshore structures, they spanned the following ranges of the

geometric parameters:

6.0 < 0L < 40.0 (5-1)
0.2<B<0.8 (5-2)
7.6<7<32.0 (5-3)
0.2<1<1.0 (5-4)
0.1944nses% (5-5)

In the present study, the O, for all joints was assigned to the realistic value of 8 in order to

avoid the effect of short brace length.
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Based on the mesh generation program for tubular X and DT-joints(Chang and Dover, 1996),
a pre-processing program was developed to automatically produce the input files for finite
analysis of tubular Y and T-joints in ABAQUS format. This program is capable of
producing relatively fine elements in the vicinity of the brace/chord intersection, and coarse
elements near the ends of the chord and brace, in order to obtain accurate results whilst
avoiding unnecessary computational effect. It can reliably generate meshes for joints having
widely differing geometric parameters a, (3, y, T and 0. As the hot-spot stress is defined by
Department of Energy(DEn) as the linear extrapolation to the maximum principal stresses,
from outside the region of weld geometrical influence to the weld toe. So the size of the
element in the immediate vicinity of the intersection was carefully chosen in order to make the
linear stress distribution region similar to that as DEn recommended. The program requires
only a small amount of user input, usually only either absolute dimensions or non-dimensional

geometric ratios.

Figure 5.1 illustrates three modes of loading, i.e. axial, in-plane bending(IPB) and out-plane
bending(OPB) loading. Only one half of each joint geometry needs to be modelled, owing to
symmetry under axial and IPB loading. Although for out-plane bending the situation is no
longer symmetric, it was found(Connolly et al 1990) that satisfactory results could be
obtained with the same meshes used for the other load cases by applying appropriate
restraints on the bisecting plane. A typical Y-joint mesh, shown in Figure 5.2, comprises 2178
nodes and 705 elements. It just took few seconds of CPU time to generate mesh on a DEC

Alpha open VMS workstation.

In the case of axial loading, the nominal stress was defined as the total applied load divided by
the sectional area of the brace. Nominal stresses for moment loading were calculated from
simple beam bending theory, using a moment arm measured from the brace end along its
outer surface to the crown position for IPB, and to the saddle position for OPB. In order to
make post processing easy, loads applied to the brace end were always set to give a unit

nominal stress.

It is important to use the correct boundary conditions to obtain a realistic solution of stress
distribution in tubular joints. Both chord ends were rigidly fixed for all loading cases. Under
axial and IPB, no out-of-plane displacements and rotations are permitted at nodes on the
symmetry plane. For OPB the situations are no longer symmetrical, the in-plane

displacements are restrained over the bisecting plane.

The finite element analyses were mn on a DEC Alpha workstation with open VMS operating
system. The Young's modulus and Poisson's ratio were taken to be 207 Gpa and 0.3
respectively. In order to save CPU time, each joint was analysed consecutively for three

modes of loading cases, without the need for recomputing the element stiffness matrices.
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A convergence test was performed firstly in order to check that the meshes used for this study
were sufficiently fine to predict the stresses at the brace/chord intersection with reasonable
accuracy. Three meshes with 16, 20 and 24 elements respectively around the half intersection
were analysed and the SCF results from these meshes are compared in Table 5.1. Comparison
of SCF values obtained from these meshes generally has shown a good convergence. The
coarsest mesh, having 16 elements around one half of the intersection, was chosen for this

study as an acceptable compromise between accuracy and the computational costs.

Systematic finite element analyses were carried out for 330 different tubular Y and T-joints
under axial, IPB and OPB loading. With the powerful DEC Alpha workstation, it just took
about 4 minutes of CPU time to analyse a typical joint. ABAQUS/Post(HKS 1992 b) was
used to post process the results from ABAQUS/Standard analyses. Figures 5.3-5.5 show
typical examples of the external stress distribution of a tubular Y-joint under three modes of

loading respectively.

The numerically greatest principal stress on the outer surface of the tube, at each node around
the intersection, was used to calculate the SCF. Stresses at nodes shared by adjacent elements
were averaged around, but not across the intersection. The SCF distributions along the
intersection have been extracted from the 330 ABAQUS output files for curve-fitting by using

some batch files in open VMS operating system.

5.3 Deriving stress distribution parametric equations

The database of finite element analysis results was used to derive a new set of equations for
the full stress distribution along the intersection of tubular Y and T-joints by using a
statistical regression package known as 'MINITAB'(1991). The regression analysis
methodology is similar to that used for X and DT-joints as described in the last chapter. The

two-dimensional fitting process is split into the following two levels.

1) The best form of expression for the variations of the SCF were found for both the chord

and brace toes under each mode of loading as below by numerous tries.

For both brace and chord toes under axial and OPB loading:
SCF(9)=C,+C,6+C,Cos2¢ (0<0<m) (5-6)
For both brace and chord toes under IPB loading:

SCF(¢)=C,+C,Cos¢p+C,Cos2¢ (0<¢p<m) (5-7)

2) Performing numerous regressions to fit the coefficients in the above equations as a function

of the parameters «, 3, v, T and 6.

The parametric equations for SCF distribution have been derived for both chord and brace

toes of tubular Y and T-joints under three different modes of loading by carrying out the
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numerous regression analysis and they are given in Appendix D. A summary of degree of fit
for each equation is presented in Table 5.2. It shows that these equations fit the original FE
data very well and the correlation coefficient R? is greater than 95% for the majority cases

including both the form of equation and the coefficients.

These equations can be easily programmed and enable the SCF value to be calculated at any
angular location around both brace and chord toes for all modes of loading. Assuming the
loading direction shown in Figure 5.1, the negative hot-spot is at or close to crown toe while
the positive hot-spot lies at or near the crown heel under IPB loading. In this loading case, the
SCFs on both brace and chord saddle positions were taken as the average values of two sides
in order to maintain the smooth transition of SCF distribution curve. As the maximum
principal stresses were used to derive this set of equations, the SCFs on both brace and chord
crown positions are not necessary zero but small values for OPB loading. It should be noted
that a minimum SCF of 1.5 should be assigned when this set of equations are used to predict

the SCFs at critical points such as hot spot, saddle, crown toe and crown heel.

5.4 Assessment

A new set of equations has been produced to predict the full stress distribution along the
intersection of tubular Y and T-joints. However, shell elements are two-dimensional in nature,
possessing thickness only in a mathematical sense needed to define the element stiffness
matrix. A tubular joint analysed using these elements is actually modelled as the intersection
between the brace and chord mid planes and the weld fillet can not be incorporated into this
model. This means that the intersection stresses are calculated a small distance away from the
point of interest. For chord this distance is usually quite small. However it is relatively large
for the brace. Therefore, it is necessary to verify the results by validating against laboratory
data.

Although aiming to produce the SCF distribution along the intersection, this set of
equations(SCF Dis) also provide an alternative way to predict the hot spot SCFs. Thus, the

validation of this set of equations has been split into the following two aspects.
a) Hot spot SCF Estimation

As the SCF information is from the new database of finite element analysis results, which is
different to that used to derive previous HCD equations, and also a new two dimensional
fitting methodology was adopted to fit these data, the hot spot SCF prediction results from
this set of equations are different with those from HCD equations. According to the same
procedures described in chapter three, the predictions for hot spot SCFs from this set of
equations are compared with the values from HCD SCF parametric equations and together

with all available experimental data in the Lloyds and UCL database. They are presented in
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Tables 5.3-5.10 for the SCF at critical points such as hot spot, saddle and crown positions on
brace and chord toes under three modes of loading respectively. Furthermore, statistical
analyses were carried out and the criteria described in chapter three were used to validate all
these cases. The evaluation results are listed in Tables 5.11-5.18. The assessment of this new

set of equations is presented for each mode of loading in turn as follows.
i) Axial Loading

The SCF predictions from this set of equation(SCF Dis) and HCD equations are compared
with the steel and acrylic model test data at the crown and saddle positions on the brace
toe(Tables 5.3-5.4 and 5.11-5.12). Both sets of equations pass the acceptance criteria.
However, the HCD equation is only accepted as borderline at brace saddle position. The
comparison between the SCF Dis and HCD predictions with the experimental data is shown
in Tables 5.5-5.6 and 5.13-5.14 for SCFs at chord crown and saddle positions. Both SCF Dis
and HCD equations are rejected at the chord crown position(Tables 5.5 and 5.13). The
predictions from these two set of equations are generally smaller than the test data. Those
from SCF Dis equations are worst. This underestimation for chord crown was also found in
the previous the thin-shell finite element analysis(Chang and Dover, 1996). It may be due to
the limitation in using thin shell finite elements. For the chord saddle position(Tables 5.6 and

5.14), the SCF Dis equation is accepted while the HCD equation is rejected.
ii) IPB loading

The experimental results and the SCFs from the SCF Dis and HCD equations are compared
in Table 5.7-5.8 and 5.15-5.16). Both sets of equations are accepted for predicting hot spot
SCFs at both brace and chord toes.

iii) OPB loading

A comparison is made between the experimental data and the predictions from the SCF Dis
and HCD equations(Tables 5.9-5.10 and 5.17-5.18). Both sets of equations are accepted for
predicting hot spot SCF on brace toe. For the chord saddle position, the HCD equation is
accepted while the SCF Dis equation is rejected.

As a summary, the new set of equations(SCF Dis) are accepted to predict the hot spot SCF
for all cases except for the chord saddle position under OPB loading. Further examination of
this case(Table 5.10) showed that the main serious predictions(P/R<0.8) are those for joints
with high [ ratio. This set of equations may not be as good as the earlier one dimensional SCF
equations, for fitting the original finite element database, especially for high B ratio cases, as
it aims to fit the two dimensional distribution rather than the hot spot alone. However, a
comparison with experimental data shows that it can offer reasonable good performance for
predicting the hot spot SCF except for the high B cases at chord saddle position under OPB
loading. Under these conditions, it can be replaced by the HCD SCF equation.
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b) Normalised SCF Distribution Prediction

Since the capability of predicting hot spot SCFs was assessed for this new set of equations in
the last section, the validation of stress distribution is therefore based on the normalised SCF
distribution data that can be obtained by dividing the hot spot SCF. However, as associated
information, the comparison of actual SCF values are also carried out for these two set of

equations.

A comparison has been made between the original and normalised stress distribution
predictions from the SCF Dis and HCD equations with the existing UCL acrylic and steel
model test results(Hellier et al 1990 b) and recently UCL steel test data(Myers 1996)(Etube,
1996) and the results are shown in Figures 5.6-5.31. Again, the evaluation of stress

distribution is presented for each mode of loading in turn as following.
i) Axial Loading

A comparison of the predicted actual values and normalised SCF distribution data from the
SCF Dis equations and the HCD equations with experimental test results, is shown in Figures
5.6-5.13 for brace and chord toes respectively. As can be seen from these figures, a
reasonably good agreement has been achieved for these cases for both equations. However, it
has been noticed again that the predictions from the thin finite element analysis results based
solutions including SCF Dis and HCD equations, underestimate the SCFs at the chord crown

position.
ii) IPB loading

Figures 5.14-5.21 show the comparison between the predicted SCF distribution from these
two set of equations with the acrylic and steel model test data for both brace and chord toes
respectively. The figures show both actual values and normalised distributions. Again, both
sets of equations provide a good predictions for stress distributions compared with
experimental results. Moreover, the predictions from SCF Dis equations show a better

correlation.
iii) OPB loading

A comparison has been made between the predicted actual values and normalised SCF
distribution from both sets of equations with acrylic and steel test data for both brace and
chord toes respectively(Figures 5.22-5.31). As can be seen from these figures, a good
agreement has been achieved for these cases for both equations. As all the maximum principal
stresses along the intersection are used to derive the equations, the predictions from SCF Dis
equations agree very well with experimental data along the welds including the area away
from hot spot. The SCF predictions at the crown positions from SCF Dis equations are not

zero but small values while zero is assigned at crown position for HCD equations. Generally,
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the predictions from SCF Dis equations show a better correlation. However, a slight

underestimation from the SCF Dis equation was observed for the chord saddle in Figure 5.30.

As a summary, both sets of equations provide a reasonably good SCF distribution prediction
along the intersection under all modes of loading compared with acrylic and steel test results,
the predictions from the SCF Dis equations being a slightly better. However, it should be

noted that validation is limited as only these few test data are available.

5.5 Concluding Remarks

Comprehensive stress distribution information is needed for the advanced fatigue strength
assessment of tubular joints, especially under multiple axes loading. However, so far there is
only one set of stress equations(UCL HCD) which can provide this whole information for
tubular Y and T-joint. However, this set of equations was not recommended by the fatigue
panel(MaTSU 1996) to predict the hot spot SCF as they did not pass the assessment criteria
in some cases. Also the HCD stress distribution equations are only based on a limited sample
of finite element results and require hot spot SCF input. They may not provide sufficient
accuracy for all individual joints. In order to enhance the stress prediction capability,
systematic finite element analyses have been carried out for 330 tubular Y and T-joints which
are typically used offshore. Based on these finite element results, a new set of parametric
equations have been derived to predict the full stress distribution along the intersection of
tubular welded Y and T-joints under three modes of loading as a function of the geometric
parameters o, B, v, T and 6. The stress distribution equations not only can predict the
normalised distribution for all cases but also provide an alternative method for predicting the
hot spot SCF.

A comprehensive assessment has been made by comparing the predictions from this set of
equations(SCF Dis) and HCD equations with available acrylic and steel test results. As a
result, the new set of equations has been proven to have the capability to reliably estimate the
hot spot SCFs on both brace and chord toes under all modes of loading except for the chord
saddle under OPB loading. For this particular case, the HCD SCF parametric equations can
be used instead. Thus, combining with HCD equations, this new set of equations can be used

to predict all hot spot SCFs for tubular Y and T-joints.

The assessment also shows that both SCF Dis and HCD equations can provide SCF
distribution predictions along the intersection under all modes of loading with reasonably good
accuracy compared with acrylic and steel test results. The predictions from SCF Dis
equations perform somewhat better. However, it should be noted that the validation of the
equations is very limited as so far only very a few experimental data for stress distributions

are available.
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The HCD parametric equations can be used to predict the DoBs at the critical positions of
both the chord and brace sides of tubular Y and T-joints. The characterised equations for DoB
distribution along the intersection(Cheaitani et al 1995) have been derived recently for tubular
T-joints and they permit the interpolation of DoB between hot-spot position. Therefore, with
these two set of equations, the DoB at any position along the intersection of tubular T-joints
can be predicted and these equations may also be extended for use in tubular Y-joints as the

first estimate.

Thus, combination of this new set of equations(SCF Dis) and HCD equations together with
Cheaitani equations allows one to recreate the 2D stress distribution around welded tubular Y
and T-joints. All these equations can be easily incorporated into fatigue life calculation codes
and provide a predictive capability for the stress acting on the welded intersection, anticipated

crack plane.
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Table 5.1 Comparison between DOBs around upper Intersection from Coarse to Fine

X joint Meshes to Show Extent of Convergence ( a=10.39, B=0.5, y=12.9, 1=0.5, 6=90°)

No. of elements Chord Brace
around intersection Crown Saddle Crown Saddle
Axial Loading
16 2.197 7.536 2.775 9.328
20 2.203 7.296 2.825 9.062
24 2.199 7.497 2.813 9.171
In-Plane Bending
16 2.589 0.0548 3.360 0.1533
20 2.549 0.0523 3.322 0.1703
24 2.578 0.0557 3.330 0.1806
Out-Plane Bending

16 0.1520 5.585 0.3842 6.733
20 0.1563 5.377 0.4168 6.445
24 0.1768 5.553 0.4341 6.621
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Table 5.2 Summary of Degree of Fit for the Parametric Equations of SCF Distribution

around the Intersection of Tubular Y and T-joints

Mode of Form of Expression Co C1 Cy Cs
Loading/ Equations Descriptive Statistics (%)
Location MeanR2 | Std. Dev. R2
Axial Loading
Brace Appendix E1.1 91.34% 9.92% 97.72 | 93.85 | 98.35 N/A
Chord Appendix E1.2 95.71% 5.29% 98.64 | 94.55 | 97.82 N/A
In-Plane Bending
Brace Toe Side Appendix E2.1 97.19% 3.39% 95.78 | 96.32 | 96.03 N/A
Brace Heel Side Appendix E2.1 99.28% 1.26% 96.29 | 97.36 | 96.93 N/A
Chord Toe Side Appendix E2.2 99.55% 0.57% 96.68 | 96.88 | 96.65 N/A
Chord Heel Side Appendix E2.2 99.48% 0.46% 9746 | 97.38 | 96.51 N/A
Out-Plane Bending
Brace Appendix E3.1 93.13% 8.68% 97.17 | 93.32 | 98.30 N/A
Chord Appendix E3.2 95.69% 4.59% 98.08 [ 93.37 | 98.11 N/A
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Table 5.3 Comparison between the Predictions from the SCF Distribution and HCD Equations

with the Recorded data at Brace Crown position for Axially Loaded Y and T-joints

Joint o B Y T 0 Mat | Rec | HCD [HCD/| SCF | SCF
Ref (Rad) Rec | Dis |Dis/
Rec
40/T 102 | 025 | 144 ] 028 | 1.57 | Steel 1.9 | 269 | 141 | 422 | 222
1G] 13.5 ] 0.5 12 | 052 | 157 |Acrylic| 1.9 | 261 | 1.37 | 1.91 | 1.0
3U/1 10 | 026 | 12 | 075 | 157 |Acrylic| 1.6 | 3.65 | 228 | 435 | 2.72
3U/2 10 0.5 12 | 075 | 1.57 [Acrylic| 2 264 | 1.32 | 259 | 1.30
3U/3 10 0.8 12 | 075 | 1.57 | Acrylic| 2.1 230 | 1.09 | 1.80 | 0.86
3U/5 10 | 026 | 24 | 075 | 1.57 |Acrylic| 3 512 | 1.71 | 3.20 | 1.07
3U/9 10 | 026 | 32 | 075 [ 1.57 [Acrylic| 3.2 | 727 | 227 | 3.24 | 1.01
9AU/2 10 0.8 24 1 079 [Acrylic| 1.9 | 214 | 113 | 292 | 1.54
QAU/3 10 0.8 24 1 1.05 | Acrylic | 2.1 1.82 | 0.86 | 2.14 | 1.02
9BU/1 10 0.8 24 1 1.57 |Acrylic| 1.5 | 1.57 | 1.05 ] 1.50 | 1.00
11AU/1 10 0.5 12 1 1.57 |Acrylic| 1.5 | 252 | 1.68 | 270 | 1.80
14U/1 10 [ 026 | 12 0.4 1.57 |Acrylic| 2.6 | 295 | 1.13 | 455 | 1.75
14U/2 10 0.5 12 0.4 157 |Acrylic| 22 | 247 | 1.12 | 294 | 1.34
14U/3 10 0.8 12 0.4 157 |Acrylic| 1.9 | 217 | 1.14 | 239 | 1.26
14U/4 10 | 026 | 24 04 1.57 |Acrylic| 3.1 | 413 | 1.33 | 3.14 | 1.01
14U/5 10 0.5 24 0.4 1.57 |Acrylic| 1.6 | 227 | 1.42 | 1.50 | 0.94
14DU/2 10 0.8 24 04 | 079 |Acrylic| 1.6 | 206 | 1.29 | 3.11 | 1.94
14DU/3 10 0.8 24 0.4 1.06 |Acrylic| 1.6 | 1.77 | 1.11 | 235 | 1.47
Table 5.4 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded data at Brace Saddle position for Axially Loaded Y and T-joints
Joint o B Y T 0 Mat | Rec | HCD |HCD/ | SCF | SCF
Ref (Rad) Rec | Dis |Dis/
Rec
19/T 105 | 053 | 134 | 086 | 1.67 | Steel | 65 | 1261 | 1.94 | 1244 | 191
20/T 10 053 | 133 | 051 | 1.67 | Steel | 4.9 | 8.27 1.69 | 8.88 | 1.81
39/T 102 | 025 | 143 | 04 | 157 | Steel | 44 | 7.21 1.64 | 777 | 1.77
40/1 102 | 025 | 144 | 028 | 1.57 | Steel | 44 | 5.81 1.32 | 597 | 1.36
T-O 10 057 | 269 046 | 1.57 | Steel | 84 | 1079 | 1.28 | 13.29 | 1.58
T-R 10 057 | 1941 033 | 1.67 | Steel | 62 | 732 | 1.18 | 849 | 1.37
T(Steel) 6.3 0.5 | 24.1 1 1.57 | Steel 12 | 1935 | 1.61 | 16.62 | 1.39
1 69 | 066 | 231 | 091 | 0.79 | Steel | 65 | 866 | 1.33 | 849 | 131
TW2 12 04 | 197 05 | 1.67 | Steel | 9.1 [ 10.73 | 1.18 | 12.32 ] 1.35
T-ST 72 | 071 {143 | 0.79 | 1.57 | Steel 6 1042 | 1.74 | 10.53 | 1.75
1.3 6.2 08 | 203|099 | 157 | Steel | 82 [ 13.29 | 1.62 | 12.83 | 1.56
1.7 6.2 08 | 31.8 | 091 | 0.79 | Steel | 6.1 815 | 1.34 | 9.80 | 1.61
1.9 6.2 04 | 203 | 094 | 0.79 | Steel 5 860 | 1.72 | 7.36 | 147
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Table 5.4 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded Data at Brace Saddle position for Axially Loaded Y and T-joints

(Continued)
Joint o B Y T 0 Mat | Rec | HCD |HCD/ | SCF | SCF
Ref (Rad) Rec Dis | Dis/
Rec
TG1 135 | 05 12 | 052 | 157 |Acrylic| 63 | 805 | 1.28 | 897 | 1.42
3U/1 10 026 | 12 | 075 | 1.57 | Acrylic| 6 9.88 | 1.65 | 10.25 | 1.71
3U/2 10 0.5 12 | 0.756 | 1.57 | Acrylic| 8 10.68 | 1.34 | 10.77 | 1.35
3U/3 10 0.8 12 | 0.75 | 1.57 [Acrylic| 59 | 7.87 [ 1.33 | 890 | 1.51
3U/5 10 026 | 24 | 075 | 157 |Acrylic| 10.7 | 1466 | 1.37 | 17.18 | 1.61
3U/6 10 0.5 24 | 0.75 | 1.57 | Acrylic | 10.5 | 1585 | 1.51 | 16.77 | 1.60
3U/7 10 0.8 24 | 0.75 [ 1.57 | Acrylic | 13.6 | 11.66 | 0.86 | 14.10 | 1.04
3U/9 10 026 | 32 | 075 | 1.57 |Acrylic| 142 | 16.66 | 1.17 | 21.43 | 1.51
3U/10 10 0.5 32 | 075 | 1.57 | Acrylic{ 17.4 | 18.01 | 1.04 | 20.09 | 1.15
3U/11 13.3 | 0.8 32 | 0.75 | 1.57 | Acrylic | 21.1 | 13.36 | 0.63 | 19.08 | 0.90
QAU/2 10 0.8 24 1 079 | Acrylic| 7.4 | 814 | 1.10 | 879 | 1.19
9AU/3 10 0.8 24 1 1.05 |Acrylic | 11.6 | 11,16 | 0.96 | 13.00 | 1.12
9BU/1 10 0.8 24 1 157 |Acrylic| 13.8 | 1476 | 1.07 | 16.84 | 1.22
11AU/1 10 0.5 12 1 1.57 | Acrylic| 8.4 | 13.18 | 1.57 | 11.84 | 141
11AU/2 10 0.5 24 1 157 | Acrylic | 16.6 | 1957 | 1.18 | 18.64 | 1.12
TJOINT19 | 16 0.5 16 05 | 1.57 |Acrylic| 8 938 | 1.17 | 10.83 | 1.35
TJOINT20 | 16 0.5 16 | 025 | 1567 |Acrylic| 52 | 584 | 1.12 | 594 | 1.14
TJOINT 21 16 0.5 12 05 | 1.57 |Acrylic| 47 | 7.83 | 1.67 | 892 | 1.90
TJOINT22 | 16 0.5 12 { 025 | 1.57 |Acrylic| 3.3 | 494 | 1.50 | 432 | 1.31
1T/0 8 0.5 12 1 1.57 | Acrylic| 11.6 | 13.10 | 1.13 | 10.78 | 0.93
14U/1 10 0.26 12 04 | 1.57 |Acrylic| 49 | 650 | 1.33 | 6.57 | 1.34
14U/2 10 0.5 12 04 | 1.57 |Acrylic| 6.4 | 654 | 1.02 | 6.85 | 1.07
14U/3 10 0.8 12 04 | 1.57 |Acrylic| 45 | 484 | 1.08 | 492 | 1.09
14U/4 10 026 | 24 04 | 1.57 |Acrylic| 9 957 | 1.06 | 12.27 | 1.36
14U/5 10 0.5 24 04 | 157 [Acrylic| 104 | 950 | 091 | 11.67 | 1.12
14U/6 10 0.8 24 04 | 1.57 |Acrylic| 92 | 695 | 0.76 | 893 | 0.97
14DU/2 10 0.8 24 04 | 079 |Acrylic| 46 | 3.89 | 084 | 3.28 | 0.71
14DU/3 10 0.8 24 04 | 1.05 [ Acrylic| 8.1 533 | 066 | 607 | 0.75
TJOINT 6 16 0.5 16 1 1.57 | Acrylic | 12.7 | 16.01 | 1.26 | 16.99 | 1.34
TJOINT10 | 16 033 | 24 1 1.57 | Acrylic| 16.2 | 1888 | 1.17 | 22.35 | 1.38
TIOINT12 | 16 067 | 24 1 1.57 | Acrylic | 21.5 | 17.84 | 0.83 | 19.96 | 0.93
27/0 8 05 | 23.1 1 1.57 | Acrylic | 16.1 | 19.09 | 1.19 | 17.12 | 1.06
T-AC 9.3 | 0.67 15 08 | 1.57 |Acrylic| 7.6 | 11.45 | 151 [ 11.83 | 1.56
Y-AC 9.3 | 0.67 15 08 | 0.79 [Acrylic| 6.1 | 634 | 1.04 | 6.06 | 0.99
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Table 5.5 Comparison between the Predictions from the SCF Distribution and HCD Equations

with the Recorded Data at Chord Crown position for Axially Loaded Y and T-joints

o B Y T 0 Mat R HCD |HCD/ | SCF | SCF

(Rad) Rec Dis | Dis/
Rec
19/T 105|053 | 134 | 086|157 | Steel | 52 | 426 | 082 | 3.86 | 0.74
20/T 10 | 053 | 13.3 | 051 | 1.57 | Steel 28 | 284 | 1.01 2.58 | 0.92
39/T 102 | 025 | 143 | 04 | 1,57 | Steel 24 | 2.75 1.14 | 322 | 1.34
Test 13 | 048 | 159 | 0.63 | 0.79 | Steel 3.8 | 3.31 0.87 293 | 0.77
TG1 135 05 12 | 052 | 1.57 | Acrylic| 3.3 | 288 | 0.87 251 | 0.76
3U/1 10 | 0.26 12 |1 075 | 1.57 |Acrylic] 45 | 449 | 1.00 | 4.68 | 1.04
3U/2 10 0.5 12 | 075 | 1.57 |Acrylic| 3.7 | 3.80 | 1.03 | 3.66 | 0.99
3U/3 10 0.8 12 | 0.75 | 1.57 | Acrylic| 45 | 359 | 0.80 | 3.14 | 0.70
3U/5 10 | 026 | 24 | 075 | 1.57 | Acrylic| 5.1 565 | 1.09 | 400 |0.79
3U/6 10 0.5 24 | 075 | 1.57 | Acrylic| 3.9 | 4.42 1.13 275 | 0.71
3U/7 10 0.8 24 | 075 | 1.57 |Acrylic| 49 | 443 | 091 2,53 | 0.52
3U/9 10 | 026 | 32 | 075 | 157 |Acnylic| 53 | 639 | 1.21 3.95 | 0.75
3U/10 10 0.5 32 | 075 | 157 |Acrylic| 44 | 520 | 1.18 | 2.66 | 0.60
3U/11 1331 0.8 32 | 075 | 1.57 | Acrylic| 6.4 | 517 | 0.81 291 | 0.45
9AU/2 10 0.8 24 1 0.79 |Acrylic| 6.4 | 529 | 0.83 | 462 | 0.72
9AU/3 10 0.8 24 1 1.05 | Acrylic| 6.3 | 528 | 0.84 | 3.82 | 0.6]1
9BU/1 10 0.8 24 1 1.57 | Acrylic| 6.6 | 5.31 0.80 | 294 | 0.45
1TAU/1 10 0.5 12 1 157 |Acrylic| 6.7 | 470 | 0.70 | 486 | 0.73
1TAU/2 10 0.5 24 1 1.57 | Acrylic| 55 | 5.82 1.06 | 3.95 | 0.72
14AU/1 10 | 0.26 12 04 | 157 |Acrylic| 2.8 | 2.61 093 | 336 | 1.20
14AU/2 10 0.5 12 04 | 1.57 |Acrylic} 2.6 | 230 | 0.88 | 2.35 | 0.90
14AU/3 10 0.8 12 04 | 157 |Acrylic| 26 | 226 | 0.87 220 | 0.85
14AU/4 10 | 026 | 24 04 | 157 {Acrylic| 25 | 3.23 129 | 253 | 1.01
14AU/5 10 0.5 24 04 | 157 |Acrylic| 22 | 272 1.24 1.50 | 0.68
14AU/6 10 0.8 24 04 | 157 |Acrylic| 29 | 2.80 | 0.97 217 10.75
14DU/2 10 0.8 24 04 | 079 |Acrylic| 2.8 | 255 | 0.91 2,55 | 0.91
14DU/3 10 0.8 24 04 [1.05|Acrylic| 29 | 270 | 093 | 227 | 0.78
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Table 5.6 Comparison between the Predictions from the SCF Distribution and HCD Equations

with the Recorded Data at Chord Saddle position for Axially Loaded Y and T-joints

Joint o B Y T 0 Mat Rec | HCD |HCD/ | SCF | SCF
Ref (Rad) Rec Dis | Dis/
Rec

19/T 105 | 053 | 134 | 0.86 | 1.57 Steel 174 [ 1592 | 1.40 | 1426 | 1.25
20/T 10 053 | 133 | 0.51 1.57 Steel 6.5 756 | 1.16 | 732 | 1.13
39/T 102 | 0.25 | 143 0.4 1.57 Steel 4.2 5.85 1.39 | 6.12 | 146
T-O 10 057 | 269 | 046 | 157 Steel 11.6 | 1025 | 0.88 | 12.12 | 1.04
T-R 10 057 | 194 | 033 | 1.57 Steel 7.1 558 | 079 | 648 | 091
T(Steel) | 6.3 0.5 24,1 1 1.57 Steel 185 | 29.04 | 1,57 | 2557 | 1.38
Test 13 048 | 159 | 0.63 | 0.79 Steel 52 6.07 117 6.06 | 1.16
1 6.9 | 0.66 | 23.1 091 | 0.79 Steel 86 (10791 1.25 | 1096 | 1.27
TW2 7.3 0.71 12 1 1.57 Steel 10 15,42 | 1.54 | 14.86 | 1.49
1250 12 0.5 19.7 0.5 1.57 Steel 10 980 | 098 | 10.81 | 1.08
T350 10 0.7 19.7 0.5 1.57 Steel 9.2 8.41 0.91 8.69 | 0.95
T-ST 7.2 | 071 143 | 079 | 1.57 Steel 87 |11.86| 1.36 | 1146 | 1.32
2-3 10 0.5 13.4 0.5 1.57 Steel 5.7 7.48 1.31 732 | 1.28
4-10 10 0.5 14.3 0.5 1.57 Steel 6.7 7.85 | 1.17 7.78 | 1.16
11-12 10 025 | 143 | 039 | 1.57 Steel 4.7 5.67 1.21 588 | 1.25
13-17 10 0.5 14.3 0.5 1.57 Steel 7.7 7.85 1.02 | 778 | 1.01
SM-A 9.4 0.4 20 0.77 | 1.57 Steel 158 | 17.72 | 112 | 1745 | 1.10
SM-B 9.3 0.6 19.8 | 0.75 | 1.57 Steel 16.1 | 1608 | 1.00 | 15.18 | 0.94
SM-C 9.3 0.8 20.1 076 | 1.57 Steel 152 [ 11.71 | 0.77 | 1273 | 0.84
SR-A 9.4 0.4 20 0.75 | 1.67 Steel 152 | 17.07 | 1.12 | 1693 | 1.11
SH-A 9.3 0.4 20.1 082 | 1.57 Steel 173 [ 19451 1.12 | 18.85 | 1.09
1.3 6.2 0.8 203 | 0.99 | 1.57 Steel 114 | 1783 | 1.56 | 18.15 | 1.59
1.5 6.2 0.8 31.8 | 098 | 157 Steel 29 2138 0.74 | 23.55 | 0.81
1.7 6.2 0.8 31.8 | 091 | 0.79 Steel 104 | 993 | 095 | 1046 | 1.01
1.9 6.2 0.4 203 | 094 | 0.79 Steel 99 | 1142| 115 | 11.83 | 1.19

1 8 0.71 14.3 1 1.57 Steel 125 [ 1800 | 1.44 | 1649 | 1.32
4-7 8.1 0.71 14.3 1 1.57 Steel 13.3 | 1801 | 1.35 | 16.50 | 1.24
8 7.3 0.71 12 1 1.57 Steel 95 | 1542 1.62 | 1486 | 1.56
9-11 7.2 0.71 12 1 1.57 Steel | 1043 | 1541 | 1.48 | 1485 | 1.42
TG1 13.5 0.5 12 052 | 157 | Acrylic | 5.9 7.27 123 | 7.14 | 1.21
3U/1 10 0.26 12 075 | 1.57 | Acrylic | 7.6 | 11.02 | 1.45 | 11.62 | 1.53
3U/2 10 0.5 12 075 | 1.57 | Acryiic | 93 | 11.77 | 1.27 | 11.04 | 1.19
3U/3 10 0.8 12 075 | 1.57 | Acrylic | 7.5 8.03 1.07 874 | 1.17
3U/5 10 0.26 24 075 | 1.57 | Acryiic | 154 | 17.64 | 1.15 | 2040 | 1.32
3U/6 10 0.5 24 075 | 1.57 | Acrylic | 17.3 | 18.85| 1.09 | 1897 | 1.10
3U/7 10 0.8 24 0.75 | 1.57 | Acryiic | 17.4 | 1282 | 0.74 | 1432 | 0.82
3U/9 10 0.26 32 075 | 1.57 | Acrylic | 204 | 1998 | 098 | 25.74 | 1.26
3U/10 10 0.5 32 0.75 | 1.57 | Acryiic | 26.8 | 21.21 | 0.79 | 23.75 | 0.89
3U/11 13.3 0.8 32 075 | 1.57 | Acrylic | 256.8 | 1503 | 0.58 | 18.27 | 0.71
QAU/2 10 0.8 24 1 0.79 | Acryiic | 11.7 | 978 | 0.84 | 11.49 | 0.98
9AU/3 10 0.8 24 1 1.05 | Acrylic | 19.3 | 1448 | 0.75 | 16.12 | 0.84
9BU/1 10 0.8 24 1 1.57 | Acryiic | 21.9 | 20.16 | 0.92 | 21.25 | 0.97
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Table 5.6 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded Data at Chord Saddle position for Axially Loaded Y and T-joints

(Continued)
Spec. no. o B Y T 0 Mat Rec | HCD |HCD/ | SCF | SCF
(Rad) Rec Dis | Dis/

Rec

11AU/ 10 0.5 12 157 | Acrylic | 10.7 | 1841 | 1.72 | 16.72 | 1.56

11AU/2 10 05 | 24 157 | Acrylic | 26.7 | 29.48 | 1.10 | 26.69 | 1.00

TJOINT15 | 16 | 026 | 32 157 | Acrylic | 26.2 | 29.48 | 1.13 | 3791 | 145

TJOINT 16 | 16 05 | 32 157 | Acrylic | 30 | 33.75| 1.13 | 34.73 | 1.16

TJOINT17 | 16 | 0.75 | 32 157 | Acrylic | 24 | 2635 ] 1.10 | 28.50 | 1.19

TJOINT 19 | 16 0.5 16 | 05 | 1.57 | Acrylic | 10 8.62 | 086 | 924 | 092

TJOINT20 | 16 0.5 16 | 0.25 | 1.57 | Acrylic 4 3.60 { 0.90 | 4.68 | 1.17

TJOINT 21 16 0.5 12 | 05 | 157 | Acrylic | 62 | 696 | 1.12 | 689 | 1.11

TJOINT22 | 16 0.5 12 |1 0251 1.57 | Acrylic | 3.1 291 094 | 3.01 | 097

YJOINT 2 16 | 033 | 24 1 0.79 | Acrylic | 145 | 13.56 | 0.94 | 18.49 | 1.28
YJOINT 3 16 0.5 24 1 0.79 | Acrylic | 148 | 1455 | 098 | 17.13 | 1.16
YJOINT 7 8 0.5 24 1 0.79 | Acrylic | 143 | 1418 [ 0.99 | 1537 | 1.07
YJOINT 8 23 05 | 24 1 0.79 | Acrylic | 145 | 1475 | 1.02 | 18.26 | 1.26
YJOINT10 | 16 05 | 24 1 1.05 | Acrylic | 20 | 21.65 | 1.08 | 22.29 | 1.11
YJOINT11 | 16 | 033 | 12 1 079 | Acrylic | 7.3 | 847 | 1.16 | 9.56 | 1.31
YJOINT 12 | 13.7 | 0.5 12 1 0.79 | Acrylic 6 9.04 | 1.51 8.97 | 1.50
YJOINT13 | 16 | 0.67 | 12 1 0.79 | Acrylic 5 820 | 1.64 | 792 | 1.58
1T/0 8 0.5 12 1 1.57 | Acrylic | 145 | 1826 | 1.26 | 1647 | 1.14
14U/1 10 | 026 | 12 | 04 | 1.57 | Acrylic | 43 | 613 | 1.19 | 499 | 116
14U/2 10 0.5 12 | 04 | 157 | Acrylic | 46 | 520 | 1.13 | 505 | 1.10
14U/3 10 0.8 12 | 04 | 157 | Acrylic | 3.5 | 3.64 | 1.04 | 344 | 098
14U/4 10 | 026 | 24 | 04 | 157 | Acrylic | 7.7 | 819 | 1.06 | 10.68 | 1.39
14U/5 10 0.5 24 | 04 | 157 | Acrylic | 9.2 | 829 | 0.90 | 10.13 | 1.10
14U/5 10 0.8 24 | 04 | 157 | Acrylic | 89 | 580 | 0.65 | 6.69 | 0.75
14DU/2 10 0.8 24 | 04 | 079 | Acrylic | 43 | 3.09 | 0.72 | 2.55 | 0.59
14DU/3 10 0.8 24 | 04 | 105 | Acrylic | 7.4 | 435 | 0.59 | 4.34 | 0.59

TJONIT 1 16 1 025 | 12 157 | Acrylic | 10.8 | 16.37 | 1.52 | 18.44 | 1.71

TJONIT 2 16 0.5 12 1.57 | Acrylic | 122 | 18.74 | 1.54 | 17.00 | 1.39

TJONIT 3 16 | 0.75 | 12 157 | Acrylic [ 11 1463 | 1.33 | 1433 | 1.30

TJONIT S 16 | 025 | 16 1.57 | Acrylic | 16 | 20.71 | 1.38 | 22.50 | 1.50

TJONIT 6 16 0.5 16 1.57 | Acrylic | 18 | 23.71 | 1.32 | 20.71 | 1.15

TJONIT 7 16 | 075 | 16 1.57 | Acrylic | 162 | 18561 | 1.14 | 17.32 | 1.07

TJONIT10 | 16 | 033 | 24 1.57 | Acrylic | 242 | 27.95 | 1.16 | 29.87 | 1.23

TJONIT 11 16 05 | 24 157 | Acrylic | 25 | 30.00 | 1.20 | 27.94 | 1.12

TJONIT12 | 16 | 067 | 24 1.57 | Acrylic | 27.5 | 27.08 | 0.98 | 24.96 | 0.91

21/0 8 05 [23.1 157 | Acrylic | 25 | 2871 | 1.16 | 2542 | 1.02

T-AC 93 1067 | 15 1.57 | Acrylic | 8.8 | 13.63 | 1.55 | 12.71 | 1.44

O Lo~ == =|=|=]|=[—
oo | oo

Y-AC 93 | 0.67 | 15 0.79 | Acrylic | 7.2 | 697 | 097 | 649 | 0.90
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Table 5.7 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded Data on Brace Side for IPB loaded Y and T-joints

Joint o B Y T 0 Mat Rec | HCD [HCD/ | SCF | SCF
Ref (Rad) Rec Dis [ Dis/
Rec
19/T 105 0563 | 134 | 0.86 | 1.57 Steel 2.1 3.33 1.58 | 3.47 | 1.65
20/T 10 |1 053 | 13.3 | 0.51 1.57 Steel 2.4 2.84 118 | 271 | 1.13
39/T 102 025 | 143 | 04 1.57 Steel 1.5 2.57 1.71 211 | 1.41
40/T 102 | 025 | 144 | 028 | 157 Steel 1.9 2.32 122 | 3.60 | 1.90
1 69 | 066 | 23.1 | 0.91 0.79 Steel 2.7 3.51 1.30 | 3.38 | 1.26
T-ST 7.2 | 071 | 143 | 0.79 | 1.57 Steel 2 3.34 1.67 | 3.25 | 1.63
Y-ST 72 |1 071 | 143 | 0.79 | 0.79 Steel 2.5 2.91 1.16 | 2.64 | 1.06
TG1 1356 | 05 12 062 | 1.57 | Acrylic 2 2.75 1.37 | 270 | 1.35
3U/2 10 0.5 12 0.75 | 1.57 | Acrylic| 2.3 3.06 1.33 | 3.08 | 1.34
3U/3 10 0.8 12 0.75 | 1.57 | Acrylic| 2.1 3.09 147 | 2.89 | 1.37
3U/5 10 | 0.26 24 0.75 | 1.57 | Acrylic 3 3.76 125 | 405 | 1.35
3U/6 10 0.5 24 075 | 1.57 | Acrylic| 2.8 3.95 1.41 | 4.22 | 1.51
3u/7 10 0.8 24 075 | 1.57 | Acrylic| 3.3 3.99 1.21 | 409 | 1.24
3U/9 10 | 0.26 32 0.75 | 167 | Acrylic| 3.6 418 116 | 456 | 1.27
3U/10 10 0.5 32 0.75 | 1.57 | Acrylic| 4.4 5.01 1.14 | 510 | 1.16
3U/11 13.3 | 0.8 32 075 | 157 |Acrylic| 4.2 4.44 1.06 | 501 | 1.19
9AU/2 10 0.8 24 1 0.79 | Acrylic| 2.4 3.51 1.46 | 3.36 | 1.40
9AU/3 10 0.8 24 1 1.05 | Acrylic | 2.9 4,14 143 | 3.90 | 1.34
9BU/1 10 0.8 24 1 1.57 | Acrylic| 2.6 4,34 1.67 | 440 | 1.69
11AU/1 10 0.5 12 1 1.57 | Acrylic| 2.1 3.33 1.59 | 2.89 | 1.37
11AU/2 10 0.5 24 1 157 | Acrylic| 3.2 4.30 1.34 | 498 | 1.56
17/0 8 0.5 12 1 1.57 | Acrylic| 3.1 3.33 1.07 | 3.73 | 1.20
14U/1 10 | 0.26 12 0.4 1.57 | Acrylic| 1.9 2.39 126 | 1.98 | 1.04
14U/2 10 0.5 12 0.4 1.57 | Acrylic | 2.1 2.54 1.21 | 246 | 1.17
14U/3 10 0.8 12 0.4 157 | Acrylic| 2.2 2.57 117 | 248 | 1.13
14U/4 10 | 0.26 24 0.4 1.57 | Acrylic 3 3.12 104 | 3.72 | 1.24
14U/5 10 0.5 24 0.4 1.57 | Acrylic| 2.7 3.28 1.21 | 3.07 | 1.14
14U/6 10 0.8 24 0.4 1.57 | Acrylic| 2.2 3.31 1.50 | 3.10 | 1.41
14DU/2 10 0.8 24 0.4 0.79 | Acrylic 2 3.14 1.57 | 2.40 | 1.20
14DU/3 10 0.8 24 0.4 1.05 | Acrylic| 2.3 3.17 1.38 | 2.81 | 1.22
TJOINT2 | 16 0.5 12 1 1.57 | Acrylic| 3.2 3.34 1.04 | 3.83 | 1.20
TJOINT6 | 16 0.5 16 1 1.57 | Acrylic| 3.2 3.71 1.16 | 3.74 | 1.17
27/0 8 0.5 | 23.1 1 1.57 | Acrylic| 4.3 4.23 098 | 485 | 1.13
T-AC 9.3 | 0.67 15 0.8 1.57 | Acrylic 2 3.41 1.70 | 340} 1.70
Y-AC 9.3 | 0.67 15 0.8 0.79 | Acrylic| 2.2 2.94 1.34 | 2.80 | 1.27
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Table 5.8 Comparison between the Predictions from the SCF Distribution and HCD Equations

with the Recorded Data on Chord Side for IPB loaded Y and T-joints

Joint o B v T 0 Mat Rec | HCD | HCD | SCF | SCF
Ref (Rad) /Rec | Dis |Dis/
Rec
19/T 105 | 053 | 134 | 0.86 | 1.57 | Steel 25 | 418 | 1.67 | 449 | 1.80
20/7 10 053 [ 1833 [ 051 | 1.57 | Steel 1.7 264 [ 1.56 | 3.04 | 1.79
1 69 | 066 23.1 | 091 | 0.79 | Steel 33 | 433 | 1.31 | 449 | 1.36
TW2 7.3 | 071 12 1 157 | Steel 3 468 | 1.56 | 443 | 1.48
T-ST 72 [ 0711143 079 | 1.57 | Steel 3.1 415 | 1.34 | 3.97 | 1.28
Y-ST 72 1071|143 ] 079 | 0.79 | Steel 2.7 299 | 1.11 ] 401 | 1.49
1G1 135 | 0.5 12 | 052 | 157 | Acrylic | 1.8 | 251 | 1.40 | 3.00 | 1.67
3U/1 10 026 ( 12 | 075 | 157 | Acrylic | 23 | 279 | 1.21 | 3.48 | 1.51
3U/2 10 0.5 12 1 075 | 1.57 | Acrylic | 2.7 | 348 | 1.29 | 3.89 | 1.44
3U/3 10 0.8 12 | 075|157 | Acrylic | 3.4 | 3.65 | 1.07 | 3.43 | 1.01
3U/5 10 026 | 24 | 0.75 | 1.57 | Acrylic 4 501 | 1.25 | 509 | 1.27
3U/6 10 0.5 24 | 075 | 157 | Acrylic | 3.9 | 497 | 1.27 | 522 | 1.34
3U/7 10 0.8 24 | 075 | 1.57 | Acrylic 4 491 | 1.23 | 4.83 | 1.21
3U/9 10 026 32 | 075 | 157 | Acrylic | 53 | 683 | 1.29 | 6.90 | 1.30
3U/10 10 0.5 32 | 075 { 1.57 | Acrylic | 5.1 573 | 1.12 1 6.16 | 1.21
3U/11 133 | 0.8 32 | 075 [ 1.57 | Acrylic | 42 | 550 | 1.31 | 6.14 | 1.46
9AU/2 10 0.8 24 1 079 | Acrylic | 3.4 | 6.38 | 1.88 | 5.46 | 1.6]
9AU/3 10 0.8 24 1 1.05 | Acrylic | 42 | 581 | 1.38 | 6.21 | 1.48
9BU/1 10 0.8 24 1 1.57 | Acrylic | 4.1 645 | 1.57 | 6.16 | 1.50
1TAU/1 10 0.5 12 1 157 | Acrylic | 3.4 | 446 | 1.31 | 488 | 1.43
11AU/2 10 0.5 24 1 157 | Acrylic | 5.3 652 | 1.23 | 718 | 1.36
TJOINT 16 16 0.5 32 1 1.57 | Acrylic 7 7.54 1 1.08 | 843 | 1.20
TJOINT 21 16 0.5 12 05 | 157 | Acrylic | 22 | 242 | 1.10 | 292 | 1.33
YJOINT 2 16 033 | 24 1 0.79 | Acrylic | 39 | 468 | 1.201 7.12 | 1.83
YJOINT 3 16 0.5 24 1 079 | Acrylic | 4.3 | 473 | 1.10 | 5.62 | 1.31
YJOINT 10 16 0.5 24 1 1.05 | Acrylic 5 574 | 1.15 | 6.45 | 1.29
YJOINT 11 16 033 | 12 1 079 | Acrylic | 26 | 290 | 1.11 | 5.02 | 1.93
YJOINT12 | 13.7 | 05 12 1 0.79 | Acrylic | 3.2 | 322 | 1.01 | 415 | 1.30
YJOINT 13 16 067 | 12 1 079 | Acrylic | 2.7 | 3.33 | 1.23 | 3.67 | 1.36
17/0 8 0.5 12 1 157 | Acrylic | 3.8 | 448 | 1.18 | 488 | 1.28
14U/1 10 026 12 04 | 1.57 | Acrylic | 1.6 1.62 | 1.01 | 2.65 | 1.66
14U/2 10 0.5 12 04 | 1.57 | Acrylic | 1.8 201 | 112 ] 254 | 1.41
14U/3 10 0.8 12 04 | 1.57 | Acrylic | 1.5 | 210 | 1.40 | 2.18 | 1.46
14U/4 10 026 24 04 | 1.57 | Acrylic | 2.4 | 288 | 1.20 | 417 | 1.74
14U/5 10 0.5 24 04 | 157 | Acrylic | 2.1 274 | 1.30 | 3.21 | 1.53
14U/6 10 0.8 24 04 | 157 | Acrylic | 2.1 271 [ 1.29 ] 244 | 1.6
14DU/2 10 0.8 24 04 | 079 | Acrylic | 2.1 234 | 1.12 | 2,19 | 1.04
14DU/3 10 0.8 24 04 {105 | Acrylic | 2.1 247 | 117 | 238 | 1.13
TJOINT 2 16 0.5 12 1 1.57 | Acrylic 4 443 | 1.11 | 488 [ 1.22
TJOINT 6 16 0.5 16 1 157 { Acrylic | 45 | 516 | 1.15 | 5.67 | 1.26
TJOINT 11 16 0.5 24 1 157 | Acrylic | 6.6 | 653 | 099 | 7.18 | 1.09
27/0 8 0.5 | 23.1 1 1.57 | Acrylic | 4.6 | 640 | 1.39 | 7.06 | 1.54
T-AC 93 | 067 15 08 | 157 | Acrylic | 29 | 426 | 1.47 | 4.20 | 1.45
Y-AC 9.3 067 | 15 0.8 | 079 | Acrylic | 24 | 3.07 | 1.28 | 2.83 | 1.18
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Table 5.9 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded Data on Brace Side for OPB loaded Y and T-joints

Joint Ref o B Y T 0 Mat Rec | HCD |HCD/ | SCF | SCF
(Rad) Rec Dis | Dis/R
ec

123/1-3 14 1025|143 | 039 | 1567 | Steel | 207 | 3.07 | 1.48 | 3.58 | 1.73

124/1-3 14 | 025|143 {028 | 1.57 | Steel | 1.73 | 262 | 152 | 2.42 | 1.40

T-ST 72 |1 071 | 143 | 079 | 1.57 | Steel 5.1 877 | 1.72 | 9.25 | 1.81

1.3 6.2 08 | 203 | 099 | 1.57 | Steel 73 11351 | 1.85 |13.08| 1.79
1.5 6.2 08 | 31.8 | 098 | 1.567 | Steel | 10.6 | 19.67 | 1.86 |18.09| 1.71
1.7 6.2 08 [ 31.8 | 091 | 0.79 | Steel 62 | 919 | 1.48 {10.16] 1.64
1.9 6.2 04 | 203 | 094 [ 0.79 | Steel 3.6 | 626 | 146 | 598 | 1.66
1G1 13.5 | 05 12 1 052 | 157 [ Acrylic | 64 | 646 | 1.01 | 631 | 1.17
3U/1 10 | 026 | 12 | 075|157 | Acrylic | 25 | 3.77 | 1.61 | 443 | 1.77

3U/2 10 0.5 12 | 0.75 | 1.57 | Acrylic 5 647 | 1.29 | 7.31 | 1.46

3U/3 10 0.8 12 | 075 | 1.57 | Acrylic | 6.7 | 7.61 114 | 7.79 | 1.16

3U/5 10 | 026 | 24 | 075 | 1.57 | Acrylic | 83 | 6.79 | 1.28 | 9.70 | 1.83

3U/6 10 0.5 24 |1 075 | 1.57 | Acrylic | 9.2 | 11.66| 1.27 [12.75] 1.39

3U/7 10 0.8 24 | 075 | 1.57 | Acrylic | 13.2 [ 1370} 1.04 |13.28 | 1.01

3U/9 10 | 026 | 32 0.75 | 1.57 | Acrylic 9 8.66 | 096 [11.94] 1.33

3U/10 10 0.5 32 | 075 | 1.57 | Acrylic | 14.8 | 1487 | 1.01 | 15,18 | 1.03

3U/11 133 | 08 32 | 075 | 1,67 | Acrylic | 19.8 | 17.51 | 0.88 [15.74| 0.80

9AU/2 10 0.8 24 1 079 | Acrylic | 6.8 | 7.58 | 1.12 | 880 | 1.29

9AU/3 10 0.8 24 1.05 | Acrylic | 104 | 11.26| 1.08 [ 1219 1.17

9BU/1 10 0.8 24 157 | Acrylic | 122 | 15,68 | 129 |15.18| 1.24

11AU/1 10 0.5 12 1.57 | Acrylic 5 7.41 | 1.48 | 713 | 143

11AU/2 10 0.5 24 1.57 | Acrylic | 11.6 | 13.34| 1.156 [13.56 | 1.17

TJOINT19 | 16 0.5 16 0.5 | 1.57 | Acrylic 6 685 | 1.14 | 7.97 | 1.33

TJOINT20 | 16 0.5 16 | 025 | 1.57 | Acrylic | 42 | 495 | 1.18 | 629 | 1.26

TJOINT 21 16 0.5 12 0.5 | 1.57 | Acrylic 4 537 | 1.34 | 623 | 1.56

TJOINT22 | 16 0.5 12 | 025 | 1.57 | Acrylic | 3.6 | 3.88 | 1.08 | 3.67 | 1.02

17/0 8 0.5 12 1 157 { Acrylic | 74 | 740 | 1.00 | 7.07 | 0.96

14U/1 10 | 026 | 12 04 | 1.57 | Acrylic | 2.2 | 2.81 1.28 | 2.66 | 1.21

14U/2 10 0.5 12 04 | 1.57 | Acnylic | 44 | 482 | 1.10 | 520 | 1.18

14U/3 10 0.8 12 04 | 1.57 | Acrylic | 44 | 667 | 1.29 | 503 | 1.14

14U/4 10 | 026 | 24 04 | 1.57 | Acrylic | 45 | 505 | 1.12 | 7.56 | 1.68

14U/5 10 0.5 24 04 | 1.57 | Acrylic | 83 | 868 | 1.05 | 9.61 | 1.16

14U/6 10 0.8 24 04 | 1.57 | Acrylic | 92 [ 1020 1.11 | 9.14 | 0.99

14DU/2 10 0.8 24 04 | 0.79 | Acrylic | 5.1 494 | 097 | 523 | 1.02

14DU/3 10 0.8 24 04 | 1.05 | Acrylic | 83 | 733 | 0.88 | 7.11 | 0.86

TJOINT 6 16 0.5 16 1.57 | Acrylic 9 9.48 | 1.05 | 9.57 | 1.06

TJOINT1I0 | 16 | 033 | 24 1.57 [ Acrylic | 9.2 [ 10.06| 1.09 |11.09 | 1.2]

TJOINT 11 16 0.5 24 1.57 | Acrylic | 13.2 [ 13.37 | 1.01 |13.76 | 1.04

TJOINT12 | 16 | 0.67 | 24 1.57 [ Acrylic | 18 [ 156,01 | 0.83 [15.20| 0.84

—_— | —

21/0 8 0.5 | 23.1 1.57 | Acrylic | 122 11290 | 1.06 | 13.06 | 1.07

T-AC 93 |1 067 | 15 08 [ 1.57 | Acrylic | 62 | 9.056 | 1.46 | 9.70 | 1.56

Y-AC 93 [ 067 | 15 08 | 0.79 | Acrylic | 4.1 449 | 1.10 | 598 | 1.46
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Table 5.10 Comparison between the Predictions from the SCF Distribution and HCD Equations

with the Recorded Data on Chord Side for OPB loaded Y and T-joints

Joint Ref o B Y T 0 Mat Rec | HCD | HCD | SCF | SCF
(Rad) /Rec | Dis |Dis/
Rec
T703/1-3 1711 053 | 13.4 | 0.86 | 157 | Steel | 803 | 970§ 1.21 | 897 | 1.12
T704/1-3 1711 053 | 134 [ 051 | 1,57 | Steel | 527 | 575 | 1.09 | 543 | 1.03
T23/1-3 14 | 025 | 143 | 039 | 1.57 | Steel 25 1323|129 332 ]1.33
T24/1-3 14 | 025 | 143 | 028 | 1.57 | Steel 17 12321136 | 265 | 1.56
T204C,1211C 5 05 [ 143 | 05 | 157 | Steel 51 | 693|116 | 536 | 1.05
T223 5 05 | 286 1 157 | Steel 22 25391 1.15 | 20.49 | 0.93
W2 7.3 | 0.71 12 1 1.57 | Steel 85 [1001] 1.18 | 1258 | 1.48
24 56 | 05 | 165|082 | 157 | Steel 8.6 |11.40] 1.33 [ 10.73] 1.25
T-ST 72 1071 | 143 | 079 | 1.567 | Steel 9.1 [ 959 | 105 9.80 | 1.08
1.5 62 | 08 | 318|098 | 157 | Steel | 185 |2859| 1.55|23.14| 1.25
1.7 62 | 08 | 31.8 (091 | 0.79 | Steel | 109 |12.37| 1.13 | 10.75| 0.99
1.9 62 | 04 | 203 [ 094 | 0.79 | Steel 62 (788|127 811 | 1.31
2-3 109 | 0.71 | 143 | 0.78 | 0.61 Steel 33 | 354|107 | 291 | 0.88
TG1 135 | 05 12 | 052 | 157 | Acrylic | 49 | 516 | 1.05 | 494 | 1.01
3U/1 10 | 0.26 12 | 075 | 1.57 | Acrylic | 3.7 | 541 | 1.46 | 525 | 1.42
3U/2 10 0.5 12 [ 075 ] 157 | Acrylic | 6.4 | 741 | 116 751 | 1.17
3U/3 10 0.8 12 | 075 157 | Acrylic| 89 | 756 | 085 | 7.78 | 0.87
3U/5 10 | 026 | 24 | 075 | 1.57 | Acrylic 8 11.57| 1.45 [ 1040 | 1.30
3U/6 10 0.5 24 | 075 | 157 | Acrylic | 13.3 | 15.85] 1.19 | 13.32| 1.00
3U/7 10 0.8 24 | 075 | 1.57 | Acrylic | 18,5 | 16.17| 0.87 | 14.00 | 0.76
3U/9 10 | 026 | 32 | 075 | 157 | Acrylic | 10.8 | 1586| 1.47 | 14.49 | 1.34
3U/10 10 0.5 32 | 075 | 157 | Acrylic | 21.6 |21.73] 1.01 | 17.47 | 0.81
3U/11 133 | 0.8 32 | 075 | 157 | Acrylic | 26.7 |22.25| 0.83 | 19.73| 0.74
4U/1 5 05 | 286 1 1.57 | Acrylic | 24.2 | 25.39| 1.05 | 20.49 | 0.85
4U/2 5 05 {286 05 | 157 | Acrylic | 104 1269 1.22 | 855 | 0.82
9AU/2 10 0.8 24 1 0.79 | Acrylic | 12.3 | 1046} 0.85 | 11.03 | 0.90
9AU/3 10 0.8 24 1 1.05 | Acrylic | 19 |15.19| 0.80 | 156.35| 0.81
9BU/1 10 0.8 24 1 157 | Acrylic | 21.4 | 2156 1.01 | 19.92 | 0.93
1TAU/1 10 0.5 12 1 1.67 | Acrylic 7 9.88 | 1.41 [ 10.84 | 1.55
1TAU/2 10 0.5 24 1 1,57 | Acrylic | 18.7 |21.13] 1.13 | 18.70| 1.00
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Table 5.10 Comparison between the Predictions from the SCF Distribution and HCD Equations
with the Recorded Data on Chord Side for OPB loaded Y and T-joints

(Continued)
Joint Ref o B Y T 0 Mat Rec | HCD |HCD | SCF | SCF
(Rad) /Rec | Dis |Dis/

Rec

TJOINT 15 16 [ 025 | 32 1 1.57 | Acrylic [ 14 |20.06{ 1.43 | 21.22| 1.52

TJOINT 16 16 0.5 32 1 1.57 | Acrylic | 245 129.16| 1.19 | 25.85| 1.06

TJOINT 17 16 | 0.76 | 32 1 1.57 | Acrylic | 23.7 |29.71] 1.25 | 27.00| 1.14

TJOINT 19 16 0.5 16 05 | 1.57 | Acrylic | 7.7 | 6.81 | 0.88 | 6.39 | 0.83

TJOINT 20 16 0.5 16 1025] 157 | Acrylic| 3.5 | 3.41 [ 097 | 408 | 1.17

TJOINT 21 16 0.5 12 05 | 1.57 | Acrylic | 62 | 497 | 0.96 | 4.69 | 0.90

TJOINT 22 16 | 0.5 12 1 025 ] 157 | Acrylic | 25 | 248 | 099 | 2.73 | 1.09

YJOINT 2 16 | 033 | 24 0.79 | Acrylic | 85 | 929 | 1.09 | 9.67 | 1.13

YJOINT 3 16 0.5 24 0.79 [ Acrylic|{ 10 |1031]1.03 |11.19| 1.12

YJOINT 10 16 0.5 24 1.05 | Acrylic | 1565 |14.98| 0.97 | 15.05 | 0.97

YJOINT 11 16 | 0.33 | 12 0.79 | Acrylic | 35 | 480 | 1.37 | 3.67 | 1.05

YJOINT 12 13.7 | 0.5 12 079 | Acrylic| 46 | 531 11156 | 644 | 1.18

YJOINT 13 16 | 0.67 12 0.79 | Acrylic | 54 | 541 | 1.00 | 623 | 0.97

—_—|— | —— | — ] ——

1T/0 8 0.5 12 157 | Acylic | 9.8 | 9851 1.00 | 11.43 | 1.17
14U/1 10 |1 026 | 12 04 | 157 | Acrylic | 23 | 2.88 | 1.25 | 2.67 | 1.16
14U/2 10 0.5 12 04 | 157 | Acrylic| 3.8 | 3.95| 1.04 | 3.82 | 1.01
14U/3 10 0.8 12 04 | 1.57 | Acrylic | 49 | 403 | 0.82 | 3.36 | 0.69
14U/4 10 | 026 | 24 04 | 1.57 | Acrylic | 43 | 617 | 1.43 | 678 | 1.34
14U/5 10 0.5 24 04 | 1.57 [ Acrylic| 7.5 | 845 1.13 | 7.04 | 0.94
14U/6 10 0.8 24 04 | 1.57 | Acrylic | 10.2 | 8.62 | 0.85 | 6.96 | 0.68

14DU/2 10 0.8 24 04 | 079 | Acrylic| 53 | 418 [ 079 | 232 | 0.44
14DU/3 10 0.8 24 04 | 1.05 | Acrylic | 85 | 607 | 0.71 | 4.61 | 0.54

TJOINT 1 16 [ 0256 | 12 1.57 | Acrylic 4 6841171 ] 641 | 1.60

TJOINt 2 16 0.5 12 157 | Acrylic | 9.8 | 994 ] 1.01 | 9.74 | 0.99

TJOINT 3 16 | 0756 | 12 1.57 | Acrylic 8 [10.13]|1.27 10.16|1.27

TJOINT & 16 | 0256 | 16 1.57 | Acrylic 7 938 [ 1.34 ] 9.11 | 1.30

TJOINT 6 16 0.5 16 1.57 [ Acrylic | 13 [13.63] 1.05 | 12.50 | 0.96

TJOINT 7 16 [ 075 | 16 1.57 | Acrylic | 14.8 [13.88] 0.94 | 13.29 | 0.90

TJOINT 10 16 | 033 | 24 1.57 | Acrylic | 12,5 [19.16]| 1.63 | 16.77 | 1.34

TJOINT 11 16 | 05 24 1.57 | Acrylic | 20.2 |21.26| 1.05 | 19.02 | 0.94

TJOINT 12 16 | 067 | 24 1.57 | Acrylic | 23.2 |21.61] 0.93 | 19.93 | 0.86

IO Lo a|=|=|=|=]|=]=]—
oo |00

27/0 8 0.5 | 23.1 1.57 | Acrylic | 18.1 [20.21] 1.12 | 17.98 | 0.99
T-AC 93 | 067 | 15 1.57 | Acrylic | 8.1 [10.25| 1.27 | 10.08 | 1.24
Y-AC 93 | 067 | 15 0.79 | Acrylic | 53 | 632 | 1.00 | 5.58 | 1.056
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Table 5.11 Validation of SCF Distribution Parametric Equation for Y and T-joint
under Axial Loading at Brace Crown Position

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Steel 1 141 N/A 0.0% 0.0% 0.0%

HCD Acrylic 17 1.37 40.3% 0.0% 59% | 23.5% accept
Pooled 18 1.37 39.1% 0.0% 5.6% 22.2%

Steel 1 222 N/A 0.0% 0.0% | 100.0%
SCF Dis Acrylic 17 1.35 48.2% 0.0% 11.8% | 29.4% accept
Pooled 18 1.40 51.0% 0.0% 11.1% | 33.3%

Table 5.12 Validation of SCF Distribution Parametric Equation for Y and T-joint
under Axial Loading at Brace Saddle Position

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | @P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Steel 13 1.51 24.5% 0.0% 0.0% 53.8%
HCD Acrylic 34 1.16 26.7% 8.8% 23.5% | 14.7% | accept but
Pooled 47 1.25 30.3% 6.4% 17.0% | 25.5% | borderline

Steel 13 1.56 20.3% 0.0% 0.0% 53.8%
SCF Dis Acrylic 34 1.24 27.2% 5.9% 20.6% | 20.6% accept
Pooled 47 1.33 29.1% 4.3% 14.9% | 29.8%

Table 5.13 Validation of SCF Distribution Parametric Equation for Y and T-joint
under Axial Loading at Chord Crown Position

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Steel 4 0.96 14.7% 0.0% 50.0% | 0.0%
HCD Acrylic 23 0.97 15.9% 4.3% 60.9% 0.0% reject
Pooled 27 0.97 15.5% 3.7% 59.3% | 0.0%

Steel 4 0.94 27.6% | 50.0% | 75.0% | 0.0%
SCF Dis | Acrylic 23 0.77 18.6% | 69.6% | 87.0% 0.0% reject
Pooled 27 0.79 20.5% | 66.7% | 85.2% | 0.0%
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Table 5.14 Validation of SCF Distribution Parametric Equation for Y and T-joint
under Axial Loading at Chord Saddle Position

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5

Steel 29 1.19 253% | 103% | 24.1% | 13.8%
HCD Acrylic 51 1.10 26.1% | 137% | 37.3% | 11.8% reject
Pooled 80 1.13 26.1% | 12.5% | 32.5% | 12.5%

Steel 29 1.19 20.7% 0.0% 172% | 6.9%
SCF Dis Acrylic 51 1.14 24.9% 7.8% 27.5% 7.8% accept
Pooled 80 1.16 23.4% 5.0% 23.8% | 7.5%

Table 5.15 Validation of SCF Distribution Parametric Equation for Y and T-joint
under IPB Loading on Brace Side

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts

Mean | %stdev | %P/R< | %P/R< | %P/R>
of Eng 0.8 1.0 1.5

Steel 7 1.40 24.1% 0.0% 0.0% | 42.9%
HCD Acrylic 28 1.31 19.7% 0.0% 3.6% 14.3% accept
Pooled 35 1.33 20.7% 0.0% 29% | 20.0%

Steel 7 1.43 30.7% 0.0% 0.0% | 42.9%
SCF Dis | Acrylic 28 1.30 16.5% 0.0% 0.0% 14.3% accept
Pooled 35 1.33 20.3% 0.0% 0.0% | 20.0%

Table 5.16 Validation of SCF Distribution Parametric Equation for Y and T-joint
under IPB Loading on Chord Side

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Steel 6 1.42 20.8% 0.0% 0.0% | 50.0%

HCD Acrylic 38 1.24 16.9% 0.0% 2.6% 5.3% accept
Pooled 44 1.26 18.4% 0.0% 2.3% 11.4%

Steel 6 1.53 21.5% 0.0% 00% | 33.3%
SCF Dis Acrylic 38 1.38 20.9% 0.0% 0.0% 23.7% accept
Pooled 44 1.40 21.4% 0.0% 0.0% | 25.0%
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Table 5.17 Validation of SCF Distribution Parametric Equation for Y and T-joint
under OPB Loading on Brace Side

Equation Steel/ | Noof Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Steel 7 1.62 17.9% 0.0% 0.0% 57.1%
HCD Acrylic 35 1.13 16.5% 0.0% 14.3% 2.9% accept
Pooled 42 1.21 24.8% 0.0% 11.9% | 11.9%
Steel 7 1.68 13.8% 0.0% 0.0% 85.7%
SCF Dis Acrylic 35 1.22 25.3% 0.0% 143% | 14.3% accept
Pooled 42 1.30 29.2% 0.0% 11.9% | 26.2%

Table 5.18 Validation of SCF Distribution Parametric Equation for Y and T-joint
under OPB Loading on Chord Side

Equation Steel/ | No of Database Pred SCF/Recorded SCF Decision
Acrylic Pts
Mean | %stdev | %P/R< | %P/R< | %P/R>
of Enq 0.8 1.0 1.5
Steel 13 1.22 13.8% 0.0% 0.0% 7.7%
HCD Acrylic 51 1.11 22.4% 3.9% 31.4% 3.9% accept
Pooled 64 1.13 21.3% 3.1% 25.0% 4.7%
Steel 13 1.17 20.8% 0.0% 23.1% 1.7%
SCF Dis Acrylic 51 1.04 24.5% 11.8% | 47.1% 5.9% reject
Pooled 64 1.06 24.3% 9.4% 42.2% 6.3%
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Figure 5.1 Geometric Notation for Tubular Y-Joint

Figure 5.2 Typical Example of Finite Element Mesh Used to Model Tubular Joint
(a=10, (3=0.5,7=24, t=0.8, 0=60° )
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Figure 5.3 Plot of Typical External Stress Distribution around the Intersection
of Tubular Y-joint under Axial Loading
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Figure 5.4
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Plot of Typical External Stress Distribution around the Intersection

of Tubular Y-joint under IPB Loading
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Figure 5.6 Comparison of Predicted External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the Axially Loaded Y-joint
(0=9.33, B=0.67, v=15.0, 1=0.8, 6=45%)
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Figure 5.7 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the Axially Loaded Y-joint
(0=9.33, B=0.67, v=15.0, 1=0.8, 6=45°%)
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Figure 5.8 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the Axially Loaded Y-joint
(0=9.33, B=0.67, y=15.0, 1=0.8, 6=45%)
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Figure 5.9 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the Axially Loaded Y-joint
(0=9.33, =0.67, ¥=15.0, ©=0.8, 6=45%)
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Figure 5.10 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the Axially Loaded T-joint
(0=7.26, B=0.71, y=14.28, 1=1.0, 6=90°)

o
o
T

—— SCF Dis Eq.
— — HCD eqg.
O testdata

o
©
T

e
~

SCF/Hot Spot SCF
o
(o]

0‘2 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Angle from Crown(deg)

Figure 5.11 Comparison of Predicted Normalised External Surface SCF Distribution

on Chord Toe with Steel Model Test Results for the Axially Loaded T-joint
(0=7.26, $=0.71, y=14.28, 1=1.0, 6=90%
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Figure 5.12 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Recently Steel Model Test Results for the Axially Loaded T-joint
(0=7.26, $=0.71, y=14.28, 1=1.0, 6=90°)
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Figure 5.13 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Recently Steel Model Test Results for the Axially Loaded T-joint
(0=7.26, B=0.71, y=14.28, 1=1.0, 8=90°)
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Figure 5.14 Comparison of Predicted External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the IPB-Loaded Y-joint
(0=9.33, B=0.67, y=15.0, 1=0.8, 6=45%)
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Figure 5.15 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the IPB-Loaded Y-joint
(0=9.33, p=0.67, y=15.0, 1=0.8, 6=45%)
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Figure 5.16 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the IPB-Loaded Y-joint
(0=9.33, $=0.67, v=15.0, 1=0.8, 6=45%)
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Figure 5.17 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the IPB-Loaded Y-joint
(0=9.33, B=0.67, y=15.0, 1=0.8, 6=45%
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Figure 5.18 Comparison of Predicted External Surface SCF Distribution
on Brace Toe with Steel Model Test Results for the IPB-Loaded T-joint
(0=8.01, p=0.71, y=14.28, 1=0.78, 6=90°
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Figure 5.19 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Steel Model Test Results for the IPB-Loaded T-joint
(0=8.01, B=0.71, y=14.28, 1=0.78, 6=90%)
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Figure 5.20 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the IPB-Loaded T-joint
(0=8.01, =0.71, y=14.28, 1=0.78, 6=900)
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Figure 5.21 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the IPB-Loaded T-joint
(0=8.01, p=0.71, y=14.28, 1=0.78, 6=90°)
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Figure 5.22 Comparison of Predicted External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the OPB-Loaded Y-joint
(0=9.33, B=0.67, y=15.0, 1=0.8, 6=45°)
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Figure 5.23 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Acrylic Model Test Results for the OPB-Loaded Y-joint
(0=9.33, =0.67, v=15.0, 1=0.8, 6=459)
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Figure 5.24 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the OPB-Loaded Y-joint
(0=9.33, f=0.67, yv=15.0, 1=0.8, 6=450%)
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Figure 5.25 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Acrylic Model Test Results for the OPB-Loaded Y-joint
(0=9.33, B=0.67, y=15.0, 7=0.8, 6=45%)
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Figure 5.26 Comparison of Predicted External Surface SCF Distribution
on Brace Toe with Steel Model Test Results for the OPB-Loaded T-joint
(0=8.01, B=0.71, y=14.28, 1=0.78, 6=900)
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Figure 5.27 Comparison of Predicted Normalised External Surface SCF Distribution
on Brace Toe with Steel Model Test Results for the OPB-Loaded T-joint
(0=8.01, B=0.71, y=14.28, 1=0.78, 6=90°)

222



10 T T T T T T T T

—— SCF Dis Eq.
gl |~ -HCDeaq.
O testdata

SCF
]

1 1 L 1 L 1

1 1
0 10 20 30 40 50 60 70 80 90
Angle from Crown(deg)

Figure 5.28 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the OPB-Loaded T-joint
(0=8.01, B=0.71, y=14.28, 7=0.78, 8=90°)
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Figure 5.29 Comparison of Predicted Normalised External Surface SCF Distribution
on Chord Toe with Steel Model Test Results for the OPB-Loaded T-joint
(0=8.01, B=0.71, y=14.28, 1=0.78, 6=90°)
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Figure 5.30 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Recently Steel Model Test Results for the OPB-Loaded Y-joint
(0=10.85, B=0.71, y=14.28, 1=1.0, 6=359)
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Figure 5.31 Comparison of Predicted External Surface SCF Distribution
on Chord Toe with Recently Steel Model Test Results for the OPB-Loaded Y-joint
(0=10.85, p=0.71, y=14.28, 1=1.0, 6=35%)
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CHAPTER SIX
CHARACTERISTIC PARAMETERS FOR STRESS
DISTRIBUTION ALONG THE INTERSECTION
OF TUBULARY, T, X AND DT-JOINTS

6.1 Introduction

The hot spot stress has been used to characterise the intensity of the stress field around the
intersection and to provide a useful means for estimating the relative fatigue strengths of
tubular welded joints. However, early fatigue tests have shown that the crack growth rate for
a T-joint under axial loading was higher than that of a similar joint under out-of-plane
bending for a similar hot spot stress range. It would seem that the hot spot stress range is not
sufficient to describe the behaviour of crack growth under different types of loading. There
are several other parameters which influence the crack growth behaviour in tubular joints.

One of most important factor is the stress distribution along the intersection.

The characteristic parameters representing the whole stress distribution along the intersection
are convenient for use in advanced fracture mechanics modelling. Dharmavasan and
Dover(1987) suggested one of these parameters in terms of an average stress and proposed
an AVS model based on early fatigue growth data of welded tubular joints. This study will

extend this concept and will allow more complex interpretations to be made.

Furthermore, it is extremely valuable to the overall methodology that these parameters could
be used as an alternative to the single value of hot spot stress for evaluating stress/life or
remaining life(fatigue crack growth) as they provide the information on both magnitude and

shape of the stress distribution around the intersection of tubular joint.

Despite the fact that these parameters are valuable, they can only be calculated from stress
distribution data obtained by using either simple interpolation equations or fitting limited
experimental data along the intersection in current practice, which would lead to inaccurate
results. Systematic finite element analyses have been conducted for tubular Y, T, X and DT-
joints as reported in last three chapters. Based on these results, regression analyses have been

carried out to derive parametric equations for these important parameters.
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6.2 Characteristic Parameters for Stress Distribution along Intersection of tubular Joints

Due to the geometry of a tubular joint, the SCF distribution curve has a bell shape. A typical
example is shown in Figure 6.1 for the stress distribution along the chord toe of a tubular
welded Y-joint under axial, IPB and OPB loading respectively. A pair of characteristic
parameters can be defined to represent the magnitude and spread of SCF distribution along

the intersection of tubular welded joints respectively(Figure 6.2).

Measure of Magnitude

As representing the magnitude of SCF distribution along the intersection, the concept of the

average SCF has been proposed before(Dharmavasan and Dover 1987) as follows:

SCF = lj SCF(0)do for Axial and OPB Loading (6-1)
n 0
_ 2
SCF 10e = 1 jSCF (6)do6 for IPB Loading around the Crown Toe side (6-2)
n T
2
In
2
SCF Heet = 1 jSCF (0)dd  for IPB Loading around the Crown Heel side (6-3)
Tc T
2

This useful parameter has been used in the empirical Stress Intensity Factor(SIF) models
such as AVS(Dharmavasan and Dover 1987) and TPM(Kam et al 1987) for tubular joints.

Measure of Spread

So far these is no proposed parameter to describe the spread of stress distribution along
the intersection of a tubular joint. However, experimental results showed that apart from
the hot spot SCF and average SCF, the number of initiation cracks and the subsequent crack
shape development are very much dependent on the spread of stress distribution. Therefore
it is valuable to propose a characteristic parameter to represent the spread of stress
distribution.

Following similar form used for the spectrum width in spectrum analysis, the non
dimensional SCF Distribution Concentration Factor(SDCF), p g is proposed below to

provide the relative measurement on spread of stress or SCF distribution curve along
the intersection of tubular welded joints.
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[SCF®©)® -8)2d0
Pscr = [ for Axial and OPB Loading ~ (6-4)
\ n? [ SCF(@)d8
0
2 _
[ SCF©)® —67.)d0
proe = | 20— for IPB Loading around the Crown Toe side
2
1 n* [ SCF(8)do
=
(6-5)
n
2 —
[ SCF®©)® ~81t)’d0
phe = |2 for IPB Loading around the Crown Heel side

1 n’ | SCF(9)do

NI?—!'—-.M|§

(6-6)

where 0 is the geometry centre(usually hot spot position) for a stress or SCF curve
along the intersection of tubular joint under Axial and OPB loading.

0,,,0,, arethe geometry centres(usually hot spot locations) for the stress

or SCF curve around the crown toe and heel side of the intersection of tubular joint
respectively under IPB loading.

Finite element analysis results for tubular Y and X-joints already showed that the hot
spot stress location is not necessary at the saddle for axial and OPB loading, or at
crown position for IPB loading. Thus effort is made to define the centre of stress
distribution along the intersection as below.

j SCF(0)0d0
0= for Axial and OPB Loading (6-7)
j SCF(8)do
0

227



SCF(6)0d6

0 | A

0100 = —Z for IPB Loading around the Crown Toe side (6-8)
2
[ scr@)de
:
3n
2
| scF©)0do
0 Hewt = for IPB Loading around the Crown Heel side (6-9)

SCF(©)do

N|§'~—.~|‘$’N[

6.3 Regression Analyses

The SCF distributions along the intersection were extracted from the ABAQUS output files
for tubular Y, T, X and DT-joints. FORTRAN programs were written to calculate the
average SCF and SDCF for 330 tubular Y, T, X and DT-joints respectively. As only
magnitude of SCF is interested, all SCFs along the intersection are assigned to be absolute
value under each loading including IPB loading. Thus all average SCF values are positive

for all cases.

This database of finite element analysis results was used to derive parametric equations for
the average SCF and SDCF in tubular Y, T, X and DT-joints by using a statistical
regression package known as 'MINITAB'(1991). The regression analysis methodology is

similar to that used for deriving SCFs and is listed as follows:

a) The variations of the average SCF and SDCF were plotted as a function of the parameters
o, B, vy and T and 6 in order to determine the best forms of the terms required, and also to

ascertain if any cross-correlation existed between the terms.
b) A first attempt at the equation was made using the following simple form:
SCF = A0, B4y Mg 49 % (6-10)
p=Aa Bhyhrig (6-11)
where A, to A, were determined from the regression analysis.
c) Process adopted to get the final form:

The above equations were then modified by using other (e.g. exponential) terms, and
regressions performed until a suitable equation with a large product moment correlation

coefficient was obtained.
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The parametric equations for average SCF and SDCF have been derived for both chord and
brace toes under three different modes of loading for tubular Y and T-joints and six different
modes of loading for tubular X and DT-joints by carrying out regression analysis. They are
given in Appendix D. These equations can be easily programmed and enable the stress
distribution characteristic parameters, average SCF and SDCEF, to be calculated both for the
brace and chord toes for all modes of loading. A summary of the degree of fit for each
equation is presented in Tables 6.1-6.4. The tables show that these equations fit the original
finite element data very well and the correlation coefficient R? is greater than 95% for the

majority of cases.

As there is very little experimental data on SCF along the intersection of tubular joints, it is
difficult to validate fully these parametric equations, especially for SDCF. An effort has
made to collect all available early UCL steel test data(Dharmavasan 1983)(Kam 1989) and
other recent experimental data(Monahan 1994) in order to test the average SCF equations.
Data from early tests were obtained by using simple interpolation equations to fit limited
experimental data along the intersection. Recently experimental tests involved several
multiple(M) plane and X-joints and test data were calculated by best-fitting these steel test
data. A comparison of predictions from derived parametric equations with test data has been
made(Table 6.5) and shown in Figure 6.3. From this figure, one can see that reasonable
agreement has been achieved. It should be noted that the test data are obtained by combining
some experimental data and the simple interpolation equations and therefore are not very

accurate.

6.4 Conclusions

The new concept, SCF distribution concentration factor(SDCF) was proposed. The
systematic finite element results has been used to derive the parametric equations for
average SCF and SDCF by regression analysis. These equations describe average SCF and
SDCF as a function of non-dimensional joint geometric ratios o, B, vy, T and 8 for each
mode of loading, and for both the chord and brace sides of the intersection of tubular welded
Y, T, X and DT-joints. The stress distribution characteristic parameters, average SCF and
SDCF, together with hot-spot SCF and DoB, can be used to define fully the two
dimensional stress distribution of a tubular joint. They are useful parameters to develop new
advanced fracture mechanics modelling and are also valuable for fatigue design of offshore

tubular welded joints.
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Table 6.1 Summary of Degree of Fit for Parametric Equations for Average SCF

Along the Intersection of Tubular Y and T-Joints

Loading Case Location R2 (%) Equation
Single Axial Brace Side 97.29 Appendix E1.1
Single Axial Chord Side 98.41 Appendix E1.2
Single IPB Brace Side(around Crown Toe) 95.19 Appendix E2.1
Single IPB Brace Side(around Crown Heel) 95.83 Appendix E2.2
Single IPB Chord Side(around Crown Toe) 97.36 Appendix E2.3
Single IPB Chord Side(around Crown Heel) 97.7 Appendix E2.4
Single OPB Brace Side 96.41 Appendix E3.1
Single OPB Chord Side 96.36 Appendix E3.2

Table 6.2 Summary of Degree of Fit for Parametric Equations for Average SCF

Along the Intersection of Tubular X and DT-Joints

Loading Case Location R? (%) Equation
Single Axial Brace Side 96.2 Appendix F1.1
Single Axial Chord Side 97.8 Appendix F1.2

Single IPB Brace Side(around Crown Toe) 97.6 Appendix F2.1
Single IPB Brace Side(around Crown Heel) 95.8 Appendix F2.2
Single IPB Chord Side(around Crown Toe) 98.0 Appendix F2.3
Single IPB Chord Side(around Crown Heel) 98.4 Appendix F2.4
Single OPB Brace Side 97.4 Appendix F3.1
Single OPB Chord Side 94.3 Appendix F3.2
Balanced Axial Brace Side 95.6 Appendix F4.1
Balanced Axial Chord Side 95.8 Appendix F4.2

Balanced IPB | Brace Side(around Crown Toe) 97.6 Appendix F5.1

Balanced IPB | Brace Side(around Crown Heel) 95.8 Appendix F5.2

Balanced IPB | Chord Side(around Crown Toe) 97.8 Appendix F5.3

Balanced IPB | Chord Side(around Crown Heel) 98.2 Appendix F5.4

Balanced OPB Brace Side 98.4 Appendix F6.1

Balanced OPB Chord Side 99.4 Appendix F6.2
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Table 6.3 Summary of Degree of Fit for Parametric Equations of Stress Distribution

Concentration Factor Along the Intersection of Tubular Y and T-Joints

Loading Case Location R2 (%) Equation
Single Axial Brace Side 95.34 | Appendix G1.1
Single Axial Chord Side 96.49 | Appendix G1.2

Single IPB Brace Side(around Crown Toe) 96.31 | Appendix G2.1
Single IPB Brace Side(around Crown Heel) 96.04 | Appendix G2.2
Single IPB Chord Side(around Crown Toe) 95.18 | Appendix G2.3
Single IPB Chord Side(around Crown Heel) | 95.51 | Appendix G2.4
Single OPB Brace Side 95.18 | Appendix G3.1
Single OPB Chord Side 95.5 Appendix G3.2

Table 6.4 Summary of Degree of Fit for Parametric Equations of Stress Distribution

Concentration Factor Along the Intersection of Tubular X and DT-Joints

Loading Case Location R? (%) Equation
Single Axial Brace Side 96.6 Appendix H1.1
Single Axial Chord Side 96.6 Appendix H1.2

Single IPB Brace Side(around Crown Toe) 95.5 Appendix H2.1
Single IPB Brace Side(around Crown Heel) 95.6 Appendix H2.2
Single IPB Chord Side(around Crown Toe) 89.3 Appendix H2.3
Single IPB Chord Side(around Crown Heel) 96.2 Appendix H2.4
Single OPB Brace Side 96.4 Appendix H3.1
Single OPB Chord Side 96.0 Appendix H3.2
Balanced Axial Brace Side 96.0 Appendix H4.1
Balanced Axial Chord Side 95.1 Appendix H4.2

Balanced IPB Brace Side(around Crown Toe) 95.6 Appendix H5.1
Balanced IPB Brace Side(around Crown Heel) 96.4 Appendix H5.2
Balanced IPB Chord Side(around Crown Toe) 90.1 Appendix H5.3
Balanced IPB Chord Side(around Crown Heel) 95.5 Appendix H5.4

Balanced OPB Brace Side 97.0 Appendix H6.1

Balanced OPB Chord Side 97.2 Appendix H6.2
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Table 6.5 Comparison of Predicted Average SCF with Test Data for Tubular Joints

Ref Joint Mode of o B Y T 0 Test | Pred
Type Loading (deg) Data

(Dharmavasan 1983) | T Axial 7.2010.71(1430[{0.79| 90 | 6.35 | 6.68
(Dharmavasan 1983) | T OPB 7.30(0.71(14.40{0.80| 90 | 4.10 | 4.08
(Dharmavasan 1983) | Y iPB @10(0.71114.280.78| 45 151 | 2.27
(Dharmavasan 1983) | Y Axial 13.0(0.48| 1590|063 | 45 | 4.45 | 4.32
(Kam 1989)-UCX1 | X |Balanced Axial | 4.44|0.51 (10.00|0.44| 90 | 3.94 | 3.74
(Kam 1989)-UCX2 | X |Balanced Axial|5.33 (0.61(10.70|0.54| 90 | 529 | 4.69

(Kam 1989)-UCX3 X | Balanced Axial | 6.67 | 0.76 | 12,00 0.50| 90 | 4.17 | 4.36

(Monahan 1994) M-T IPB 4440511406063 90 | 2.08 | 2.39
(Monahan 1994) | M-Y OPB 4.44(036(1406|056( 35 | 203 | 1.23
(Monahan 1994) M-T OPB 4441051 |14.06|0.63| 90 | 410 | 3.46
(Monahan 1994) | M-Y IPB 4440361406056 35 | 1.58 | 1.64
(Monahan 1994) X OPB 786(090(1273|1.00| 90 | 3.42 | 3.93

Note: M-T:  T-brace/chord intersection of multiple-brace M-node

M-Y: Y-brace/chord intersection of multiple-brace M-node

N

SCF

Angle from Crown Toe along the Intersection (deg)

Figure 6.1 Typical Example of SCF Distribution along the Intersection of Tubular Y-Joint
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Figure 6.3 Comparison of Predictions from Derived Parametric Equations

with Test Data for Average SCF along the Intersection of Tubular Joint
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CHAPTER SEVEN
DEEPEST POINT SIF PARAMETRIC EQUATIONS
FOR THE SEMI-ELLIPTICAL SURFACE CRACKS
IN T-BUTT WELDED JOINTS

7.1 Introduction

The accurate solution for Stress Intensity Factor (SIF) is the essential element for predicting
fatigue crack growth rate in offshore structures using a fracture mechanics approach. In
particular, it is important to have the deepest point SIF for semi-elliptical surface cracks
which are the most frequently observed crack shape in welded joints, such as T-butt and
tubular welded joints. Many SIF solutions(Newman and Raju 1981)(Holdbrook and Dover
1979)(Oore and Burns 1980) have been derived for flat plates. However, for T-butt welded
joints, there are not many solutions available as one has to consider the surface stress
concentration influence at the weld toe. Currently there are two approaches to determine the
deepest point SIF of surface semi-elliptical cracks in T-butt welded joints(Figure 7.1). One
method is to use the Niu-Glinka weight function(Niu and Glinka 1989) that can incorporate
weld angle and weld toe radius influences. This method also requires the through thickness
stress distribution information at the weld toe for the joint in question in order to integrate
them together to obtain the SIF. Therefore it is not convenient to use this method, especially at
design stage, due to the complexity of the equations and heavy computational requirement.
Recently, using the Niu-Glinka weight function and many finite element stress analysis
results, a set of deepest point SIF parametric equations for T-butt welded joints for both
membrane and bending loading have been derived by Hall, Topp and Dover(HTD)(Hall et al
1990). This set of equations include the influence of crack size and shape, weld toe radius and
weld angle and have been included into new fatigue guidance for offshore structures(MaTSU
1996).

The other approach is to use a plate solution with a modification factor due to presence of
weld toe, known as Mk. The Mk factor was obtained from the two dimensional finite
element analysis of edge cracks at the weld toe and comparing the results with the
corresponding results for the same crack in a flat plate. By curve fitting these values,
expressions for Mk (Maddox 1975) have been derived. Much work was carried out to
enhance the accuracy of Mk at The Welding Institute(TWI). The final results were inclued
as part of the PD6493(1991). It should be noted that this approach is limited to a weld angle
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of 45° and a sharp weld toe and only considers the variation of the ratio of overall weld
attachment length to wall thickness(L/T).

One problem with the HTD approach is that it excludes the effect of attachment size. This
parameter has been demonstrated to be quite important for SIF in the Mk approach. Thus it
was considered valuable to carry out a study in order to extend the HTD equations to include
the effect of attachment size. Having done this, it is of value to compare the results from these

two different approaches with the available finite element data.

7.2 Niu-Glinka Weight Function

The weight function method is a powerful technique for the calculation of SIFs for a variety
of complex loading conditions. Based on Petroski-Achenbach crack opening displacement
expression and using Newman-Raju solutions as the reference SIF solution, Niu-
Glinka(1990) has derived a weight function in closed form for calculating the SIF at the
deepest point of a crack emanating from the weld toe of a T-butt welded connection. This
weight function is capable of incorporating weld profile effects due to different weld angle o

and weld toe radius p under any mode I type of loading.

The key idea in the Niu and Glinka weight function is to assume that the influence of the
weld toe, i. e. the weld angle o, was the same for an edge crack and for the deepest point of
a semi-elliptical crack with the same depth under the same stress system. This assumption
can be explained as equivalence of the two-dimensional Mk and three dimensional Mk. This

enabled Niu and Glinka to set up following relationship:

K:‘=II§,,'K:’ (7-1)

where K is the SIF for a surface crack in a welded joint

KP is the SIF for a surface crack in a flat plate subjected to the same stress distribution
K©, is the SIF for an edge crack in a welded joint

K?, is the SIF for an edge crack in a flat plate subjected to the same stress distribution

In order to derive a weight function for a surface crack emanating from the weld toe of a T-
butt welded joint, the other three weight functions are needed. The only one available in the

literature is the two-dimensional weight function for an edge crack. For this reason, Niu-
Glinka initially derived a two-dimensional weight function m (Niu and Glinka 1987) for

an edge crack emanating from the weld toe in a T-butt joint. Then, they derived a three
dimensional weight function m? for the deepest point of a surface semi-elliptical crack in a

plate using Newman-Raju solution as reference data(Niu and Glinka 1989).
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With all these weight functions available, Relation ( 7 - 1 ) can be expressed in terms of

derived weight functions as following:

Ja()'(x)mf (x,a,a/t,0)dx

0

jG(x)mf‘ (x,alt,alc,alw,0)dx= I:C(x)mf (x,a,alt,alc,c/w)dx
0

[[oGm! (x.a.alt)dx

0

(7-2)

The reference SIF for a uniform tensile local stress system can be easily obtained from ( 7 -
2 ). Using the Petroski-Achenbach method again, Niu and Glinka derived the following
closed form weight function for calculation of the SIF at the deepest point of a crack

emanating from the weld toe of a T-butt welded joints.

2 a—x a-xY
mg (x,alt,alc,cl/w,0)=—F——|1+m;| —— |+ m;; 7-3
( e i G B O | ICR

where mg = A} +3B; -4 (7-4)
m;g:s[‘/i’tE—As;l—Bf] (7-5)
A;"=21;’a (7-6)
SﬁnIF,Zada
Bg:s«;T (7-7)

This weight function is supposedly valid for weld angles 7t /6 <o <7t /3 (o in radians),
crack aspect ratios 0<a/c<1 and crack depths 0<a/t <05. However, as deep cracks
should not be significantly affected by the weld, the Niu-Glinka method should also be used
for cracks of depth a/t >0.5. The result from the Niu-Glinka weight function were found
to be substantially the same as those from Newman-Raju for all values of a/T in a flat plate.
This is because this weight function is based on the Newman-Raju solution. It should be
noted that Niu-Glinka itself only considers the influence of weld angle. The other effects of
weld toe, such as weld toe radius and attachment size will be incorporated into the; stress

distribution later on.

7.3 Systematic SIF Calculation

The weight function is a unique property of crack shape and component geometry and is
independent of loading. It needs to be integrated with the uncracked stress distribution in order

to calculate the SIF. The Stress Intensity Factor(SIF), K, can be expressed as follows:
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K=Jm(a/c,a/T,x)G(0L,p/T,L/T,a/T,x)dx (7-8)
0

It is well known that through-wall stress distributions at the weld toes are well-represented by
combining the results of models loaded in pure tension and pure bending. In order to simplify
the use of the weight function method, the deepest point SIF parametric equations for T-butt
welded joints in tension and bending would be desirable. Therefore, it is necessary to carry
out the stress analysis of the uncracked body for this type of joint with different geometries
under pure tension and pure bending respectively to obtain the stress distribution
information. For this reason, systematic two dimensional finite element analyses(Brennan et
al 1996) for wide range of T-Butt welded joints were conducted using the IDEAS package.
Based on these results, the uncracked through-wall stress distribution database which allows
all weld toe effects to be incorporated, has recently been established. This database covers T-

butts within the following parameter ranges:

Parameter Range
Weld Toe Angle (o) =309, 459, 60°
Weld Toe Radius/Wall Thickness (p/T) 001<p /T <0.066
Attachment Width/Wall Thickness (L/T) 01577<L/T<4
Location Along Wall Thickness (x) O<x<T

Combining this uncracked T-butt weld toe through-wall stress distribution database with the
closed form Niu-Glinka weight function, it is possible to produce a new set of deepest point
SIF parametric equations for semi-elliptical surface cracks in T-butt welded joints under
tension and bending. A FORTRAN program was written to integrate the Niu-Glinka weight
function with the uncracked through-wall stress distribution to generate SIF database for the

deepest point of semi-elliptical surface cracks in T-butt welded joints.

The database used for each parameter in this SIF database is shown in following table.

Parameter Range
Weld Angle a(deg) 30, 45, 60
Weld Radius Ratio p/T 0.01, 0.02, 0.04, 0.066
Attachment Ratio L/T Many data between 0.1577 and 4
Aspect Ratios a/c 0.01, 0.05, 0.08, 0.1, 0.12, 0.15, 0.18, 0.2, 0.4, 0.6, 0.8, 1.0

As can be seen from this table, this SIF database includes the cracks within whole range of
aspect ratio(0<a/c<1). In particular, sufficient data have been generated in the range
a/c<0.2 since most fatigue cracks in welded joints are long and shallow and their aspect
ratios are often lower than 0.2. A study of the effect of plate width was carried out. As a

result, the ratio of c¢/w was fixed to be 0.25 for conservative reasons in this database. Also it
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should be noted that due to a limitation from the Newman-Raju SIF solution(Newman and
Raju 1986), this weight function is not valid for long cracks with low aspect ratios and the

validated relative crack depth ratio ranges is as follows:

if 0<a/c<02 then a/ T <125(a/c+0.6) (7-9a)

ifal/c=202 then a/T <1 (7-9b)

7.4 Deriving Parametric Equations

The above large database has been used to derive the parametric equations. The regression
analyses have been carried out by using the Minitab statistical package(MINITAB 1991).
Due to the two dimensional nature, the curve-fitting has to be divided into two steps. The first
step is to find suitable expression for both tension and bending loading cases. The results have

shown that SIF data can be fitted very well by the following expressions for tension and

bending respectively.
K =Yo,/(ra) (7-10)
a aYYa\®
Y= Exp[ G +C (?j G, (?] J(—]:) under Tension Loading (7-11)

2
Y=C,+C [-‘%) +C, (%) + QLn(%) under Bending loading (7-12)

Efforts have been concentrated on the fitting the coefficients C), C,, C,, C, from the first step
regression analysis results. Regression has been performed until a suitable equation with a

large product moment correlation coefficient was obtained.

As a result, the parametric equations to predict the SIF at the deepest point of semi-elliptical
surface cracks in T-butt welded joints under tension and bending loading, have been derived
in the form of continuous single functions by carrying out the regression analysis and they

are given in Appendix 1.

As a series of SIF parametric equations in this study were derived in the same way, i.e. by
combining weight functions with the UCL database of T-butt through wall stress analysis
results, it was decided that the names of these SIF solutions were referred in the form of
"abbreviation of particular weight function*S" where * and S stand for the integration
process and T-butt through stress distributions respectively and they are explained in

footnotes.
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A summary of degree of fit for this set of parametric equations(N&G*S)! is presented in
Table 7.1. It shows that these equations fit the original SIF data extremely well and the
correlation coefficient R? is greater than 96% for all cases including both the form of
equation and the coefficients C, C,, C,, C,. This set of parametric equations is valid for the

following parameter ranges:

o<l (7-13)
6 3
001 5%30.066 (7-14)
L
015772 <4 (7-15)
0<Z<1 (7-16)
C

if 0<a/c<02 then a/T<125(a/c+06) (7-17a)
ifal/c>02 then a/T <1 (7-17b)

It is worth noting that this set of equations is appropriate for the whole crack aspect ratio
range and works well for cracks with low aspect ratio as sufficient data in database have
been generated in the range a/c<0.2 where the coefficients vary rapidly for this aspect ratio

range.

7.5 Validation

By using the Niu-Glinka weight function with the through-wall stress distribution
information, a set of parametric equations(N&G*S) have been derived to calculate SIF at
the deepest point of surface semi-elliptical cracks in T-butt welded joints under tension and
bending respectively. In order to establish the accuracy of prediction, it is necessary to carry
out the assessment for this set of parametric equations. Two and three dimensional finite
element data available in the literature(Bell 1985)(Nykanen 1987)(Straalen et al
1988)(Dijkstra et al 89)(Dijkstra et al 93) have been collected for validation. However,
comparison of the results from both the N&G*S and Mk(PD6493) approaches could
produce useful information for future guidance. Thus, the predictions from the N&G*S and
Mk(PD6493) methods were compared with available two and three dimensional finite
element data(Figures 7.2-7.20). The validated ranges of parameters used for this comparison
are listed in Table 7.2. The results of validation are presented for three and two dimensional

cases in turn.

1 N&G represent Niu and Glinka weight function, S denotes the T-butt through Stress distributions
database, * stands for the integration process.
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a) Three Dimensional Surface Cracks

The comparison of the N&G*S and Mk(PD6493) predictions with three dimensional finite
element data are presented in the format of SIF calibration factor, Y, for surface cracks with
different aspect ratios in T-butts with different weld angles. The predictions from the N&G*S
equations were first compared with the results from the flat plate Newman-Raju(N&R)
equations for tension and bending respectively(Figures 7.2-7.3). The stress concentration
effect of a weld toe is clearly shown in the results from N&G*S as it decays quickly and
disappears at about a/T=0.1. The figures also show the undershoot for N&G*S predictions

as required by the self equilibrating nature of the stresses across the section.

A comparison of Y predictions from N&G*S and Mk(PD6493) solutions with increasing L/T
is made for the shallow cracks(a/T=0.01) with two different aspect ratios under tension and
bending respectively(Figures 7.4-7.5)(as the attachment size is the only weld toe variable
considered in PD6493). They show that there is a critical attachment size beyond which Y

remains same for the PD 6493 approach, whilst a continously changing curve is observed
for the N&G*S predictions.

Figures 7.6-7.7 show comparison of predictions from N&G*S and PD6493 with Bell's three
dimensional finite element results for the T-butt with 0=45°. For tension, the N&G*S
predictions agree very well with Bell's data while the PD6493 results are slightly
conservative. For bending, the predictions from both methods are quite good. Also it was
found that the predictions from the N&G*S are quite close to Bell's data for the T-butt with
o=30°%Figures 7.8-7.9). A comparison of the N&G*S results with Bell's data for the T-butt
with a=70° is shown in Figures 7.10-11. As the weld angle upper limitation for the N&G*S is
600, the N&G*S results for both a=60°and o=70° were produced. The results indicated that
they were very close to each other and agree extremely well with Bell's results. It should be
noted that Bell's data and PD6493 predictions are based on a T-butt with p/T=0 and the
minimum validated value p/T=0.01 for N&G*S equations were used for comparison in
Figures 7.6-7.11.

Nykanen's three dimensional data(Nykanen 1987) were also used to compare with the
N&G*S prediction for the T-butt under tension(Figure 7.12). The agreement between these
data is not good, especially for high aspect ratios. This may due to that fact that the T-butt
model considered in Nykanen data does not include the attachment , which is different to the
conventional one used in the N&G*S method. The weld radius used by Nykanen, p/T=0.17,

is well beyond the validated range( 0.01 < % <0.066) for the N&G*S method.

b) Two dimensional Edge Cracks
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Dijkstra's two dimensional finite element data were used to compare with the predictions from
the N&G*S equations for the T-butt with different weld radius and attachment expressed in
the form of Mk factors for convenience(Figures 7.13-17). Again, the values for
0=70°%Figures 7.13-14, 7.17-18) were produced although the N&G*S equations are normally
only valid up to =60°. The results show that there is little difference between the cases with
0=60° and a=70° for the N&G*S predictions. They all agree very well with Dijkstra's
data(Figures 7.13-18). Again, the minimum validated value p/T=0.01 for the N&G*S
equations was used to compare with the Dijkstra's results with p/T=0.0071 in Figures 7.15-
7.16.

Finally, the results from both the N&G*S and HTD equations were compared in Figures
7.19-7.20. In tension, the N&G*S results are higher, especially for large cracks while the
HTD predictions are slightly higher in bending. However, they follow the same tendency
and are quite close up to a/T=0.25.

Validation of the predictions from this set of parametric equations(N&G*S) has been carried
out by comparing with the results from the PD6493 approach and available two dimensional
and three dimensional finite element data. As a summary, excellent agreement is achieved for
the N&G*S equations when compared with a variety of available finite element results for
both tension and bending. As can be seen from this validation, it seems that the predictions

from PD6493 are conservative under tension.

7.6 Conclusions

Based on the closed form Niu-Glinka weight function and UCL uncracked T-butt weld toe
through-wall stress distribution database, a new set of SIF parametric equations(N&G*S) for
deepest point of surface semi-elliptical cracks in T-butt welded joints have been derived.
These equations have included the influence of crack aspect ratios, weld toe angle, weld
attachment length and weld radius. They are available for both membrane and bending
loading. The comprehensive assessment shows that this set of equations can give the reliable
predictions within their broad validated parameter ranges. These equations can be easily

programmed and used in application of fracture mechanics to welds.
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Table 7.1 Summary of Degree of Fit for the Deepest Point SIF Parametric

Equations(N&G*S) for Semi-elliptical Cracks in T-butt Welded Joints

Form of G C, C, C,
Expression
Loading Equations Descriptive Statistics (%)
Mean Std. R?
R? Dev.

Tension Appendix I1 | 99.85 0.25 98.23 | 97.26 | 99.26 | 97.52

Bending Appendix I2 | 99.71 0.32 96.83 97.78 99.46 | 97.55
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Table 7.2 Comparison of the validated parameter ranges for N&G*S and PD6493(Mk) methods together with available FE data

Solutions o p/T L/T a/c a/T Mode of Loading | Form
N&G*S 30°<<60° | 0.01<p/T<0.066 | 01577<L/T<4 0<a/c<1.0 * see note Tension, Bending Y
PD6493(MK) 450 N/A L/T>0 0<a/c<1.0 0<a/T<10 Tension, Bending Mk
3D FE Data o p/T LT a/c a/l Loading Form
Beli 300 0 2.3 0.25,0.33, 0.5, 0.67, 1 0.005<a/T<0.4 Tension, Bending Y
Beli 450 0 2.3 0.25,0.33,0.5,0.67, 1 0.005<a/T<0.4 Tension, Bending Y
Beli 700 0 2.3 0.25,0.33,0.5,0.67, 1 0.005<a/T<0.4 Tension, Bending Y
Nykanen 450 0.17 1.952 02 04, 06,1 0.2,04, 06 Tension Y
Stradien 700 0.125 1.31 0.64,0.566,0.458,0.393 | 0.162,0.224,0.296,0.4| Tension, Bending MK
2D FE Data o p/T L/T a/c a/l Loading Form
Dijkstra'89 700 0 1.312 N/A 0.0071<a/T<0.5 Tension, Bending Y
Dijkstra'8? 700 0.0071 1.319 N/A 0<a/T<05 Tension, Bending Y
Dijkstra'89 700 0.0125 1.322 N/A 0<a/T<05 Tension, Bending Y
Dijkstra'89 700 0.0714 1.383 N/A 0<a/T<05 Tension, Bending Y
Dijkstra'89 700 0.125 1.434 N/A 0<a/T<05 Tension, Bending Y
Dijkstra'89 450 0.0071 1.864 N/A 0<a/T<05 Tension, Bending Y
Dijkstra'93 700 0 0.562 N/A 0.0071<a/T<0.5 Tension, Bending Y
Dijkstra'93 700 0 0.812 N/A 0.0071<a/T<0.5 | Tension, Bending Y
Dijkstra'93 700 0 1.062 N/A 0.0071<a/T<0.5 | Tension, Bending Y
Dijkstra'93 700 0 1.312 N/A 0.0071<a/T<0.5 | Tension, Bending Y
Note: *if 0<a/c<0.2 then a/t<125a/c+06), ifal/c>02 thenal/t<l
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(a) T-butt Welded Joint (3D)

A)

(b) Local Weld Geometry (2D)

Figure 7.1 Semi-elliptical Crack in T-butt Welded Joint
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Figure 7.2 Comparison of Deepest Point SIF Predictions from N&G*S
for Semi-elliptical Cracks in T-Butt Welded Joint (0!:450, p/T=0.02 and L/T=2)
with N&R for Flat Plate under Tension
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Figure 7.3 Comparison of Deepest Point SIF Predictions from N&G*S
for Semi-elliptical Cracks in T-Butt Welded Joint (oc=450, p/T=0.02 and L/T=2)
with N&R for Flat Plate under Bending
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Figure 7.4 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493

for Semi-elliptical Cracks in T-Butt Welded Joint (0=45", p/T=0.01 and a/T=0.01)

against L/T under Tension
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Figure 7.5 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493
for Semi-elliptical Cracks in T-Butt Welded Joint (oc=45°, p/T=0.01 and a/T=0.01)
against L/T under Bending
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Figure 7.6 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493
with Bell’s 3D FE Data(p/T=0) for Semi-elliptical Cracks
in T-Butt Welded Joint (oc=45°, L/T=2.3 and p/T=0.01) under Tension
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Figure 7.7 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493
with Bell’s 3D FE data(p/T=0) for Semi-elliptical Cracks
in T-Butt Welded Joint (a=45°, L/T=2.3 and p/T=0.01) under Bending
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Figure 7.8 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493
with Bell’s 3D FE Data(p/T=0) for Semi-elliptical Cracks
in T-Butt Welded Joint (0L=300, L/T=2.3 and p/T=0.01) under Tension
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Figure 7.9 Comparison of Deepest Point SIF Predictions from N&G*S and PD6493

with Bell’s 3D FE data(p/T=0) for Semi-elliptical Cracks

in T-Butt Welded Joint (oc=30°, L/T=2.3 and p/T=0.01) under Bending
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Figure 7.10 Comparison of Deepest Point SIF Predictions from N&G*S
with Bell’s 3D FE Data(oc=700, p/T=0) for Semi-elliptical Cracks
in T-Butt Welded Joint(L/T=2.3 and p/T=0.01) under Tension
(Note: alpha - Weld Angle in degree)
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Figure 7.11 Comparison of Deepest Point SIF Predictions from N&G*S

with Bell’s 3D FE Data(on=70°, p/T=0) for Semi-elliptical Cracks
in T-Butt Welded Joint(L/T=2.3 and p/T=0.01) under Bending
(Note: alpha - Weld Angle in degree)
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Figure 7.12 Comparison of Deepest Point SIF Predictions from N&G*S
with Nykanen FE Data(p/T=0.17) for Semi-elliptical Cracks
in T-Butt Welded Joint (oc=45°, L/T=1.952 and p/T=0.066) under Tension
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Figure 7.13 Comparison of Deepest Point SIF Predictions from N&G*S with Dijkstra’89

FE Data (OL=700) for Semi-elliptical Cracks in T-Butt Welded Joint under Tension

(Note: alpha - Weld Angle in degree, tho - Weld Radius p)
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Figure 7.14 Comparison of Deepest Point SIF Predictions from N&G*S with Dijkstra’89
FE Data (oc=70°) for Semi-elliptical Cracks in T-Butt Welded Joint under Bending
(Note: alpha - Weld Angle in degree, rho - Weld Radius p)
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Figure 7.16 Comparison of Deepest Point SIF Predictions from N&G*S
with Dijkstra’89 FE Data (p/T=0.0071) for Semi-elliptical Cracks
in T-Butt Welded Joint(a/c=0.2, 0!,=45°, L/T=1.864 and p/T=0.01) under Bending
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Figure 7.17 Comparison of Deepest Point SIF Predictions from N&G*S
with Dijkstra’93 FE Data(0:=70", p/T=0) for Semi-elliptical Cracks
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Figure 7.18 Comparison of Deepest Point SIF Predictions from N&G*S
with Dijkstra’93 FE Data(oc=70°, p/T=0) for Semi-elliptical Cracks
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Figure 7.19 Comparison of Deepest Point SIF Predictions from N&G*S and H&D&T for
Semi-elliptical Cracks in T-Butt Welded Joint (0=30°, p/T=0.02 and L/T=2.8) under Tension
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CHAPTER EIGHT
SURFACE POINT SIF PARAMETRIC EQUATIONS
FOR SEMI-ELLIPTICAL SURFACE CRACK
IN T-BUTT WELDED JOINTS

8.1 Introduction

The key for application of fracture mechanics to offshore welded joints is to have the correct
Stress Intensity Factor(SIF) solution for semi-elliptical surface cracks. The determination of
SIFs for the surface intersection point of surface semi-elliptical cracks in welded joints has
not attracted as much as attention as those for the deepest point since these cracks always
grow rapidly along the weld toe and the fatigue crack length is easy to be detected and
measured by NDT technique such as MPI. However, surface point SIFs would be useful for
predicting crack aspect ratio development during fatigue crack growth. Using surface point
SIFs, one can calculate the aspect ratio of fatigue crack for each paticular crack depth and

thus simulate the fatigue crack growth stey by step.

Based on finite element analysis results, surface point SIF parametric equations have been
derived for flat plates(Newman and Raju 1986). However there is no parametric equation
available for T-butt or tubular welded joints. With the recent developments on the multiple
reference data approach, it has proved to be possible to produce weight functions for the
surface point of semi-elliptical surface crack in finite thickness plate(Shen, Plumtree and
Glinka 1991)(Wang and Lambert 1995). Using these new weight functions and the UCL T-
butt weld toe through-wall stress distribution database, it is possible to produce a set of
surface point SIF parametric equations for semi-elliptical surface crack in T-butt welded
joints under tension and bending. This chapter will present the work on the derivation and

validation of this set of equations.

8.2 Wang-Lambert Weight Function

The weight function is a unique property of crack shape and component geometry and is
independent of loading. With the uncracked weld toe through-thickness stress distribution at
hand, it can be used to obtain SIFs. However, previous weight functions were only derived for
the deepest point of semi-elliptical cracks in welded joints. By using the universal weight
function form and two reference SIFs, Shen, Plumtree and Glinka(1991) have derived the
closed form weight function for the surface point of a semi-elliptical surface crack in a plate

of finite thickness.
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Unfortunately Shen-Plumtree-Glinka weight functions are only valid for a/c>0.2. However,
most fatigue cracks on welded joints are long and shallow and their aspect ratios are often
lower than 0.2. Recently, work has been done on improving Shen-Plumtree-Glinka weight
function by Wang and Lambert(1995). They conducted the three dimensional finite element
analyses for low aspect ratio semi-elliptical surface cracks. Combining these results with the
existing finite element data(Newman and Raju 1981)(Shiratori et al 1987) for high aspect
ratio and following the same procedure for deriving Shen-Plumtree-Glinka weight functions,
the Wang and Lambert weight functions covering the entire range of aspect ratios were

derived as follows:

m(x,a)= %[1 + M(S)m + Mz(fj + M{i)m} (8-1)
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2
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C
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c C C
a a 2
D, =11207 - 1.2289(—) + 0.5876(—] (8-11)
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8.3 Deriving SIF Parametric Equations

The weight function method is a powerful technique for the calculation of SIFs for a variety
of complex loading conditions. Weight functions need to be integrated with the uncracked
stress distribution to obtain the SIF. However, this procedure is not convenient to use at the
design stage. The early finite element results have demonstrated that weld toe stress
distributions in welded joints are well-represented by combining the results of T-butt models
loaded in pure tension and pure bending, provided the weld geometries are the same in both
cases. In order to simplify the use of weight function method, the surface point SIF parametric

equations for T-butt welded joint in tension and bending would be desirable.

As the first step in the process, one would have to obtain the SIF results database by
combining the above weight function with the T-butt through wall stress distribution
database. The Stress Intensity Factor(SIF), K, can be expressed as follows:

K=[m@a/c,alT,x)o(.p/T.LIT,alT,x)dx (8-13)
0

The UCL uncracked through-wall stress distribution database(Brennan et al 1996) was used
again. It was based on the results of systematic two dimensional finite element analyses for T-
Butt welded joints and allow all weld toe effects to be incorporated. This database covers T-

butts with the following parameter ranges:

Parameter Range
Weld Toe Angle (o) o=309, 459, 60°
Weld Toe Radius/Wall Thickness (p/T) 0.01<p/T<0.066
Attachment Width/Wall Thickness (L/T) 0.1577<L/T<4
Location Along Wall Thickness (x) O0<x<T

The SIF database was establish by integrating the Wang-Lambert closed form surface point
flat plate weight function with the UCL uncracked through-wall stress distribution of T-butt

welded joints. The database used for each parameter in this SIF database is shown in

following table.
Parameter Range
Weld Angle c(deg) 300, 450, 600
Weld Radius Ratio p/T 0.01, 0.02, 0.04, 0.066
Attachment Ratio L/T Many data between 0.1577 and 4
Aspect Ratios a/c 0.01, 0.05, 0.08, 0.1, 0.12, 0.15,0.18,0.2,0.4,0.6, 0.8, 1.0

As can see from the above table, this SIF database includes the cracks within the whole range

of aspect ratio(0<a/c<1). Most fatigue cracks in welded joints are long and shallow and
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their aspect ratios are often lower than 0.2. For this reason, sufficient data have been

generated in the range a/c<0.2.

This new large database was used to derive the surface point SIF parametric equations SIF
for semi-elliptical surface cracks in T-butt welded joints under tension and bending
respectively. The regression analyses were carried out by using Minitab statistical
package(MINITAB 1991). This two-dimensional curve-fitting process is split into following

two levels.

1) Performing numerous regressions until the best form of expression for the variations of the
SIF, i.e. the equation with a large product moment correlation coefficient, was found for all
joints under tension and bending. After numerous tries, the following appropriate expressions

were found under each mode of loading.
K=Yo,/(na)/ 0 (8-14)

165
Q=1+1.464(3) (8-15)
C

2 Gy
Y= Exp[ G +C (—;—j +C, (%j }(-;7) For Tension Loading ( 8 - 16)

2
Y=C,+C, (%) CZ(—;;) + C3Ln(f;;j For Bending loading (8- 17)

2) Fitting the coefficients in the above equations as a function of the parameters a, B, v, T and
0.

As a result, the parametric equations(W&L(FP)*S)! to predict the SIF at the surface point of
semi-elliptical surface crack in T-butt welded joints under tension and bending loading, have
been derived in the form of continuous single functions by carrying out the regression analysis
and they are given in Appendix J. A summary of the degree of fit for this set of parametric
equations is presented in Table 8.1. From this table, one can see that SIF data are fitted very
well by this set of parametric equations. The correlation coefficient R? is greater than 96% for
all cases including both the form of equation and the coefficients C;, C,, C,, C;. These

equations are valid for the following parameter ranges:

T T

Tea<k 8- 18
p 3 ( )
0.013%50.066 (8-19)

1 W&L(FP) represents Wang and Lambert Flat Plate weight function, S denotes the T-butt through
thickness Stress distribution database, * stands for the integration process
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L

015775 <4 (8-20)

0<Z<1 (8-21)
C
a

0<2<0.38 (8-22)
T

8.4 Validation

Strictly speaking, it is not correct to calculate the SIF for semi-elliptical cracks in a T-butt
welded joint by combining the flat plate weight function with the T-butt stress distribution.
The weld toe effects are considered only in the uncracked through-wall stress distribution
database rather than also in the weight function. Hence before use, it is necessary to carry out

validation work to show whether the approach is a reasonable approximation.

The predictions from this set of equations(W&L(FP)*S) were first compared with the results
from the flat plate Newman-Raju(N&R) equations for tension and bending
respectively(Figures 8.2-8.3). The stress concentration effect of weld toe is clearly shown in
the results for W&L(FP)*S and it decays quickly and disappears at about a/T=0.1. These
figures also show that the W&L(FP)*S results are much higher than the flat plate data(N&R),

especially for tension.

Bell's three dimensional finite element data(Bell 1985), generally considered to be the most
accurate when compared with other numerical methods, were used to compare with the
predictions from the parametric equations(W&L(FP)*S). The results are shown in Figures
8.4-8.9 for the T-butt with three different weld angles under tension and bending respectively.
In these figures, the minimum validated value p/T=0.01 were used for W&L(FP)*S equations
as Bell's data were based on T-butts with p/T=0. As can be seen from these figures, this set of
equations derived by using a hybrid method gave good modelling of the several trend but quite
conservative values when compared with Bell's three dimensional data, especially under
tension. For this reason, modification factors( 8 - 23 )( 8 - 24 ) were developed. The new
W&L(FP)*S results show excellent agreement with Bell's data irrespective of weld angles and

aspect ratios.

K K

- for tension (8-23)
o Ta 350 ,E
Q Modified Q
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K K .
= =———-05 for bending (8-24)
na na

G, |— O.|l—

Q Modified Q
It should be noted that these modification factors have been developed for the particular case
of L/T=2.3. When more three dimensional finite element data becomes available, it should be
possible to fit modification factors as functions of weld toe parameters, such as attachment

size.

As a summary, the predictions from the W&L(FP)*S equations are very conservative when
compared with Bell's finite element data. However excellent agreement can be achieved with
the modified W&L(FP)*S equations for both tension and bending.

8.5 Conclusions

Based on the Wang-Lambert Flat Plate Weight function and the UCL uncracked through-wall
stress distribution database for T-butt welded joints, a set of SIF parametric
equations(W&L(FP)*S) for surface point of surface semi-elliptical cracks in T-butt welded
joints have been derived for the first time. These equations have included the influence of
crack aspect ratios, weld toe angle, weld attachment length and weld radius. They are
available for both membrane and bending loading. The predictions from W&L(FP)*S
equations are quite conservative when compared with Bell's three dimensional finite element
data. Given the simple modification factors shown in equations( 8 - 23 )( 8 - 24 ), they can
give quite accurate estimations. These equations can be easily programmed and used in the
prediction of fatigue crack growth along the welds and the fatigue crack shape development in
T-butt welded joints.

268



Table 8.1 Summary of Degree of Fit for the surface point SIF Parametric

Equations(W &L(FP)*S) for Semi-elliptical Crack in T-butt Welded Joints

Form of G, C C, C,
Expression
Loading Equations Descriptive Statistics (%)
Mean Std. R?
R? Dev.
Tension Appendix K1 99.60 1.86 | 9796 | 99.30 | 99.52 | 98.50
Bending Appendix K2 | 96.72 9.05 | 97.89 | 98.09 | 97.74 | 99.06
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(a) T-butt Welded Joint (Three Dimension)
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Figure 8.1 Semi-elliptical Crack in T-butt Welded Joint
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CHAPTER NINE
SIF PARAMETRIC EQUATIONS
FOR SEMI-ELLIPTICAL SURFACE CRACKS
AT THE SADDLE OF TUBULAR WELDED T-JOINTS

9.1 Introduction

The stress analysis for tubular welded joints has been discussed in previous chapters. With this
information at hand, it is necessary to develop the accurate fatigue crack growth modelling for
rational inspection scheduling and maintenance of offshore jacket platform. The crack growth
relationship such as Paris law, relates crack growth rate to the Stress Intensity Factor(SIF)
range. Thus, accurate estimation of SIF for semi-elliptical cracks in tubular welded joints is of

primary importance for the fatigue strength assessment of offshore tubular joints.

The occurring of through-thickness crack was been regarded as the fatigue failure of joints. Also
fatigue cracks always grow rapidly along the weld toe and the crack length is easy to be
measured by NDT technique such as MPIL. Thus, much effort has been made to derive the
deepest point SIF solutions to predict fatigue crack grow in thickness direction and to develop
the advanced NDT techniques, such as ACPD and ACFM to size the depth of cracks.

The tubular joints of real structures are usually of complex geometric configuration and loading.
As a result, currently there is no analytical solution for SIF for these joints. Although one can do
three dimensional finite element analysis, it is very expensive. Instead, SIF for tubular joints is
usually predicted using a simple flat plate or T-butt solution in conjunction with an appropriate
load shedding model. Among them, the Niu-Glinka weight function based solution(N&G*S)
with a linear release moment model is most successful for predicting fatigue crack growth in

tubular welded joints.

However, all previous solutions including N&G*S do not consider the curvature of a tubular
structure. Thus it is not accurate to assess the SIF for tubular joints using these simple models
since weight function is the property of a geometry. Therefore, it is necessary to develop more
accurate weight function based on real geometry of tubular joint. With the recent development of
weight functions for longitudinal cracks in thin pipes, it is possible to develop a new weight
function for the deepest point of a semi-elliptical crack at the saddle position of tubular welded

T-joints. Furthermore, using the available UCL T-butt stress through-wall distribution database,
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parametric equations can be derived to predict the deepest point SIFs for semi-elliptical cracks

in tubular welded joints.

9.2 Weight Function for Semi-elliptical Cracks at the Saddle of Tubular Welded T-Joints

As an important development of the weight function technique, Niu and Glinka(1990) have
proposed a closed form weight function for a semi-elliptical surface crack emanating from the
weld toe of T-butt welded joint. This weight function is capable of incorporating weld profile
effects due to different weld angles o and weld toe radii p under any mode I type of loading.
But this solution does not consider the curvature of the tube as it uses the Newman and Raju flat
plate solution(1986) as reference data. However, the effect of curvature is important for pipes,

pressure vessels and tubular joints.

By using three dimensional finite elements, Raju and Newman(1982) and Shiratori(1989)
obtained SIFs for constant, linear, parabolic or cubic stress distributions acting on the crack
surface of internal and external longitudinal semi-elliptical surface cracks in pipes with a
radius/thickness ratio of 10. Based on these reference data and using the generalised form of
Mode I weight function expressions, Shen and Glinka(1993) derived the weight functions for
the deepest and surface points of semi-elliptical cracks in thin pipes. However, these solutions
are restricted to aspect ratios between 0.2 and 1.0. In order to overcome this difficulty, Wang
and Lambert(1996) conducted a series of three dimensional finite element analyses to obtain the
low aspect ratio crack data. Using these results together with existing finite element data for
higher aspect ratios, they(Wang and Lambert 1996) derived the closed form weight functions
for the deepest and surface points of longitudinal semi-elliptical surface cracks in thin

pipes(Figure 9.1) which are valid for all aspect ratios as follows:

172 X x3/2
m? temef1-2) s mr(1-Z e mef1-Z) |91
L A G IR (B I (O M T

4 24
M? =——(4%, - 6Y,)—— 9-2
; ,—ZQ(O )= (9-2)
M? =3 (9-3)
ME=2| Ty, - M2 -4 (9-4)
s _‘/@ s
a 2 a4
YO=BO+BI(7) +B2(7) (9-5)
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Y1=A0+Al[%) +A2(%] (9-6)

a 1.65
Q=1+l.464(—) (9-7)
Cc
Bo=1.1492—o.4322(3)+02984( ) (9-8)
C
B =4- 898( ]+529(3j (9-9)
C

1

2\
0.066 + (——)
C

3
) 0453( ) (9-11)

A =24478 - 50937( )+285 3) (9-12)
C

B, =—744+14559( ) 8305( ) (9-10)

o[m

A, =0484 — 05211( )+0788(

1

2\
0.097 + (—)
C

With the above weight function available, it was assumed that the relative influence of weld toe,

A, =-569+ 9.653(0) 5062(%) (9-13)

i. e. weld angle o, was the same for an edge crack and the deepest point of a semi-elliptical
surface crack with the same depth under the same stress system. This assumption is similar to
that for the Niu and Glinka weight function but uses different reference data for the different
geometries. It enables one to derive a weight function for the deepest point of semi-elliptical crack
at the saddle position of a tubular welded T-joint(Figure 9.2) in the following relationship:

K! K?

K" K’ -1

where K s” is the SIF for the deepest point of semi-elliptical surface crack at the saddle position of

a tubular welded T-joint

K" is the SIF for an external longitudinal surface crack in a thin pipe subjected to the same

stress distribution

K is the SIF for an edge crack in a welded joint

e

281



K? is the SIF for an edge crack in a plate subjected to the same stress distribution

In order to derive a new weight function for the deepest point of a semi-elliptical crack at the

saddle position of a tubular welded T-joint, the other three weight functions are needed. The
weight functions for an edge crack in plate(m” ) and an edge crack emanating from the weld toe

in a T-butt joint (m. ) were available in reference(Niu and Glinka 1987). With the recently

derived Wang-Lambert thin pipe weight function, relations (9 - 14 ) can be expressed in terms

of derived weight functions as follow:

J:o(x)mf (x,a,a/t,0)dx

jao(x)m§” (x,a,alt,alc,)dx

IG(x)mf (x,alt,alc,0)dx = )
0

[[o(om (x.a.ar1)dx
(9-15)
The reference SIF (K:j ) for uniform tensile local stress system( G ,) can be easily obtained

from (9 - 15) as below:

a
Imf(x,a,a/t,oc)dx .
0

Jm;”(x,a,a/t,a/c)dx (9-16)

0 a
jmf(x,a,a/t)dx 0
0

K’ =0

By substituting all three available weight functions into the above equations, the reference
SIF( Kr" ) can be given as :

K’ = Fic [Nna (9-17)

s1

pi V2 F° (15+5Mf,° +3M%

= 12+6M[ +4M} +3MJ, 9-18
T 6m F*\15+5M) +3M], )( 2 *3M2) ( )

where the geometric correction factor ratio(Niu and Glinka 1990):

;:90 =1+ (Eoc - 2)[1 - f(%):l for o in radians (9-19a)
T
a a\®? a 2\
f(;) =1.0355- 3.3324(7J + 21.5999(-;) — 58385 13(—;)

2.5

2 3
+81.6246(%) —56.9396(%) +15.8784Gj (9-19b)

the parameters in the weight function for an edge crack emanating from the right corner
in a finite thickness plate(Niu and Glinka 1990):
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1.5 3
M =0.6643 - 12.7438(%) +397.808 1(%) ~328518 1(

Nla

x

9
) (9-20a)

75

6
+14162.587(%) - 30127.158(%) +2581 19.535(

N'Q

4.5

1.5 3
M® =01117- 3.857(%) + 30127.158(%) + 285.4393(9

1.5

6 9
—647.6118(%) +934.4538(%) —596.8319[%) (9-20b)

the parameters in the weight function for an edge crack in a plate of finite thickness t
(Bueckner 1971):

2 6
M’ =06147 + 17.1944(%) + 8.4822(%) (9-21a)
a 2 a 6
M! =02502+ 3.2899(—;) + 70.0444(7) (9-21b)
Using the Petroski-Achenbach method again, the following closed form weight function for

calculation of SIF at the deepest point of a semi-elliptical surface crack emanating from the

saddle position of a Tubular welded T-joint was derived.

- 2 fa—x (a-xY
m!(x,alt,alc,0)=—F—=— 1+Ms”(——]+M;-’( ) (9-22a)
/( ) 1/211:(a—x){ "\ a 2\ a

where m!, =AY +3B7 -4 (9-22b)

ml, = {‘E’t F,’J-As3 1—Bj’j| (9-22)
. 2AF"Ya
gy _ r

Al == (9-22d)

sv2n [ (F!) ada

B’ = 0 9-22e

S S ( )

Instead of Newman Raju’s’,&a’lat plate solution, Wang-Lambert thin pipe weight function has been
used as new reference data to derive the new weight function for a tubular welded T-joint,

following the same procedure adopted by Niu and Glinka. This weight function can be used to
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calculate the SIF for tubular welded T-joints containing semi-elliptical chord saddle cracks with

different aspect ratios which were usually generated under axial and OPB loading.

This weight function is valid for weld angles T /6<a <1 /3, aspect ratios 0<a/c<1 and
relative crack depths 0<a/t <08. It should also be noted that this new function was derived
for the tubular joint with y=9 and only considers the influence of weld angle. The other effects
of weld toe, such as weld toe radius and attachment size and global geometry effect in the form of
Degree of Bending(DoB) can be incorporated into a SIF solution subsequently. It is also be aware
that the effect of through-wall curvature of the crack, caused by the mode II contribution to crack

opening is ignored at the deepest point of the semi-elliptical surface cracks.

9.3 SIF Parametric Equations for the Deepest Point of Semi-elliptical Surface Cracks
at the Saddle of Tubular Welded T-Joints

Based on the Petroski-Achenbach crack opening displacement expression and using the Wang-
Lambert thin pipe weight function as the reference SIF solution, a new weight function in
closed form for calculation of SIF at the deepest point of a semi-elliptical crack emanating from
the saddle position of a tubular welded T-connection has been derived. This weight function
needs to be integrated with the uncracked stress distribution to obtain the SIF. However, this
numerical integration procedure is not convenient to use at design stage. Finite element analysis
results(Kare 1989) have demonstrated that weld toe stress distributions in tubular welded joints
are well-represented by combining the results of T-butt models loaded in pure tension and pure
bending, provided the weld geometries are the same in both cases. Therefore simple two
dimensional finite element models can be used to calculate the weld toe through-wall stress
distribution in tubular welded joints. The proportion of bending to total stress is characterised by
Degree of Bending(DoB). In order to simplify the use of the weight function method, the deepest
point SIF parametric equations for semi-elliptical saddle crack in tubular welded T-joint in

tension and bending would be desirable.

To derive parametric equations, one would have to produce the SIF results database by combining
the above weight function with the T-butt through wall stress distribution database. Stress

Intensity Factor(SIF), K, can be expressed as follows:

K=jW(a/c,a/T,x)c(a,p/T,L/T,a/T,x)dx (9-23)
0

The UCL uncracked through-wall stress distribution database(Brennan et al 1996) was used

again. It was based on the results of systematic two dimensional finite element analyses for T-
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Butt welded joints and allow all weld toe effects to be incorporated. This database covers the T-

butts with the following parameter ranges:

Parameter Range
Weld Toe Angle (o) n/60<n/3
Weld Toe Radius/Wall Thickness (p/T) 001<p /T <0.066
Attachment Width/Wall Thickness (L/T) 01577<L/T<4
Location Along Wall Thickness (x) O0<x<T

The SIF database was establish by integrating the new derived closed form weight function for the
deepest point of semi-elliptical saddle cracks in tubular welded T-joints with the UCL uncracked
through-wall stress distribution of T-butt welded joints. The database used for each parameter in

this SIF database is shown in following table.

Parameter Range
Weld Toe Angle o /6, /4, /3
Weld Radius Ratio p/T 0.01, 0.02, 0.04, 0.066
Attachment Ratio L/T Many data between 0.1577 and 4
Aspect Ratios a/c 0.010.050.080.10.120.150.180.204 0.6 0.8 1.0

As can see from the above table, this SIF database includes cracks within the whole range of
aspect ratios(O0<a/c<1). In particular, sufficient data have been generated in the range

a/c<0.2,i.e. applicable to most fatigue cracks in tubular welded joints.

This new large database was used to derive the deepest point SIF parametric equations(TJ*S)! for
semi-elliptical surface saddle cracks in tubular welded T-joints under tension and bending
respectively. The regression analyses were carried out by using the Minitab statistical
package(MINITAB 1991).

This two-dimensional curve-fitting process was conducted along the same lines as explained in

section 8.3. The following forms of expression were fitted:

K! = (YR, + DoB Y] R;)C 10 J(a) (9-24)

2 G
YY = Exp(co +C (%J C, (%) )(%) For the Tension Loading (9-25)

1 TJ represents Tubular Joint weight function, S denotes the T-butt through thickness stress distribution
database, * stands for the integration process.

285



2
Y} =C,+C (%) C, (%J + C3Ln(—;—) For the Bending loading (9-26)

The coefficients C, C,, C,, C, are provided in appendix K as a function of the crack aspect ratio
and weld toe parameters. As a result, the parametric equations(TJ*S) to predict the SIF at the
deepest point of semi-elliptical surface crack at saddle position of tubular welded T-joint under
tension and bending loading, were derived in the form of continuous single function. The degree

of fit is indicated in Table 9.1 where it can be seen that the correlation coefficient R? is greater
than 96% for all cases. The force(tension stress) release component release function(R;) and

moment(bending stress) release component release function(R;) in above formulae will be

identified in next section. This set of equations is valid in the following parameter ranges:

Tea<t (9-27)
6 3
0.01$%30.066 (9-28)
L
0157752 <4 (9-29)
0<Z<1 (9-30)
C
a
0<%<08 (9-31)
T

9.4 Models for Load Shedding and Crack Shape Development

As the crack grows, the cracked region could gradually lose the local bending stiffness and
rotational constraints, and the excess bending load could be transmitted through the uncracked
part of the joint. It is thought that the reduction in local bending moment due to cracking, and
allied increase in local flexibility can be modelled by a systematic moment release. Thus, in
order to have a realistic SIF solution for a tubular joint, the load shedding mechanism has to be
taken into account. Unfortunately, it is not fully understood for tubular joints due to the complex

geometry. However, so far there are several load shedding models available.

Assuming the tensile stress component does not change while the bending stress component
decreases, moment release models have been proposed(Aaghaakouchak 1989). They include the

parabolic and the linear release models. The parabolic release model is derived from the studies
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of edge cracks in plates and rings. The following linear moment release model(LRM) is
proposed as a "limiting case".
a
Rémz(l—?) (9-32)
Although the simplified SIF model combined with linear moment release model gives good
agreement with the experimental data, there is no solid theoretical foundation for the linear
moment release model(LRM). It is just the borderline for load shedding. It could be that this

improved agreement is due to the over-prediction of simplified SIF solution in conjunction with

severe linear moment release model and the usually high DoB for tubular joints.

Du and Hancock(1989) found the non-linear sigmoidal load shedding both for force and
moment for tubular joints by using line spring finite element model and it is relatively
insensitive to crack shape or loading mode. As a result of further study of these finite element
results, the non-linear sigmoidal moment release model(NMR) was suggested by Kam(1989) as

below:

RIMR = O.SCOS(RTa) +05 (9-33)

Comparison of these two moment release models is shown in Figure 9.3. It shows that NMR is
higher than LRM for the crack up to half-through wall and lower for the large cracks(a/T>0.5).
This confirms that LRM is severe when used to predict early small crack growth(a/T<0.5).

Apart from the moment release, the force release was also found by Du and Hancock(1989).
However, it is secondary effect compared with moment release as the proportion of tensile

stress component is usually small. As a compromise, the constant release force(CRF) which is
equal to DoB, i.e. R.=DoB, was proposed in this study.

The empirical equations such as AVS and TPM, do not need crack shape information since they
include this information implicitly. However, for all fracture mechanics solutions, fatigue crack
aspect ratio data is crucial. By fitting the UCL experimental data for tubular joint under axial
and OPB loading, Hancock and co-worker derived the following relationship(Du and Hancock

1989):
a

—=016{?}+ODS (Z£502) (9-34)
c T T

Based on the study of a series of fatigue test results for X joints and multiple-brace nodes,
Dover and co-worker(Dover et al 1988) also suggested a lower bound value as a forcing

function as below:
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When 0<% <01 then a_4 (9-35a)
T c T

When 01<< <10 then 2 _022 (9-35b)
T c T

Figure 9.4 presents the comparison of these two different models. The fatigue crack often grows
initially as several small cracks which eventually join up to form a single crack at about
a/T=0.1. This feature is reflected in Dover model. However, sometimes, the linking up process
may not be particular significant if individual cracks are fairly close. In this case, the single

relationship such as Hancock model may be more appropriate. This model was extrapolated into

the area 0 < % < 0.2 in this study as shown below.

3=0.167(3]+0.05 (0<Z<10) (9-36)
c T T

9.5 Validation

Based on ideas similar to those used for deriving the Niu-Glinka weight function and using the
Wang-Lambert thin tube weight function as reference data, the weight function for the deepest
point of semi-elliptical saddle cracks in tubular welded T-joints has been derived. Furthermore the
SIF parametric equations were derived. It is necessary to assess the accuracy of this new set of

equations by comparing them with experimental data and the predictions from other methods.

The predictions from this new set of equations(TJ*S) were firstly compared with the results
from the N&G*S T-butt and Newman-Raju plate solutions for a particular case(oc=45°,
p/T=0.02 and L/T=2) with different aspect ratios for tension and bending respectively(Figures
9.5-9.6). The stress concentration effect of weld toe is clearly shown in the TI*S and N&G*S
predictions and it decays quickly and disappears at about a/T=0.1. These figures show that the
results from the new model follow the tendency of that of the N&G*S and are general slightly

lower except for the large crack with lower aspect ratio(a/c=0.2).

A direct comparison of plate and thin pipe SIF solutions is not made in this chapter. However, it
can be demonstrated from the Figures 9.5-9.6 as the only difference between TJ*S and N&G*S
is that they use these two different reference data. For low aspect ratio(a/c=0.2) which is quite
common for the fatigue cracks in tubular joints, the values from TJ*S are lower than that from
the N&G*S for the small cracks(a/T<0.5) and higher for the large cracks(a/T>0.5). Two load
shedding models, the LMR and NMR were used for TJ*S solution initially. The results
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indicated that NMR is a suitable load shedding model for TJ*S. Thus NMR is used with TJ*S

when compared with experimental data.

The available UCL in-air fatigue crack growth data(Dharmavasan 1983)(Kam 1989)(Monahan
1994)(Smith 1995) were re-analysed(the general information about these tests is shown in Table
9.2). They include one T joint under axial loading, one T joint under OPB loading and several
DT and Multiple plane(M) joints under OPB and IPB loading. As both TJ*S and N&G*S
solutions include the influence of weld toe, the emphasis is on the early fatigue crack growth.
However, it is difficult to collect weld toe information for most of fatigue test data. As a result,

the average weld angle and radius taken from the reference(Kare 1989) were used in this study.

Figures 9.7-9.20 show the comparison between the predictions from the new model(TJ*S) and
N&G*S with these experimental results together with the most sophisticated empirical
equation, i.e. the TPM solution. From these figures, one can see that the N&G*S works well
with LMR whilst the TI*S predictions fits well with experimental data with CRF and NMR.
With suitable load release models, excellent agreement is achieved between the predictions from

both TJ*S and N&G*S. They agree very well with test data as well.

All TI*S and N&G*S data are calculated by using the experimental crack shape evolution
information. However, they are available only for limited number of different crack depths. In
order to obtain the complete fatigue crack grow curve, crack shape development information is
needed. Two different crack shape evolution models were tried initially. It was found that the
predictions using Dover model were too conservative for a/T>0.1. The Hancock model was
therefore chosen in the comparison(Figures 9.7-9.20). The results indicated that this crack shape
development model work very well for the tubular T-joints under axial and OPB
loading(Figures 9.7-9.8) as this model was derived form the test data of these joints. For other
cases(Figures 9.9-9.20), it is shown that it can be used as a reasonable low bound estimations of
aspect ratio as it produces the conservative values for SIFs. As a summary, Figures 9.7-9.20
demonstrated that this single aspect ratio relationship can be used in conjunction with TJ*S and
N&G*S solutions to predict the SIFs for tubular welded joints. The advantage of the TJ*S and
N&G*S solutions is that they can incorporate the aspect ratio information. With the accurate

crack shape development relationship available, they can provide reliable SIF predictions.

It is not surprising that the predictions from TMP solutions agree well with some experimental
data(Figures 9.7-9.11) as they are the data used to derive these equations. However, they are
quite conservative for other cases(Figures 9.15-9.18 and 9.20).

Although the TJ*S was derived for the deepest point of semi-elliptical surface cracks at the

saddle positions of tubular welded T-joints under axial and OPB loading, it was found that it
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could work well for many other cases such as X(Figures 9.9-9.11) and multiple-brace

nodes(Figures 9.12-9.19) and IPB loading(Figures 9.19) as long as the DoB and crack shape

evolution information for these cases was accurate.

The differences between the predictions of TJ*S+CRF+NRM and N&G*S+LRM are very small
for majority cases and they agree with the experimental data very well except for Figure 9.20
where the prediction accuracy can be improved by approximately 11% at a/T=0.2 and up to
13% at a/T=0.46 by using the TJ*S+CRF+NRM model when compared with those from the
N&G*S+LRM solution.

9.6 Conclusions

Based on the Petroski-Achenbach crack opening displacement expression and using the Wang-
Lambert thin pipe weight function as the reference SIF solution, a new weight function in
closed form for calculating the SIF at deepest point of a semi-elliptical surface crack emanating
from the saddle position of a tubular welded T-connection has been derived. Using this new
weight function and the UCL T-butt through-wall stress distribution database, parametric
equations(TI*S) in the form of continuous single functions were derived for tension and
bending loading. With the DoB information, they can be used to predict the deepest point SIF

for semi-elliptical surface crack in tubular welded joints.

Available UCL in-air tubular joint fatigue test results, especially early crack growth data, were
used to validate this new model. Considering the curvature of tube, TJ*S was found to work
very well with the non-linear load shedding relationship derived from line spring finite element
model(Du and Hancock 1989). In conjunction with the constant force release(CRF) and non-
linear moment(NRM) release models, a new analytical model(TJ*S+CRF+NRM) has been
developed for predicting the deepest point SIF for semi-elliptical surface fatigue cracks in

tubular welded joints.

The predictions from this model agree very well with the experimental results, especially for
early fatigue crack growth. In one case(Figure 9.20), the results showed that the predictions
from this model are more accurate than those from the N&G*S+LRM when compared with
experimental data. This new model can incorporate the influence of the local weld geometry and

allows a rapid modelling of fatigue crack growth in tubular welded joints.
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Table 9.1 Summary of Fitting Degree for the SIF Parametric Equations(TJ*S)

for the Deepest point of Semi-elliptical Crack at Saddle Position of Tubular Welded Joint

Form of Expression C, C, C, G,
Loading Equations Descriptive Statistics (%)
Mean Std. R?
R? Dev.
Tension Appendix K1 99.74 0.523 97.8 98.56 | 98.53 | 98.07
Bending Appendix K2 99.54 0.809 96.84 | 97.44 | 98.49 | 97.72
Table 9.2 The Details of UCL Steel Tests for Tubular Joints
Stress
Joint | Mode | Geometry Information Weld Toe Details
Ref Type of T B | SCF,| SCF,| DoB| « p L

Loading (mm) SCF (deg) | (mm) | (mm)
(Dharmavasan 1983) Axial 16 0.71 | 8.70 | 1.37 | 0.82 47 0.75 | 20.70
(Dharmavasan 1983) OPB 16 0.71 | 9.10 | 2.22 | 0.84 47 0.75 | 20.70
(Kam 1989)-UCX1 DT Axial 45 051 | 670 | 1.70 | 0.84 47 0.75 | 28.62
(Kam 1989)-UCX2 DT Axial 35 0.61 | 940 | 1.78 | 0.86 47 0.75 | 27.65
(Kam 1989)-UCX3 DT Axial 25 0.76 | 7.70 | 1.85 | 0.82 47 0.75 | 21.25
(Monahan 1994) T1-M OPB 32 |0.508] 6.57 | 1.57 | 0.88 38 1.65 | 36.00
(Monahan 1994) T2-M OPB 32 |[0.508( 6.29 | 1.57 | 0.88 39 1.25 | 36.00
(Monahan 1994) | T4b-DT OPB 20 |0.898| 8.43 | 252|085 33 1.58 | 30.00
(Monahan 1994) Yla-M OPB 32 10359 336 | 1.52( 0.94 40 1.63 | 32.00
(Monahan 1994) Yic-M OPB 32 | 0359 296 | 1.52 | 0.94 41 1.89 | 32.00
(Monahan 1994) Y2a-M OPB 32 10359 2.87 | 1.52 0.94 41 1.38 | 32.00
(Monahan 1994) Y2c-M OPB 32 103591 294 | 1.52 | 0.94 39 1.66 | 32.00
(Monahan 1994) T1-M IPB 32 10508) 273 ] 1.31 | 0.83 54 1.28 | 36.00
(Smith, 1995) TS-DT OPB 19 0.8 64 | 1.55]0.89 23 2.10 | 50.00

Note: X-Y: X-brace/chord intersection of Y-node
M: Multiple-brace M-node

SCF,, : Hot spot SCF
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Figure 9.4 Comparison of Two Different fatigue Crack Shape
Development Models for Tubular Joints
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Figure 9.5 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Welded Joint (oc=450, p/T=0.02 and L/T=2)
with N&R for Flat Plate under Tension
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(a) a/c=0.2 (b) a/c=0.4

(c) a/c=0.6
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Figure 9.6 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Welded Joint (oc=450, p/T=0.02 and L/T=2)
with N&R for Flat Plate under Bending
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TIJ*S+CRF+NRM using a/c eq.(9-36)
— N&G*S+LRM using a/c eg.(9-36)
TPM
O TIJ*S+CRF+NRM
+ N&G*S+LRM

Experimental Results

Figure 9.7 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Tubular Welded T-Joint under Axial Loading
(0=47", p/T=0.047 and L/T=1.294)

TJ*S+CRF+NRM using a/c ¢q.(9-36)
— N&G*S+LRM using a/c eq.(9-36)
- TPM
O TJ*S+CRF+NRM
+ N&G*S+LRM

X  Experimental Results

Figure 9.8 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Tubular Welded T-Joint under OPB Loading
(a=47°, p/T=0.047 and L/T=1.294)
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2.5

TJ*S+CRF+NRM using a/c €q.(9-36)
— N&G*S+LRM using a/c ¢q.(9-36)
- TPM
o TJ*S+CRF+NRM
+ N&G*S+LRM

X Experimental Results
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Figure 9.9 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Tubular Welded DT-Joint(UCX1) under Axial Loading
(0=47", p/T=0.017 and L/T=0.636)
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16 TJ'S+CRF+NRM using a/c €q.(9-36)
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Figure 9.10 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Tubular Welded DT-Joint(UCX2) under Axial Loading
(0=47°, p/T=0.021 and L/T=0.79)
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TI*S+CRF+NRM using a/c eq.(9-36)
- N&G*S+LRM using a/c eq.(9-36)
- TPM
o TJ*S+CRF+NRM
+ N&G'S+LRM

X Experimental Results

Figure 9.11 Comparison of Deepest Point SIF Predictions from N&G*S and TJ*S
for Semi-elliptical Cracks in Tubular Welded DT-Joint(UCX3) under Axial Loading
(0=47°, p/T=0.03 and L/T=0.85)
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2.2 TJ'S+CRF+NRM using a/c eq.(9-36)
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Figure 9.12 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(T1-M) under OPB Loading
(0=38°, p/T=0.052 and L/T=1.125)
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2.4

2.2 TJ*S+CRF+NRM using a/c ¢q.(9-36)
N&G*S+LRM using a/c eq.(9-36)
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Figure 9.13 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(T2-M) under OPB Loading
(0=39°, p/T=0.039 and L/T=1.125)

1.8
16 TJ'S+CRF+NRM using a/c €q.(9-36)
- N&G'S+LRM using a/c €q.(9-36)
- TPM
1.4
o TI'S+CRF+NRM
1.2 + N&G'S+LRM
* Experimental Results
> 1
0.8
0.6
0.4
0.2
0.1 0.2 0.3 0.4 0.5 0.6
a/T

Figure 9.14 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(T4b-DT) under OPB Loading
(0=33°, p/T=0.079 and L/T=L5)
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Figure 9.15 Comparison of Deepest Point SIP Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(Y1a-M) under OPB Loading
{a=40\ p/T=0.051 and L/T=1.0)
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Figure 9.16 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(Y Ic-M) under OPB Loading
(0=41°, p/T=0.059 and L/T=LO)
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Figure 9.17 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(Y2a-M) under OPB Loading
(0=41°, p/T=0.043 and L/T=1.0)
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Figure 9.18 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(Y2c-M) under OPB Loading
(0=39°, p/T=0.052 and L/T=LO)
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TI*S+CRF+NRM using a/c eq.(9-36)
N&G*S+LRM using a/c eq.(9-36)
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Figure 9.19 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded Joint(T1-M) under IPB Loading
(0=54°, p/T=0.04 and L/T=1.125)
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Figure 9.20 Comparison of Deepest Point SIF Predictions from N&G*S, TJ*S and TPM
for Semi-elliptical Cracks in Tubular Welded DT-Joint(S) under OPB Loading
(0=23°, p/T=0.111 and L/T=2.632)

302



CHAPTER TEN
CONCLUSIONS

10.1 Overall Summary

Fatigue damage has been recognised as one of most important failure modes for offshore
tubular joints in the hostile North Sea environment. Periodic inspection using NDT techniques
is necessary to ensure the integrity of offshore platform. Given crack detection, remedial
methods such as grinding can be used to extend the life before the fatigue crack reach an
unacceptable size. The methodology of non-destructive fatigue strength assessment for
offshore tubular joints is illustrated in Figure 10.1. An appropriate inspection, repair and
maintenance strategy relies on the accuracy of stress and fracture mechanics modelling to
predict the fatigue crack growth behaviour and the ability of non destructive techniques to
reliably detect and size fatigue cracks in tubular welded joints. Research work on these areas
was reviewed in Chapter 1. It was concluded that more basic information and tools are needed
in order to derive more advanced fatigue strength modelling and apply the sophisticated

methodology to offshore structures.

Aiming toward this purpose, comprehensive parametric studies have been conducted on the
major areas of non-destructive fatigue strength evaluation of offshore welded tubular joints.
As aresult, these studies have produced much useful information in the form of databases and
parametric equations and they are fully reported in the preceding chapters(Figure 10.1). A

summary of these developments are given below in turn.

NDT Measurement and Underwater Inspection Reliability

i) Fatigue cracks on tubular welded joints were re-measured using MPI, ACPD and ACFM
techniques in order to clarify some UCL crack library characterisation data. The effect of
using different versions of WAMI(ACFM crack detection and sizing software) and sizing
procedures for the underwater ACFM results were investigated. The results showed that the
sizing accuracy of ACFM technique depends on not only the theoretical model but also the

correct procedures to interpret ACFM inspection results.

ii) The underwater POD trials results for ACFM and MPI were compared. The POD
performance for these two techniques is close. The ACFM technique is preferred to use as
this technique offers many benefits to industries for the inspection of offshore structures.

However, it does sometimes miss small cracks near the end of a long crack.
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iii) The UCL underwater non destructive inspection reliability trial results (POD data) were
re-analysed to make them suitable for reliability fracture mechanics procedures for the first
time. A new crack classification D was suggested. The POD in terms of both the crack
length and the maximum crack depth for MPI and two well-known eddy current
systems(Hocking and EMD III) using classification B, B1 and D were produced. These data,
especially the crack depth based POD data, formed the inspection reliability database and
were incorporated into the UCL Reliability based Inspection SCheduling(RISC) system for

reliability fracture mechanics based inspection planning of offshore jacket structures.

Stress Analysis of Tubular Welded Joints

Many sets of stress parametric equations have been derived for tubular welded joints during
the last two decades. Except for the UCL HCD equations, all these equations can only be
used to predict hot spot SCFs. However, for the fracture mechanics calculation of remaining
life for in-service cracked joints, information is required on the magnitude and distribution of
the stress acting along the anticipated crack path, not just the peak stress at one location. Thus
it was necessary to derive parametric equations which can predict the full two dimensional
stresses for tubular joints. For this reason, comprehensive thin shell finite element analyses
were conducted for 660 tubular X and DT, Y and T-joints typical of these used in offshore
structures, subject to principal modes of loading. The results from this work have been used
to produce by regression analysis a family of stress parametric equations as a function of
non-dimensional joint geometric ratios o, B, ¥, T and 8. They are listed in Table 10.1 and

summarised below.

I) Comprehensive stress parametric equations were derived for tubular X and DT-joints.
They can be used to predict SCFs and DoBs at all critical positions for each mode of
loading, for both chord and brace, as well as the angular location of the hot-spot stress site
around the intersection. Furthermore, the parametric equations to predict the full stress
distribution along the intersection were also derived as a function of non-dimensional joint
geometric ratios o, B, v, T and 6 for each mode of loading. They can be used to predict the
normalised distribution but also provide an alternative method for calculation of hot spot
SCFs. This set of parametric equations has been assessed by comparing the predicted values
with results from steel and acrylic model tests and also with the predictions from existing
parametric formulae given in the literature. All these equations are directly compatible with
each other. Thus the full two dimensional stress distribution can be recreated for tubular X
and DT-joints.

ii) So far, the UCL HCD equations are the only ones which can predict not only hot spot
SCFs but also the degree of bending and the characteristic stress distribution for tubular Y

and T-joints. However, they were not recommended for estimating hot spot SCFs as they were
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borderline in terms of the proposed acceptance criteria(they were unconservative at the chord
saddle under axial loading). The problem with the UCL HCD stress distribution equations is
that they were derived by observing a limited number of typical sample results rather than
whole database and therefore they can not provide enough accuracy to all other cases for

detailed analyses. Thus it was desirable to enhance the capability of this set of equations.

For this reason, systematic thin shell finite element analyses have been conducted for tubular
Y, T-joints following similar procedures for tubular X and DT-joints. A regression analysis of
the computed results has been carried out to produce a new set of parametric equations. This
set of equations can be used to predict the full SCF distribution along both chord and brace
toe for each mode of loading. The validation against experimental data has shown that they
can provide SCF distribution predictions along the intersection under all modes of loading
with reasonably good accuracy. Moreover, the results of assessment indicate that this set of
equations also has the capability to reliably estimate the hot spot SCFs on both brace and
chord toes under all modes of loading except for the chord saddle under OPB loading. For
this particular case, the HCD SCF parametric equations can be used instead. Thus,
combining this new set of equations with the original UCL HCD DoB and SCF(only for the
chord saddle under OPB loading) equations, one can predict the full two dimensional stress

distribution at any location around the tubular intersection.

iil) A new concept, 1.e. stress distribution concentration factor(SDCF), was proposed to
characterise the degree of concentration(or the spread) of stress distribution along the
intersection. Based on the systematic finite element database, parametric equations were
derived to predict average SCF and SDCF for Y and T, X and DT-joints. Availability of the
parametric equations to predict average SCF would promote the use of the fast empirical
fatigue crack growth modelling such as the AVS and TPM models. The average SCF and
SDCEF can also be used to estimate stress distributions at the design stage and used to
develop advanced fracture mechanics modelling. Furthermore, it is extremely valuable to
the overall methodology that these parameters could be used as an alternative to the single
value of hot spot stress for evaluating stress/life or remaining life(fatigue crack growth) as
they provide the measurement on magnitude and spread of the stress distribution around the

intersection of tubular joint.

As a summary, comprehensive stress parametric equations were derived for tubular Y, T, X
and DT-joints. These equations can be used to recreate the two dimensional stress
distribution around intersection. They are valuable for multiple-axis stress analysis, fatigue
design, fatigue strength assessment and fatigue crack growth analysis(e.g. application of
advanced fracture mechanics modelling, especially for those considering 2D stress

distribution).
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SIF Parametric Equations for Semi-elliptical Surface Cracks in Welded Joints

Based on the weight function approach, a series of SIF parametric equations was derived for
the deepest and surface point of semi-elliptical surface cracks in T-butts and deepest point of
semi-elliptical surface cracks in tubular welded joints, by using the UCL database of T-butt
through wall stress analysis results. These equations are listed in Table 10.2 and

summarised as follows in turn.

i) Using the three dimensional Niu-Glinka weight function and the stress analysis results for
T-butts, the new SIF parametric equations have been derived for the deepest point of semi-
elliptical cracks for T-butts under tension and bending loading. Apart from a number of
factors such as crack shape ratio, weld angle, weld radius, these solutions also include the
effect of attachment width. The predictions from these equations were validated against

known finite element results and predictions from Mk factor approach as given in PD 6493.

ii) The SIF parametric equations for the surface point of semi-elliptical cracks for T-butts
under tension and bending loading were derived by combining the Wang Lambert surface
point weight function for semi-elliptical cracks in plates and the T-butt through wall stress
analysis results. The validation of this set of SIF parametric equations was conducted by
comparing the predictions with finite element analysis results from literature. Given the
simple modification factors, they give quite accurate estimations and can be used to predict
the fatigue crack growth along the welds. Combination of this set of equations with the
deepest point SIF equations, such as those derived in chapter 7, allows one to predict the

fatigue crack shape development in T-butt welded joints.

iii) Using the Wang-Lambert thin pipe weight function as reference data and assuming that
the contributions of the weldment geometry to the SIF for edge cracks in plates is the same as
those of semi-elliptical cracks in thin pipes, a new weight function for the deepest point of a
semi-elliptical surface crack at the saddle of tubular welded joints was derived. Combining
this new weight function and the UCL database of T-butt through wall stress analysis
results, a new set of SIF parametric equations(TJ*S) in the form of continuous single
functions was derived for tension and bending. With the DoB information and a suitable

load shedding model, they can be used to predict SIFs for fatigue cracks in tubular joints.

Available UCL in-air tubular joint fatigue test results, especially early crack growth data,
were used to validate this new model. Considering the curvature of tube, TJ*S works very
well with the non-linear load shedding relationship derived from line spring finite element
analysis(Du and Hancock 1989). In conjunction with the constant force release(CRF) and
non-linear moment(NRM) release models, a new model(TJ*S+CRF+NRM) has been
developed for predicting the deepest point SIF for semi-elliptical surface fatigue cracks in

tubular welded joints.
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The predictions from this model agree very well with the experimental results, especially for
early fatigue crack growth. In one case(Figure 9.20), the results showed that the predictions
from this model are more accurate than those from the N&G*S+LRM when compared with
experimental data. This new model can incorporate the influence of the local weld geometry

and allows a rapid modelling of fatigue crack growth in tubular welded joints.

In overall terms, this study has produced an improved underwater NDT Inspection
reliability database and new parametric equations for predicting stresses in tubular joints and
SIFs of semi-elliptical surface cracks in welded joints. They can be used for non destructive
evaluation of fatigue strength of offshore tubular welded joints. Availability of these tools
also creates the base to develop more sophisticated methodology. It will lead to an better
understanding of fatigue crack growth in tubular welded joints and, in turn, permits more
rational inspection scheduling to be planned with respect to the assessment of fatigue cracks

in offshore structures, including decision on potential remedial work.

10.2 Recommendations for Further Research

Recommendation for future work that would contribute to a better understanding of the
fatigue properties of tubular joints based on the understanding of this study are outlined

below:

Stress Parametric Equations for Tubular Joints:

a) Extending comprehensive finite element stress studies to K and KT and furthermore

multiple-plane joints.

b) Improving the accuracy of stress parametric equations by fitting the finite element database
with available steel and acrylic test results together in order to reduce the uncertainty when

used for predicting fatigue life.

Fatigue Design of Offshore Tubular Joints

The accuracy of using S-N curve, such as T' curve to predict fatigue life, can be improved by
deriving the semi-empirical fatigue life equation based on experimental data which incorporate
not only the hot spot SCF, but also the DoB, SCF and SDCF to consider the stress variations

through the wall thickness and along the intersection.

Tools for Whole Methodology

An artificial neural network(ANN) neural network can be used to fit the computational and
experimental data into parametric equations and empirical relationships for examples the SCF

and DoB equations, and fatigue crack growth rate.
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Table 10.1 Stress Parametric Equations for Simple Tubular Joints

Parametric Type of Simple Tubular Joint
Equations T7Y DT/X
Hot spot SCFs Hellier Connolly and Dover 1990 Appendix A
DoB Connolly et al 1990 Appendix B
SCF Distributions Appendix D Appendix C
Average SCF Appendix E Appendix F
SDCF Appendix G Appendix H

Table 10.2 SIF Solutions for Semi-elliptical Cracks in Welded Joints

Parametric Type of Welded Joints

Equations T-Butts Tubular Joints
Deepest Point SIF Appendix I Appendix K
Surface Point SIF Appendix J Rhee et al 1991
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Figure 10.1 Ilustration of Non-Destructive Fatigue Strength

Assessment Methodology for Offshore Tubular Joints

309



References

Aaghaakouchak, A. (1989), Fatigue Fracture Mechanics Analysis of Ring-Stiffened and
Simple Tubular Joints for Offshore Structure, PhD Thesis, University of London 1989.
Ahmad S, Irons B.M. and Zienkiewicz O.C. (1970), "Analysis of Thick and Thin Shell
Structures by Curved Elements", IINME 2, pp. 419-451, 1970.

American Petroleum Institute(API) (1993), Recommended Practice for Planning, Design and
Constructing Fixed Offshore Platforms, API RF2A 20th Edition, 1993.

American Welding Institute(AWI) (1984), Structural Welding Code AWS D1.1-84, 1984.
Austin, J.A., " The Role of Corrosion Fatigue Crack Growth Mechanisms in Predicting the

Fatigue Life of Offshore Tubular Joints", PhD Thesis, University College London. October,
1994.

Bell, R., "Determination of Stress Intensity Factors for Weld Toe Defects", final report BSS
22ST, 23440-2-1083/7, Faculty of Engineering, Carlton University, Ottawa, Canada,
October 1985.

Berge, S. (1985), "On the Effect of Plate Thickness in Fatigue on Welds", Engineering
Fracture Mechanics, Vol. 21, No. 2, pp423-435, 1985.

Bijlaard, P.P., August (1955), "Stress from Local Loadings in Cylindrical Pressure Vessels",
Transaction ASME, 1955.

Brennan, F.P. (1994), "Evaluation of Stress Intensity Factors by Multiple Reference State
Weight Function Approach", Theoretical and Applied Fracture Mechanics, Vol. 20, pp249-
256, 1994.

Brennan, F.P., Dover, W.D., Kare, RF. and Hellier A K. (1995), "Development of
Parametric Equations for Weld Toe Stress Intensity Factors", The Atomic Energy Authority's
Marine and Technology Support Unit, Project No 8707-HSEP3317, Culham, UK, 1995.
Bueckner, H.F. (1970), "A Novel Principle for the Computation of Stress Intensity Factors",
Zeitschrift dur Angewandte Mathmatick and Machinik, 50, pp. 529-546, 1970.

Bueckner, H.F. (1971), "Weight Function for the Notched Bar", Zeitschrift Angewandte und
Machinik, 51, pp. 97-109, 1971.

CAN/CSA-S473-92 (1992), Steel Structures, Code for the Design, Construction and
Installation of Fixed Offshore Structures, June 1992.

Carter, R.M., Marshall, P.W., Swanson, T.M., and Thomas, P.D. (1969), "Material
Problems in Offshore Platforms." OTC 1043, Proc., First Annual Offshore Technology
Conference, Houston Vol. 1. II, 443-470, May 1969.

Chang, E., Rudlin, J.R. and Dover, W.D. (1991 a), "POD Trial Results using a New
Classification", NDE Centre Internal Report, September 1991.

Chang, E., Rudlin, J.R. and Dover, W.D. (1991 b), "Further POD Trial Results in
Classification D", NDE Centre Internal Report, September 1991.

310



Chang, E and Dover, W.D. (1991 c), "MPI POD Trial Results Using a New Classification",
NDE Centre Internal Report, December 1991.

Chang, E and Dover, W.D. (1992 a), "Hocking Eddy Current Inspection POD Trial Results
Using a New Classification", NDE Centre Internal Report, January 1992.

Chang, E and Dover, W.D. (1992 b), "EMD III Eddy Current Inspection POD Trial Results
Using a New Classification”, NDE Centre Internal Report, February 1992.

Chang, E., Rudlin, J.R. and Dover, W.D. (1992 c), "Crack Measurement", NDE Centre
Internal Report, March 1992.

Chang, E., Rudlin, J.R. and Dover, W.D. (1992 d), "Comparison of the Underwater ACFM
Sizing Results using Different WAMI Versions", NDE Centre Internal Report, March 1992.
Chang, E and Dover, W.D. (1992 ¢), "Draft Report for MPI POD Trial Results”, NDE
Centre Internal Report, November 1992.

Chang E. and Dover, W. D. (1992), "Inspection Reliability Database", Chapter 5.3, Section
2: Theory, Reliability based Inspection Scheduling for Fixed Offshore Platforms, THERMIE
Project OG/0019/90/UK-IT-NL.

Chang E. and Dover, W. D. (1996), "Stress Concentration Factor Parametric Equations for
Tubular X and DT-Joints", Int. J. Fatigue Vol. 18, No. 6, pp363-387, 1996.

Cheaitani, M.J., Thurlbeck, S.D. and Burdekin, F.M. (1995), "Fatigue, Fracture, and Plastic
Collapse of Offshore Tubular Joints using BSI PD 6493:1991", OMAE, 1995.

Clayton, A.M. and Irine, N.M. (1978), "Stress Analysis Methods for Tubular Connections",
Paper 30, European Offshore steels Research Seminar, 1978.

Connolly, M.P.M. (1986), A Fracture Mechanics Approach To the Fatigue Assessment of
Tubular Welded Y and K Joints, PhD Thesis, University of London, 1986.

Connolly, M.P.M., Hellier, A K., Dover, W.D. and Sutomo, J. (1990), "A Parametric Study
of the Ratio of Bending to Membrane Stress in Tubular Y- and T-Joint", Int. J. Fatigue, Vol.
12, No. 1, 1990, pp 3-11.

Department of Energy (1983), Background Notes to the Fatigue Guidance of Offshore of
Offshore Tubular Joints, HMSO, London, 1983.

Department of Energy (1984 a), Offshore Installations: Guidance on Design, Construction
and Certification, third Edition, London, 1984.

Department of Energy (1984 b), "Background to new fatigue design guidance for steel welded
joints in offshore structures”, HMSO, 1984

Dharmavasan, S. (1983), "Fatigue Fracture Mechanics Analysis of Tubular Welded Y-
Joints", PhD Thesis, University College London, 1983.

Dharmavasan, S., Dover, W.D. (1988), "Nondestructive Evaluation of Offshore Structures
using Fracture Mechnics", Applied Mechnics Review, Vol. 41, No. 2, February, 1988.

311



Dijkstra, O.D. (1981), "Comparison of Strain Distribution in Three X Joints Determined by
Strain Gauge Measurements and Finite Element Calculations”, Paper TS6.2, Steel in Marine
Structures, Paris, October 1981.

Dijkstra, O.D., Snijder, H.H., Van Straalen, 1J.J. (1989), "Fatigue Crack Growth
Calculations using Stress Intensity Factors for Weld Toe Geometries", OMAE Conference
Proceeding, The Hague, 1989.

Dijkstra, O.D., Straalen I.J. and Noordhoek C. (1993), "A fracture Mechanics Approach of
Fatigue of Welded Joints in Offshore Strcutures”, OMAE Conference Proceeding, Vol. III-B,
1993.

Doonnel, L.H. (1934), "Stability of Thin Walled Tubes under Torsion", Nat. Adv. Committee
on Aeronautics (NASA), Report No. 479, 1934,

Dover W. D., Petrie J. R. (1976), "In-Plane Bending Fatigue of a Tubular Welded T Joints",
Proc. Int. Conf. on Fatigue Testing and Design, SEE, Vol. 1, Paper 19, London, 1976.

Dover, W.D. and Connolly, M.P.M. (1986), "Fatigue Fracture Mechanics Assessment of
Tubular Welded Y and K Joints", Int. Conf. on Fatigue and Crack Growth in Offshore
Structures, I Mech E, London, 1986.

Dover, W.D. and Dharmavasan S. (1987), "Fatigue Fracture Mechanics Analysis of T and Y
Joints", Proc. 14th Offshore Technology Conference, Houston 1987.

Dover, W.D., Niu, X., Aaghaakouchak, A., Kare, R. and Topp, D.A. (1988), "Fatigue Crack
Growth in X Joints and Multi-Brace Nodes", Proc. of Conference(Fatigue of Offshore
Structures), London, 1988.

Dover, W.D. (1992), "Degree of Bending", UCL NDE Centre News, May 1992.

Dover, W.D., Chang, E. and Rudlin, J.R. (1994), "Underwater Inspection Reliability for
Offshore Structures", Presented on 1994 OMAE.

Du, Z.Z., Hancock, J.W. (1989), "Moment and Force Release Calculations for Tubular
Welded Joints", Report to the Fatigue Software Working Group, May, 1989.

Dundrova, V. (1965), "Stress at Intersection of Tubes: Cross and T-Joints", SFRL Tech.
Report, Structures Fatigue Research Laboratory, Dept. of Civil Engineering, U. of Texas,
Austin, July 1965.

Efthymiou, M., Durkin F. (1988), "Development of SCF Formulae and Generalised Influence
Functions for use in Fatigue Analysis". OTJ Conference, Surrey, 1988.

Eide, O.1, Skallerud, B. and Berge, S. 1993, "Fatigue of Large Scale Tubular Joints - Effects
of Sea Water and Spectrum Loading", Proceedings of Fatigue under Spectrum Loading and in
Corrosive Environments Conference, 26-27th August 1993, The Technical University of
Denmark, Lyngby.

Etube, L. (1996), Private communication, University College London, 1996.

Fatigue Handbook (1985), ( Offshore Steel Structure ), Edited by A. Almar-Ndss, 1985.

312



Fatigue of Offshore Structures (1988), ed. by W. D. Dover and G.. Glinka, Engineering
materials Advisory Services Ltd., Warle, United Kingdom, 1988.

Fett, T., Mattheck, C. and Munz., D. (1987), "On the Calculation of Crack Opening
Displacement from the Stress Intensity Factor", Engineering Fracture Mechanics, Vol. 27,
pp697-715, 1987.

Flugge, W. (1934), Statik and Dynamik der Shalen, Springer, Berlin, 1934.

Gibstein, M B (1978), "Parametrical Studies of T-Joints", European Offshore Steels Research

Seminar, Cambridge, Nov., 1978.

Gibstein, M.B. (1981), "Stress Concentration in Tubular Joints, Its Definitions,
Determination and application”, Proc. Int. Conf. Steel in Marine Structures, ECSC, Paris,
1981.

Greimann. L.F., De hart, R.C., Blackstone, W.R., Stewart, B., Scalees, R.E. (1973), "Finite
Element Analysis of Complex Joints", Proc. Int. Offshore Tech. Conf. Paper OTC 1823,
Houston, 1973.

Gurney, T.R. (1979), "The Inference of Thickness on the Fatigue Strength of Welded Joints",
paper 41, BOSS Conference, London, August 1979.

Hall, M.S., Topp, D.A. and Dover, W.D. (1990), "Parametric Equation for Stress Intensity
Factors", Technical Software Consultants Ltd., Report No. TSC/MSH/0224 for Department
of Energy, March 1990.

Hamilton, W (1984), "The Structural Integrity of Tubular Joints", MSc Thesis, University
College London, Sept., 1984.

Haswell, J. and Dover, W.D. (1991), "Stress Intensity Factor Solutions for Tubular
Joints(FACTS)", 1991 OMAE, Vol. III-B, Materials Engineering, ASME, 1991.

Haswell, J. and Hopkins, P. (1991), "A Review of Fracture Mechanics Models of Tubular
Joints", Int. J. of Fatigue and Fracture Engineering Materials and Structures, Vol. 14, No. 5,
pp- 483-497, 1991.

Health and Safety Executive(HSE) Report, OTH 87 265 (1987), United Kingdom Offshore
Steels Research Project - Phase II, Final Summary Report, Her Majesty's Stationery Office,
London, 1987.

Health and Safety Executive(HSE) Report, OTH 88 282 (1988), United Kingdom Offshore
Steels Research Project - Phase I: Final Report, ed. R Peckover, , Her Majesty's Stationery
Office, London, 1988.

Health and Safety Executive (1990), Offshore Installations: Guidance on Design,
Construction and Certification, fourth Edition, , London, 1990.

Health and Safety Executive (1995), Offshore Installations: Guidance on Design,
Construction and Certification. Third Amendment to Fourth Edition, London, 1995.

Hellier A.K., Connolly M.P. and Dover W.D. (1990 a), "Stress Concentration Factors for
Tubular Y and T Joints", Int. J fatigue, Vol. 12, No. 1, pp 13-23, 1990.

313



Hellier, A.K., Connolly, M.P., Kare, R.F., and Dover, W.D. (1990 b), "Prediction of the
Stress Distribution in Tubular Y- and T-joints", Int. J Fatigue Vol. 12, No. 1, pp 25-33,
1990.

Hibbitt Karlsson & Sorensen(HKS) Inc. (1992 a), ABAQUS/Standard, User's Manual,
Version 5.2, 1992.

Hibbitt Karlsson & Sorensen(HKS) Inc. (1992 b), ABAQUS/Post, Manual, Version 5.2,
1992.

Hoff, N.J. et al (1953), "Deformation and Stresses in Circular Shells Caused by Pipe
Attachments", Knolls Atomic Power Laboratory, Reports KAPL 921-926 and 1025, Nov.
1953.

Holdbrook, S.J. and Dover, W.D. (1979), "The Stress Intensity Factors for A Deep Surface
Cracks in a Finite Plate", Engineering Fracture Mechanics, Vol. 12, 1979.

Huang, X. and Hancock, J.W. (1988), "The Stress Intensity Factors of Semi-Elliptical Cracks
in a Tubular Welded T-Joint under axial loading", J. Engng Fract. Mech., 1, pp. 25-35, 1988.
Irons B.M. (1976), "The Semiloof Shell Element Chapter 11" in Finite Element for Thin
shells and Curved Membranes, edit by Ashwell D.G. and Gallagher R.H., Wiley, 1976.
Irvine, N.M. (1981), "Review of Stress Analysis Techniques Used in UKOSRP I", Fatigue in
Offshore Structural Steels, Proceedings of a Conference Organised by the Institution of Civil

Engineering, London, February 24-25 1981.

Irwin, G.R. (1962), "Crack Extension Force for a Part-Through Crack in a Plate", J. of
Applied Mechanics, ASME, Vol. 29, No. 4, 1962.

Kam, J.C.P., Topp, D.A. and Dover, W.D. (1987), "Fracture Mechanics Modelling and
Structural Integrity of Welded tubular Joints in Fatigue", Proc. 6th Int. Symp-OMAE,
ASME, Houston 1987.

Kam, J.C.P. (1989), "Structural Integrity of Offshore Tubular Joints Subject to Fatigue",
PhD Thesis, University of London, 1989.

Kam, J.C.P. (1989), "A Study of the Effect of Releasing Tensile/Bending Stress Components
in Fatigue Crack Growth Predictions”, Special Report(2) to Fatigue Software Working Group
(FACTS), 1989.

Kare, R.F. (1989), "Influence of Weld Profile on Fatigue Crack Growth in Tubular Welded
Joints", PhD Thesis, The City University, London, 1989.

Kellogg, Col M.W. (1956), Design of Piping System, 2nd. ed., Wiley, 1956.

Kuang, J.G., Potvin, A.B. (1975), "Stress Concentrations in Tubular joints", Proc. Int.
Offshore Tech. Conf., Paper OTC 2609, Houston, 1975.

Kuang, J G et al. (1977), "Stress Concentration in Tubular Joints", Society of Petroleum

Engineers, 1977.

314



Levy, N., Marcal, P.V., Ostergren, W. and Rice, J. (1971), "Small Scale Yielding near a
Crack in Plane Strain: a Finite Element Analysis", Int. J. Frac. Mech., Vol. 7, No. 2, pp143-
157, 1971.

Maddox, S.J. (1975), "An Analysis of Fatigue Cracks in Fillet Welded Joints", Int. J.
Fracture, 1975, Vol. 11, No. 2, pp221-243, 1975.

MaTSU (1996), "Fatigue Background Guidance Document", by HSE Books as a Offshore
Technology Report, 1996.

Miner, M.A. (1945), "Cumulative Damage in Fatigue", J. of Applied Mechanics, Vol. 112,
pp A159-A164, 1945.

Minitab Inc. (1991), MINITAB Reference Manual(Version 8), 3081 Enterprise Drive, State
College, PA 16801, Nov., 1991.

Monahan, C. C., Rudlin, J.R. and Dover, W.D. (1991), "Library Partial Replacement
Project", NDE Centre Internal Report, November 1991.

Monahan, C. C. (1994), "Early Fatigue Crack Growth in Offshore Structures", PhD Thesis,
University College London, May 1994.

Mshana, Y. (1993), "The Influence of Multiple Axis Fatigue Loading on Structural Integrity
of Offshore Tubular Joints", PhD Thesis, City University, June 1993.

Murakami, Y. (1987), Stress Intensity Handbook, Ed., Pergamon Press, 1987.

Myers, P. (1996), Private communication, University College London, 1996.

Newman, J.C. and Raju, I.S. (1981), "An Empirical Stress Intensity Factor Equation for the
Surface Crack", Engineering Fracture Mechanics, Vol. 15, NO. 1-2, pp 185-192, 1981.
Newman, J. C. and Raju, 1. S. (1986), "Stress Intensity Factors Equations for Cracks in three
dimensional finite bodies subjected to tension and bending loads", Computational Methods in
the Mechanics of Fracture, Edited by Naluri, pp311-334, North-Holland, Amsterdam, 1986.
Niu, X. (1987), "Effect of Local Stresses on Fatigue Strength of Tubular Welded Joints",
PhD Thesis, University of London, 1987.

Niu, X. and Glinka, G., (1987), "The Weld Profile Effect on Stress Intensity Factors in
Weldments", Int. J. of Fracture, 35 pp 3-20, 1987.

Niu, X. and Glinka, G. (1989), "Stress Intensity Factors for semi-elliptical Surface Cracks in
Welded Joints", Int. J. Fracture, Vol. 40, pp 255-270, 1989.

Niu, X. and Glinka, G. (1990), "Weight Functions for Edge and Surface Semi-elliptical
Cracks in Flat Plates and Plates with Corners", Engineering Fracture Mechanics Vol. 36, No.
3, pp459-475, 1990.

Nykanen, T, " On the Effect of Weld Shape on the Crack Shape Development at the Toe of
Fillet Weld", Department of Mechanical Engineering, Lappeenranta University of
Technology, Finland, 1987.

315



Ojdrovic Rasko, P. and Petroski, H.J. (1991), "Weight Functions from Multiple Reference
States and Crack Profile Derivatives", Engineering Fracture Mechanics, Vol. 39, ppl105-
pplll, 1991.

Oore, M. and Burns, D.J. (1980), "Estimation of Stress Intensity Factors for Irregular Cracks
Subjected to arbitrary Normal Stress Field", Proc. 4th Int. Conf. on Pressure Vessel
Technology, London, 1. Mech. E., Vol. 1, 1980.

Pang, H.L. (1990), "A Review of Stress Intensity Factors for a Semi-elliptical Surface Crack
in a Plate and Fillet Welded Joint", Welding Institute Members Report 426, 1990.

Paris, P.C. and erdogan, F. (1963), "A Critical Analysis of Crack Propagation Laws", Trans.
ASME . of Bas. Engineering, 85, 1963.

Parks, D.M. (1974), "A Stiffness Derivative Finite Element Technique for Determination of
Elastic Crack Tip Stress Intensity Factors ", Int. J. of Fracture, 10, pp. 487-502, 1974.

Parks, D.M. and White, C.S. (1982), "Elastic Plastic Line-Spring Finite Elements for
Surface-Cracked Plates and Shells", Trans. ASME, J. Press. Vess. Tech., Vol. 104, No. 4,
pp- 287-292, Nov., 1982.

Parkhouse, J.G. (1981), "Improved Modelling of tube wall intersection using Brick
Elements", Paper TS1.3, Steel in Marine Structures, Paris, October 1981.

PD6493 (1991), Guidance on Methods for Assessing the acceptability of Flaws in Fusion
Welded Structures, British Standards Institute(BSI), 1991

Petroski, H.J. and Achenbach, J.D. (1978), "Computation of the weight function from a stress

intensity factor”, Engineering Fracture Mechanics, Vol. 10, No. 2, pp 257-266, 1978.

Potvin A.B., Kuang J.G., Leick R.D., Kahlich J.L. (1977), "Stress Concentration in Tubular
Joints". Trans. Soc. Petroleum Engineering, August 1977.

Raju, 1.S. and Newman, J.C. (1979), "Stress Intensity Factors for a Wide Range of Semi-
Elliptical Cracks in Finite Thickness Plates", Engineering Fracture Mechanics, Vol. 11, pp
817-829, 1979.

Raju, I.S. and Newman, J.C. (1982), "Stress Intensity Factors for Internal and External
Surface Cracks in Cylindrical Vessels", Journal of Pressure Vessel Technology, Vol. 104,
pp293-298, 1982.

Remzi, E.M. and Blackburn, W.S. (1987), "Propagation crack in a T-junction", In Proceeding
of the 4th International Conference on Numerical Methods in Fracture Mechanics, San
Antonio, Texas, U.S.A., 1987.

Reynolds, A.G. (1987), "Fatigue Performance Comparison of Simple, Over-lapped and
Stiffened Welded Tubular Joints", International Symposium on integrity of Offshore
Structure, 1987.

Rhee, H.C., Han, S. and Gipson, G.S. (1991), “Reliability of Solusion Method and Empirical
Formulars od Stress Intensity Factors for Weld Toe Cracks of Tubular Joints”, Vol. III-B,
1991 OMAE, 1991.

316



Rice, J.R. and Levy, N. (1972), "The Part-through Surface Crack in an Elastic Plate”, J.
Appl. Mech.,, 39, pp. 185-194, 1972

Ritchie D. and Voermans C.W.M. (1987), "Stress Intensity Factors in an Offshore Tubular
Joint Test Specimen", Proc. of the 4th Int. Conf. on Numerical Methods in Fracture
Mechanics, San Antonio, Texas, U.S.A., 1987.

Rook, D.P. and Cartwright, D.J. (1976), Compendium of Stress Intensity Factors, HMSO,
London, 1976.

Rudlin, J.R. and Dover, W.D. (1990 a), Underwater Trials of Magnetic Particle Inspection
technique, Final Report, UCL NDE Centre, June, 1990.

Rudlin, J.R. and Dover, W.D. (1990 b), Underwater Inspection Reliability Trials for Hocking
and EMD III Eddy Current Inspection Methods, Final Report, UCL NDE Centre, August,
1990.

Rudlin, J.R., Dover, W.D. and Sheppard, J. (1992), "Probability of Detection and sizing for
the TSC U11 ACFM Crack Microgauge", NDE Centre Internal Report, June 1992.

Rudlin, J.R., Chang, E. and Dover, W.D. (1992 a), "Comparison of POD Trial Data for the
TSC U1l ACFM Underwater Crack Microgauge and Underwater MPI", NDE Internal
Report, July 1992.

Rudlin, J.R., Chang, E. and Dover, W.D. (1992 b), "Investigation of Procedures for the
ACFM Crack Sizing", NDE Internal Report, August 1992.

Scordelis, A.C. and Bouwkamp, J.G. (1970), "Analytic Study of Tubular Tee-Joints", Proc.
ASCE, J. Structural Div., Vol. 96, 1970.

Shen, G. and Glinka, G. (1991), "Weight Function for a surface Semi-elliptical Crack in a
Finite Thickness Plate", Theoretical Applied Fracture Mechanics, Vol. 15, pp247-255, 1991.
Shen, G., Plumtree, A. and Glinka G. (1991), "Weight Function for the Surface Point of
Semi-elliptical Surface Crack in a Finite Thickness Plate", Engineering Fracture Mechanics,
Vol. 40, pp167-176, 1991.

Shen, G., Liebster, T.D. and Glinka, G. (1993), "Calculation of Stress Intensity Factors for
Cracks in Pipes", Proceedings of the 12th International Conference on Offshore Mechanics
and Arctic Engineering, ASME, Vol. III-B, pp847-851, 1993.

Shiratori, M., Miyoshi T. and Tanikawa K. (1987), "Analysis of Stress Intensity Factors for
Surface Cracks subjected to Arbitrarily Distribution Surface Stresses, in Stress Intensity
Factors Handbook (Editor-in-Chief Murakami Y.), Vol. 2, pp. 725-727, Pergamon Press,
Oxford.

Shiratori, M. (1989), "Analysis of Stress Intensity Factors for Surface Cracks in Pipes by an
Influence Function Method", Advances in Fracture and Fatigue for the 1990's, PVP-167,
ASME, Vol. 2, pp45-50, 1989.

317



Smedley, P. and Fisher, P. (1991), "Stress Concentration Factors for Simple Tubular Joints",
Proceedings of the first(1991) International Offshore and Polar Engineering Conference,
Edinburgh, UK, Page 475-483, 1991.

Smith, A. (1995), "The Effect of Cathodic Overprotection on the Corrosion Fatigue
Behaviour of Offshore Tubular Joints", PhD Thesis, City University, 1995.

Sneddon, I.N. (1946), "The Distribution of Stresses in the Neighbourhood of a Crack in an
Elastic Solid", Proc. of Royal Society London, A, 187, 1946.

Steel in Marine Structures (1987), Proceedings of the Third International ECSC Offshore
Conference, Delft, ed. by C. Noordhoek and J. de Back, Elsevier, June 1987.

Straalen, V., Dijkstra O.D. and Snijder, H.H. (1988), "Stress Intensity Factors and Fatigue
Crack Growth of Semi-eeliptical Surface Cracks at Weld Toes", Paper 15 Weld Failures,
November, 1988.

Tracey, D. and Cook, T.S. (1977), "Analysis of Power Type Singularities using Finite
Elements", Int. J. Num. Math. Engng., Vol. 11, No. 8, pp1225-1235, 1977.

Underwater Engineering Group(UEG) (1985), "Design of Tubular Joints for Offshore
Structures”, UEG Publication UR-33, Volume 2, 1985.

Vinas-Pich, Jordi (1994), "Influence of Environment, Loading and Steel Composition on

Fatigue of Tubular Connections", PhD Thesis, University College London, 1987.

Vughts, J.H. and Kinra, R.K. (1976), "Probabilistic Fatigue Analysis of Fixed Offshore
Structures”, Offshore Technology Conference, Houston, 1976.

Wang, X. and Lambert, S.B. (1995), "Stress Intensity Factors for Low Aspect ratio Semi-
elliptical Surface Cracks in Finite-Thickness Plates Subjected to Nonuniform Stresses",
Engineering Fracture Mechanics, Vol. 51, No. 4, pp517-532, 1995.

Wang, X. and Lambert, S.B. (1996), "Stress Intensity Factors and Weight Functions for
Longitudinal Semi-elliptical Surface Cracks in Thin Pipes”, Int. J. Pres. Ves. & Piping, Vol.
65, pp75-87, 1996.

Wordsworth A.C., Smedley G.P. (1981), "Stress Concentration Factors at K and K T
Tubular Joints". Conference on Fatigue in Offshore Structural Steel, Institute of Civil
Engineers, London, 1981.

Wordsworth A.C. (1987), "Aspects of the Stress Concentration Factors at Tubular Joints",
Steel in Marine Structures, Amsterdam, 1987.

Yamomoto, Y., Tokuda, N. and Sumi, Y. (1973), "Finite Element Treatment of Singularities
of Boundary Value Problems and Its Application to Analysis of Stress Intensity Factors",
Theory and Practice in Finite Element Structural Analysis, University of Tokyo Press, Tokyo,
1973.

318



Appendix A
Stress Concentration Factor Parametric Equations
for Tubular X and DT-Joints

Appendix A1 - Single brace axial loading, brace toe SCF

Al.1 Parametric equation for SCF at the brace crown toe position (¢ = 0°)

SCI;CO — 178 143a—0.152ﬁ0.424/0—1.07,y0.388/0TO.495+0.195/901.83 exp(—00358'}’ _ 0969T _ 1340)

A1.2 Parametric equation for SCF at the brace saddle position
SCF = O 963a0.305ﬁ—0.193 70.692 10.812 Sin 225 9

A1.3 Parametric equation for SCF at the brace crown heel position (¢ = 180°)

SCF® = 01188 %2y %2/0 exp(0.8958° — 0.000403y* — 0.1347* + 2.1Sin0)

A1.4 Parametric equation for SCF at the brace hot-spot stress position

SCF =1 1549a0.272[3—0.13,},0.6421.0.652 Sinl.77 6
h‘ -_— .
A1.5 Parametric equation for position of brace hot-spot stress site

@, =—3334+5146 + 6469sin6 — 326sin® 6 + 0.26% + 1567%+ 48.9% ~147yr

Appendix A2 - Single brace axial loading, chord toe SCF
A2.1 Parametric equation for SCF at the chord crown toe position (¢ = 0°)

SCFCO - 1.6145a0.202ﬁ—0.126,},0.232,l.0.923 Sin0.189 9

A2.2 Parametric equation for SCF at the chord saddle position
SCF; — O 8504a0.224ﬁ—0.272 ,),0.871 1’,1.35 Sin2.09 9

A2.3 Parametric equation for SCF at the chord crown heel position (¢ = 180%)

SCE.IsO — 1.0937aO.ZS?B—0.212y0.262TO.822 Sinl.34 9

A2.4 Parametric equation for SCF at the chord hot-spot stress position

SCFM — 1.06laO.ZISﬁ—O.l9970.807T1.28 Sinl.88 0

A2.5 Parametric equation for position of chord hot-spot stress site
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2
$,, =—189.1-0.000027* —17.97* + 4035in 6 — 140sin> 0 — 33.3§ + 2.17%+ 38.8% - 0.0074%

Appendix A3 - Single brace in-plane bending loading, brace toe SCF
A3.1 Parametric equation for SCF at the brace crown toe position (¢ =0°)

SCF;O = _45 6042[30.32/070.115+0.194/910.789—0.197/9 Sin 3.07 eexp(_L lﬂ— 0 8 12 T— 18 1 SiIl 0)

A3.2 Parametric equation for SCF at the brace saddle position
SCF, =0
A3.3 Parametric equation for SCF at the brace crown heel position (¢ =180°%)

SCF® =32871y%"270380703% gin~1% 9 exp(—0.793 8 — 0.0169y — 0.7087)

A3.4 Parametric equation for SCF at the brace negative hot-spot stress position

SCF, =—59895[30 60y 0427087102820 i 132 g ey (1 438 — 0.5177)

A3.5 Parametric equation for SCF at the brace positive hot-spot stress position

SCFh-: =31 268BO.484—0.182/9,),0.647—0.38/01.0.5]8—0.0759/9 Sin—1.07 0 CXP(—O996ﬁ _ 012714)

A3.6 Parametric equation for position of brace negative hot-spot stress site

¢ =—72.54+0.2830+ 79.18—370° + 1.267y+27.97 +12.20

A3.7 Parametric equation for position of brace positive hot-spot stress site

0" =269.7 - 04040 — 6168 — 1253y — 2857 —3545in6

Appendix A4 - Single brace in-plane bending loading, chord toe SCF
A4.1 Parametric equation for SCF at the chord crown toe position (¢ = 0°)

SCF? = —1.3258"** 7" sin'* @

A4.2 Parametric equation for SCF at the chord saddle position
SCF, =0
A4.3 Parametric equation for SCF at the chord crown heel position (¢ =180°)

SCF;.ISO = 2-0077a—0.0322ﬁ—0.0603,},0.36410.97 Sin0‘622 0

A4 .4 Parametric equation for SCF at the chord negative hot-spot stress position

SCF,h; = _1'0784a0.0469,y0.537,[0.944 Sinl.33 9
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A4.5 Parametric equation for SCF at the chord positive hot-spot stress position

SCFh-; — 1.7006ﬁ—0.0367,y0.4221.1.01 Sin0.683 9

A4.6 Parametric equation for position of chord negative hot-spot stress site
T

ﬁ+13.76ﬁ2y—17.28ﬂ3y+1.9957r

¢, = 38.99+67.38° —0.00003y* — 48.25in0— 58.2%— 3.2

A4.7 Parametric equation for position of chord positive hot-spot stress site

¢t =199.2+0.00001%* —11.9160—0.01250y— 7.24 8y +9.198>y + 7.4%—2.46[3}4

Appendix AS - Single brace out-plane bending loading, brace toe SCF
A5.1 Parametric equation for SCF at the brace crown toe position (¢ =0°)
SCF? =0
AS5.2 Parametric equation for SCF at the brace saddle position
SCF, = 0.88960."'" 3057 /%4406 in27 9
A5.3 Parametric equation for SCF at the brace crown heel position (¢=180°)
SCFE® =0

AS5.4 Parametric equation for SCF at the brace hot-spot stress position

SCF,, = 087810017 [J0368, 086370555 g2

AS5.5 Parametric equation for position of brace hot-spot stress site

¢, =90

Appendix A6 - Single brace out-plane bending loading, chord toe SCF
A6.1 Parametric equation for SCF at the chord crown toe position (¢ = 0°)

SCF’ =0

A6.2 Parametric equation for SCF at the chord saddle position
SCF, =0.8694a""**2 ¥4 7! 5in'* @

A6.3 Parametric equation for SCF at the chord crown heel position (¢ =180°)

SCF;:ISO ~ 0
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A6.4 Parametric equation for SCF at the chord hot-spot stress position

SCFhS = 0885 1a0.]73ﬁ04425,},0.9371.].11 Sin1.94 9

A6.5 Parametric equation for position of chord hot-spot stress site

¢hs = 90

Appendix A7 - Double brace balanced axial loading, brace toe SCF

A7.1 Parametric equation for SCF at the brace crown toe position (¢ = 0%
0.174

ﬂZ

0.182 ¥

SCF® =8.35-8.52- +O.0127ﬂ—2
T

~0.004269* —0.129q7 + 0.172ﬁ3y+0.0736%+0.0157%+

A7.2 Parametric equation for SCF at the brace saddle position
SCF = 1 6922 a0.0523ﬁ0.0382 ,},0.899 10.891 sin 217 9

A7.3 Parametric equation for SCF at the brace crown heel position (¢ = 180°)
SCF® = -9.37-13.68+8.44f> —0.102y—2.657+3.430+ 22.1Sin-10.7Sin’9—-0.115a8—0.0715yr

+0.0491%+4.07%+0.0544%+1.43%-0.101;32}’:

A7.4 Parametric equation for SCF at the brace hot-spot stress positibn

SCFhs - 1.83l3a0.046ﬂ0.0896,},0.866,t0.754 Sinl.84 9

A7.5 Parametric equation for position of brace hot-spot stress site

@), = 59,7399 f0O0y 0236107032060 5y 122 g exp(~01528* — 0.00796y + 0.146)

Appendix A8 - Double brace balanced axial loading, chord toe SCF

A8.1 Parametric equation for SCF at the chord crown toe position (¢ = 0°)
0.109

2

—~1087* 1050+ 3.72sin@ — 0.0953y7 + 0.0292% + 1.99% 142 4 0292
T

SCF® =254 -

A8.2 Parametric equation for SCF at the chord saddle position
SCF, =1.35390*%" %7 5in** 9

A8.3 Parametric equation for SCF at the chord crown heel position (¢ =180°)
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SCF!™® =0121-4.358-000441y* + 0.000003y* +25sin@ + 0.0815y + 1.98% +0.0272 % + 0.904% - 1.055

A8.4 Parametric equation for SCF at the chord hot-spot stress position

SCFhs - 15 129a0.0487ﬁ0.0508,},1.04,z.1.34 Sinl.95 0

A8.5 Parametric equation for position of chord hot-spot stress site

6, =—3028— 833 | 6067~ 37377 +1925in6 — 855in’6 - 27.7§+ 0.939%+ 12.9%- 358% —149y7 +0.68yr>
¥

Appendix A9 - Double brace balanced in-plane bending loading, brace toe SCF
A9.1 Parametric equation for SCF at the brace crown toe position ( ¢ = 0°)
SCF = —41.6791025%/02125+0206/6 4085023906 i1 336 Gexp(~1.018~0.8187—1.85sin 6)
A9.2 Parametric equation for SCF at the brace saddle position
SCF, =0
A9.3 Parametric equation for SCF at the brace crown heel position ( ¢ =180° )

SCF® = 604970, 700784 [§0255 0798-0380 70617 i 7136 G exp(—1.378 — 00195y — 0.7487)

A9.4 Parametric equation for SCF at the brace negative hot-spot stress position

SCF =-58709 305260464 7076027306 4136 § exp(~1518 — 0.4867)

A9.5 Parametric equation for SCF at the brace positive hot-spot stress position

SCF,: = 3'0957ﬂ0.464—0.188/9,},0.599—0.334/01.0.515-0.0659/8 Sin-0.854 eexp(_O.gogﬁ _ 0'1 3T4)
A9.6 Parametric equation for position of brace negative hot-spot stress site

¢ =—85.04+145.95- 44/ +1.182y+12.56- 34.3%+31.7%+ 0.442a7

A9.7 Parametric equation for position of brace positive hot-spot stress site

¢;x =174.164 BOA146/9—0.421,},-0‘1331.—0.181 sin ™ Qex p(~ 0-0163)

pr

Appendix A10 - Double brace balanced in-plane bending, chord toe SCF
A10.1 Parametric equation for SCF at the chord crown toe position (¢ =0°)

SCE) = -1 2399ﬁ—0.0228 ,},0.502 10.893 Sinl.37 6
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A10.2 Parametric equation for SCF at the chord saddle position
SCF, =0
A10.3 Parametric equation for SCF at the chord crown heel position (¢ =180°)

SCF::ISO = 2.0647a-0'0486ﬁ_0'0468'}’0'37770'971 sin().644 0

A10.4 Parametric equation for SCF at the chord negative hot-spot stress position

SCF,; = _1.0292a0.056,y0.544,r0.939 Sin1.38 0

A10.5 Parametric equation for SCF at the chord positive hot-spot stress position

SCE‘: = 17 126ﬁ—0‘0277'}/04247 sin0.682 e

A10.6 Parametric equation for position of chord negative hot-spot stress site

¢,, = —20.68+995° —0.00003y* +0.0115ay +1.685yr+17.735°y—24.68°y

A10.7 Parametric equation for position of chord positive hot-spot stress site
037

2

¢r =212 - 668"~ +0.00001y* —178sin”> 0 — 0.018ay — 11.38%y +15.78%y — 187 Byt

Appendix A1l - Double brace balanced out-plane bending, brace toe SCF
A11.1 Parametric equation for SCF at the brace crown toe position (¢ = 0%

SCF® =0

A11.2 Parametric equation for SCF at the brace saddle position
SCF = O 697a0.157B0.422 ,},0.918 1.0.615 Sin2.16 6
=0.

A11.3 Parametric equation for SCF at the brace crown heel position (¢ =180°)

SCF:_.lBO ~ 0

A11.4 Parametric equation for SCF at the brace hot-spot stress position

SCFhs = 0.6998050']55,30'445’}/0'914’[0'556 Sin2.04 9

A11.5 Parametric equation for position of brace hot-spot stress site

¢hs = 90

Appendix A12 - Double brace balanced out-plane bending, chord toe SCF
A12.1 Parametric equation for SCF at the chord crown toe position (¢ = 0%

SCF? =0
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A12.2 Parametric equation for SCF at the chord saddle position
SCF; — 068 18a0.]38ﬂ0.309 ,},1.02 Tl.12 Sil’l 2.02 e

A12.3 Parametric equation for SCF at the chord crown heel position (¢ =180°)
SCF:.IBO ~ O
A12.4 Parametric equation for SCF at the chord hot-spot stress position

SCFhs = 0-69l4a0'137ﬂ0'306’}’1'011'1'12 Sinl.99 6

A12.5 Parametric equation for position of chord hot-spot stress site

¢hs = 90

Notes:
1) All equations are valid in the following ranges of the geometric parameters:
6.0<a <400
0.2<4<0.8
7.6<y<32.0
0.2<7<10

019447 <O < %

2) The following minimum SCF applies for predicting the SCF at critical points such as hot

spot, saddle, crown toe and crown heel.

2a: For Single Brace/Balanced Axial and OPB loading,
if SCF<1.5 then SCF=1.5

2b: For Single Brace/Balanced IPB loading
if ISCFl <1.5 and SCF>0 then SCF=1.5
if ISCFI <1.5 and SCF<0 then SCF=-1.5

3) 0 in radians

.., 0, and @}, in degrees
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Appendix B
Parametric Equations for Degree of Bending

in Tubular X and DT-Joints

B1 - Single brace subjected to axial loading

B1.1 Parametric equation for degree of bending at the brace saddle position

b _ 1125 01858° +0.0926Lny — 04627 +029Ln7 + 0138 22% — 009030 + 2200

Or 0 Br

B1.2 Parametric equation for degree of bending at the chord saddle position

e _ 8202 - 0.2538° + 000671y — 0.00014y* + 0.05777 — 0.0888 sin 8 + 0.00494 3%y

Oy

B2 - Single brace subjected to in-plane bending loading

B2.1 Parametric equation for degree of bending at the brace crown toe position (¢ = 0%

5 - 0.5122 "% % exp(0.3018—0.506 7+ 0.401Sinf—0.01895%9)
O-T

B2.2 Parametric equation for degree of bending at the brace crown heel position (¢ = 180%)

(o}

—2 = 1.004 %1% 0196 103194021718 oy 50, 5377—0.0188%7)

Or

B2.3 Parametric equation for degree of bending at the brace crown toe position (@ = 0%
(o} .

C5 _0.778 B-o.wm ,},0.0451/0—0.0368 sin®*° g

Oy

B2.4 Parametric equation for degree of bending at the brace crown heel position (¢ = 180°)

(o) - - .
B _ O 8261a—0.024/9ﬂ—0.0843 0.055/9,),0.0566 0.121/8Sln—0.79
o-T
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B3 - Single brace subjected to out-plane bending loading on brace toe

B3.1 Parametric equation for degree of bending at the brace saddle position

s _ (.8781 30 05%/0)P1014004111,203% oy 1y () 1156° —0.3547~0.007378%7)

Or

B3.2 Parametric equation for degree of bending at the chord saddle position

—Z—B = 0.88163°°7/8-0%# 5in 118 gexp(~0.06843 +0.001858y7%)
T

B4 - Double braces subjected to balanced axial loading

B4.1 Parametric equation for degree of bending at the brace saddle position

—‘;—B=0.06561+o.01149y+ 2.257—2.187% +0.6067" —O.219—§—0.0233§+0.215—;—0.008574'
T

B4.2 Parametric equation for degree of bending at the chord saddle position

—g_—” =0.8472—0.2551° +0.00508 7— 0.0001% +0.04677—0.0674 sin 6+ 0.004375°y
T

BS - Double braces subjected to balanced in-plane bending loading

B5.1 Parametric equation for degree of bending at the brace crown toe position (¢ = 00)
—gi = 0.9716°/% % (9453001910 55, 03 geyn(~0.5037—0.01528°7)

T
B5.2 Parametric equation for degree of bending at the brace crown heel position (¢ = 180%)
O _ 11388 001+0.0719/0,0185 102961025216 oy 1y () 537008640~ 0.01775°7)

T
B5.3 Parametric equation for degree of bending at the brace crown toe position (¢ = 00)
95y, 087630 051/8-0205,0012716 4y 057 gexp(0.1258—0.507Sin 6)

T

B5.4 Parametric equation for degree of bending at the brace crown heel position (@ = 1800)

_zi — 0 443 1a—0.0259/8ﬁ—0.0985—0.0514/6,},0.0642—0A126/0Sin—1.2Bexp(O. 607Sln 6)
T
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B6 - Double braces subjected to balanced out-plane bending loading

B6.1 Parametric equation for degree of bending at the brace saddle position

o

—B = 0.36063%!1% y*18+0057/670335 ey 5(—0.426 8> — 0.00559y—0.3417)
Or

B6.2 Parametric equation for degree of bending at the chord saddle position

95 —1.0034-0.16585 —0.0905sin 6-+0.002235°y +0.0017y7>
O-T

Notes:
1) All equations are valid in the following ranges of the geometric parameters:
6.0<a<40.0

0.2<8<0.8
7.6<y<32.0
0.2<7<1.0
019447 < 0 < %

2) O in radians
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Appendix C
Parametric Equations for the SCF Distribution

around the Intersection of Tubular X and DT-Joints

C1 - Single Brace Axial Loading

C1.1 Parametric equation for SCF Distribution on Brace Toe

SCF(9)= C, + Ci¢+C,Cos¢ + C,Cos2¢ (0<¢<T)
C, =29.54 + 04680 + 0214y +8527 +8540 — 76.3Sin8 + 3455in0 — 070 + 017 5% — 01953%yr
_1928 _0283Y _219% 0266 +00145-L

) P) 'S 5

C, = BO¥/0y's1H0880 042 exp(~3294 + 2.07 8 — 0.055y —13.60 — 1.597” +18.185in’6
—0.138%y + 0.069Byr?) - 0.1

C, = O3y % exp(19.252 — 29.850 — 333Sin6 + 54.55Sin’6) — 0.01

C, = 0280101620~ 0131y + 2.98f° +oo7039+01512;'+1175—02739yr+°%495

C1.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C, + C,¢+ C,Cos¢+ C,Cos2¢ (0<9<T)
C, = y°8%-0262071246-00%/6 exp(0.37875 + 0.366Sin’0 — 1.674 3*)

C, = o 0310 10384105816, 088210 61,750 exp(3.576 + 2.26 3 — 0.970 — 3.985in0
+0.00077a* — 0.00065y* — 0.203t* — 0.0747 %y + 0.0539 Byr?) — 0.6

C, = "B 130y 110670571851 exp(5306 + 1.09 8 — 11.786 + 0.00084 x>
—0.00053y> +8.238in”0 — 0.099 8%y +0.03038yr*) - 0.11

C, =—168 - 0.189y +28.58in6 — 5.097* —0.369y7 — 12.55in°0 + 02504 %y
, 00785

+668L+0191%
B ) 0
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C2 - Single Brace In-Plane Bending Loading

C2.1 Parametric equation for SCF Distribution on Brace Toe

SCF(¢)=C,+C,Cosp+C,Cos2¢

/4
when 0<¢< 3 Crown Toe Side

Cy = 7295+ 3476 +01114y ~1675in6 + 003208 ~277 B_ 0.1287% +8.055in%0 + 049 Byt — 033B%yr

C, =—5.011-0.1767—0.072508—0.4365y7+ 2.19-€-+1.709%+O.2387%+%— 0'229 4
T

C, =7.777+3.44B+0.1155y—17.3Sin0+0.031508 - 2. ssﬁ-o 139+8 318in*6+0.479Byr— 0.3128%y7

y/4
when y <¢p<m Crown Heel Side

C, = —0.2774~ 0855in6 — 0.00086cry + 0.0565% g +1457 ; L2038 492 6Byr+03698%
Y

i§

Lna _ 40518 —-6916Lny +2349 271 L;" 213Lnt +317* + 0378 B2y — 0475By1>

C, =3557-0453=_

C, =-1339 - 0.00085ay +0.0557 g +1 884% L0032, 3;5 +0407B%yr — 0.643By7

B
T
when ¢= 3 Saddle Position

C, C,, C, are taken to be the average of two values from above two side equations

C2.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C,+C,Cosp+C,Cos2¢

T
when 0<¢< ) Crown Toe Side

C, = B*070y 1053505 51y 23N g exp(1.651 — 3.74 B — 1.6933° — 0.000001y* +0.0343By7>) — 08
(:l1 = _ﬂ2.868—0.441/9,y 1.5441.0.927+0.438/0Sin2.179 exp(3.146 _ 5.27ﬂ _ 00027 1,},)

C, = Bro12-0880,1321-0260206 10872 6y 10169 exp(—1.5615 — 2.8063* — 0.000547* + 0.0344By7*) — 05

T .
when 3 <¢s<rm Crown Heel Side

C,=—71463— 2557 +1538in6 — 02463y + 0.0682%+ 51 1% —7195in%6 + 0.000001y* — 0864p%y +09825%
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C, = 044369 —7.927 - 0.631y7 + 0.722% + 0.089% + 853% +0.000001y* — 12128% +15048%
C, = 8489 —2.767 +17.36Sin6 — 0265477 + 0.0859 % + 5.19% —7.878in’0 +0.000001y* — 08938% +0.989 5%

¥
when @= ) Saddle Position

CO, C. C, are taken to be the average of two values from above two side equations

C3 - Single Brace Out-Plane Bending Loading

C3.1 Parametric equation for SCF Distribution on Brace Toe

SCF(¢)=C, +C,Sing+C,Sin2¢+C,Cos2¢ (0<0<T)
CO — ﬁl.433+0.37/9,y1.582 TD.971+0.26]/95in2.105 exp(_O. 49474 _ O 399 14 _ 0' 0723ﬂ2 ,},)

C, =-71.08-15.728- O.4y—5.561+11.940+142.9Sin0—83Sin26—0.182a[3+15.89%+0.423%

+7.74%—O.818Byr

C, = [f5B/6-091, 288216 70816-063616 654 Gexp(1.0075+ 1. 56— 0.933 7% — 2.0576—0.0866 5y
+0.0258y7*)-0.4
C3 =0.3- a0.145/9ﬁl‘445+0.443/9,y1.6 T0.88+0.]71/95in2.677 gexp(_O. 9126 —0.285 TA —-0.074 1[32 ,},)

C3.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C, +C Sin¢+C,Sin2¢+C,Cos2¢ (0<9<T)
C, = oO1YOGROP0BSI0 ST 2200 6xp(—4.3011-1.458° —1.197+ 4.3Sin6—0.0485By7°) - 0.03

C, =—123.2—21.5/3+18.10+223.6Sin6—0.473ar+0.224%+21.09-§—+0.696—g+13.51%—0.020872

~124.98in0+0.00001Y* —2.47Byt+1.24f°y7

C, = —0.3422 +0.2050 - 0.029508 +0.0242 a7+ 0. 464§+ 0. 00229%- 0. 607g+ 0'0227 13
+%—o. 00026gz—+0.015,627r

C, = 0.1 287 972 3461028168277 gy y(—1.0809 — 1.763* — 0.05785y7%)
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C4 - Double Brace Balanced Axial Loading

C4.1 Parametric equation for SCF Distribution on Brace Toe

SCF(¢)=C,+C,¢+C,Cos¢+C,Cos2¢ (0<¢<m)
C, =76.07—8.61§+6.812 +10.39-14ssme—o.454l(;+0.006 r 03 %8 in6— 8;5
_0.00156% 4 233- 0324 | 0.036-L 388

p’ pr g

B 369 Y
C=exp(14879+179~ =~11066+14. 9Sin*6-0. 617E+0 04312+0.0648°72
0.075 )

_2272 4 0.00171-L -0.106829)-0.25

C, = BOR0VOyOTIIOTONE oy 115943 — 31316 + 5446Sin’0 — 26.7Sinf — 0.4447*) — 0.01

C,=0.5- [116-00910,, DIBE:0L1TI0 06MOMIB G 346 gy ) 5641 7672 +0.457*
-1.47°-11Sin6)

C4.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C,+C,¢+C,Cos¢+C,Cos2¢ (0<¢<m)

c, =54.9+0.401yr—7.79%—2.405ﬁ2 yr—0.244lel—12.47-g—93.98in 6+11.397* +58.35in0
—9.746+2.62By1-0.746By7> +0.2445%y
C =-1 1.947+5.99g—0.0156%+0.605ﬁ2 yt+25.14Sin0—13ﬂ—0.347%+1.68%+9.9ﬁ2

—0.2848°y—0. 397/37:—%—15 28in®6+2.8360+0.032y

G, =—24.86+8.02—g—0.000001y4 —0.0204%-1.3714 +40.78in6+3. 62—;—23.9Sin29+ 3.460

~1.7p+0.9388*y7-0.2468*y—1.087Byr+0.17y+0.386 8y7*
C, =0.1— [y 1020 16106506 g1y 421 Gexp(2.848—4.328-0.0325ByT*)

CS - Double Brace Balanced In-Plane Bending Loading

C5.1 Parametric equation for SCF Distribution on Brace Toe
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SCF(¢)=C,+C,Cosp+ C,Cos2¢
when 0Z¢< -72£ Crown Toe Side
C, =5.9116-0.002990" +0.102y—13.098in6+0.262 ¢ — 1.95%— 0. 1247%+ 6.528in*0

+0.49Byr—-0.332*yr

C, =-3.469-0.231y— 3.681—0.078aﬁ—0.3109yr+3.1%+0.2167%+2.1281—§+ O';%__O';zm
T

C, = 6.6489+2.975+0.0988y—14.71Sin6— 2.9%—0.117%+0.101aﬂ—0. 0008702

+6.98Sin0+0.5018yr—0.354 87
when §< o<m Crown Heel Side

C,=2292-0425Lno—2209Lnf3 - 2.481Lny +0.847 % —-0.664Lnt +13147*

+0.1507f2y+0.2382y7°

Lny

C,=2913-0623Lno —443Lnf — 6298 Lny +1.909 0 233Lnt +3.047*

+0.3858%y — 0456yt

C, =1415-046Lna —2.12Lnf — 1663Lny — 1895LnT + 1.199% — 4784 Ln(Sin)

+12537* +0.1298 3%y — 0222 Byt*
U3 ..

when @= 2 Saddle Position
Co, C,,C, are taken to be the average of two values from above two side equations
C5.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢) = C, + C,Cos¢+C,Cos2¢

T .
when 0<¢< Py Crown Toe Side

0.0533

B

C, = — Mo T 6+04710 611345 9oy 5 (0. 02281 — 0.3079 % ~0.06394%)

C, = ™'y §in" 7" Gexp(—2.5584 — -0.15128°y—0.0603Byr+0.1498°y1) - 0.5
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C, = o1 fOTR0ETIOD D05 152 Gexp(—1.79 — 0'(;5 T —0.047Byr—0.1524fy+0.149 1) 0.5

when —725 <Q<rm Crown Heel Side
C, =—2.735+0.105¢ — 0.108y +7.98in0 - 028t + 0.00199¢r> — 4.54Sin’0 — 2.03§ + 0.056%

+4.13g—0.603[3yt+ 0.26/°7+0.0000017* —3.018° +0.4378*yr

C — 15 _ aO.l21/9ﬁ0.716/9,},0.524+0.756/911.073—0.419/9Sin11.980 exp(s 352 + 0 Sﬂ + 1 210 _ 10-5Sl.n0
1 . K .
009878y + 00297 Byr?)

C, = —6.778+12.7Sin0 + 0.00192a* — 000326y — 1.087* — 5.78Sin°0 — 0142607 + 0.065%
+4.22% —0304 8% —0.6168y7 +0.000001y* +0.6158% + 0387 8%y —583°

T
when ¢@= 2 Saddle Position

C,: C,, C, are taken to be the average of two values from above two side equations
C6 - Double Brace Out-Plane Bending Loading

C6.1 Parametric equation for SCF Distribution on Brace Toe

SCF(¢)=C,+C,Sin¢+C,Sin2¢+C,Cos2¢ (0<9<Tm)
C, = "% ¥y 7% 5in>" exp(3.8862 — 4.46—1.287)

C, =-70.13-8.963+10.76+128Sin6—0.00542y* — 74.48in*0—0.06150T+ 13.39%

+0.438%+ 6.22%— 0.3818%y—1.832Byr+1.2058* ¥t

Cz = a0.259/9—0.203ﬁ1.549/9—1 70.7]2/910.691—0.485/997.66 exp(3' 88 + 1. 59'8_ 6. 47 9_ O 8081,2 + 0 78Sln20
~0.0748B%y+0.01928y7*)— 0.4
C3 = O. 3 _ ﬂ1.202+0.365/0,y1.329 ,[0.957+0.244/0Sin2.168 eexp(_(). 21389 _ 0. 48 11.2 _ 2. 17B5 )

C6.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C,+C Sin¢+C,Sin2¢+C,Cos2¢ (0<¢<m)
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C, = [rO-030 0y 813 2 284043800 61252 9exp(0.13723 — 1.793* — 1.437-0.02828y7* ) - 0.05

C,=-114.12-26.96° +160+ 200.4Sin0—112.1Sin20+18.73%+0.733%+12.7g—(;—22
—3.066ByT-4.598°y+4.998>y+1.66*yr

C, =-1.712+1.94B+0.0343y+0.7240— 2.24" +1.458° — 0.332Sin’0+ 0.00396%+1.021%—0.0059%
0. 346%— 0.0477+0. 185—;} —0.065787+0.0698Byr

C, =0.1- By 2%Gin** gexp(4.022 — 5.283—1.697)

Note:
1) All equations are valid in the following ranges of the geometric parameters:
6.0<a<40.0
0.2<B<0.8
7.6<y<32.0
0.2<£7<1.0

019447 <9 < %

2) If the negative SCF value is predicted at crown positions under single/balanced axial and OPB loading,

the compensation factor D for whole stress distribution is assigned in following rules:
SCF,,,(¢)=SCF(¢)+D

a) if SCF(0)<0 and SCF(m)>0 then D = - SCF(0)
b) if SCF(0)>0 and SCF(r) <0 then D = - SCF(r)
c) if SCF(0)<0 and SCF(n)<0, and
if SCF(0)< SCF(n), D = - SCF(0)
if SCF(t)< SCF(0), D = - SCF(w)
3) When used to predict the SCF at critical points such as hot spot, saddle, crown toe and crown heel, the
following minimum SCF applies.
if ISCFI <1.5 and SCF>0 then SCF=1.5
if ISCFI <1.5 and SCF<0 then SCF=- 1.5
4) ¢ and 0 in radians
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Appendix D
Parametric Equations of SCF Distribution

along the Intersection of Tubular Y and T-Joints

D1 - Axial Loading

D1.1 Parametric equation for SCF Distribution on Brace Toe
SCF(¢)=C,+C,¢+C,Cos2¢ (0<¢p<T)

2

1
G -6644+0305yt+285§+0653on 2395—075705,3—%+000018};2
941 Y

_7-—009816—0895——3559+608Sm29 01958y7> - 117*

B
104 00512

C, =0.7016+1390 - 645m9+02071—7— + OBy + == +00614ap

B

—02939 +298Sin’6 - 0.0998°y — 00083%—003305 000066 B

L
C, =1955-16.7Sin*0 — 0152fyr* —351Ln(xx) + 289 8% — 2.55Ln(y) + 3.52%

Ln L

+201Ln(Sin6) - 237Ln(r)+216—$—249Ln(/3)+937Ln(9)+19 "6()0‘)
L

+0.68 "(ﬁ)+207f 4 +01538%y — 0322y +0.000001y* — 497

D1.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢9)=C,+C,¢+C,Cos2¢ (0<¢p<T)

C, = —01326+0417y7 - 0.1501% — 03168y +001351ary +1757*

- 5.1% + 8457 + 4.16§ — 036208

C =3629- 1.056-;— +02280 — 7.66Sin6 + 0.0376% - 0.00696% +394Sin’0
091

+0555t-01167* —0004783;+00107ﬂ}' 02085-7
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C, = 25362~ 0341y7 +02 1% + 7.8% +02848% — 1.41% — 55272 — 0308y

0.169 103
+0.000001y* + 48.345in0 + —73?— -3038in’0 +4.260 + o

D2 - In-Plane Bending Loading

D2.1 Parametric equation for SCF Distribution on Brace Toe
SCF(¢)=C,+C,Cosp+C,Cos2¢

when 0<¢< g Crown Toe Side

C, = ~3.6487+02156yT +1616 0.203% +022y + 3.51% ~ 17972
Y o
—000194-L-— 001812
00019422 :
' = _1.8399-0.822B7+0.4318° y7+0. 3532%—0 3887+ 0;93
T
C, =—2.9616+0.21Byr—0.1894 g+o 2137+2. 54——0 00185B—2+1 216-1.047
when 12t-< o<n Crown Heel Side
C, =5.2337—0.5614By7— 5.94Sin0+0.366 8>+ 0.512%
T, 1454
B
+ 0.1427% +239¢
. 0.0528 X
€, =2.0402-0.5643yr-2.875in0~0.001 247+ = 5= +0.3556 yr+1. 395

V(4
when ¢= 2 Saddle Position

C, C,, C, are taken to be the average of two values from above two side equations

D2.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C,+C,Cos¢+C,Cos2¢
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when 0<¢< g Crown Toe Side

2

+0.111y—0.00031—7—— 0.8538%yr +0.171By7>

B

C, = 23106 - 01086%

0

+0.736y7 - 1.26% _2.73Sin

C, =-3.939-0.6697yr+ 0.147%+3.57g+7. 55+ 0.[;:59
C, =37474+02713yr - 0.1237%— 0.439%+ 08495% — 08965%y

0.063
—0.000001y* + —B?- —385S8in0 - 1.94%

when §< #<m  Crown Heel Side

C, =0.3909—0.3352y7+ 3.637g+ 0.004617 +1.15798°y—1.0068*y

C, =0.6957—3.028By7+2.799*yr—10.88 Ln(Sin6)+0.0000017* +1. 7427
! 0

C, =1.7333-1.218By7-5.63Ln(Sin6)+ 11038 yr+1.56525+0,000001
2 ) 7'

when ¢= g Saddle Position

Cy C,, C, are taken to be the average of two values from above two side equations

D3 - Out-Plane Bending Loading

D3.1 Parametric equation for SCF Distribution on Brace Toe
SCF(¢)=C,+C,¢+C,Cos2¢ (0<¢<sT)

(?’)

C, =16749+ 0416y —1324——12 10117 Byr> + 0.01 140 — 176 8°

(T)

+1904Ln(B)+248Ln(t) -122——=-01718% - 1317*

+3.76Sin’0 —38Ln(0) + 028 %ﬁ) -0.00463y?

C1 = a0.204/9ﬁ—0‘402+1.464/0,},1.14/070.786—0.719/9914.8 eXp(10.399 _ 9829 _ 0.0922ﬁ2,y
—0.0209y +0.03058yt> —3.65S5in6 +0.58 8* — 0.7267> — 0.009¢x)
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C, =78816 - 01688yr> —8.23Sin’0 — 0514y +2.64 ”{;7)—0.01705

([3) Ln(7)

+836Ln(Sin@)—346Ln(B)+134——

+00758%y +125
+7.497% +0.00585y> + 4.16 Ln(6) + 253/34 -12177

D3.2 Parametric equation for SCF Distribution on Chord Toe
SCF(¢)=C,+C,¢+C,Cos2¢ (0<¢<m)

C, = 4814+ 02551yr — 379Sinf - 0.0853% - 4.45% +1127% — 05328%

389 T
+04088%y - 7 +4.237 - 0'421_5

C, =04117+ 0.356% — 000798y7 - 0227 —g — 01787 + 01283 — 0339Sin8
00034 112
—000477X + 000399y — 0001142 - 2222 _ 222
0 0 Br Y
C, = ~2441-0283y7 — 264Sin’0 + 0.1793% +56 1% — 00160y - 0927*
+ 443Sin6 +0.00240% + 4116 ~ 10.657 +1338 % +227 g +029607

Notes:
1) All equations are valid in the following ranges of the geometric parameters:

6.0< <40.0
0.2<B<0.8

7.6<y<32.0
0.2<7<1.0

019447 <9< %

2) If the negative SCF value is predicted at crown positions under single/balanced axial
and OPB loading, the compensation factor D for whole stress distribution is assigned in

following rules:

SCF.,,,(¢)=SCF(¢)+ D
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a) if SCF(0)<0 and SCF(r)>0 then D = - SCF(0)
b) if SCE(0)>0 and SCF(m)<0 then D = - SCF(r)
¢) if SCF(0)<0 and SCF(m)<0, and

if SCF(0)<SCF(r), D = - SCF(0)

if SCF(m)<SCF(0), D = - SCF(r)

3) When used to predict the SCF at critical points such as hot spot, saddle, crown toe and

crown heel, the following minimum SCF applies.
if ISCFl <1.5 and SCF>0 then SCF= 1.5

if ISCFI <1.5 and SCF<0 then SCF=- 1.5
4) ¢ and @ in radians

340



Appendix E
Parametric Equations of Average SCF
Along the Intersection of Tubular Y and T-Joints

E1 - Axial Loading

E1.1 Parametric equation for Average SCF on Brace Toe

SCF = o*?18y 187038 5in'5% 9 exp(0.08261 - 0.031258%y)

E1.2 Parametric equation for Average SCF on Chord Toe

SCF = *?By 036571148 5in '8 9 exp(0.6787 — 0.6393)

Appendix E2 - IPB Loading

E2.1 Parametric equation for Average SCF on Brace Toe at Crown Toe Side

0.0535

SCF 10 =0.6636 +1.03Lny +2.612Ln(sin 0) +126Lnt — B

2

L
+ 0.00007% - 0.55%1 03878

E2.2 Parametric equation for Average SCF on Brace Toe at Crown Heel Side

— 1833 0.0353
SCF pea = exp(0.8406 + 0.0237yr - 7 - 0.00975% -03687* - B 2

+ 0.00145% 105087 —03924*)

E2.3 Parametric equation for Average SCF on Chord Toe at Crown Toe Side

SCF 15e = BO890607 7103 in1%7 g exp(—0.1593)

E2.4 Parametric equation for Average SCF on Chord Toe at Crown Heel Side

SCF et = Y777 5in®*% @ exp(—-0.20561)
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Appendix E3 - OPB Loading

E3.1 Parametric equation for Average SCF on Brace Toe

T

SCF = 094563+ 01209yt +1.27 sin 8 — 0499 B 010968’y + 0.000790y
Y 0107

-01099-+01639y ———
0 Y Br

E3.2 Parametric equation for Average SCF on Chord Toe

SCF = 25215 +028257T —00698-- ~ 214 +117¢* +00255az

0.0582
-2671p8° - 7
Note:

1) All equations are valid in the following ranges of the geometric parameters:

6.0 < 2 <40.0
0.2<8<0.8

7.6<y<32.0
0.2<7<1.0

019447 <O < g

2) O in radians
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Appendix F
Parametric Equations of Average SCF
Along the Intersection of Tubular X and DT-Joints

Appendix F1 - Single Brace Subjected to Axial Loading

F1.1 Parametric equation for Average SCF on Brace Toe
ﬁ =1.11850%%* ﬂ-o.372yo.4031.o.579 sin**% @
F1.2 Parametric equation for Average SCF on Chord Toe

ﬁ = 1-0846a0.229ﬂ—0.306,},0.57,z.1,14 sin].45 e

Appendix F2 - Single Brace Subjected to IPB Loading

F2.1 Parametric equation for Average SCF on Brace Toe at Crown Toe Side

SCF 10e = 13553 3%33y 06627072 gin12! g exp(—0.656T — 00334 %y)

F2.2 Parametric equation for Average SCF on Brace Toe at Crown Heel Side

SCF Het = 04809 30254y 0521705% i % g exp(—05327% — 0.0418 8%y +0.0204 Syr>)
F2.3 Parametric equation for Average SCF on Chord Toe at Crown Toe Side

SCF 10e =0.76577°%7"% sin'?" 0

F2.4 Parametric equation for Average SCF on Chord Toe at Crown Heel Side

SCF et =0.7953y°%° 7% sin'1' 9

Appendix F3 - Single Brace Subjected to OPB Loading

F3.1 Parametric equation for Average SCF on Brace Toe

SCF =305694"7y*"1'7 5in'% @ exp(-3.278 — 1.047)
F3.2 Parametric equation for Average SCF on Chord Toe
ﬁ =0.894 ﬂo.m,yo,ﬂﬁ 70986 inl$3

Appendix F4 - Double Braces Subjected to Axial Loading

F4.1 Parametric equation for Average SCF on Brace Toe
SCF = 17402 oDy 056270622 156 g

F4.2 Parametric equation for Average SCF on Chord Toe
SCF = 15699 o290y 0B 15 g
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Appendix F5 - Double Braces Subjected to IPB Loading

F5.1 Parametric equation for Average SCF on Brace Toe at Crown Toe Side
SCF 10 = 127518°3°y°%#17°78 5in'% g exp(-0.6547 — 0.0338 )

F5.2 Parametric equation for Average SCF on Brace Toe at Crown Heel Side
SCF peet = 06873 %2 y5¥7°7% exp(—0.7147 + 1.01sin 6 — 0.0327 8%y)
F5.3 Parametric equation for Average SCF on Chord Toe at Crown Toe Side
SCF 10 =0.76117°27"% sin'* 9

F5.4 Parametric equation for Average SCF on Chord Toe at Crown Heel Side
SCF 1 = 0.8328y°71% 5in'" 9

Appendix F6 - Double Braces Subjected to OPB Loading

F6.1 Parametric equation for Average SCF on Brace Toe
SCF =13771 0362y 0734 p082 in' T P exp(—1.928° — 0477%)
F6.2 Parametric equation for Average SCF on Chord Toe
SCF = 10754 B%*y%757%9%5 gin'%! g exp(—1.97 8°)

Note:

1) All equations are valid in the following ranges of the geometric parameters:

6.0< 0 <40.0
0.2<B<0.8

7.6<y<32.0
0.2<7<1.0
0.19447rs95§

2) O in radians
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Appendix G
Parametric Equations of SCF Distribution Concentration

Factor(SDCF) Along the Intersection of Tubular Y and T-
Joints

Appendix G1 - Axial Loading

G1.1 Parametric equation for SDCF on Brace Toe

pSCF = —0,0386ﬁ—0.2138+0.0963/97—0.189l+0.0757/9T—0.2026 exp(_ 1.392_000843ﬁ,}q’2 +0.226ﬁ4
+0.2777 +0.000001}’4)

G1.2 Parametric equation for SDCF on Chord Toe
-0.0638,,,-0.1775,.—0.1294

P oo = 0100y OITIS 014 3 02386 9 (9816 + 0.26098° + 0.0001 12
+0.0359%+ 0.0001a?)

Appendix G2 - IPB Loading

G2.1 Parametric equation for SDCF on Brace Toe at Crown Toe Side

Toe

pscp=0.5515+o.07319—0.00473%+0.1 159?:;+0.01536ﬂ2 7+0.003367—0.01078°y

G2.2 Parametric equation for SDCF on Brace Toe at Crown Heel Side

Heel

L
plel =1099 +0.0236Lny + 0.087Lnf + 0805 Ln(sin ) + 0.0561 %" +0.0189 L’;a

00934 % +0.0928Ln7 — 0.07555* — 04415in6
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G2.3 Parametric equation for SDCF on Chord Toe at Crown Toe Side

T
pT = 07651~ 0.00443% +00872

0032
+0002028%y7 - 0.0267% - 0.0918§ —0607sin6+05627 + OE':’ !
+01685~ 0.00012# +03595in” 0 — 005246 + 01247* + —0'%0157

+0.00622y — 0496372 —01158°

G2.4 Parametric equation for SDCF on Chord Toe at Crown Heel Side

L

phed = 05664 +0.0609Lny + 02557 Ln(sin 8) + 0.00253By7> + 00206
L

—0.08250° +0.0648Lnf3 — 0.0399 %ﬁ

Appendix G3 - OPB Loading

G3.1 Parametric equation for SDCF on Brace Toe

pSCF = a—0.0294ﬁ—0.2389+0,098/9,y—0,0936 Sin—0.3995 eexp(_1.442 _ 0'01 109ﬂ2,}’r)

G3.2 Parametric equation for SDCF on Chord Toe
pscp — a—O.OSZﬁ—0.35+0.216/9,},—0.11161.—0.0708 Sin—0.594 96Xp(—1.418 _ 000868ﬂ2,y)

Note:
1) All equations are valid in the following ranges of the geometric parameters:

6.0< a<40.0
0.2<$<0.8

7.6<y<32.0

0.2<7<1.0

01944 <0<

(SRR

2) 0 in radians
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Appendix H
Parametric Equations of SCF Distribution Concentration

Factor(SDCF) Along the Intersection of Tubular X and DT-
Joints

Appendix H1 - Single Brace Subjected to Axial Loading

H1.1 Parametric equation for SDCF on Brace Toe

pscp = 0 3 1 35a—0.0347ﬂ0.0962/0—0.234 ,},0.0759/0—0‘199 T—0.0809 exp(O. 224ﬂ4 _ 0 00375[3’}’52 )
H1.2 Parametric equation for SDCF on Chord Toe

Pscr = 0.3814 7074200616024 770051 x15(0.000038 0" +0.343f° +0.0076 )

Appendix H2 - Single Brace Subjected to IPB Loading

H2.1 Parametric equation for SDCF on Brace Toe at Crown Toe Side

ple = 01381 (0014218 B-0053916,, 006616 LO0RTIE i1y 05§ 0y () 2643
+0.00595y +0433Sin0)

H2.2 Parametric equation for SDCF on Brace Toe at Crown Heel Side
p;lé;! = 0.2322ﬂ0.124,y0.0944/01.0.122—0‘114/9 Sin0.669 eexp(_0'105ﬂ4 + 0.00123ﬂ2,},)
H2.3 Parametric equation for SDCF on Chord Toe at Crown Toe Side

p;'g; = O~3296ﬁ0] l9—0.089/9,},0.0879—0.0621/01.0.0478/0 exp(_O.lsgﬁS _ 0.00000003,}/4
—-0.05277* + 0.00722Byr* — 0.3965in 8)

H2.4 Parametric equation for SDCF on Chord Toe at Crown Heel Side
p?é;f — 0.2165a0.0161B0.139,},0.0996T0.0444 Sin0.233 eexp(_ozogﬂ)

Appendix H3 - Single Brace Subjected to OPB Loading

H3.1 Parametric equation for SDCF on Brace Toe

Pocr = 0.2276/300%526-0299,, 0142 00634 3, 0376
scr = V-

H3.2 Parametric equation for SDCF on Chord Toe

.0364 20.176/6-0. .1 -0.271,,.-0.0749
psCF =0.2753a_0036 ﬂO 7616 0382,},0 04/6-0.27 T
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Appendix H4 - Double Braces Subjected to Axial Loading

H4.1 Parametric equation for SDCF on Brace Toe
Pscr = 0195987187018 5in 0% Gexp(0.278° — 000933y +0.127* - 0.01698y7?)
H4.2 Parametric equation for SDCF on Chord Toe

Pscr =03 16637034y ~02657-0176 iy 0363 g

Appendix HS - Double Braces Subjected to IPB Loading

H5.1 Parametric equation for SDCF on Brace Toe at Crown Toe Side
p?’c;‘ =0.2276060'0147/9[30'072_0'0729/9’}’_0'0385/910'0896’0exp(O.l 56ﬁ+000443y)

H5.2 Parametric equation for SDCF on Brace Toe at Crown Heel Side

.0193/8 120.0686+0.0457 .01 .071/ .11-0.102/6 :  0.536
p?é;f=0.2187a°° 3/ ﬂ008+004 /9,),00 68+0.07 BTO 0.10 Sln053 9

HS5.3 Parametric equation for SDCF on Chord Toe at Crown Toe Side

pgg; = 0.2346ﬂ01 3—0.0973/9Y0.0792—0.0478/9,L.0.051 9/90—0.137 cxp(—()l SBS _ 00000000374
—0.05427* +0.007128y7%)

H5.4 Parametric equation for SDCF on Chord Toe at Crown Heel Side

pgé:f = 0.1864a0.0252ﬂ0,0542,y0.0852TO.O441 sinO.ZOS 0

Appendix H6 - Double Braces Subjected to OPB Loading

H6.1 Parametric equation for SDCF on Brace Toe

Pscr = 0.2894 30054216 ~0.0683 50314 9 exp(—0.539 8 — 0.00886Y)
H6.2 Parametric equation for SDCF on Chord Toe
pSCF — 0' 2592B0.181/9—0.275 ,},0.106/9—0.228 T—0.084 exp(_O. 0 143ﬂ2 ,},)

Note:

1) All equations are valid in the following ranges of the geometric parameters:
6.0<1x<40.0
0.2<B8<0.8
7.6<v<32.0
0.2<7<1.0

01944 <6<

(ORI

2) 0 in radians
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Appendix I
Deepest Point SIF Parametric Equations for
Semi-Elliptical Surface Crack in T-Butt Welded Joints
using Niu-Glinka Weight Function

Appendix I1 -Subjected to Tension Loading

K =Yo+/(7a)
a aY (a\®
reeneragrc(5) )
0.056 -0.0459/ax 32
c0=—(ﬁ) (5) exp(03653— 29888 , 0 67(3) 02234 0.00002
c

T DIENC
oot B8 -onBIE1)

T

P

L)

( J ) (_ 00114 ’

_o508 T 0153 6 0e3 L, +0.927(3J
C

B A
)

Ln(
o

T

N

a

+0.00001—2 + 0057 1(5)(
P T
%)

L
Ln(;)
-013 137 + O.474Ln(

) -0150 1Ln(£) +0.0494
c T

)

) _ 7.749(“) _ 00489 | 1308 (%)

0

o |8

C, =-166786—-45 188Ln(

o |9

L
Ln(;)
+00417—22 4 1.559(3)
o T
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002388
C, = ~0.4069 + ——<— — 0123Ln(cx) - 0.26( p J(%) + 0.0874(—3—) + 0.80205(%)

T
00001 0.00113
+0.00951 -;— —-0.0073 S(EJ(E) 2 + - 0.0173Ln(£]

e () '

Appendix 12 -Subjected to Bending L.oading

K =Yo(ma)

2
Y=C,+C, % + cz(%j + qm(%)

L
Ln| —
0402 0.0001 2 ( ]
C, =-1228+ 00402 000 29 +77 10{3) - 0.801(3) a+03245—12
(é) g T C o
T c
2
(B)
. L
L j 002991 1.523a(3) _1281° L2 0.2723[—)
c (L) T

ol 283 g
(2

T
T
- 4.25(3)05(3] ~1296Ln(qr) - 0115~~~
T c o

a
00122 (”) 02154 *
C =254+ 200122 1517 % _D214 10.87(%) - 13.730{%) - 2.054(%

2 9 c

2
(B)
aY L
+3166Sin(ct) +85 I(Z) + O.405Ln(—T—) +29]1-——%

9
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044237

2

0.0348

9

exp(0.3346 —

C, =02593+

+01 224Ln(§) +

N~

]
)

G

| bt~

n[a ~

—4.2(3] +01981—<2
C
L

T

2
- 0.866(3)
C

—576( J —0.00046

0.00285

€]

+221 an( ) 01571

P
T) 000194

A

p

< (2

c

L

G

- 0.0828 —=
o

)

3
+9.09(3] + 0085
Cc

0.00416

-0472

2
EONC]

Note:

9

[

L

L

1)
)

- 359(—
T

a

1) All equations are valid in the following ranges of the geometric parameters:

2) o in radians

Y/ T
—<o<—

6 3
0.0IS§S0.066

0.1577S£S4
T

<1

0<4
C

if 0<a/c<0.2 then a/T <125(a/c+06)

ifalc20.2 then a/T<1
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Appendix J
Surface Point SIF Parametric Equations for
Semi-Elliptical Surface Crack in T-Butt Welded Joints
using Wang-Lambent Weight Function

Appendix J1 -Subjected to Tension Loading

K =Yo/(ma)/ O

1.65
O=1+ 1.464[—‘:—)

e cro(2)oc(e) )

L% 001333 0021
q;(;) exp(01733~ 271( )( ) 067405(%)

5 #

1427(%)2 000009 . (p)(L 000112( +00223(
o (g) (%) (r)(r)” (

.
ot Eedil

)
—0.111( ) )
o c
3
C = 166+3992[£) 0000(2)7-24.06[3)(3)—0.925(3)
c (ﬁ ) T \c c

C

)
J

o IQ 'ﬂl'b

+005(

o B
RS I A
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)1.5 000204

)

05
C, =0411- 0.6355(%) + 0.0795Ln($) - 0.02830{%)(3)

c

)2 000152 00193

U

L)

+ 0.462Ln(%) - 4.34(

S|

(el .. 42

+0.356a(? : (ﬁ) + (£
¢ T

P [a
+ 2.44(3)(5J _ 000015 05\ T L 0o1195—C2
T A\ c ) a

Bome
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Appendix J2 -Subjected to Bending Loading

K= Ya,/(m) /0

1.65
Q=1+ 1.464(3)
C

a
Y=C0+Cl(7) ( ) +CLn(T)
a 0.0346/@—0.2513 .2789 a
C0=(—) ( ) exp(—09655+2065[ )+1413(p )( )
c T A\ c
GG
—000143~L2 L 00135~ T2

i

RN C Y O D)
e8]

T

'ﬂla

'ﬂlh

- 10.59(

| QlQ

t:|a

C, =28658+11 187Ln(

(a)

— 4 2

+0.00002 —— — 027152 _05 15(3) +427 1(3) | 000009 5.4(3)
(04 C C C

) o
om0

0.00118 002893 03
C, = 8866 2672Ln( ) 5 4125( ) ——+13,07(3)
(TJ

S

p
+0.081Ln(p )+00235 _00387—T/_ 009
T o o Sin(ot)
L L
00722Ln = |- 00293 =
+007 ”(T) (T)
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0.1048/x—0.4478 0.404-0.0959/¢cx
003625 0109
C,= 0.07-(%] (%] exp(~1703 - _

2 &
s (7) |

]2
) — 0005622 + 0,056 ( 000021 _ 0,759(_2)(5))

16 OO R G T

ala [N

Note:

1) All equations are valid in the following ranges of the geometric parameters:

0.0IS%S0.0%

0.1577S£S4
T

2) & in radians
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Appendix K
The Deepest Point SIF Parametric Equations
for Semi-Elliptical Surface Cracks
at Saddle Position of Tubular Welded Joint

K« =(Y"Rr + DoB

Rr=DoB; R.=0.5Cos(— )+0.5

Appendix K1 -Subjected to Tension Loading

/ = E.
r Xp T
(ZHYOBY Q
C=-|» exp 0.6805- 0'02525
T
Q =2.833—O.144j|-]+9.631[—] -10.49f-1 -2.051"~ + -0.0428"
c c] U j X a\ L\ a
q =-6.798-3.289Ln|*J +9.034]~ |+- -2.772 - - +0.0185-"+1.248™
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02331 4
C, =-009611+ 002331 0.2307Sin(cr) - 01577, f [3) + 0.671a(—p-) - 0.663(gj
_L_ c T c
( T)
(E)

3 L
+ 0.757(3] +003 15Ln(3) +000956-L2 _ 0.0237Ln(—-)
c c o T

Appendix K2 -Subjected to Bending Loading

2
YS =C,+C, (%) +C, (%) + QLn(%)

a
C,=-1525— 0.481a(§] + 0.2098(5) _ 000018 ), 01316 3.07[3) + 2658
o

T (%)2 | (?) ¢) " Sin(a)

L L pY
00246 aY' In 7 T Ly p T o\ a
+2 +l.96(—) +0.264—a-——0.344——0.00419(7] +659a(?)—11.49——259( )[—)

o a gk

+ 2.035(3J ~0.055
C

15 3 4
C, =4.042- 13.72(3) 0098, 02P OB, 23.32(3] - 13.4a(£] 4200066 13.1(5)
(4 c

D= T

2
I I )
~03483 +O.434Ln(7)+25.4 +01231—6 +1.33Ln(a)+6.12(§)a[5)
(04 C

’ (%)
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0.1457/0/ T\ 0.146

A._(!). I) “p.521-0366 (7 al

Note:

1) All equations are valid in the following ranges of the geometric parameters:

0.01 <-t-< 0.066
T
0.1577<-<4

T
0<-<1

0<.<08
T

2) a inradians

358



