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Abstract

The main components of steel offshore structures, whether fixed or loating, are

generally tubular membey

Large stre

concentrations arise due to the abrupt
geometric discontinuities at the intersections of these welded tubular members.

called joints or nodes. The varying environmental loads acting o these joints

cause fatigne crack initiation. growth and their final catastrophic failure. This
thesis presents a nnmerical stdy of the total fatige life of offshore tuliar welded
joints wnder the action of axial. in-plane and ont-of-plane bending loads. using loral
strossestrain and linear elastic fracture mechanies approaches. The study inchdes

the development of a compnter program for the i ntomatic generation of meshes for

tubular joints and a contact program for the prevention of erack surface penetration.

Stress analysis 1o determine the possible tion of ti

crack initiation on the
tubular joint has been carried out using eight noded degenerate isoparametric shell
elements. The influence of geometric parameters on the stress distribution around
the joint as well as throngh the joint thickness has been investigated, and the resnits
obtained therein compared with experimental results: they alio have been compared
with established parametric equations. Good comparisons have been obtained with

the experimental values,

The local stress

train approach. using the Manson-Coffin rale, is utilized for the
study of the crack initiation. Using experimental investigations on crack initiation
life of tubular welded T-joints. fatigne strength exponent b and fatigne ductility

exponent ¢ have been determined empirically and used to compute crack initiation



life of the tubular joints analyzed in this study.

The weld toe crack influence on the through thickness ay d surface stress distribution
has been studied using the lin spring element in conjunetion with the degenerate
eight node shell elements to model the crack. The stress intensity factors deter-

mined, from this

study. were compared with available theoretical studies and fonnd

to give good results.

Using the stre:

intensity factors obtained from the line spring model. the through-

thickne:

< crick propagation i

s of the tubular joint nnder consideration were
predicted using Paris crack growth law. The propagation lives for each loading
conditions were predicted. on an incremental cycle basis, np to 90% of the chord

Vhickness cracking. The estimated fatigne lives wete compared with experimental

investigations carried out at Memorial Univers

ty of Newfoundland St. Juhn's (for

axial loading) and Uni

ersity of Waterloo (for in-plane loading) under the (anadian

Cooperative Offshore Tubular Joint Program and found to give good results.
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Chapter 1
Fatigue of Tubular Welded Joints

1.1 Introduction

For more than a century it has been well understood that metal components and
structures subjected to variable or repeated loads would fail in service, even though
they are usnally capable of withstanding considerably higher loads if the loads were
of a static nature. This type of failure, which consists of the formation of a crack or
cracks. under the action of varying loads. arorind highly stressed critical areas has
come to be recognized and known as fatigue. It is however, virtually impossible to
produce a complete list of the types of structures which may suffer from this type

of failure.

Considering structures which are fabricated by welding in nich fatigue cracking
have caused failure. thosc in the following list spring immediately to mind. They
are conveniently classified under some of the typical forms of loading which may

cause fatigue failure.

1. Fluctuating live loads : Bridges.cranes, gantry girders. diesel engine frames,

locomotive underframes. lorry chassis, frames and axles, ships. earth-moving

1



equipment, farm machinery. rock crushers. presses etc,

Pressure fluctuations : Pressure vessels. pipework, containers etc.

. Temperature fluctuations : Process equipment involved with hot or cold

materials. liquid and gases.

=

Vibrations : Rotating machinery. grading equipment and conveyor.

. Environmental loadings : Marine platforms and rigs.

The last item in the list forms the subject of this research. The active search for
gas and petroleum has re ulted in extensive offshore producing activities world-
wide. Most of the rigs currently in operations are of the jacket type construction.
comprising of a steel platform supported by a steel framework. These steel frame
type structures are fabricated from tubular members that are joined together by
welding the end of one tube (brace) to the undisturbed exterior surface of another
tube (chord) at discrete points called the intersections. Figure 1.1 shows the sketch
of a typical jacket type platform. Because of the abrupt discontinuity or change
in geometry at these points coupled with the complex environmental loadings such
as wind. wave and current loadings. as shown in Figure 1.2, they become sources
of stress concentration and hence potential candidates for fatigue crack initiation
and propagation sites (Figure 1.3). If fatigue cracks occur, they are initiated at
these zones of large stress concentrations, and in fact the fatigue behaviour of these
tubular structures depends primarily on the severity of these stress concentrations

and reversals. It is thercfore appatent, that in designing structures with welded



Figure 1" A jacket type platform.
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Figure 1.2: Environmental loadings on an offshore structure.






tubular joints. minimization of the number of joints should be of paramount im-
portance from the fatigue point of view: in addition. an optimal joint configuration
giving a large joint fatigue life should be determined. In the past. majority of
criteria governing tubular welded structures dealt mainly with the static strength
(load bearing) canabilities, because most operational and design experience of these
type of structures had been gained in the relatively shallow and calm waters of the

Persian Gulf and the Gulf of Mexico.

Tubular sections have high priority over open sections for structural use in offshore
platform design becanse of their high-torsional rigidity. symmetry of sectional prop-
erties, simplicity of shape. and pleasing appearance. They possess great structural
advantages as structural elements, but their use was for many years hampered by
the difficulties in joining the members. This problem has been overcome in re-
cent years by directly welding the contoured end of one tube onto the undisturbed

outside of the other tube.

There are innumerable configurations for offshore tubular joints. if three-dimensional
geometry is considered. Even restricting consideration to in-plane connections
(where the axes of all the tubes lie in the same plane), there are still many con-
figurations. In-plane offshore tubular joints are designated as T, double T. Y, K.
N, ctc., depending on the positions of the braces. Figure 1.4 shows some of the
possible geometries of typical tubular joints. Regardless of the loading transmitted
through the brace, large stress concentrations are produced at certain points along
the brace/chord intersection. This effect can be attributed to two main reasons; (i)

the presence of the weld and (ii) the abrupt change in geometry at intersection.
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The stresses at these critical locztions can be several times higher than they would
be if such effects as weld and change in geometry are not present. Cracks initiate
first at these highly stressed regions. and depending on which side of the joint
(chord or brace) this highly stressed region is located, the cracks first spread as
multiple cracks along the weld and soon coalesce to form a single crack. and start

growing through the thickness of the brace or chord.

Leng before an all-out effort was made in the late 1960s to develop relevant offshore
tubular joint desig: riteria. many design configurations have been implemented
to strengthen the jacket joints. Gusset plates. welded in-between the brace ends
and chords. were first tried. Sometimes pass-through gussets [Figure 1.5 (a)] were
used. But it was not too long before it was discovered tiiat gusset plates produced
undesirable stress concentrations which shortened the fatigue life characteristics of
the joint. and the general trend was towards the reinforcing of joints with external
ring stiffencrs (Figure 1.5 (b)]. These ring stiffeners were placed on the chord to
strengthen the chord wall against collapse: sometimes they were added at intervals
along the lengths of the brace to preclude ovalization of the cross section of the
brace and subsequent buckling if the brace was loaded in compression. Use of
interndl ring stiffeners [Figure 1.5 (c)] has recently gained wide acceptance as one

of the effective methods of reducing the stress ion around the i

of tubular joints, provided the tube is large enough to allow their placement.
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Figure 1.5: Types of stiffeners used in offshore tubular joints.
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1.2 Crack Initiation and Growth in Fatigue Anal-
ysis

The fatigue strength of a structure, for general engincering purposes. is described
as the number of stress cycles of a particular amplitude that a given component will
withstand. before complete failure occurs. Fatigue failures are divided arbitrarily
into two groups, viz.. low cycle and high cycle fatigue failures. Where a component
fails within 103 to 10% cycles or less, the failure is termed as a low cycle fatigue
failure. If components survive more than 106 cycles then the process is termed high
cycle fatigue. Structures such as submarines, pressure vessels. steam turbines etc..
that are subjected to very low frequencies of loading are normally associated with

low cycle fatigue failure. On the other hand. offshore structures such as oil rigs,

are subjected to relatively high loading frequencies due to the passage of waves.
Because of this, the stresses in oil rig structural members. have to be designed for
the high cycle region ( lives in the region of 108 cycles and above). Fatigue failure.

whether of low or high cycle . consists of three distinct stages:

Stage | : crack initiation and nucleation:
Stage Il : crack propagation: and
Stage Il : ultimate failure.

For most practical design purposes. particularly for offshore steel structures, the last
phase is ignored. In these cases, the desigr against fatigue does not allow cracks
to propagate to a critical size where rapid brittle fracture can occur. Materials
used in offshore structures are ductile enough to cause separation of the brace from

the chord before brittle fract ‘re can occur in the structure; thus brittle fracture is



prevented in offshore structures..

The evaluation of the crack initiation life by the local strain approach concept

(strain life) is based on the observation that in many components the response of the

material in critical locations is strain or deformation dependent. This approach to
crack initiation recognizes the fact that fatigue is a localized process and. therefore,

focuses on the regions of stress concentration in the structure where crack initiation

is most likely to occur. Since these regions experience local plastic deformations.
plasticity effects are explicitly treated. The fatigue resistance of the structure at
the critical point is characterized by a straiu-life curve obtained from the log-log

plot of the total strain amplitude Az/2, versus reversals to failure,

V7., which is

given in the form:

N+ g (2N (L)

where

o

= Elastic modnius.

= Fatigue strength coefficient.

= Fatigue ductility coefficient,
fatigue strength exponent,
fatigue ductility exponent, and
Ny = fatigue life of the specimen

0.9
4 s
i

and is schematically shown in Figure 1.6,

Assessment of the crack propagation life is generally based on linear elastic fracture

mechanics principle which has received increasing attention during recent years in
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for the same stress level more work is done around the critical region for the in-
plane bending load than for the axial and out-of-plane bending load cases. This
may also be a reason for the lower fatigue life of the tubular T-joints subjected to
in-plane bending loads. Also since the ont-of-plane bending load would spend the
lowest amount of energy around the weld toe during deformation this would have

the largest [atigue life for the joint with the same stress level.

The variation of the ratios of the membrane/bending to total stresses. along the

intersection. are given in Figares 4,41 and 116, for the axial in-plane and out-of-

plane bending load cases. The results presented in these figures are those for the

diametral ratio . and thickness ratio = of 0.5 and 1.0. respectively. The same trend
was observed for other ratios used in the present study. For the cases where the
membrane stress is computed to be compressive, the bending stress to total stress
ratio (degree of bending) is greater than one. In Figures 1.11 and 1.42 compari-
son between the results of the present study and the experimental data obtained

at Memorial University of Newfoundland (Munaswamy et al.. 1987) for a medium

steel tubular joint under axial load ‘s also presented. It is observed that the
experimental values tend to fall away from the analytical values as the angle o
around the joint decreases from 90° to 0% it must be stated that the MUN exper-
imental results plotted radial stress values along the weld toe intersection, while
the analytical values have plotted the principal stress values. It is also important
to note that for in-plane bending, the ratio of bending to total stress could not
be satisfactorily determined at locations between 60° and 90°. This is due to the

difficulty

in choosing the correct values of the principal stresses near the saddle: this

might be due to the fact that this portion of the joint corresponds to the minimum
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thickness. Based on field and laboratory results the crack shape. of this type in
tubular joints. has been described as a semi-elliptical one (Figure 7.3). Based on the
above observations. the crack shape was accordingly, modelled as a semi-clliptical

part-through thickness crack. It has also been observed during fatigue testing of

tubular joints | Dover and Holbrook 1979, Dover and Dharmavasan 1988, Gowda

1983. Bhuyan 1936) that the part-through-thickness ~rack growth rate was almost
constant. This observation. had led to the assumption. by some investigators. that
the stress intensity factor for part-through-thickness crack growth rate could be
obtainerd by modelling a 50% deep weld toe crack. This assumption was not made
in this study. Rather. the part-through-thickness weld toe crack was modelled as a
crack having a maximum depth equal to 90% of the chord thickness. Starting from
an initial crack depth of about 0.3 mm to the final crack depth of 17.10 mm. five
crack lengths. (= 2¢). (from 62 to 138 mm) were investigated. For the crack length
(2c) values. one symmetrical half of the crack extends over four, six. eight. ten and

twelve elements. respectively.

7.2 Stress Intensity Factor Evaluation

The fatigue cracks. that develop at the weld toe of tubular joints. usually arc of
a semi-elliptical shape. A detailed fatigue life prediction of these tubular joints.
on the basis of fracture mechanics. require the stress intensity factors for different
crack sizes. crack shapes and crack front positions. The three dimensional stress
state that exists around the crack front dictates that a solid (3-D) finite element
model, which also incorporates the stress singularity at the crack tip. should be

used in tne study. The effective mesh generation for such elements, is laborious
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