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ABSTRACT

This thesis presents a nonlinear Finite Element analysis of

welded tubular connections, addressing several areas of recent

interest in the field.

A comprehensive study of multiplanar axially loaded T-DT
joints in both CHS and RHS was undertaken to add to the available
knowledge and interest/activity in the field of multiplanar
connections. Sections of this study are supported by earlier
experimental work undertaken at Nottingham (not by the author)

and from a combination of these and FE results, a series of design

rules to supplement the current IIW planar design formulae

developed.

Analysis of the effect of brace angle on the difference between

axially loaded T and Y joints was undertaken to resolve differences

between current codes of practice.

Finally an analysis of a family of partial overlapped RHS K

joints was undertaken to ascertain the effects of boundary

conditions, brace angle, P ratio, reversal of loading and hidden weld

on the ultimate capacity and performance of such joints.

All of the FE work was undertaken using ABAQUS, inclu-

ding both geometric and material non-linearity. Recommendations

for further work are made.
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CHAPTER 1

INTRODUCTION

1.1 Introduction - Tubular Sections - A Brief History of Research.

The popularity of structural hollow sections has increased
considerably world wide in recent years due to their increased
availability and structural advantages. Their particular advantages
are their high strength weight ratio upon subjection to axial load,
their aesthetic advantages from an architectural point of view, ease
of maintenance (smaller surface area to paint) and less surfaces for
ponding of water and hence corrosion possibilities and their

relatively high second moment of area, I in all directions which

gives good resistance to axial buckling.

There are several problems however associated with the
relatively thin walls which are susceptible to collision damage and
in particular to the difficulties of formation of the joints between
the members. Such arrangements can cause high local axial or

flexural stresses at various points in the member walls. In the case

of circular hollow sections (CHS) profiling of interconnecting

members is often essential.

This had been a major problem with CHS but with the

development of square and rectangular hollow sections (RHS) the

practical difficulties in the fabrication and profiling of the joints



have been largely overcome with a consequent reduction In
connection cost. This has led to a substantial increase in the use of
RHS in off and on-shore situations. CHS however remains the
main form for constructing offshore oil and gas platforms due to
their better resistance to the wind and ocean loading. CHS's also
possess the same radius of gyration and second moment of area In
all directions giving them greater stability against buckling when
acting as struts or columns. This is particularly valuable for
structures where environmental loadings are of paramount

importance.

Both CHS and RHS connections have therefore been the
subject of considerable research effort in the past 30 years using
experimental testing. Significant theoretical work based on yield
line theory has been used for RHS joints. More recently non-linear

FE analysis has come into its own as a research tool. Dissemination

of the results of this research has been aided in the last ten years by a

series of International Symposia on Tubular Structures.

1.2 Factors Governing the Design of Tubular Structures

The design rules governing the behaviour of tubular steel
structures cover two main areas. The first of these is the ultimate
static strength of the structure, that is to say the loading magnitude
that will cause total or partial collapse of the structure. Naturally
this is of paramount importance to the designer and determines the
geometry and material properties of the structural members
selected. The second major factor is that of the fatigue life of the

structure. This is particularly important in offshore situations

where structures are subjected to a large amount of cyclic loading



through wave and wind action. This generally leads to crack
propagation around the weld toes in the joints, leading to loss of
structural integrity. The main problem for the designer is therefore
to predict how long it will be for a crack to emerge and then when

will the joint be no longer fit to fulfil its purpose and repairs

become necessary. Fatigue design is not such a major concern in

most of the on-shore situations since significant dynamic loading is

not usually so common.

1.2.1 Static Strength Design of Tubular Connections

Design of structural members is well understood both in
practice and in theory; however, this is not the case for joints and
connections. However several design guides have been compiled
using combinations of experimental test results, backed up where
possible by yield line theory. A review of the current guides

available is undertaken here, this being split into two sections, the

first dealing with CHS and the second with RHS.

1.2.1.1 Static Design of Joints in CHS

Static strength recommendations for CHS joints are entirely
based on statistical analysis of test databases. Several codes of
practice are in existence the three major ones being :-

1) HSE (Health and Safety Executive -formerly Department of

Energy): Background to new Static Strength Guidance for Tubular
Joints in Steel Offshore Structures (1991).



2) API (American Petroleum Institute): Recommended

Practice for Planning, Designing and Constructing Fixed Offshore

Platforms. API RP2A, 19th Edition (1991).

3) IW Document XV-701-89: Design Recommendations for
Hollow Section Joints - Predominantly Statically Loaded (1989).

The first two were created primarily as offshore design guides
while the IIW recommendations were developed for conventional
rolled hollow section for use in on-shore situations. These
recommendations have been adopted for use in the Eurocode EC3
(1991) rules for tubular joint design presented in Annex K.

Perhaps the most useful of these is the HSE document (1990),
as it provides an understanding of the approaches used for CHS
code derivations. Here, joints are considered as belonging to a
particular family, as shown in Figure 1.1. A review of the available
experimental joint data is provided, accompanied by a certain
amount of screening for data where doubts exist about its validity,
or the information is incomplete. Various scatter plots are then
established in order to quantify the effects of the parameters on joint
capacity. Addition of constants after the creation of lines of best fit
through the data and statistical adjustments to ensure conservatism

results in the formulation of the design capacities for the joints.

Similar techniques are used for the other design codes.

1.2.1.2 Static Strength Design for Joints in RHS

Design for RHS joints is covered in only one of the three
guides formulated, that of the IIW. As for the CHS guide many

recommendations have been based on experimental work, but a

significant number of the design recommendations have been



backed up using the yield line theory approach, for example Davies
and Roper (1975), on gap RHS K joints.

Experimental testing is time consuming and expensive and
recently there has been a growth in the use and popularity of non-
linear FE analysis for assessing joint ultimate behaviour. Difficulties
and differences in modelling approaches adopted have as yet
restricted the application of its results for use with the experimental
databases. It remains however a useful technique for analysing
trends in results due to the fact that models can be analysed rapidly
and relatively inexpensively. The growth in popularity is easily
illustrated in the increase in the number of papers using FE analysis
in the series of Proceedings emanating from the International
Symposia on Tubular Structures (1990, 1991 and 1993).

The content of this thesis is concerned with the ultimate static
strength of both CHS and RHS joints using the FE method as the
main tool for the investigation. However before going on to review
here the main classifications of joint types, their particular

characteristics and modes of failure, a brief summary of the basis

used for fatigue design guidance is given.

1.2.2 Fatigue Design of Tubular Connections

Fatigue design of tubular joints is generally based on the

evaluation of Stress Concentration Factors (SCF’s) at the member
Intersections. These SCF’s are usually expressed as the ratio of the
peak stress (at some point in front of the weld toe on the chord) to
the nominal brace stress under service loads. The fluctuating stress

range undergone is obtained by multiplying this SCF by the

nominal brace stress in the worst loading cases. This stress range is



then checked using an appropriate S-N curve (Stress to No.of cycles

to failure) in order to estimate the fatigue life of the structure.
Several sets of equations have been used to present the SCF’s as
these vary with joint configuration, and are generally derived from
acrylic model tests, steel model tests or linear elastic FE analyses.

Among the most frequently used equations are those proposed by

Efthymiou (1988) and Smedley and Fisher (1991). A review of many
of these equations including the benchmarking and calibrating of
these (to test results not used in deriving the equations) was

undertaken by BOMEL (1993) as part of their joint industry tubular

joints group activity.
1.3 Modes of Loading and Failure in Tubular Connections

In practice joints are subject to three different main loading

conditions. These are illustrated in Figure 1.2. For most truss

structures the main loads are axial and these form the basis of the

failure mode descriptions.

1.3.1 Modes of Failure in RHS Connections

For RHS joints with branch to chord width ratios (B) < 0.85
(that are not overlapped K joints) the mode of failure in
compression is generally associated with a local punching-in of the
brace into the chord connecting face. Tensile failure is often

associated with the opposite mode, i.e with the outward

deformation of the local chord face. Ultimate tensile load is often

reached when wall tearing occurs at the weld toe. This failure mode

. : : are
and typical load vs indentation plots can be seen andkdescribed more

6



fully in Chapter 4, where FE modelling of B = 0.6 ratio joints is

considered. This kind of failure involving one of the chord faces

lendsitself to the application of yield line theory for T, X and gap K
jointsuzg;f several researchers (Davies and Roper (1975), Davies and
Morita (1991)).For joints where B > 0.85 compression failure of the
joint is more often associated with the instability of the chord side
wall as the punching-in becomes impossible for B =1.0 (i.e braces

and chord are the same width). In these cases the chord sidewall can
act in a similar manner to a strut where axial loading is applied.

This is illustrated in Figure 1.3. For overlapped and partially

overlapped K joints failure modes are more difficult to determine

and combinations of different modes of failure are often seen. These

are discussed in more detail in later chapters but punching-
(Rqure 10.2)

in/pulling-out of the through’ brace/is often observed along with

failure of the braces in the region of the overlap. Tearing of the weld
around the toe of the tension brace may occur depending on the
loading pattern while failure of the chord beneath the heel of the
tension brace has also been observed (Bensalem 1989). In the failure
modes of overlapped RHS K joints discussed briefly here it has been
assumed that the two braces comprising the joint are of the same
width. Should one of the braces support a lower width section then
other modes of failure such as punching-in between these members
may occur. Details of the basic modes of failure for the fully
overlapped K joints are discussed by Roodbaraky et al (1990) and

Bensalem (1989). These are rgstated for the case considered in this

thesis of partially overlapped as opposed to fully overlapped K
joints.



1.3.2 Modes of Failure in CHS Connections

Failure modes for CHS joints are generally more complicated

than those for RHS joints as they do not possess the flat faces. They
show much more global ‘ovalisation” at failure for medium f ratios
(0.4 to 0.8). At very small B ratios (<0.4) where the footprints of the
braces are almost flat a local ‘punching-in’ or ‘pulling-out’ similar to
that associated with RHS joints can occur. These two modes of
failure are illustrated in Figure 1.4 for T/Y, X and gap K joints. For
larger B (i.e B > 0.8) ratios the problem becomes more complex and
failure can be heavily dependant upon the degree of cut-back in
evidence on the joint. The cut-back is caused by the curtailment of
the brace member before it reaches its wall theoretical intersection
point with the chord. The difference between theory and practice on
cut-back is illustrated for the full width DT or X joint in Figure 1.5.
Here the failure is likely to occur with the small section of the chord
PP acting as a strut in compression, deformations being a local
flattening of this. For gap K joints of large B ratio failure is likely to
occur by a shearing across the gap combined with a tearing of the
chord at the weld toe of the tension brace. This is illustrated in
Figure 1.6. These failure modes for high B ratio joints are illustrated
clearly in the test program undertaken by Billington Osborne Moss
Engineering Limited (on-going and confidential) under the ‘Joint
Industry Tubular Frames Project’. For overlap and partial overlap K
joints in CHS failure modes are much more difficult to identify and
are often a combination of several of the types described for RHS.
The main content of this thesis concentrates on a series of

Investigations on various joint configurations. The motivation for

examining these joints is recorded in Chapter 2 but a more



thorough analysis of the techniques used to assess and resolve these
problems is presented here. The Finite Element Analysis (FE)
method has been an accepted method of analysis for a number of
years now. It has in particular been used in determining stress
concentration factors (SCFs) in tubular joints for application to
fatigue life calculations, a review of much of the available data

being undertaken in BOMEL (1993). Such analyses are linear elastic
a common assumption in many engineering problems. However
with the rapid development of computers in terms of space and
speed and the emergence of non-linear FE analysis packages, for
example ANSYS (1992) and ABAQUS (1991), ultimate strength

analyses involving both material and geometric non-linearities can

be undertaken.

1.4 Finite Element Methods

1.4.1. Non-linear Structural Analysis

Many engineering problems are assumed to be linear;that is to
say that the displacements of the whole FE model are assumed to be

infinitesimally small and the material is linearly elastic. However if
ultimate behaviour ofsiteSbular joints is to be examined then the
displacements will clearly not be infinitesimally small and the
material behaviour will not be linearly elastic. The most general
case which should give correct solutions is where the material and
model is assumed to be subject to large displacements and large

strains, the material properties here also being non-linear (i.e
plasticity can occur). The use of a more restrictive formulation can

be applicable in certain situations (i.e linear elastic analysis with



small displacements in determination of SCF's for fatigue life
analysis) with the advantage of much reduced computing time and

disk space and still give reliable results.

For the subject of this thesis - an examination of the ultimate
static strength of tubular joints, combined material and geometric
non-linearity must be considered. Material non-linearity arises
from an elastic-plastic stress-strain relationship while geometric
non-linearity arises from changes in the original geometry.
Generally the mathematical techniques that can be used to analyse

one of these types of non-linearity are applicable to others. The

method of arriving at a solution involves trial and error. A trial
solution is selected and then used to calculate stresses and forces,
equilibrium is checked and the procedure repeated (iteration) until

a specified accuracy (or convergence) is reached.

1.4.2 Finite Element Theory

The aim of this section is not to provide a detailed description
of FE theory which can be found in many textbooks (Zienkiewicz
(1977) and Stasa (1985)) but to give a brief outline of the basic
principles involved to enable the reader with little or no knowledge
of the FE method to have some appreciation of the method in
relation to simple problems and the procedure by which more
complex FE models are constructed and analysed. Brief
characteristics of the elements used within the work in this thesis
will also be discussed.

To simplify the explanation of the theory a two-dimensional

truss problem will be considered, taking one element from that. It
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can be appreciated that for larger problems, the formulation can be
simply built up by repetition.

Consider the following truss problem in Figure 1.7. Taking
element e and labelling the ends in the general notation i and j the
possible forces and displacements at the nodes are shown in Figure
1.8. Here x’ and y’ is the local axis system for the member, Uy, V{’, Uy
and Vj’ are the respective member end forces and uy’, vi’, uj’ and vy’
are the respective displacements at the member ends. Using P = kd

where k is defined as the stiffness (AE/L in the linear elastic case)

we can establish the member end forces in terms of deflections or

vice versa. e.g
U/ =AE(y-y/)/L and Ui =AE(uf-y)/L

These can be assembled into matrix format as here

1 0-10 u;’ Uy’
AE 0 00O Vi’ - Vi’
L 1010 ui’ - Uj'
0 00O Vj’ Vj’
which can be writtenas [K& ][a®’ ] =[ fe' ] [1.1]

and K¢ can be expressed as

[Ke’i.i Ke"i.j]

Ke'ji Ke'j,] 22l

This can be performed for each element or component of the
structure and each must be converted to the global co-ordinate

System to enable all the elements to be compiled together in the

whole model.
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Let a¢ = Ra® where a® is as before, a¢ is the displacement
vector in terms of the global co-ordinate system and R is the
direction cosine matrix that can be used to convert from the global
to local co-ordinate systems and vice-versa. It is not felt worthwhile
to detail the mechanics behind the establishment of R here but
derivations of it for particular problems can be found in many

textbooks, for example Stasa (1985) and Rockey et al (1983).
Similarly fe’ = Rfe where fe is the force matrix in the global

coordinates.

Using [1.1] Ke'Rae = Rfe
RTKe'Rae = f€
Allow Ke = RTKe'R then Ke€ae€ = f¢€

Once this is completed for each element the whole structure
or body being analysed is re-assembled from the elements

comprising it. The whole essence of this step is that it is based on
compatibility, i.e displacements at a node on an element must equal
those at the same node on a different element. The equation system
can then be solved using any of the usual techniques. Obviously as
problems become large and three-dimensional these equations
become impossible to solve manually and hence the requirement
for computers with large capacity. This has until fairly recently been
the main factor in restraining the use of FE for structural analysis
up to ultimate loads.

As an example of the reconstructing of the problem, the

simple truss in Figure 1.7 is considered and the nodes and structural

12



elements are labelled as in Figure 1.9 then we have three elements

each having a corresponding stiffness matrix Ke of :-

K(l)1 1 K(1)1 2]
' ' Element 1
[ Ky 1 Kby 4

' } Element 2

] Element 3

The structure stiffness matrix, K2 is then assembled as follows

K@y, K@, .. K@y

where N is the number of nodes

In the above example the structure stiffness matrix terms

become:
KO3 4 K2)3 5 K2)3 3 + K33 5

The above procedures have not considered how to
apply the necessary loading, provide for boundary conditions to the

structure or, how these are taken into account. As for the compiling

of the stiffness assemblage matrix the applied nodal forces matrix
can be assembled. Forces must be resolved into their global axis

components. For example for the truss in Figure 1.8
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0 Fx

0 Fy
0 Fy

fa = | 100 Fy
0 Fx

0 Fy

In a similar fashion boundary conditions can be applied to
nodes. Several procedures can be used to do this, two of which are
covered in Stasa (1985). Basically the systems of equations within
the matrix are modified to ensure the displacements of the node at
which the boundary condition is required (in the original problem
formation/stiffness matrix calculation an unknown) is given the

specified value. Frequently for many problems this is zero. For

example at node 3 in our truss (Figure 1.8) ux = 0 and at node 1 ux =

uy = 0.
1.4.3 Steps in Creating and Analysing a Finite Element Model

The aim of this section is to give the reader some idea of the
time and effort and alternative methods of establishing a Finite

Element model of a tubular joint/connection. Particular reference
will be made to the ABAQUS FE package as this is the one used for

all the analyses described within the thesis, but similar techniques

apply to other packages.

1.4.3.1 Constructing the Model Geometry

Originally, models had to be generated by keying in the
coordinates of principal nodes and using commands available to

generate nodes between these. Elements are constructed from

nodes and again with pre-planning, work can be kept to a

14



minimum by generating elements in a regular fashion. This
method is cumbersome but for regular shapes involving largely
straight (i.e RHS) sides it is reasonably efficient. For CHS however

regular layout of nodes and elements becomes much more difficult

to achieve at the planningy.especially if the mesh is to be graded (i.e

made finer around the tubular intersection). Many hand

calculations would also be necessary to define the intersections

between chord and brace members.

These difficulties have been overcome by the introduction of

geometric modelling and mesh generating packages such as

FEMGEN (Femview Limited 1990) and SDRC-IDEAS (1990). These

packages can be used to generate meshes onto a system of geometry.
The user inputs key geometric points which are then connected via
lines and arcs, which are in turn used to generate surfaces. Special
facilities allow surfaces to be intersected automatically making light
work of problems such as the intersection between members
described above. The user can then select certain surfaces or parts of
surfaces and generate elements onto them. Control of the mesh
density is exercised by specifying any number of parameters, a
common one being the number of elements per line/side of the
region. These packages have the ability to transfer the node co-

ordinates etc and elements to the input deck of any of the major FE

suites ( e,.j ABAQUS 1991).

1.4.3.2 Additional Data for the Analysis

After the initial construction of the model the remaining data

and information required to enable the model to be analysed must
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be added. This information falls into four main categories and each
one will be taken in turn.
(i) Material Properties: The definition of the relevant material

properties must be performed. For an ultimate static strength
analysis these include the elastic (Young’s modulus and Poisson'’s
ratio) and plastic yield strengths and definitions of any further
strain hardening properties that the user wishes the material to

possess. Elements must also be labelled to a particular material type.

(ii) Boundary Conditions: Establishment of symmetry
restraints on various nodes or nodesets as required as well as pins,
directional restraints etc must be done.

(iii) Loads: Loads, their type (dynamic, static), their form (ud],
point, line etc), their method of application (ramp/step) and the
parameters that define when the analysis is to terminate (at a

certain load magnitude, at a certain displacement , at a certain

convergence etc) need to be added.

(iv) Output: The data output in terms of hard copy, file output,
displaced shape and mesh plots must be defined.

Options exist within generating programs such as IDEAS to
define these items there. As each of these requires at largest 15-20

lines of input however they do not consume significant amounts of

time in model preparation and can be easily added to the input deck

after it has been written in ABAQUS format.

1.4.3.3 Mesh Generation

Having mentioned methods of mesh generation it is perhaps
apt here to touch on a few items concerning the actual size of the

mesh. There is no hard and fast rule for determining the number of
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elements and refinement but there are a few aides and accepted
procedures for good meshing in order to obtain credible results.

It is accepted practice for each problem encountered to
undertake a mesh convergence study. Meshes of different densities
are tried and the results are compared. Beyond a certain refinement
(i.e a NO of elements) it is often found that increasing the number of
elements no longer has any effect on the accuracy of the solution.
Two convergence studies are undertaken on the main models in
this thesis but other well documented examples can be found in the
literature and many of the Delft reports (de Koning et al 1992, Vegte
van der et al 1991) on joint testing and finite element modelling
contracts.

In tubular joints problems where high stress gradients occur
in the brace-chord intersection regions it is necessary to grade the
mesh. A fine mesh is maintained in the intersection area where
failure occurs and accuracy is most critical, but a reduced
number of elements is used in the outer regions of the brace and
chord where stresses are more uniform and accuracy less critical.
This is not strictly necessary but if 50 % of the elements can be saved
cpu time can be reduced by 60 to 75% with very little loss in accuracy
providing care is taken. The reader need only look at any mesh
contained within the finite element papers in the ‘Tubular
Structures’ conference proceedings (1990, 1991 and 1992) to observe
examples of this grading,

It is also accepted as good FE practice to keep the aspect ratios
(for a shell element length to width ratio) of the elements as low as
possible (ideally one to one) . This is to say that long thin elements
should be avoided where at all possible. Where practicable this is

adhered to in this thesis, although in certain cases this has proved
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difficult, other researchers also having the same problem. This will

be discussed in more detail as it arises.

Due to the large computing capacity required for the operation

of finite element packages a workstation such as a SUN SPARCII or
a mainframe computer (if there are likely to be several parallel
users) is necessary. At Nottingham computing capacity is met by an
ICL VAX mainframe, although capacity for jobs is artificially limited
to ensure fairness and equality between the users of ABAQUS.

1.4.4 Main Elements in Use

Generally in Finite Element analysis there are three main

types of stress displacement elements, solid, shell and beam as

described briefly below.

1.4.4.1 Solid Elements

These are the basic volume elements available within the
program and consist of linear and second order (quadratic)
elements. There are three basic forms available within ABAQUS:
truss elements (can transmit axial forces only with three
displacement degrees of freedom), plane stress and strain elements
(with two planar degrees of freedom) and three dimensional solid
elements of either tetrahedral, triangulax‘?;(‘mg;L brick formats, these

element nodes having three displacement degrees of freedom.

These solid elements (triangular) are used to model the weld in

several cases in this thesis.
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1.4.4.2 Beam Elements

These elements allow for bending and stretching and are most
useful in modelling of whole structure such as offshore jackets.
They are available within ABAQUS in two different formats, in-
plane (two displacement degrees of freedom and one in-plane

rotational degree of freedom) and three dimensional where all six

degrees of freedom are active.

1.4.4.3 Shell Elements

These elements generally have five degrees of freedom per
node, with rotation in the plane of the shell element not considered
although some, including the shell section elements used in the
analyses contained within this thesis contain six degrees of freedom
per node. As shell elements are the main elements used in this
investigation and for tubular joint analysis generally it is intended
here to briefly describe their development, advantages and
reasoning behind these.

For problems involving the analysis of curved shell=like
structures (pipes and tubes etc) it would appear that the use of solid
elements with a reduced thickness would be appropriate. However
numerical problems as noted in Zienkiewicz (1977) may occur and
more importantly the use of several nodes across a shell thickness is
uneconomic and ignores the fact that for thin shells the normals to
the middle surface remain practically straight after deformation.
This carries severe penalties in the computing time required to
analyse such problems. These constraints led to the development of

the shell element where the element is divided into several
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through thickness layers and only one node is required through the

thickness, an example shell element being shown in Figure 1.10.
Several types of shell element are available within the ABAQUS
suite including both four and eight noded quadrilateral elements
and various forms of triangular elements. These are all available as
thick (6 dof) or thin (5 dof) shells. It is the thick shell type of
element that is used exclusively to model the main brace and chord
members in this thesis. The two elements used in this thesis are the
four noded and eight noded thick shells, these being illustrated in
Figure 1.11. The integration points number one in the four noded
shell and four in the eight noded shell. The number of layers
within the shells can be determined by the user, the default being
five, the ABAQUS manual (1991) recommending that this is

suitable for simple non-linear problems such as the limit load

analysis considered here.

1.5 Conclusions.

This chapter has briefly summarised tubular joint

development, modes of failure and approaches used to derive
design guidance for both static and where appropriate fatigue
strength. It has also given the reader unfamiliar with finite element
techniques a brief introduction to the finite element method and

how it is used in practice to analyse problems. The main elements

in use within the work contained in this thesis have also been
described.
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CHAPTER 2

A REVIEW OF THE LITERATURE.

2.1 Introduction

The aim of this literature review is to outline the progress of
research and development work in tubular joint behaviour over the
years. This includes the development of engineering codes of practice
and the emergence of non-linear finite element analysis for
determining the ultimate static strength of joints. It also includes a
review of the existing literature on the development of the behaviour
of multiplanar CHS and RHS connections. A considerable amount of
this work, particularly on the RHS has only entered the literature
during the duration of this thesis; nevertheless it is still felt appropriate
to discuss it here in order to establish a ‘state of the art’ review. Brief
outlines on the motivation for the other work undertaken on existing

problems within planar connections will also be given here but will be

discussed in more detail in the relevant chapters.

2.2 Tubular Connections and Development of Joint Design Guidance

Welded tubular steel sections are used extensively in the
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construction of lattice on-shore frameworks and offshore jacket
structures. Their efficiency in compression, good dynamic response

characteristics and ease of maintenance all contribute to their

increasing popularity. Originally these connections were difficult to

fabricate for CHS but this has been largely overcome by improvements
in technology and the development of RHS sections. This has led to

the increasing use of RHS on-shore while CHS remain popular

offshore due to their superior dynamic behaviour which is a critical

factor in off-shore situations. In open sections connections are made

via gusset plates, members being bolted or welded to these. In hollow

sections the gusset plate requirement is no longer necessary.

Since 1963 and the formation of CIDECT, many design
recommendations have been produced for both CHS and RHS joints,
for example the IIW (1989) recommendations. CIDECT has also acted to

coordinate research internationally enabling dissemination of results
and avoiding wasteful duplication of effort. A comprehensive review

of CIDECT initiated work and resulting reports and recommendations

is given by Yeomans (1991)

2.2.1 Circular Connections- Development of Design Guidance

2.2.1.1 A Brief History of the CHS Joint Design Codes

Around the time of the formation of CIDECT an American

engineer, Johnston (1963) undertook a review of available CHS data
and organised a joint industry attack on the problem of CHS

connections for oil companies operating in the Mexican Gulf. The
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ensuing research effort resulted in the first U.S design guides covering

the problem but with most the emphasis being on theory. Marshall, in

his book (1992) also noted that a large body of work undertaken in
Japan was brought to the attention of the Americans. Due to the
interest of the offshore industry many large testing programs have
been undertaken over the years and these have resulted in several

codes emerging, some aimed at general design, for example the AWS

(1988) and IIW (1989) recommendations and some aimed specifically at

the offshore situation, for example the HSE (1990) and API (1991)
guidance.

2.2.1.2 Circular Hollow Section Joints - Development of Codes

In the field of circular hollow sections design codes are largely
based on analysis of experimental test databases,the HSE (1990)
background document being a good example of this. This document
contains a full description of the procedure and data used in deriving
the wultimate static strength formula. Assumptions and
reasoning/validation for each of these are detailed within the
document; however a brief description of the document to give an idea

how the formula were arrived at is given here.

This document was updated in 1990 to include the full range of
CHS experimental results performed up to 1985, previous D.En
sponsored design guides having been limited to a report from
Kurobane et al (1976). A brief review of other existing codes including

earlier versions of the API (1991) document is also undertaken and the

introduction also covers the transition from permissible stress to a
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limit state approach in the design of tubular joints. The main
advantage of the limit state design is that the safety factors relating to
the material properties and design loads etc are treated separately
ensuring that the differing degrees of uncertainty with regard to each
one can be properly identified and quantified. In the permissible stress
approach the global factor of safety is assumed to cover all aspects with
regard to material properties and loads.

The general strategy adopted within the document is as follows:-

(i) a reliable database is established and screened (suspect or
incomplete data is removed according to various quality criteria).

(ii) the effect of each parameter known to govern strength is
established for different joint configurations and loading modes. In this
code these take the form of scatter graphs. Constants, mean lines and

characteristic lines can then be developed. Examples of these scatter
graphs and datasets can be seen later in Chapter 8.

(iii) formulae developed

(iv) ranges of application for the formulae are then given so as to
exclude their use outside the ranges of experimental results available.

(v) design strength equations are defined from statistical analysis

of the data to obtain the mean and a measure of the spread of the

results.

Some 200 references were used in establishing the expressions for

the static strength of tubular joints. These ranged from individual tests,

to much larger test programs such as the Society of Steel Construction

of Japan program (1982) and the program undertaken by Kanatani

(1966). These were screened to eliminate various dubious data

according to the following criteria:-
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1) Results where the chord diameter was less than 125mm. This

was due to concern over actual scale effects. Where only nominal yield

strengths (unmeasured) were given, results were discounted due to
lack of evidence on unconservative safety margins.

2) Where failure did not occur at the joint (ie brace yield) results
were discounted.

3) Where the tests were carried out with short chords (o < 5.0
where a is 2L/D) the results have been discounted. This is due to
concerns about the chord end conditions affecting the capacity of the
joint. An illustration of this is shown in Chapter 8 when discussing the

CHS T/Y joint problem.

4) Ultimate loads taken in the dataset are the maximum loads
reached during the experimental tests.

The remaining screened data is then classified according to joint
and loading type and the main factors affecting the strength of joints
analysed. Basic expressions for the three main loading modes are then
identified and the influence of the factors quantified on scatter plots.
Before dealing with each category in turn several basic assumptions
and considerations are discussed including the effect of chord length,
the brace angle inclination (appears as the sinf term in design codes)
and K, (brace area of projection onto the chord) which are common to
all joint configurations.

Design guides such as this therefore provide comprehensive
reviews of the main experimental results in existing literature, these

being the major basis of CHS design guidance compilation to date.
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2.2.1.3 On-going Problems and Concerns over the Codes

Study of guides such as the HSE (1990) reveals several areas in
which knowledge is lacking. For the databases of planar T/Y joints and
DT/X joints under axial loads there is very little Y joint data and no X
joint data (i.e ©® <900). This creates problems in the validation of the
formulae for these joints, particularly for factors such as K; (K3 = 1.0 for

the T joints), this being discussed later in Chapter 8. Observing other
data such as the K joints under axial loads, a large spread of
experimental results exists within the data with differences up to 70%
where the gap parameter, g/D is small (0.05). Several explanations may
be given including the effects of the size of the weld on the gap size
(reducing the nominal gap) and the effects of different boundary
conditions on the joint test capacity. An illustration of this is provided
in the paper by Seyed Kebari et al (1992). There is a general absence of
data concerning joints under combined in-plane and out-of-plane
moment loading within the databases in this code. No
recommendations are made with respect to multiplanar connections,
guidance only being given for planar joints. This is common to all
design guides except the AWS (1990) which has some
recommendations based on elastic considerations. However the recent
CIDECT publication “Design Guidance for CHS Joints Under
Predominantly Static Loading” (1991) contains some guidance for

certain joint configurations based on the work undertaken in the last

ten years by various researchers. This work will be discussed later in

243,
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2.2.2.Rectangular Hollow Section Joint Design Guidance

2.2.2.1 A Brief History of Research.

Most of the research undertaken on RHS has been coordinated by
CIDECT. RHS have only been available in a mass produced form since
about 1960. Initial planned research was undertaken at Sheffield in the
1960’s largely on several series of N type joints (Eastwood et al 1967,
1970) with RHS chords and both RHS and CHS braces. Separate tests

within the program involved both ultimate static and fatigue loading,.

2.2.2.2 Rectangular Hollow Section Joints - Development of Codes

As for CHS, RHS codes are largely based on statistical analysis of

the experimental test database. The CIDECT monograph 6 is the
background document for the IIW (1989) design recommendations on
RHS joint capacity. These CIDECT design guidelines are currently being
adopted as the basis for the tubular joint design guidance in Eurocode
EC3 Annex K (1991). The monograph contains several sections and
takes a slightly different approach to that of the previously described
HSE (1990) design guidance for CHS. Initially a review of available
experimental literature is undertaken and the joint types and loading
modes tabulated according to the joint configuration and loading
mode. This is followed by a brief review of the major experimental
programs giving more detail of these. Failure modes observed are then
discussed and on the basis of this ultimate design capacity equations are

formulated. There is however an important difference in the
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formulation of the design capacities within the CIDECT RHS code
when compared to the CHS design guidance in the HSE (1990)

background document. In sections (i.e where formulae are evaluated
for T and X joints where B < 0.85) where the mode of failure involves

predominantly deformation of the connected chord face, the formula is

initially derived from yield line theory and then it is checked against
the experimental data to ensure it is realistic and conservative.
Thus for significant proportions of the RHS design guidance,

yield line theory is the main tool used in the analysis, this being

validated by application of the experimental results.

2.2.2.3 On Going Problems Over RHS Codes.

As for CHS there exist gaps in knowledge and assumptions made

within the codes for RHS. These assumptions are less suspect than
those to which CHS are subjected due to the considerable amount of
validation given by the experiments to the theory. Observation of the
experimental literature on which the tests are based reveals similar
problems to that of the CHS. There is an absence of data for planar Y
and X joints for which the brace angle is not 909, i.e they are not DT or
T connections. The yield line theory is adjusted for these using the
projected area of the brace onto the chord (as similar to K, for CHS),
olthough this is perhaps less suspect than for CHS due to the
usefulness and reliability of the yield line methods in determining T
and DT joint capacity equations. However no traces of any examination
using experimental or numerical (FE) techniques could be found in the

literature, hence the reason for the study in Chapter 9 comparing Y/T
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and DT/X joints in RHS at various P ratios. Again as for CHS, gaps in

the literature exist for K joints and considerable spread within the data

exists. Details of the restraint conditions for joints are not considered
and there has been increasing interest in CHS about frame behaviour
effecting capacity when compared to isolated joint tests, this being

addressed currently in the on-going Joint Industry Static Strength

Project administered by Billington Osborne Moss Engineering Limited.
This has been covered in part within the CIDECT document by some of
the data for K joints in RHS being obtained from a series of full
scale Warren girder tests at Nottingham (Dasgupta 1970). However
there could still be significant scatter in isolated joint tests due to
boundary conditions. Also no recommendations are given within the
literature as to which brace in overlap and partial overlap joints (the
overlapping or through brace) is better to load in tension. For a range of
boundary conditions this has been investigated within this thesis.
Recommendations are also absent from the guidance regarding the
effect of the hidden weld on the strength of partial overlapped K joints.
This area has received some attention in CHS using the finite element
method by Exxon but as yet the results are still subject to confidentiality
restrictions and are hence unavailable. Again no information could be
traced addressing the problem in RHS.

As for CHS there is an absence of design guidance for multiplanar
joints, some of the issues being addressed by a CIDECT led ECSC
sponsored investigation into the multiplanar behaviour of K-K, DT-DT
and T-DT joints consisting of both experimental and numerical work

to back up the experimental findings. The applicationol;ield line theory
by Davies and Morita (1991) indicated that the increase in strength
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observed by certain joint configurations in CHS would not occur in

similar RHS configurations.

2 3 Non-linear Finite Element Validation for Ultimate Static Strength

The growth in non-linear finite element analysis as a technique
for validating experimental results is evident in the papers dealing
with the subject in the series of Proceedings from the Symposia on
Tubular Structures (1984, 1986, 1990, 1991 and 1993). As yet the

technique is still at its early stages and results are not accepted tor
inclusion into databases and the development of formulae for ultimate
joint static strength. The reasons for its current lack of acceptance
concern the problems associated with the modelling techniques

(elements and meshes), boundary conditions and the ability to model
the weld area accurately. The finite element method is however
“accepted as a powerful tool for examining the effects of changing
parameters (i.e to, tp etc) as the model, once verified can be rapidly re-
analysed. A good example of this is presented by Healy et al (1993)
where vy (D/2ty) is varied by changing t, to establish trends in the in-
plane bending strength of CHS T and Y joints and establish whether

the various design guides are correctly picking up the trends.

Currently there is a strong emphasis on using the finite element
technique to model test results accurately. This enables the basic mesh
modelling/support condition modelling to be validated. It is then

possible to investigate with a reasonable degree of confidence changes
in parameters such as slenderness and loads to establish a much more

comprehensive database than would be obtained through experimental
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tests with savings in cost also. Examples of this in the literature include
O’Connor (1993), Crockett and Davies (1993) and the reports issued by
Delft on the multiplanar CHS (Vegte et al 1991) and RHS (de Koning et

al 1992) connections. In the absence of experimental results, finite
element results may be calibrated to design guidance for simple joints.

Care must be taken in interpretation of the results however as design
formulae are sometimes based on data  which is not comprehensive
and on certain assumptions (for example K,) as discussed earlier.
Design equations also do not represent the mean of the data on which
they are based but an adjusted statistical basis which will depend not

only on the mean but on the scatter of the data about the mean.

2.4 Developments in Multiplanar Connections
2.4.1 Introduction

Whilst most major design codes give guidelines for planar
connections and assume design on a plane by plane basis, in reality
most joints are multiplanar, especially in offshore structures. In the last
ten years there has been an increase in the consideration of the
multiplanar effects of both out-of-plane loads and their associated
forces. The main concern centres around certain cases where the planes
may interact and cause capacity to be below that of the planar case, this
clearly being unconservative from a designer’é point of view. As was

mentioned earlier in 2.2.1.3 only the AWS (1990) code gives any

recommendation regarding multiplanar connections, the basis and

limitations of these (largely due to lack of test results) being discussed
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by Lalani and Bolt (1990). This lack of information has led to a steady
increase in research effort throughout the 1980’s in the Netherlands
(Paul et al 1990) and Japan (Makino et al (1984), Paul et al (1990)) on
CHS multiplanar joints and a recent ECSC funded project undertaken

at Delft (de Koning et al (1991) and Yu et al (1993)), Nottingham (Davies
et al (1993)), the Steel Construction Institute (O’Connor (1993)) and

British Steel (Yeomans (1993)) on a variety of multiplanar RHS

connections.

Before going on to review the contents of these in more detail it

is perhaps appropriate to review the methods of classification of

multiplanar connections.

2.4.2 Classification and Notation of Multiplanar Connections

Marshall’s book (1992) outlines a complex binary code obtained

from a table to classify joints. However for the review of the literature

here a more simple system is proposed. Joints analysed and referred to

in the literature will be classified according to Table 2.1.
The assumptions made in the following table are:-

1) Multiplanar joints consist of only two planes located at 900 to

each other unless otherwise stated.

2) Each plane is classified according to the simple joint

nomenclature described in Chapter 1.

3) Plane 1 is referred to as in-plane (i.e in-plane braces) and plane

2 the out-plane (i.e out-of-plane braces /axial loads etc).
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Plane 2
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Table 2.1 Classification for multiplanar tubular joints

2.4.3 Review of the Literature on CHS Multiplanar Connections

The first experiments carried out on multiplanar CHS joints were
undertaken at Kumamoto by Makino et al (1984). These concern
ultimate static strength experiments on K-K 60° joints. The paper notes
that a small decrease in strength occurs as the gap between the in-plane
and out-of-plane braces widens (the braces reduce in width or the angle
between the two planes increases) but that insufficient data on this
variation is available to formulate any design rules.

In the late 1980’s a program was undertaken by Delft University
involving experimental testing on DT-DT joints (Vegte van der et al
(1991)) including a series of non-linear finite element analyses to
validate the test results. Compression loading was applied in plane 1,

with a variation of zero, compressive and tensile axial loads being
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applied in the plane 2 braces. The study concluded that both the
presence of the plane 2 braces and axial loads had significant effects on
the plane 1 capacity which was not reflected in the codes. In the case of

B = 0.6 equal compressive forces in the two planes increased strength by

a factor of three over a planar joint.

In 1991 Paul et al reported on a series of tests on T-T joints with
variations in B, g/D and the angle between the planes. Both braces were
loaded in axial compression. The paper discusses the various failure
modes that can occur and concludes that in all cases tested the
multiplanar T-T’s give capacities greater than those observed for the

planar T joints. The paper compares the results with the AWS (1990)

multiplanar formula and concludes that for this type of joint this
formula is not reflecting the real effects of the multiplanar braces on
capacity. The authors did not investigate the effect of axial compression
in one plane with axial tension in the other which may lead to a
reduction in capacity over a planar joint. This will be discussed later.

Rondal and Mouty (1992) reported on a series of experimental
tests conducted on 94 K-K specimens in CHS at Liege. However,
capacities were significantly lower than those obtained by Makino et al
(1984). Finite element work undertaken at Swansea by Wilmhurst and
Lee (1993) on K-K joints from both sets of tests (Makino and Rondal)
have verified the former but have cast doubts about the
appropriateness of the testing arrangement and the methods of loading
and therefore on these test results. The IIW (1993) have since
discounted them.

In 1992, Paul undertook a range of 18 tests on K-K 44.4° and K-K

70.5° joints under axial loading to supplement earlier work
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undertaken. Two main failure modes are identified by Paul and the

effects on the gaps (in-plane) and between planes are quantified. The
paper concludes that existing formulae proposed for CHS K-K joints do
not adequately reflect the variation in capacities observed and the AWS
multiplanar prediction is inadequate in reflecting behaviour but the
capacities predicted by it do fall on the conservative side.

As a result of all this work the latest CIDECT publication ‘Design
Guide for Circular Hollow Section Joints Under Predominantly Static
Loading’ (1991) contains limited design rules for the types of 3D joint
described above (K-K, DT-DT and T-T) under axial loads. These new
design rules take the form of modification factors to be applied to the
existing design guidance for planar joints. However this information is
limited and in certain cases (DT-DT) it is based on only one 3 ratio. This
can give cause for concern as shown later in this thesis where the B

ratio can have a considerable effect on the multiplanar capacity.

2.4.4 Review of the Literature on RHS Multiplanar Joints.

Interest in the development of understanding of multiplanar

effects for RHS connections has been considerably less than for CHS,
but recently the European Coal and Steel Community (ECSC) has
sponsored a large experimental and numerical research project on the
K-K, DT-DT and T-DT configurations which with one exception were
concerned with in-plane and out-of-plane axial loads. Results of these
investigations have only reached the literature recently in the form of

conference papers and reports. Several of these, concerning the T-DT

configuration were issued from Nottingham and will be dealt with
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later in Chapter 4. The others concerning the DT-DT configuration
(Delft) and K-K configuration (SCI and BS Swinden) will be briefly
reviewed here, reference being made to an earlier paper concerned
with ring models by Davies and Morita (1991) which provided some of
the stimulus for this work on the three-dimensional effects in RHS.

de Koning et al (1992) undertook a series of eight experimental
tests, two on planar (DT) and six on multiplanar (DT-DT) joints. Four
joints (including one planar one) were subject to in-plane axial
compression with the three multiplanar joints subject to a variety of
zero, compressive and tensile axial loads in the out-of-plane braces, the
other series was subjected to in-plane bending with similar axial
loads to those above applied to the out-of-plane braces. The results of
this series of experiments and the numerical modelling also
undertaken by Delft will be discussed more fully at the end of Chapter 6

but it is worthwhile to note here that the out-of-plane loads and braces
were observed to have significant effects on the ultimate capacity when
compared to the planar joints.

Yeomans (1993) describes a set of nine experimental tests
undertaken on RHS K-K joints at three different P ratios. This study
concluded that for all cases except for B = 0.4 capacities of the
joints exceed the planar mean values. These joints have also been
modelled using the finite element method by O’Connor (1993) as part

of the same project, this work and comparisons to planar joints being

on-going at the time of writing.
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MODELLING WELDS AND CORNER RADII IN TUBULAR
CONNECTIONS.

3.1 Introduction

Traditionally analysis of multiplanar connections has been
undertaken on a plane by plane basis, so that in analysing one
plane, the effects of out-of-plane braces (OPBs) and their associated
forces are ignored. Recent work undertaken by Vegte et al (1991) on
CHS multiplanar DT-DT joints has shown that the presence of OPBs
can significantly enhance capacity and the existence of forces in
these can either enhance or reduce the capacity further. While this
is the case for CHS joints it is unlikely to be so for joints with RHS
members. Davies and Morita (1991) using yield line theory have
shown that OPBs and their associated forces are unlikely to have
similar enhancing effects upon the capacities of RHS joints. Hence
the justification for a coordinated program of experimental tests.

In 1992 Davies, Coutie and Bettison undertook a series of

experimental tests on RHS multiplanar T-DT joints (i.e T in-plane,
DT out-of-plane) under axial loading to ascertain the effect of the

presence of the OPBs and their relevant restraints and forces on the

stiffness and ultimate capacity of the joints. This was part of a larger

European Coal and Steel Community (ECSQC) sponsored project into
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the behaviour of three dimensional joints in RHS and
administered by the Steel Construction Institute (SCI). Experimental
and numerical investigations into multiplanar RHS DT-DT joints
by de Koning et al (1992) and multiplanar K-K joint experiments at
BS Swinden laboratories (Yeomans (1993)), and the numerical
analysis by the Steel Construction Institute (O’Connor (1993)) were
also included in this project.

The numerical modelling of the 3D T-DT joints

experimentally tested at Nottingham was formally undertaken by
Delft under contract, but the ready availability of the Nottingham

test results with which to calibrate the finite element modelling was

an ideal opportunity for gaining experience and developing the
complex techniques required to model tubular joint connections.

These results form the basis of the FE investigation for examining
the effect of modelling the weld for such connections, and with care
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