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ABSTRACT

A typical offshore steel platform structure may contain
hundreds of welded tubular joints, the fatigue of which is a
main concern in the design as well as during the operational
life* of the platform. Because of the geometries involved -~ a
cylinder bisected by another cylinder for 1load transfer
purposes -~ all three loading modes (axial, in- plane bending and
out-of-plane bending separately and in any comblnatlon) will
result in a biaxial stress state in the vicinity of the
weld-line where fatigue is taking place.

Experimental and Finite Element Methods were used to
evaluate the existing stress states by determining the
so~called stress and strain concentration factors, SCF and SNCF
respectively, for a number of large full-scale tubular joints,
Following this, the crack initiation and crack propagational
characteristics were studied in both the as-welded and stress
relieved conditions. The results are presented with reference

to the biaxial stress states existing in the vicinity of the
weld lines.
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INTRODUCTION

The advantages offered by tubular joints in onshore
applications, such as warehouses, factory buildings, space
frames, tower structures, bridges, etc., may be measured in
terms of economy, depending on the skill of both designers and
fabricators. In the «case of offshore, two additional
advantages are offered when circular tubular members are used.
One relates to the drag characteristics, and the other to
buoyancy during the installation procedure. A&s a result of
these and other considerations, tubular structures Thave

dominated offshore development since the early 1970s.

In general, the Jjoints in +tubular structures are
referred to as nodes, and these are made up by welding brace
members to the continuous unperforated chords; this results in
geometrical configurations which resemble letters of the
alphabet: T, X, Y, etc. In offshore structures, nodes with
more than ten brace members intersecting a single chord are not
uncommon (1), The local maximum stress in a Jjoint is the
so-called 'hot-spot' stress, the magnitude of which is made up
from {a) applied nominal stress, (b) geometrical stress
{(associated with the load transfer characteristics between the
tubulars) and (c) notch stresses (which are particularly
influenced by the weld detail). These two latter may be
envisaged by referring to Fig. 1.

When fatigue in offshore applications is considered,
two additional aspects must be taken into account: residual
stresses and wave direction distribution. It is generally
agssumed that in the neighbourhood of a weld, yield strength
magnitude residual stresses are present, irrespective of the
strength of the parent metal of the tubulars, The distribution
of 1loading waves, in respect of direction and height,

introduces some additional complexities (Fig. 2).

As a consequence of wave direction distribution, the
loading which may take place in practice is axial, in-plane

bending, out-of-plane bending, independently or in any
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combination of these - all of which introduce biaxiality as

gshown in Figs 3 - 4.
A vrogramme of research relevant to fatigue in steel

offshore structures has been completed, and some of the details

of this investigation are presented below.

OUTLINE OF THE TESTS

Nine large, full-scale specimens were fatigue tested in
the as-welded or stress relieved states, as shown in Table 1.
The plate material was originally developed for the fabrication
of tubulars to be used in the construction of the Mackerel,
Tuna and Snapper oil platforms located in the Bass Strait off
the south-east coast of Australia. Specimens 2, 5, 7 and 9
were subjected to post-weld heat treatment, subseguent to the
brace to chord welding, to relieve residual stresses. This was
done in accordance with Australian Standard AS1958-1976, 'sSaa
Submarine Pipeline Code', which specifies a heating rate of
100°C/h, a holding tiwme at 590°C ~ 620°C for one hour per 25 mm
wall thickness, followed by cooling at 150°C/h to 300°C,
finally ending by cooling in still air.-

Comprehensive strain gauging was used, including single
element, rosette, and crack propagation gauges, as illustrated
in Fig. 5. Gauges were positioned on the outside and inside
surfaces for both brace and chord. Two systems were used Lo
monitor gauge response: a 200 channel Hewlett Packard automatic
data acquisition, and a 200 channel Intercole Systems
Compulog. A number of utility computer programs (FORTRAN) were

written to process the data into more meaningful form.

a gpecially designed loading rig allowed the
simultaneous operation of three Thnydraulic Jjacks., The
combination of Jjacks provided a dynamic capacity of -50 to +50
tonnes operated by a servo-hydraulic Amsler P960 pulsator, an
accumulator, and a dynamometer system. The specimens were
bolted in place by flanges welded to the ends of the tubes,
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Finite element methods (FEM) were also used to
determine SCFs. While many element types are available to
analyse shell structures, as in tubular joint intersections,
Irons and Ahmad's isoparametric semi-loof shell and bean
elements were found to be the most appropriate to determine the
location and magnitude of hot-spot stresses (5, 6). The shell
element is based on thin shell assumptions, in which each
tubular member is represented by a cylindrical surface at the
mid—thickness, This leads to some difficulties when results
are compared with those obtained by experimental methods, as

shown in Fig. 6.

RESULTS
A, Static Response

Testing commenced with incremental static loading,

~which allowed the determination of the load transfer

characteristics and stress and strain cgoncentration factors:

- 8CF and SNCF respectively. The biaxial stress states are

illustrated by Fig. 7 for the T type specimen, and by
Figs 8 - 10 for the TK specimen. ‘

Experimentally determined SCFs and SNCFs are presented
in Figs 11 - 12 and in Table 2. The differences between SCFs
and SNCPFs are attiibuted to the existing biaxial stress
states. Using only single element gauges to determine BSCFs,
the values were up to 20% higher than those of the OSNCFs
relying on the data obtained from the rosette gauges.

B. Finite Elemant Results

The biaxiality is greatly influenced by the geometries
of the tubulars involved, and thus the SCFs are also affected.
The FEM of analysis predicted the SCFs with reasonable
accuracy, as shown in Fig. 13, while the influence of tubular

geometries is illustrated by Figs 14 - 15,
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c. Fatigue Behaviour

The fatigue results obtained on the nine specimens with
the application of thirteen loading programmes, are presented
in Table 3 and shown against recommended design curves in
Fig. 16, There are four aspects: fatigue rack ‘initiation,
Nj; through thickness propagation, N¢; cycles to failure,
Neg; and stress relieving, which are detailed below,

Crack initiation numbers were determined through strain
gauge signals, as indicated in Fig. 17. Biaxiality in loading
persists till a through thickness crack develops, Fig., 18.
Through thickness penetration was determinad by hydrogen leak
detection. This was made possible by filling the chord, before
testing, with a low concentration of hydrogen under very low
pressure, After sealing and monitoring the test piece during
fatigue with a 'Figaro' gas sensor, the leaking of hydrogen
could be detected. Thus the through thickness fatigue 1life
determination can be considered as quite accurate, Typical
crack initiation, propagation and penetration details are

presented in Figs 19 - 21,

As Fig., 16 shows, there is a significant increase in
fatigue life as a result of stress relieving, These results
should be viewed against the fact that cycling took place not
only with R = -1, but with R tending to zero (Fig. 22) and,
equally important, that the parent material showed a decrease
in fatigue performance as a vresult of stress relieving,
Fig. 23.

CONCLUSIONS

& number of conclusions can be drawn Ffrom the above

work, some of which are presented below,

1. In welded tubular offshore steel platforms, loading in the
axial, in-plane bending, and out-of-plane bending wodes,

separately or in any combination, leads to biaxial stress

states.
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2. The biaxial response persists during fatigue crack
propagation in the vicinity of the crack until through

thickness crack penetration takes place.

3. Multiple crack initiation took place, leading to crack

coalescence and a strong sideways propagation.

4, Surface cracking along the brace-chord weld-line of the TK
specimen reached a length of the order of 1400 mm before
penetrating the 20 mm thickness of the plate material.

5. Stress relieving improved the fatigue performance with

respect to crack initiation, crack propagation and cycles

to failure.
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Table 1 Specimen Details

d
., Dimensicons in on Dimenstonal Parameters
o Spee. No. Condltlo?
T : and Type | &4 Sk o T 4 t ap LR |85 /R byi RAY |33 o/t g gld
EIPATIIIRIRETEEET ATy
:{D to7 A 610 [ 19.7 [ a6 | 9.7 7.26 | 0.67 | 15.0 | 0.49
- z T sk, | 610 | 19.7 | 486 9.7 7.26 | 0.67 1 15.0 | 0.49
r’1 3T aM 610 { 12.1 | 406 9.7 17| 066 | 24.3 | 0.79
' 5 T A 508 | 19.4 | 406 9.7 8.43 1 0.81 | 12.6 | 0.50
T type ' 5 T SR 508 ) 19,4 | 46 9.7 8.43 } 0.81 | 12.6 | 0.50
6 T A 490 | 15.0 | 267 | 10.0 8.74 | 8.56 1 15.4 | 0.665
<\[—‘V> 1T s8] 496 | 15,0 | 267 | 10,0 .74 | 0.54 | 15.4 | 0.665
_JL_ . 8 I A 70 | 20.3 456 16.5 15.4 0.638 | 17.0 0.81
] . ¢ '
9 T sk f 7o ] 20,3 ] 456 |} os.s 15.4 | 0,638 | 17.0 | 0.81 | -0.43
TK type

T SI’EEl 1018 C . 1.58 Mn . 0.41 CEQ 1. A4 = as welded, SR = stress relleved
TK Steel : 0.12 C, 0.94 Mn, 0.28 CEQ ‘
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Table 2 SCF/SNCF for Axial Loading, Out-of-Plane and
In-Plane Bending

LOADING A. AXIAL LOADING B. IN-PLANE BENOING €. OUT-OF-PLANE BENOING
CONFIGURATIONS | SADDLE (¢} CROWN (N) | CROWN (S} CROWN (N) | SADDLE (@) SADDLE (N
h -838 1) -4.30 156°° 052 L7 6.00
ggg -10.06 (2]  ~h.65 183" o058 5.29 448
o 545 393 (3.95): -0.18 156 274, 3.40
& -6.20 435 {329 -0.19 183 3.07 3.80
& 7 -10.30 -6.98 -204  -2.04 5.58 6.16
; &j -12.40 -7.64 -2.39 -2.39 6.31 6.96
XA | 000 -0.88 RRRRE BV E 0.40 116
o | l& 0.00 106 200 207 0.35 129

N- NORTH BRACE »» - CROWN (N} CENTRE BRACE
S- SOUTH BRACE » - SNCF & SCF AT CHORD CROWN (S)
C~ CENTRE BRACE (1) - SNCF {2)- SCF

Table 3 Fatigue Response

i‘ Specimen Applied | Applied | Crack | Through Apptied | Cycles
{ I g?:aiipot g:ﬁ; : lan;i:;} E:lr::;:'?r?on Cyctes !t’ziiure - N/Ne Ni/Ny
?;pe Condition %108 R Nxi0® | Nypxiod Nxtod | Ntet | % %
1T | AW £198 1 04 15 255 33 58.8
2T | SR +790 -1 - - 20 - - -
2 T SR +1570 -1 0.1 051 0.6 16.7 85
| 3T | AW +780 -1 04 | 1R 155 25.8 72
6 T AW £763 -1 0.05 0.77 0.94 53 82
5 T SR +688 -1 25 8.29 9.07 216 914
i 61 | aw +805 4| oss | oar 0.98 6.6 48
‘ ' 7T SR 1805 -1 0.34 103 33 10.3 31
: ' «210-10 | -052 - - 5 - -
STKL AV e | om 0.65 26 315 21 825
+210-110 | 052 - - 5 - - _
| g1k | SR | +6B-102 | -047 - - 35 - - -
903-22 | -062 | 057 14 147 38.7 95.2
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FIG.9 CHORD QUTSIDE PRINCIPAL STRESS FOR
IN-PLANE-BENDING ON THE N-BRALE

FIG.10  CHORD QUTSIDE PRINCIPAL STRESS UNDER
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