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ABSTRACT

large scale fatigue tests have been conducted on high strength taper connec—
tors of the type used in the Offshore Industry. Periodic inspection of
these threads has allowed the measurement of fatigue crack shape as a
function of the number of cycles.

finite element stress analysis of the thread has also been conducted and
used to calculate the stress intensity factor. The results from both theory
and experiment have been compared and are shown to give good agreement.
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INTRODUCTION

0il production platforms that are for use in the deeper waters of the
Northern North Sea are likely to be floating platforms. Normally this type
of platform is used for exploration rather than production because the motion
of these platforms, under wave loading, makes them unsuitable for continuous
use over long periods. However this problem can be overcome by tensioning
the mooring lines, so that the platform displacement is greater than required
for buoyancy and one such design is currently being constructed by Conoco

for the Hutton Field.

The mooring lines for this type of platform, known as a Tension Leg Platform
(TLP), are not a catenary but are direct links to the sea bed immediately
below the platform. The tension leg elements, or tethers, are high strength
light weight components, and so far both thick walled forgings and thin
walled tubes have been considered for use (the former has been chosen for
the Hutton Platform). A common feature of these tethers is that they are
connected not by welding but by means of a thread. The design of these
threaded connections has received considerable attention in order to provide
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light weight but good fatigue stremngth.

The nature of the environment, loading and the steels to be used, however,
makes it necessary to conduct Non-Dlestructive Evaluation prior to service
and to regularly inspect the components during service. One of the main
requirements for such an N.D.E. is a fracture mechanics analysis based on
fatigue crack shape evolution. In order to provide this sort of informati
for a range of competing designs the SERC funded a programme at UCL which
commenced in 1981. This programme includes large scale fatigue tests on
model tethers and finite element stress analysis to support the theoretical
studies. Some of the preliminary findings from this work are reported her:«

Most of the designs proposed so far have been based on tapered buttress
threads and these are invariably to be used in service after torquing to
produce a joint that will not open during service. This procedure reduces
the effect of dynamic loading but only at the expense of introducing a high
static preload. 1In a seawater environment this means that both corrosion
fatigue and stress corrosion cracking must be considered as possible causes
of failure. For the case of designing to resist fatigue, it is of primary
importance in this case to ensure good resistance to crack initiation. How
ever, it is also important that the design should take into account the
need for inspection, both from the point of view of access for N.D.T. equip
ment and crack growth rates sufficiently slow so that failure will not occu
between reasonable inspection intervals. A simple point here is that for
the thin walled connection, a crack will penetrate the wall before final
fracture, whereas for thick walled forging failure could well be from a
surface crack. Inspection for the former case is much simpler.

The model tests completed so far have been mainly for the thick walled
forging and this work will be presented here.

EXPERIMENTAL WORK

The fatigue tests conducted so far have been on model thick walled tethers,
details of which are shown in Fig. 2, and also a proprietary casing type
joint known as the VAM joint (licensed by British Steel). The tests have
been conducted on a 1000 kN Instron Servohydraulic test machine shown in
Fig. 1. The weight of the specimens used was such that crane loading was
required and this was ‘conveniently provided by attaching a purpose-built
lifting system to the top cross head of the Instron machine. The two main
experimental problems for these tests involved the specimen preload and
inspection for crack size and shape during the test. The preload was applied
for the thick walled tether using cam rings between the pin and box. For
the VAM joint a torque rig was constructed of capacity 10 kNm. Both of
these systems have proved to be successful.

The inspection technique used was a development from earlier work on threaded
bolts (Michael, Collins and Dover, 1983). The system was based on a.c.

field measurement using the Crack Microgauge (Dover and others, 1982) but

it was quickly realised that two modifications were needed. Firstly, with
the tapered threads, it was not possible to produce a uniform field using an
impressed current. To overcome this an induced field probe was developed. In
essence this type of probe is like a standard probe with an array of parallel
field wires attached to it so that the field wires are close to the metal
surface under inspection. The second modification concerned data collection.
It was soon realised that to obtain detailed information on crack shape in a
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.uitable for analysis required the system to be automated so that crack
4o data would be entered directly into the computer.

#+5v two changes have been made and the inspection system ig shown in Eig.B
Liih the VAM joint being inspected. The joint is rotated using a stepping
under computer control and the a.c. induced field volgage 1s'measu?ed
probe seen on top surface of the thread. The probe is machined with
thread profile and is constructed so that the probe conFacts are on
thread crowns or adjacent thread crown and root. In this way rotg—
.+ of the VAM joint causes the probe to traverse along the threaq ?eco?dlng
variation in measured voltage. The reading of voltage and position 1s
sed automatically on a PDP 11/02 computer which is part of the h?st—.
+iellite network described elsewhere (Broome, 1983). This system is fitted
aphics so that the crack shape can be displayed or a hard copy
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. constant amplitude test has been conducted on a higb §trquth Stee% speci-
0 of the type shown in Fig. 2. The material composition 1s shown in
le 1; the loading details in Table 2. The test was 1n§errupted pe?1?d1—
.11y for the purpose of inspection and this meant releaglng the cam joint
and hnscrewing the joint. Release of the cam rings requires the teﬁt speci—
§wn to be loaded to a value just greater than the preload anq certainly
iigher than the dynamic load. Thus in reality Fhe test consisted of constant
amplitude loading with periodic overloads. Dur1§g the 1at§er stages of the
tent this produced crack markings and this facilitated optical mgasurgments
after completion of the tests. Unfortunately these crack marking sites
~sused an electrical short circuit across the crack faces so that the a.c.
te¢chnique was not capable of predicting thg full depth. ?hus the crack
shape curves are a mixture of a.c. and optical and for th%s test the two
measurements could not be compared. However all our previous work sugge§ts
‘hat the a.c. readings in the early part of the test are reliable and this
also be seen from the crack growth data to be presented here.
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Figure 4 shows the set of crack shape curves produced using the tw? tech-
niques. The irregularities visible along the crack front are consistent for
the two methods and would seem to be genuine. It should be noted thét the
scales adopted present a magnified view of the crack d?pth and that in
reality these are quite long shallow cracks, two of which eventually joined
up to give the final fracture. The final unstable fracture occurred from a
surface crack of about 10mm depth. The data has also been rep19tte§ to

show the crack growth rate at the three deepest points as seen 1n Fig. 5.
This shows that for this test the crack initiation period is very short and
also that the crack accelerates only slowly as it extends.

The elastic analysis for the model tether was conducted using the Finite
Element package PAFEC on a Prime computer. In order to obtain the correct
load distribution through the coupling it was necessary to model the whole
connection. This meant that 25 meshing teeth were modelled.

An axisymmetric analysis was carried out using eight-noded rectangular and
six-noded triangular isoparametric elements with two degrees of freedom at
ecach node. The interface between teeth was modelled such that only compres—
sive forces could be transferred across the load face. 1If d€f1€Ct10nS.Of
the teeth become such that the teeth separated, this was accommodated in
Loading was applied as a uniform pressure across the core of

the model. 0 g
This was reacted at the coupling

the pin, remote from the first tooth.
remote from the last tooth.
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The results from the finite element analysis gave principal stresses at each
element and node, from which the elastic stress concentration factors were
calculated. The analysis also gave the tooth load distribution which is
shown in Fig. 6. The size of the job makes it extremely difficult to con-
duct a 3D analysis of meshing teeth and was beyond the scope of this work.
It is considered that an axisymmetric model is adequate for preliminary in-
vestigation and comparisons of thread geometry.

In service this type of pin box coupling would be given a preload which has
the desirous effect of reducing the dynamic load on the threads, but at the
expense of higher mean load. In effect the compressive residual stresses
acting across the adjoining faces of the pin and box allow the transmission
of part of the external applied tensile forces through the connection in a
region remote from the thread. This load sharing between thread and cow-
pression faces has to be calculated if one wishes to estimate the local or
even nominal stresses in the pin. This nominal stress is required for one
particular cross—section: the first loaded thread. A ’'finite element' model
has been developed specifically for this calculation for the case of tapered
buttress threads (N.B. It is also capable of dealing with simple threads.)
This model can predict the load distribution along the thread and also the
magnitude of the force transmitted directly into the box. In the present
case it was found that 417 of the force was transmitted through the pin so
that for the fatigue test with a load range of 750 kN only 308 kN would be
producing a dynamic stress in the pin. At the cross-section containing the
first loaded thread this represents a nominal stress range of 52 MPa for

the fatigue test.

DISCUSSION

The eventual aim of this study is tc provide designers with the appropriate
procedures to allow prediction of crack shape evolution in the threaded
connection likely to be used on tethers. At present information on only one
type is available but it is hoped that after completion of the programme a
more general analysis will be available. In order to compare the predictions
between theory and experiment for the model tether described here it is
necessary to interpret the measurements made on crack shape evolution during
the fatigue test into a more suitable form. In general a fracture mechanics
analysis makes use of the stress intensity calibration for a particular geo-

metry. Often this is of the form shown below.
K = Y(S) ovma
where Y(s) is a constant for a particular geometry and crack size. Y(s) can

be determined from analysis or experiment and in the present case the esti-
mation of the variation of Y(s) with a/t, where t is the wall thickness,
from both theory and experiment is a convenient method of assessing the
accuracy of the Fracture Mechanics model.

In general the function Y(s) will be dependent on the specimen geometry,
crack aspect ratio and finite section size effects. In the present case it
should be possible, for a preliminary analysis, to treat the thread as a
circumferential groove in a cylinder for the long crack analysis, but to
examine the local stress field at the root radius for small crack growth.
One would not expect the crack aspect ratio to be of major importance for
this case and this has been omitted from the analysis. Finite section size
must be included, however, especially for the long crack analysis. For
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initiati i en calculated.
completeness the crack initiation life has also be

of crack initiation cycles, small créck
les to initiation were calculatedfuz;ﬂ%hz
notch strain analysis (Wetzel, 1977). T?ls model uses the riizlzire;s strain
clastic finite element analysis to describe the elastlc{plas S it el
conditions at the bottom of the tooth. .Thg Man§on—Coff1n strazk e was
tionship is then used to calculate initiation ?1fe: Small ciier iith on
calculated using the local stress field shown in Fig. 8 to%eu1ated wsing an
assumption of elastic behaviour. Long cr?ck growtb was ca Zss e emtrotion
analysis by Harris (1967) based on Neuber's approximate str B ons prediered
factors for notches. The results from the stra1n—11f§ Calc?t can be seen

an initiation period of only 30,000 cycles bgt from Flg.15 i e
that this is quite consistent with the experl@entgl results.

from the two crack growth analyses are shown in Fig. 7.

The analysis requires calculation
growth and long crack growth. Cyc

In order to assess the accuracy of the predigtlon in F¥g. 7 1;8130§2C§i22ry
to provide the values of Y(s) from the experiment. This ?znd e sin

both fatigue crack growth and the fractu¥e condition prov1de e e G115Y
material properties are known. The specimen tested was maze Dt g ke
steel of composition and properties shown 1in Tables 1 and Tﬁ'elen o

growth resistance in a similar steel has been measured by 1

Fine (1975) and was found to be:

"

- )
= =1.8x% 10 (AK)

i red but from
Unfortunately the plane strain fracture toughness was not measu g

it i i . or
published data (Thielen and Fine, 1975) it is likely to be 40 MPa.m
greater.
ssible to reinterpret

1 Y(s) vs a/t curve.
eory and experil—

Using this information with the pre}oad model 1:_15 po
the fatigue crack growth of Fig. 5 into an experimenta :
The results are shown in Fig. 7. Th? agreement between the o Ml A Sl
ment shown in Fig. 7 is good and indicates that the approxim B e mifE
sity factor solution is probably adquatg for des1gn_purposelsu.a Eartome 198K,
be seen from this test that quite a s1gn}f1cant pgrt}on of tthread el

for this design, involves crack proPagat}on.' Modifying theCk i st o
geometry, specifically the root radius will improve the cration seriod as
resistance but possibly at the expense of the crack_propaga o B = o ke
the larger root radius would reduce the S.C.F. buF 1ncreasehe N end: SEE
stress field. This aspect forms part of the re@alnder of td T e
gramme where it is hoped that the rules for optimum thread desig

established.

CONCLUSIONS

ion
1 It has been found to be possible to measure the crack shaieregzézil
’ during a fatigue test on a large scale taper threaded tethe .

anics analysis of the

small and long crack ,
'Finite Element
howed that the

2. This data has been used to assess a f?athre.mech
thread. The analysis included crack 1n1tlat}on,
growth and was based on a F.E. stress analysis and a qew .
Model for predicting load distribution. The correlat}on .urposes-
Fracture Mechanics analysis would be adequate for design P
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TABLE 1 Material Composition and Properties for 4145 Steel

Chemical Composition (%)

C Si Mn S P Cr Mo Ni
0.45 0.25 0.96 0.033 0.017 1.10 0.25 0
Mechanical Properties

g o % Elong. Red.of Area Brinell

y ult
870 MPa 1100 MPa 16 527% 302/318

TABLE 2 loading Details

Cyclic Loading
P max = 800 kN

P min = 50 kN
F = 2 Hz
Joint Opening Load = 850 kN
Inspections 60 k,

110 k, 158 k, 207 k, 285 k, 336 k cycles

Failure 375 k cycles

Fatigue crack propagation in 4140 steel.

Dimensions in mm.

Thick walled tether.

2

Fig.

Servohydraulic test rig.

1

Fig.
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Crack shape evolution.

Fig. 4.

Automated inspection rig.

Fig. 3.
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