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-Introductidn
1.0 Introduction

The oil industry has been developing alternate methods of pro-
ducing oil from deeper waters for several years [Crookel. Two novel
deep water production platforms are currently being installed. The
Exxon éuyed tower [Lena Platform] is currently in place in the Gulf of
Mexico, and the Conoco Hutton tension leg platform ("TLP", Figure l.1)
was installed in the North Sea in the summer of 1984f. Both the guyed
tower and the tension leg platform are "compliant" structures in that
they are designed to move with the waves without exerting undue
stresses on their members. Compliant structures have a natural surge
period that is greater than normal wave periods, while fixed structures
have periods less than the wave periods.

A critical element of both the tension leg platform and the guyed
tower are the mooring systems. These systems consist of the quy wires,
in the ‘case of the guyed tower, and tendons in the case of the TLP. The
mooring system is designed to preveht the excursions of the platform
from exceeding those which would be safe for the platform and well
system, while at the same time keeping the loads on the moorings within
acceptable stress and fatigque limits.

The reliability of these mooring systems is a key ingredient to
the overall feasibility and safety of compliant structures. Ideally,
once in place, the tethers would not need to be replaced over the
lifetime of the structure. Whether this objective can -be met depends on
two factors: '

a) can design criteria as conservative as those used for fixed

structures be used in the design of these tethers and

b) can suitable methods of in place inspection of the tethers be
- utilized so that the risk of structural failure is adequately
low.

Unfortunately, there is no prior operational experience to draw
upon in order to verify the appropriateness of design criteria for
this specific application. The reliability of tether components will
not truly be known until a number of test programs are undertaken, and

*See Ocean Industry, Vol.l9, No.8, Aug. 1984, p.35.
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maybe not even until a structure has been in place for many years. This
means that the ultimate reliability of the tether system depends on the
ability to either perform accurate in-place inspections, or to periodi-
cally remove and replace tether components.

This latter approach has two drawbacks:

a) the costs of removing,'inspecting and replacing tethers may
be prohibitive in terms of both replacement costs and inter-
ruption of operations, and

b) risks associated with removing tethers during the course of
operations operations (e.g. from damaging the latch or adja-
- cent tendons) may exceed the potential benefits gained by
having confidence in the structural integrity of the replaced

part.
Thus, primary emphasis should be placed on developing "fail-safe"
insitu inspection techniques and procedures. The primary focus of this
research is to investigate the specific requirements for inspecting TLP

tendons and the state of the art of applicable inspection methods.

In principle, several methods can be used to inspect for fatigue
cracks or other defects: ultrasound, eddy current, x-ray, or acoustic
emission. For reasons discussed in Section 6, ultrasonic NDT techniques

are considered most suitable.

In addition to selecting the most appropriate inspection techni-
que, there are questions about how to implement the procedure. In the
case of the pipe sections with a small inner bore, internal inspection
would have to be accomplished with an automated instrument, and even in
pipes with an inner diameter of 20 inches or more manned inspection is
unlikely. External inspection may be possible using divers or remotely
operated vehicles, but it would be very expensive, eépeciallY'in view «
of the hugé amount of the steel to be inspected. External inspection
would also be impeded by marine growth on the outside of the legs. Even
a relatively thin layer of marine growth makes ultrasonic inspection
difficult or impossible because the porosity of most of these organisms
scatters and strongly attenuates signals.

In the case of gas-filled pipes, acoustic coupling may constitute
a problem. It can be solved, however, by temporarily substituting a
liquid for gas in all or part of the leg being inspected or by using a
contacting acoustic device. |
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Emphasis in this study has been placed on the modeling of tendon
failure mechanisms and on methods for inépecting tendons while in
service. Since it is likely that the efficacy of any inspection scheme
will depend on the particular form of the tendons, the first phase of
this study focuses on the development of a methodology for quantitative
assessment of the effectiveness of a given inspection method. The
output of this méthodology. or tendon inspection model, is a determin-
ation of risk, or failure probabilities, as a function of such things
as inspection tool performance, structural form (shape) of tendon
components, frequency of inspection, acceptance criteria (e.g. initial
flaw size) and environmental loadings. This modelémay be utilized in
the future to -assess the relative effectiveness of various inspection
methods together with various tendon structural forms. This assessment
will combine an’analysis of inspection methods with a fracture mechan-
ics analysis of tendon components in order to determine the effect-
iveness-Bf various inspection strategies.

This report defines the key parameters of poséible TLP tendon
designs, inspection systems and likely failure mechanisms which need to
be considered in an inspection strategy. Section 3 defines fatigue load
criteria derived from Spectral Ocean Wave Model (SOWM) hindcast data
and various published tendon tension response functions. Sections 4 and
5 discuss the available data on appropriate material properties for
candidate tendon materials, and typical tendon component designs and
stress analysis, respectively. Section 6 contains a discussion of
possible inspection schemes and an analysis of the likely performance
of the preferred method of inspection, ultrasonic. Section 7 presents
the results of a structural reliability model incorpbrating_the results
of the previous sections. The putpoée of this model is to evaluate the -
‘effect on structural,réliability of various levels of inspection -
specifically the frequency of inspection, sensitivity and reliability
of the inspection technique. Section 8 discusses recommendations for
future research.
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Summary

2.0 Summary and Conclusions
2.1 General

The objective of Phase I included an analysis of inspection
requirements for likely TLP tendon designs, and appropriate inspection .
methodologies. The focus of the effort was on tendons consisting of
tubular steel elements joined by threaded couplings and an internal
inspection system similar in approach to that developed for the Hutton
project [Salama and Ellis, Shilbeck, _et_all. Surface cracks (e.g.,
welds or heat affected zones) may be detected using various techniques
such as magnetic particle, eddy current, magnetic field disturbance or
ultrasonic. Magnetic particle and eddy current methods are probably
most applicable for direct inspection of external surface flaws, al-
‘though only the eddy current (for external inspection) or an ultrasonic
device would size the defect. - -

The Phase I study concentrated on modeling the performance of an
internal ultrasonic device. The methodology is equally applicable,
however, to an external device which might be required for buoyant
tendons (i.e. with the tendon I.D. sealed). Mechanized systems for
ultrasonic inspection of pipeline welds and offshore platforms have
been developed which could be applicable to TLP's (see P.S. Tan,
Leeuwen and Hooft).

Generic "thick walled" énd "thin walled" connector designs have
been considered, as shown in figure 2.1 and 2.2. The thick walled
connector corresponds to the Hutton TLP tendon design, while the thin

" walled connector is more representative of those Currently under
consideration for U.S. waters.

2.2 Ultrasonic Inspection

A theoretical model of ultrasonic detection limits for inspection
from the inner diameter has been developed. Figure 2.3 illustrates.the
acoustic beam angles proposed for the inspection of critical areas of
the thin walled connector. Ultrasonic detection limits have been
analyzed using assumed conditions for attenuation, reflectivity from
boundaries, transmissivity and crack geometry. The model results in an
estimate for ultrasonic echo response given as "

MMSSUM (dc) ‘ 2-1
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- 2 _.-a2d
P=C R e S¢S
P a2

where

o]

transmittance coefficient

pulse echo sound pressure amplitude

initial sound pressure

reflection coefficient at steel/water interface
attenuation coefficient

acoustic scurce area

area of crack reflecting the acoustic pulse

distance travelled by beam in material between source and
reflector crack

= acoustic wavelength

Values of attenuation coefficients, reflection coefficients and
transmissivity are very dependent on material properties and surface
finishm2Va1ues for smootﬁ; fine grained low alloy steel were used in
the Phase I analysis.

Plots of this relationship for various sections of the connector
at various acoustic frequencies were generated. An example is shown in
Figure 2.4. Detection limits wil) be 2 function of echo response, with
values of .001 (0.1%) considered marginally detectible responses
and .005 (.5%) being detectible with a high confidence. These limits
result in the theoretical detection sensitivities shown in Table 2.1
for a 5 MHz source frequency.

Notice that the preseﬁt model considers only far field ultrasonic
effects and is not able to reliably predict detection thresholds less
than 2mm. These would have to be determined experimentally or with a
refined analytical model, although our failure analysis (see below)
suggests that lower detection limits may not be necessary.

2.3 Analysis of Inspection Requirements

Inspection requirements were determined by carrying out loads
analysis, fatigue and fracture mechanics analysis for four likely deep
water environments:

o Gulf of Mexico (Green Canyon)
o Atlantic

MMSSUM(dc)
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o Pacific (Central California) :

o] North Sea o

Fatigue (crack initiation) and crack growth times depend most
critically on load amplitudes, environment and material properties.

Loads are very platform specific. In particular, tendon fatigue
loads arise primarily from wave inertial forces on platform columns and
pontoons. These loads vary directly with platform displacement and are
dependent on a number of factors such as column spacing, ratio of
column to pontoon volume, and total waterplane area. A number of
published tendon tension Response,Amplitudé Operations (RAO) were used
for the Phase I study recognizing that the RAO for specific’applica-
tions could alter the results. In assessing inspection requirements,
the worst case combination of RAO and environment were generally
selected. Table 2.2 shows the effect of varicus environments and tendon
response functions on the estimated crack initiation time for the last
box thread.

Of more interest from an inspection standpoint is the time for
cracks of various sizes to propagate to a critical size. For any given
flaw detection threshold, this could be considered the minimum inspec-
tion interval.

Figure 2.5a-b shows the predicted life &5 & function of initial
crack depth for the thick walled and thin walled connectors,
respectively, under various environmental conditions. The loading for
these cases was derived for worst case RAO of those published -
corresponding to a large production platform with a large column to
pontoon volume ratio. Table 2.3 summarizes the crack growth periods for
an initial flaw size corresponding to the minimun size of a detectible
flaw from Table 2.1. Clearly, if flaws of this size can be reiiably “
detected in the connector threads, and our other assumptions are
correct, then an initial inspection of the connector threads which
shows no flaws larger than those indicated would insure against
critical crack growth éurirg typical platform service lives.*

*Note that this analysis does not consider other failure modes such as
stress corrosion cracking, nor does it consider damage conditions which
could lead to higher loads over part of the structure’s life. Also,
average crack rates, not upper bound, were used. See Phase I report for
further discussion.
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Flaw growth in the tendon pipe is expected to be more rapid than
in the connector due to higher section stresses. Figuré’2.6 shows
expected time to failure as a function of critical flaw size for thin
walled pipe in the worst case North Sea environment.

In this case a 2mm flaw would lead to critical flaw size in an
estimated 35 years. These results could also apply to thin walled
tendons with girth welds, where the potential for flaws is greater.
Note, however, that crack growth data is sparse for the prevailing TLP
conditions (i.e. high mean stress, cathodically protected) even for
base metal, let alone for weld metal on the heat affected zone.

The above analysis does not consider the uncertainty in loadings,
material properties or initial flaw distribution. A probabilistic crack
growth analysis was carried out using Monte Carlo techniques and
assumed distributions for these variables. The results for the last pin
thread, freely corroding with a presumed inspection to 2 mm flaw size,
are shown in Figure 2.7. The results are shown for a single component
and a number of components in series representing the reliability of a
tension leg_taken'as a whole.

The above 'worst case' assessment suggests that inspection sensi-
tivities in the range of 2mm for the pipe and/or connector are more
than sufficient for an inspection system. In fact, even under these
assumptions, and inspection system with a 6-8mm detection limit would
be adequate, although under the worst conditions an inspection to this
level might be desireable every 10 years.

These conclusions need to be tempered by consideration of several
factors:

a) The inspection model is contingent upon several assumptions.
For example, external coatings on the tendons could effect .
the reflection coefficients used in equation 2.1 which in
turn could reduce the echo response.

b) The fracture mechanics analysis assumed a single crack
nucleation site. Multiple initiation sites could lead to -
circumferential crack growth which would lead to faster
through wall propagation. .

c¢). The material fatigue data is sparse for the conditions
experienced by tendons. Our results are based in part by
extrapolation of data taken at higher stress intensity and/or
lower mean stresses. '
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Summary

d) Stress profiles.used in the connector threads were derived
from a simplified application of Neuber's rule. Actual thread.
stress profiles could be different and require finite element
and/or experimental verification. :

e) The large volume of critically stressed material in a TLP
makes 100% inspection difficult, The probability of missing a
flaw larger than the theoretically minimum size flaw needs to
be considered.
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Table 2.1

Theoretical Detection Limit
TLP Tendon Inspection

s for

Connector. Location 4 Min. Detectible 100% Detection
= Crack Size Probability
(mm) {mm)
Thick Walled Last Box Thread 2.0 4.3
Thick wWalled Last Pin Thread <2.0 2.0
Thick wWalled Pin Preload Shoulder 2.0 <2.0
Thick Walled Make Up Shoulder <2.0 2.0
Thick wWalled First Box Thread 3.7 8.2
Thin Walled Last Box Thread 2.0 2.0
Thin Walled Last Pin Thread <2.0 2.0
Thin Walled Make Up Shoulder <2.0 <2.0
Thin Walled First Box Thread <2.0 2.8
2-6 JOHN E. HALKYARD & COMPANY

OCEAN ENGINEERING CONSULTANTS




TABLE 2.2 Fatigue life in years for TLP tendon connector-designs -

THICK-WALLED CONNECTOR THIN-WALLED CONNECTOR

FATIGUE MAXIMUM  PRE- LIFE LIFE LIFE LIFE
DATA  TENSION TENSION CURVE A CURVE B CURVE A CURVE B
1 - 5300 1760 101 39 94 34
2 5300 1760 1083 1.2E+6 1013 1.1E+6
3 1720 1085 1977 1.5E+11 1885 1.4E+11
4 2075 1275 - 1590' 5.9E+9 1513 4 .75E+9
5 2075 1275 1557 2.0E+10 - 1481 1.9E+10
6 2475 © 1475 1370 2.0E+7 1299 1.83E+7
7 4275 2375 " 433 1123 403 949
8 3275 1875 382 9667 360 8534
9 2075 1275 1520 5.3E+8 1446 4.7SE+8
10 3275 1875 277 1992 261 1760
11 2975 1725 807 11430 760 10250

12 3975 2225 101 376 .90 325

Tensions in kips

Curve A is free corrosion S-N curve [Salama and Tetlow, Fig. 7]
Curve B is design S-N curve [Ibid]

MATERIAL: 3.5% NiCrMoV -

Fatigue Data Key:

‘1. Webster Hutton 7. SOWM Gulf, Dillingham RAO .
2. Webster tether - 8. SOWM Gulf, Mercier-Hutton RAO

3. SOWM Pacific, Chou RAO 9. SOWM Atlantic, Chou RAO

4, SOWM Gulf, Chou RAO 10. SOWM Atlantic, Mercier-Hutton RAO

5. SOWM Gulf, Paulling RAO 11. SOWM North Sea, Chou RAO

6. SOWM Gulf, Tan RAO 12. SOWM North Sea, Mercier-Hutton RAO

9_7 JOHN E. HALKYARD & COMPANY
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Table 2.3

Results of Crack Growth Analysis (Summary) -

Connector Location Initial Residual Connector Life
' Crack Assuming 100% Detectible
Size Initially (years)
(mm) North Atlantic Gulf of Pacific
Sea . Mexico .
Thick walled Last Pin Thread 2.0 73+ 633+ 6319+ 3720+
Thick wWalled Last Box Thread 4,2 62+ 520+ 4700+ 2600+
Thin Walled Last Pin Thread 2.0 140+ 1250+ = 12500+ 8400+
Thin Walled Last Box Thread

2.0 160+ 1300+ 14000+ 9000+

TABLES (cu) 2/15/85
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Notes:

o

Nine splines
2.9 in. wide egually
spaced.

2. Axisymmetric
about center line. %

Figure 2.1 - Thick walled connector.
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Figure 2.2 - Thin walled connector.

s: ' '
1{2& nglve splines 3.8 inches wide, egually spaced.
2. Axisymmetric about center line.
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Thin Walled Connector
Last Box Thread

Echo Response
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Figure 2.4 =~ " Echo response vs. flaw size for the thin walled connector
’ last box thread.
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Figure 2.5a - Initial Flaw Size versus Time to Failure. A Comparison
of Platform Environments (Thick Walled).
Material Environment: Frec Corrosion
Platform Environment: Dillingham
Tendon Cross Section: Last Box Thread
Stress Intensity Model: Semi-Elliptical Crack
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Figure 2.5b - Initial Flaw Siz
of Platform Environments (Thin walled).
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e versus Time to Failure. A Comparison

Material Environment: Free Corrosion
Platform Environment: Dillingham

Tendon Cross Section: Last Box Thread
Stress Intensity Model: Semi-Elliptial Crack
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Figure 2.6 - Initial Flaw Size versus Time to Failure. A Comparison
of Material Environments (Thin Walled). _
Platform Environment: North Sea

Platform RAO: Dillingham/Mercier

Tendon Cross Section:  Pipe o
Stress Intensity Model: Semi-Elliptical Crack
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Figure 2.7
(Last Pin Thread, Thin Walled Connector)
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Tendon Fatigue Loads

3.0 Tendon Fatigue Loads
3.1 Environmental Data

In order to determine fatigue loading of the TLP tendons, it is
necessary to establish the environment to which the TLP is exposed. The
significant environmental factors are wave height and period. Wind and
current velocity only play a small part in fatigue although they should
be considered in deriving maximum and minimum loads as well as other
design criteria.

3.1.1 Regions of Study and Source of Data

Four regions used in this study are the offshore Central
California area, Green Canyon in the Gulf of Mexico, Atlantic Ocean off
the east coast, and the North Sea. These régions show promise to the
oil industry and are potential TLP sites due to their large water depth
(TLP's 'are economical and stable in deep water - 1500' and greater).
Figure 3.1a-d shows maps of the four regions which indicate recent
lease sites. Sources of environmental data for each of these locations
is described below::

North Sea

1) Spectral Ocean Wave Model (SOWM) data produced by the
National Climatic Center (NCC) has been processed by the
NCC to give significant wave height versus frequency of
occurance based on 20 years (29,000 records) of hindcast
data. [NOCDI]

2) {Webster] has published North Sea fatigue loads for two
cases: The Hutton platform and a three column tethered
buoyant platform.

Atlantic Qcean

1) SOWM data produced by NCC, required processing to
achieve relevant environmental data (described below).

2) Hurricane data for Gulf is used [API RP2T].

Gulf of Mexico

1) SOWM data produced by NCC: required processing to
achieve relevant environmental data (described below).

2) Data from [API RP2T] contains statistical data consist-
ing of frequency of occurance of significant wave height
versus wave period for both normal conditions and hurri-
cane conditions.

MMS/DATA(cp) 4/18/ 85 341
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Tendon Patigue Loads

Pacific Ocean
1) SOWM data produced by NCC: required processing to
achieve relevant environmental data (described below).

See table 3.1a-f for the environomental data relevant to the
computation of fatigue loads.

3.1.2 The SOWM Model

The SOWM uses barometric pressure readings to derive a wind velo-
city map and corresponding wave spectrum map. The model is updatﬁed
‘every six hours using a new set of barametric pressure readings. SOWM
data for a particular area consists of a 12 or 20 year record with a
wave energy spectrum and wind velocity specified every six hours. The
SOWM model does not account for hurricanes so storm data from other
sources is used. A Fortran 77 program (SOWM.FOR) has been developed to
-proce‘sé this data. The energy spectrum is a 12 by 15 element array
representing variance in ft2. There are 12 wave approach angles and 15
frequencies. SOWM.FOR output consists of two files. The first is a
chronological record (six hour increments) of significant wave héight
(Hg), mean period (Tp), zero crossing period (T,), and wind speed. The '
second is statistical data of Hg versus frequency of peak energy., H
versus direction of maximum energy, Hg versus wind speed, wind direc-
tion versus wind speed and méan energy versus Hg. Tables of the statis-
tical data are presented in Appendix A.

The values of Hg, Tp. and T, were calculated with the formulaé:

\

By = 4(M)1/2

= My/My

= (M /M) /2

where M., Ml. and M, are the zeroth, first, and second spectral moments
defined as:

n _
M, f £4 Eljdw

Eij corresponds to the energy variance in (££21 given by the SOWM
model.
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Tendon Fatigue Loads

3.2 Fatigue Loads
3.2.1 Method for Computation of Fatigue Loads
A fatigue load spectrum is derived from the statistical frequency
of occurance data on significant wave height and period (see table 3.1
for this data). The number of waves/year at a particular wave height
and period is determined from the frequency of occurance data. To
compute the load spectrum Sp,,3(f) the Bretshnieder wave spectrum
Swave(f) is multiplied by the square of the tendon tension response
amplitude operator' [RAO(f)]. This is integrated numerically over £ (0 <
' £ <=) to obtain the first moment of the load spectrum. The load prob-
ability distribution function is then known and the number of cycles
per year within a load range can be determined. See Figure 3.2 for an
outline of the. above procedure.

- 3.2.2 Tendon Tension RAO

The RAO will vary as a function of platform geometry, water depth,
and wave characteristics. In this report, nonlinear FEC verjestion with
wave height is ignored in that RAO’s as computed by various authors are
used to compute tendon tension as a linear function of wave height. The
non-linear effects have been shown to be small. In computer time domain
similiations [Balkyard and Liul the RAO at large wave heights has been
shown to yield RAO's close to the linear RRO’s. The RAO’s at large wave
heights can be less than at small wave heights due to the increased
importance of drag and the phase relation between drag and inertia.

Some of the RAO’s presented here were derived experimentally from
random sea state spectra. Tan et al determined RAO's experimentally for
2 random sea state spectra and for regular waves of various heights.
Data from the three experiments indicate that RAO has only a small
dependence on wave spectrum and wave height. Thus the assumption that
tendon tension will be linearly dependent on wave height is reasonable.

Five RAO’'s have been selected to study the effect of geometry on
tendon fatigue loads produced by waves [Chou, et_all, [Dillinghaml,
[Mercier, et_all. [Paulling, et _all., [Tan, et _all. The RAO's are plot-
ted in Figure 3.3.

In the range 3 < T ¢ 5 seconds authors seldom specify RAO's. In
the 0 < T < 3 second range wave energy is small and can be neglected
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Tendon Fatigue Loads

(RAO's are also small). At the h;ave and pitch natural period, signifi-
cant -tensions could occur due to resonance. We estimate an RAO of 290
kips/fi: for & typicel platform at an assumed natural period of 3
seconds (see calculation sheets, Appendix ); In a narrow bandwidth
about the natural period an average RAO of 15 kips/ft is found. In the
range outside of this bandwidth the RAO is assumed to véry from the
author specified RAO at T=5 seconds to zero at the period equal to 3
plus the bandwidth/2.

Platform geometries specified by the five authors are summarized
in Table 3.2. Information is not given by [Chou _et all] and
[Dillingham}. Qualitatively, some aspects of the RAO curves may be
described from an examination of platform geometry. At large wave
periods the tensioh RAO should approach the tidal tension RAO. For the

-platform Paulling analyzes the tidal tension is very small because this
TLP has very thin columns which act'primarily as support members. Thus
the RAO at 24 seconds is nearly zero. The [Mercierl RAO for the Hutton
Platform is large at large periods. This is due to the four large
corner columns and two center columns which give rise to large buoyancy
induced heave forces. The [Dillingham] RAO is extremely large at large
periods indicating large columns or other members breakihg the free
surface. The various éips ané pezks that the RAO's exhibit is produced
by complicated wave induced water velocity and accelleration distribu-
tions over the columns and pontoons. At small periods the RAO has a
spike at the TLP pitch natural period and is effectively zero at smal-
ler periods. Large columns also introduce complicated wave diffraction
effects which effect the RAO’s for wave periods less than approximately
8 seconds.

3.2.3 Computed Fatigue Loads

Environments and platforms for which fatigue loads were derived
are: )

a) North Sea - SOWM Data: Mercier_et_al, (Hutton TLP), Chou et
ﬂ.
b) Atlantic Ocean - SOWM Data: Mercier _et al, (Hutton TLP), Chou
et al.
c) Gulf of Mexico -
'MMS/DATA(cp)4/18/85 . 3-4
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Tendon Fatigue Loads

1) SOWM Data: Chou et al, Tan et _al, Paulling et al,
.Dillingham, Mercier et al.

2)  API RP2T: Chou et al.

3) API RP2T Hurricane Data: Chou et al, Tan et al, Paulling
et al, Dillingham, Mercier et al.

d) Pacific West Coast - GCHIF Lete: Cheu et al.

Tables of these ten cases as well as the two [Webster] data are
given in Table 3.3a-1l. Due to the lack of hurricane contributions in
the SOWM data the fatigue load contributions due to hurricanes for the
Gulf and Atlantic are given by the API RP2T Gulf Hurricane data. Plots
of the table information are contained in figures 3.4a-c. Figure 3.4a
shows a piot of the fatigue loads that the platform based on Chou's RAO
would experience in the four environments. The increase in load from
the mild Pacific environments to the most severe North Sea environment
is evident. The API RP2T curve is the same as the SOWM curve, which
implies that the two sets of environmental data are equivalent. The two
data sets are probably based on different locations within the Gulf
which could account for any discrepancy.

Figure 2.4b shows loads for the Gulf of Mexico based on the five
RAO's. The number of cycles at each load amplitude differs
significantly between each RAO. Thus fatigue and tendon size may be
strongly dependent on platform geometry.

Figure 3.4c compares the Webster load data with load data derived
from the SOWM data for the Atlantic and North Sea and the Mercier-
Hutton RAO curve. The Webster-Hutton curve and the North Sea-Mercier
curve are fairly close. The differences méy be attributed to 1) a
possible changé in design of the Hutton platform between the time of
the Webster study and the Mercier et al study, and 2) the variation in
climate between the location the SOWM data represents and the location
for which the Webster-Hutton loads were determined. The Atlantic-
Mercier loads are more benign than the North Ses JceCs and the Webster-
tether loads are the least of the four. The Webster-tether loads are
based on a three column TLP which may explain their mildness since the
tendon tension RAO's of most three column TLP are less than four column
TLP's. The Webster-Hutton loads are based primarily on numerical calcu-
lations and some expérimental data for a preliminary Hutton design
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Tendon Fatigue Loads

"~ which has since been changed. The TBP loads were derived for a three

leg platform from experiments simulating the Northern North Sea
environment.

3.2.4 Pretension and Maximum Design Loads
Pretension was calculated from the formula
Pp=Tp + Ty, + Ty + Tg + Ty + Tg + Ty

where

Top maximum tidal load - 100 Kips

Ty, weight of tendons -~ 513 thick connector
533 thin connector

effect of wind/current moment - 100 Kips
setdown - 0
maximum storm wave - variable of environment
= foundation mispositioning - 50 Kips
= springing effect - 50 Kips '

Generic values used are listed to the right.

The fatigue loads induced by the maximum storm wave was determined
from the 100 year design wave in a manner analogous to that outlined in
section 3.72.1. The primary design wave load was then taken as the
maximum load whose probability of occurance was 100% during the 100
year storm. |

Maximum design load was calculated from the equation:

Thax = Pp + Ty + Tp + Tg + Ty + Tg + Ty

Here Tg = 50 Kips, other values remain the same.
“Table 3.4 contains pretension and maximum design loads for the
various environments and platforms. '

- /

3.2.5 Probabilistic Hurricane Fatigue Loads

Hindcast hurricane data has been produced in a paper by [Beal. In
particular, extreme value probabilities of expected maximum wave
heights and probability of number of severe hurricanes in a year were
vsed to derive fatigue loads in a manner similar to that outlined in
Secticr 5.2.1. The peak wave period is assumed to equal 14 seconds and
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Tendon Fatigue Loads

the following relationship is used to relate maximum wave height Hp,,
to Hg: '

HS = 1,9 Hmax

An equation describing Hg as a random variable was derived from
figure 8 of Bea's paper and is , -

Hg = 21,57 RND + 22.1 . . (feet)

where RND is a random number ranging from 0 to 1. The probability (P)
of number of severe hurricanes (N) in a year was taken from figure 3 of
‘Bea's paper and is approximated by the following table:

P N
55% 0
26% 1 A
14% 2
- 5% 3
_MMS/DATA(cp)4/18/85 3-7
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Tendon Fatigue Loads
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TRBLE 3. 1R

DATA FOR GRID BCINT 212(GULF OF #MCSXICO), BASED ON 26548 RECORDS-20 YEARS
CRTITUDE=cS. 6; LONGITUDE=32. 4. '

FZAK FREGUENCY VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE

FREQ  PERIOD H-SIENIFICANT [FEET]
1 1.3 35 ST 79 911 11-13 13-18 18-25 5-35 35-45 45-60
308 325 . .644 2.9%1 000 .000 .00 .000 000 .000 .0G0 .000 .000 .00
208 481 .00 044 1.876 .000 .00 .000 000 .000 .000 .000 .000 000
A8 6.3 3991 17128 12,746 4,484 .0S3 L0090 .000 .000 .030 .000 000 000
AR 7.5 L906 5.150 S.147 6.446 2,490 .853 .00 .00 .000 .000 .000 .00
M7 855 1533 7.328 4.7 2.278 3.086 1.413 .173 004 .000 .000 .000 200
103 971 452 2,400 1.567 1,076 1.806 1.263 1.109 .373 .00 .000 .000 .000
032 10.87 J4TURO.426 .29 L117 L1246 L173 .58 .826 .000 .000 .00
081 1235 038 L2610 147 066 .109 .034 .030 .15¢ .166 .004 .000 .00
072 13.89 113,203 .56 030 .004 .019 @08 .000 .B26 .000 .000 000
867 14.93 15 L185 .B68 .01l .000 .00 004 004 .004 .008 000 000
061 16.39 A3 LHT 075 011 .08 .015 604 000 .000 008 000 000
056 17.86 (000 .000 .000 000 .000 .000 .000 .00 .000 .000 .000 .000
050 20.00 .00 .00 .000 080 .000 .000 .000 .000 .000 .000 .000 .09
08 22,73 .00 .000 .00 .000 .000 .000 .000 000 .000 000 .000 .000
033 .64 .00 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 000
TRELE 3. 1B

DATA FOR GRID POINT 26@(ATLANTIC-EAST CORST). BASED ON 27080 RECORDS-

20 YEARS. LATITUDE=34,5; LONGITUDE=74,9,

PEAK FREQUENCY VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURRNCE
FAEQ  PERIOD H-SIGNIFICANT (FEET]

1 13 35 ST 79 M {1-13 13-18 1825 535 3545 4560

.38 385 54 351 .00 .® . .00 . .0 .0 .00 .00 .00
288 4.81 8 15 380 .8 .00 .08 .00 .0 .0 .00 .00 .00
A8 633 .68 8% 6% 39 .1 .0 .8 .8 .® .2 .08 .0
AR L5 L2l A8 2% 372 28 .10 .® .8 .0 .® . .00
A7 8.5 L16 480 2% 2% 2% 212 .0 .03 .0 .9 .0 .00
103 8T L4 &8 L9 L13 .93 L& .% .5 .0 .20 .00 .00
092 10.87 62 361 1.76 .87 .5% .37 .42 .9 .04 . .00 .00
881 1235 . .46 27 1.8 .&7 .5% .3 .21 .9 .3 .® .0 .0
072 13.89 2 1.4 .88 .65 .28 .15 .9 .88 .10 .03 .8 .00
867 14,93 2 L2 6T R .3 L6 8 L1 L % .8 .00
61 16.39 Jd2 .3 .3 .3 .16 .09 06 %6 .07 .09 .01 .00
56 17,86 @ .83 .65 .ot .e1 .8 .0t .00 .8 .03 .00 .09
050 20.20 .81 . . .0 .00 .00 .00 .0 .0 .00 .00
B4 2,73 @ 01 e e .00 .0 .® .00 .0 .0 .00 .0
039 5.6 W .0 .0 @ . .® .00 .0 .00 .0 .00 .00
MMSSTA, 123 349

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS




TABLE 3.1C

CATA £0R GRID POINT 17S(PACIFIC-WEST COAST). BRSED ON 16@70 RECORDS-20 YEARS
LATITUDE=32.8; LONGITUDE=119.3 '

PERK FREOQUENCY VERSUS H-SIGNIFICANT - FREGUENCY OF (OCCURANCE

PERIOD
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TRBLE 3.1D

DATA FOR GRID POINT 124(NORTH SER). BASED ON 29080 RECORDS -29 YERRS.
LATITUDE=C7; LONGITUDE=SEAST. (FROM N.0.C.D.)

PEAK PERIOD VERSUS H-GIGNIFICANT - FREGUENCY OF OCCURRNCE
PERIOD H-SIGNIFICANT [FEET]
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TABLE 3.{E

DATA FROM APT RP2T (DRAFT) (BULF OF MEXICO).
LONG TERM STRTISTICS.

SIGNIFICANT PERIOD VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE

PERIOD . H-GIGNIFICANT [FEET]

& 10

TRBLE 3. 1F

DATA FROM APT RP2T (DRAFT) (BULF OF MEXICO).
HURRICANE STATISTICS

SIGNIFICANT PERIOD VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE
FRER  PERIOD H-GIGNIFICANT [FEET]
6. 8 10 12

Jd67 B
L1285 8
.1 10
083 12
A7 14
071~ 14+

MMSSTR, 123
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Table 3.2

Platform Data for RAO's

Number of Columns

Column Diameter (ft.)

Column Spacing (ft.)
Column/Pontoon Volume Ratio
Total Disélacément (tons)
Pitch Nétural Period (sec.)

Heave Natural Period (sec.)

NA - Not Applicable

MMS/FIG(cp)2/19/85

{Choul [Dillingham] [Mercier] [Paullingl] [Tanl

NA

NA

NA

NA

NA

NA

3-12

NA

NA

NA

NA

NA

NA

NA

6 3 4
§8-corner 3.1 55.4
48—center
256 196 283
3.4 0.00124 1.44

63,300 2574 54500
2 NA 2.1
2 NA 2

JOHN E. HALKYARD & COMPANY
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TABLE 3.3A

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO
SOWM DATA AND CHOU'S RAO. HURRICANE DATA BASED ON API RP-2T
AND CHOU'S RAO. -

LOAD AMPLITUDE CYCLES CYCLES
{KIPS) = SOWM HURRICANE
0-25 6029665 457
25-50 254224 463
50-75 26086 287
75-125 3930 251
125-175 102 76
175-225 4.98 20
225-275 0.27 4.2
275-350 8E-3 0.74
350-450 1.1E-5 0.03
450-650 1.7E-10 2E-4
TABLE 3.3B

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO
SOWM DATA AND TAN et. al. RAO. HURRICANE DATA BASED ON API RP-2T
AND TAN'S RAO. i

LOAD AMPLITUDE

CYCLES CYCLES
SEIPS) SOWM HURRICANE
0-25 6078089 454
25-50 192716 400
50-75 31850 255
75-125 10136 270
125-175 978 111
175-225 116 45
225-275 13.3 17
275-350 1.9 '7
350-450 .06 1
450-650 2.2E-4 " 4E-2
 650-850 3.8E-11 6E-6
MMSTABLE.122
| 3-13 JOHN E. HALKYARD & COMPANY
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. TABLE 3.3C

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO
SOWM DATA AND PAULLING'S RAO. HURRICANE DATA BASED ON API RP-2T
AND PAULLING'S RAO.

LOAD AMPLITUDE CYCLES CYCLES

{KIPS)

0-25
25-50
50-75

75-125
125-175
175-225
225-275
275-350
350-450
450-650

SOWM

6009961
268291
30232
5255
156
5.7
.24
7E-3
1.1E-5
2.1E-10

TABLE 3.3D

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO
SOWM DATA AND DILLINGHAM'S RAO. HURRICANE DATA BASED ON API RP-2T
AND DILINGHAM'S RAO. '

LOAD AMPLITUDE  CYCLES
(KIPS) SOWM

CYCLES

0-25
25-50
50-75

5562231
590595
112857

75-125 40623
125-175 5531
175-225 1326
225-275
275-350
350~-450
450-650
650-850

850-1050
1050-1250
1250-1450

- 1450-1650

1650-1850 _

MMSTABLE.122

JOHN E. HALKYARD & COMPANY
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TABLE 3.3E
NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO

SOWM DATA AND MERCIER'S RAO. HURRICANE LZYA BASKHD ON API RP-2T
AND MERCIER'S RAO.

LOAD AMPLITUDE CYCLES CéCLES

{RIPS) SOWM HURRICANE
0-25 4955956 145
25-50 981308 205
50-75 237352 207
75-125 110109 "~ 348
125-175 21599 238
175-225 5411 154
225-275 1495 99
275-350 547 85
350-450 112 ' 51
450-650 : - 14 25
650-850 o2 2
850-1050 7E-4 . 9E-2
1050-1250 7 .4E-7 2E-3
1250-1450 1.7E-10 1.6E-5
1450-1650 9.2E-15 6E-8
TABLE 3.3F

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON ATLANTIC EAST
COAST SOWM DATA AND CHOU'S RAO. HURRICANE DATA BASED ON API RP-2T
AND CHOU'S RAO. : -

LOAD AMPLITUDE  CYCLES CYCLES
{KIPS) SOWM HURRICANE
0-25 5347247 457
25-50 325857 463
50-75 45468 287
75-125 10252 251
125-175 1063 | 76
175-225 197 20
225-275 34 4.2
275-350 6 0.74
350-450 .28 0.03
450-650 2.1E-3 2E-4
650-850 3.6E-9 ' 5E-10
MMSTABLE.122 3-15
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TABLE 3.3G

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON ATLANTIC EAST

COAST SOWM DATA AND MERCIER'S RAO. HURRICANE DATA BASED ON API RP-2T
AND MERCIER'S RAO.

LOAD AMPLITUD CYCLES

{KIPS)

0-25
25~50
50-75

75-125
125-175
175-225
225-275
275-350
350-450
450-650
650-850

850-1050
1050-1250
1250-1450
1450-1650

SOWM

4262633
936261
296302
174142

41150
12314
4268
2139
727
183

6

.17
3E-3
2.9E-5
1.1E-7

TABLE 3.3H

CYCLES
HURRICANE

145
205
207
- 348

NUMBER OF. CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON ATLANTIC EAST COAST
SOWM DATA AND DILLINGHAM'S RAO. HURRICANE DATA BASED ON API RP-2T.
AND DILINGHAM'S RAO.

LOAD AMPLITUDE CYCLES CYCLES
AEIPS) SQHMI

0-25
25-50
50-75

4763187
657787
183399

75-125 ' 90826
125-175 19100
175-225 6800
225-275 3285
275-350 2510
350-450 1610
450-650 1148
650-850 260

850-1050 50
1050-1250 8
1250-1450 1.1
1450-1650 © 12
1650-1850 1E-2
1850-2050 \ 6E-4

MMSTABLE.122

JOHN E. HALKYARD & COMPANY
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TABLE 3.31

NUMBER OF. CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON NORTH SEA SOWM
DATA AND CHOU'S RAO.

LOAD AMPLITUDE CYCLES
{KIPS) SOWM

0-25 4504890
25-50 578716
50-75 119630

75-125 39169
125-175 5324
175-225 1211
225-275 ‘

275-350
. 350-450
450-650
650-850
850-1050
1050~1250

TABLE 3.3J

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON NORTH SEA SOWM
DATA AND MERCIER'S RAO.

LOAD AMPLITUDE CYCLES
{KIPRS) SQWM

0-25 3247250
25-50 987284

© 50-75 447802
75-125 368884
125-175 122654
175-225 . 44751
225-275 17601
275-350 - 9240
350-450 3072
450-650 850
650-850 73
850-1050 12
1050-1250 2
1250~1450 .3
1450-1650 .03
1650-1850 2E~3
1850-2050 1E-4

MMSTABLE.122
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TABLE 3.3K

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON NORTH SEA
SOWM DATA AND DILLINGHAM'S RAO.

LOAD AMPLITUDE CYCLES
{KIPS) SOWM

0-25 3677139
25-50 813545
50-75 329631

75-125 245885
125-175 88596
175-225 - 41026
225-275 20873
275-350 15202
350-450 8918
450-650 6330
650-850 1645

850 -1050 450
1050-1250 - 138
1250~-1450 50
1450-1650 23
1650-1850 12
1850~2050 6
2050-3000 5

.TABLE 3.3L
NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR BASED ON GULF OF MEXICO

API RP-2T DATA AND CHOU'S RAO. HURRICANE DATA BASED ON API RP-2T
AND CHOU'S RAO.

LOAD AMPLITUDE CYCLES CYCLES :
- {KIPS) ARPI RP-2T HURRICANE

0-25 6003915 457
25-50 229311 463
50-75 21762 287

75-125 4043 251
125-175 222 76
175-225 21 20
225-275 ' 1.8 4.2
275-350 0.1 0.74
350-450 8E-4 0.03
450-650 2E-7 2E-4

MMSTABLE.122
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TABLE 3.3M

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR FOR HUTTON PLATFORM IN
NORTH SEA [WEBSTERI].

LOAD AMPLITUDE CYCLES
SKIPS) SOWM
21 2295000

60 1495000

90 128560

154 81500
203 3750
280 975
340 | 820
404 104
483 960
551 14500
637 335
712 142
796 270
856 142
922 2.7
1021 .75
1085 : .75

TABLE 3.3N

NUMBER OF CYCLES AT LOAD AMPLITUDE PER YEAR FOR THREE COLUMN TETHERED
PLATFORH IN NORTH SEA [WEBSTERI].

LOAD AMPLITUDE CYCLES

ARKIPS) SOWM
5.5 2000000

19.3 1000000
35.8 1000000

102 . 100000
154 10000
215 1000
290 100
375 | 10
496 1
610 .1
734 .01

MMSTABLE.122 |
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Table 3.4

Tendon Pretension and Maximum Design Load for
Various Platforms and Environments

Environment/Platform

m
North Sea/Hutton [Webster] 1760 5300
North Sea)Tether [Webster] 1760 5300
Atlantic/ﬁChou et all 1275 2075
Atlantic/[Mercier et all 1875 3275
Gulf of Mexico/I[Chou et all 1275 2075
Gulf of Mexico/[Tan et all 1475 2475
Gulf of Mexico/[Paulling et all 1275 2075
Gulf of Mexico/[Dillinghaﬁ et all 23175 42175
Gulf of Mexico/[Mercier et ai] 1875 3275

1085 1720

Pacific/[Chou et all

MMS/FIG(cp)2/19/85 3-20
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Gulf of Mexico 250,

Figure 3.la - Possible and existing U.S. offshore

lease areas. Shading indicates extent of
promising sedementary deposits. Circle indicates
location SOWM data represents. (from Ocean Industry)

Chevron's Pt.
Arguello Field

Chevron’s Sockeye\ ~

. Field Strike
Santa Barbara Channel

| Pacific Ocean

Figure 3.1lb - Two major oil finds off the California

Coast (from Ocean Industr k'
JOHN E. HALKYARD & COMPANY
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SURGE OF EXPLORATION DRILLING in Central Gulf of Mexvoo is keyed to deepwater tracts leased at 1983/84 area-wide sales and to gas
prospects in and around Mobile Bay. Leases in most areas of conventional water depths have been deleted from map.

Figure 3.1lc - Recent lease éites in the Gulf of.- Mexico.

(from Ocean Industry)
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Figure 3.2

Outline of Fatigue Loads Determination .

Given a) joint frequency of occurance of Hsj' Tpi (fij)

' 3
Hgj

t 11 £12

Tpj ; f21 ‘
fjig

b) Tendon tension RAO (f)
Compute total number of waves annually

Nwij = £ij

X 31536000 S-ij no sum on j
Compute Bretschnieder spectrum

Sijwave (f) =

(£)°

2 5 -4
HSl (fO]) exp [_S(f/fOJ) /4]
fo5

5
16 £o4

f =1/T, £ = 1/ij no sum on i, j

oj
Compute load spectrum

.wave (f) y [RAO(£)]2

J

load _
543 (£) =8y

Compute first moment of the load spectrum

load _ r load
Mo of 513 (£) df

- Compute the probability distribution function

L. +2,,y . load
Pi] (L) 1 -exp [-L /ZMOIJ 1

" MMS/FIG(cp)2/19/85 JOHN E. HALKYARD & COMPANY
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L = Load amplitude

The number of cycles per year in a particular load amplitude
range (L; < L < L,) _

N (Ll L (< L2) = [Pij(Lz)—Pij(Ll)] X NWij

1 to number of Hs

1 to number of Tp

MMS/FIG(cp)2/19/85 JOHN E. HALKYARD & COMPANY
Og_EAN ENGINEERING CONSULTANTS
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Figure 3.3 - Tendon tension RAO's as given by five author's.
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Atlantic East Coast
Gulf of Mexico
Pacific West Coast

(defived from SOWM data)
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" Figure 3.4a - Values of Load Cycles per Year versus Load Amplitude
for Four Environments. (Chou's RAO and SOWM data are used)
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Figure 3.4b - Values of Load Cycles per Year versus Load Amplitude
for the Gulf of Mexico and Five Platforms.
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Tendon Materials and Material Properties

4.0 +  Tendon Materials and Material Properties
4.1 Types of Metals

High strength steels are required in tendons due to the large
stresses induced by the combined preload and environmental loads.
Steels of yield stress in the range 70 < oy < 120 ksi may be
applicable. An upper level of 120 ksi is assumed due to the undesirable
brittle nature of steels with higher yield stresses.

4.2 Material Fatigue
4,2,.1 SN Data
4.2.1.1 Deterministic

Fatigue data (SN curves) used in this study are shown in figures
4.1a-b. Figure 4.1a,b represent data [Salamal for 3 1/2 NCMV 115 ksi
yield stress steel used in the Hutton platform. The design curve and
the free corrosion curve of figure 4.1a and the air curve of fiqure
4.1b were used in evaluation of the tendon fatigue life (see section
5).

4.2.1,2 Probabilistic

A scatterband representing data from [Salama et_all was produced.
This was achieved using the outermost data points as the upper and
lower bounds. The free corrosion scatterband is shown on figure 4.1a
and the air and cathodically protected scatterbands are shown on figure
4.1b.

The saltwater environment is extremely severe in comparison to the
air and the cathodically protected case primarily because no endurance
limit is assumed for the free corrosion case while an endurance limit
of about 50 ksi and 65 ksi occur for the air and cathodically protected
‘environments, respectively. ’

4,2.2 Environmental and Other Effects

- Effects which will alter the fatique characteristics of the tendon

MMS04(cp)5/02/8S5 4-1
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Tendon Materials and Material Properties

are:

1) Preload :

2) Cathodic Protection

3) Seawater (free corrosion)

4) Air Environment :

5) Sealed Environment

The modified Goodman criterion is used to account for the effects

of mean stress (see section 5.2).

Cathodic protection increases fatigue life many orders of magni-
tude over the free corrosion fatique life (figure 4.1a). The scatter-
band of figure 4.1a for different applied voltages shows little change
in fatigue life for the voltages used. The effect of voltage on crack
growth may be more pronounced.

The fatigue curve for air gives slightly longer fatigue life than
does the cathodically protected curve.

For the sealed environment to which the threaded couplings are
expected to experience there is no fatigue data. To approximate this
air environment is assumed.

It is possible that the tendon will experience any of the environ-
ments listed above requiring that the fatigue life be examined under
all cases.

4.2.3 Final Fatigue Crack Size

It is assumed that when the damage ratio as computed by Miner'’s
rule attains a value of 1.0 that a crack size has been reached which
results in threshold stress intensities. Thus, from the formula

agn = @ (ARgp/Aoeq)?/n

where
A“eq = equivalent historical stress range
Q flaw shape parameter _
ayy = threshold crack size ‘

ARy} = threshold stress intensity range

the crack size at which fatigue ends and crack growth begins is
found. As an approximation the following values are used:
2
Q = n“/4

Aogq = 40L(1+k/2)11/K Ag/ =

'MMS04(cp)5/02/85 JOHN E. HALKYARD & COMPANY
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AKyy = value of AK between region I and region II crack groyth
(Section 4.3.2)

A“avg” average historial stress range

K = exponent in SN equation

4.3 - Fracture Mechanics
4.3.1 da/dN versus AK Data
4.3.1.1 Deterministic

Fracture mechanics data used for the deterministic fracture mecha-
nics model are shown in figure 4.2a through figure 4.2c. Figure 4.2a
and figure 4.2b [Burnside et_all are for BS4 360:50D steel in air and
521 DIN17100 and BS4 360:50D steels in sea water, respectively. The
curves represent data for R (Kp /K. ,) greater than 0.5. Figure 4.2c
is for 3 1/2 NCMV 115 ksi yield stress steel [Salama et_all at R=0.5 in
air and unhder cathodic protection. While the data from [Burnside et_all
is not for metals of the appropriate yield stress range it is assumed
that these curves are representative of the higher yield stress steels.

4.,3.1.2 Probabilistic

A scatterband was produced representing the data given by [Burn-
side et_all. The upper and lower bounds are shown in figure 4.2b,d for
free corrosion and cathodic protectionp respectively. The upper and
lower bounds were assumed to be the 3¢ deviation from the mean [see
Bu:nsi&e et_al page 8.9]. The mean was taken as the mean curve between.
the upper and lower bounds. The distribution across the scatterband is
assumed to be log-normally distributed. The da/dN bandwidth in region I
(low AK) of crack growth was taken to be the same as that in region II.
The slopes are assumed to equal to that given by [Burnside et_all for
the appropriate cases. '

For the cathodically protected case (figure 4.24) the A,, scatter-
band upperbound passes through the two low AK values of figure 4.2d.
These two points are assumed to represent the lower bound on AK thre-
shold. ‘

MMS04(cp)5/02/85
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4.3.2 da/dN versus AK Equation

‘A three parameter equation as presented by [Burnside et all is

used. Its form is:

1 = 1 + 1 - 1

(1)

da/an A, (KT A, (AK)T4 A,[(1-RIK 1T |
where ' )

R = Knin/Xmax

K. = fracture toughness

AK = Kpax ~Kmin

A, = da/dN intercept at AK=1 (for region I described

below) ,

n, = slope of da/dN vs. AK curve in region I.

A, = da/dN intercept at AK=1 for region II.

n, = slope of da/dN vs. AK curve in region II.

‘The three parts on the right of equation 1 each represent a region
of crack growth. The first represents micro-crack growth (macro crack
formation) for which SN curves may also be used, the second macro-crack
growth and the third rapid crack growth and failure. These regibns as
well as the constants used in equation 1 are outlined in figure 4.3.
Table 4.1 presents the values of these constants for the three

environments.

4.3.3 Environmental and Other Effects

Crack growth as a function of stress intensity range will vary

among the five cases listed in section 4.2.2.

Preload is exhibited by the R ratio. da/dN vs. AK curvés are
affected by R. Crack growth increases with R at constant AK; For TLP
loads and pretension the value of R is almost always above 0.5. Thus
the curves given in figures 4.2a-c can be used directly with equation 1

in computing crack growth characteristics of the tendons.

Cathodic protection may decrease crack growth-rates'for appro-
priate applied voltages while for large voltages (greater than -1.05
mV) crack growth rate is enhanced. The effect of cathodic protection

may differ also depending on whether the crack is very small or large.

The effect of free corrosion is to increase crack growth rates

MMS04 (cp) 5/02/85 4-4  JOHN E. HALKYARD & COMPANY
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over those in air. As for the fatigue data, crack growth life is
computed for all possible environments.

4.4 Effect of Load History -

Due to the effect of loads on the piastic zone size at the crack
tip, a retardation of crack growth can occur when vatiable amplitude
- 1oads occur. A large load will produce a large plastic zone with
resulting compression at the crack tip during future lower loads. The
compression will reduce crack growth rate by a factor which is propor-
tional to the ratio of plastic zone size over thevprevious largest
plastic zone size [Broekl]. The exact form of the relation is itself a
function of material and loading sequence. No experimental data has
been found which addresses this concept for the high strength steels
and loading sequences which are typical of TLP’s.

MMS04(cp)5/02/85 4-5 JOHN E. HALKYARD & COMPANY
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Table 4.1

Values of the Crack Growth Material Comstants #

Deterministic:

Envircnment Al 2

air 3.94E-13 4,33t-10

free corrosion 3.937e-13 2.315E-10

cathodic protection 9€-23 2.5e-8

Probabalistic:

Environment

free corrosion

upper bound . 1,37E~9 13.3
lower bound . 9. 75E-~12 13.3

wedian . 1. 156E-19  13.3

Cathodic Protection

upper bound '3.99E-21 '
lower bound 1.596E-23

sedian 2.523e~-22

# units of A1, A2 in inches/cycle
units of Ke in KSI¥in*. S
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Tendon Component Design

5.0 Tendon Component Design
5.1 Discussion of Tendon Designs

Tendon systems make up the structural link between the TLP
and its foundation. The principal components are (figure 5.1):

Top Tendon Connector
Cross Load Bearing
Upper Flex Element
Tendon Segment (2)
Bottom Flex Element

O000O0

The top tendon connector transfers the locad from the tendon
to the platform. It should have jacking capabilities to adjust

for slight load variations between tendons.

The cross load bearing and upper flex element prevent tendon
bending at the platform heel. Current TLP designs use an
elastomeric bearing for both lateral and angular motion (figure
5.2).

The lower flex element performs a similar funtion with
respect to the interface between the tendon and the bottom tendon

template (figure 5.3).

The tendon segment consists of a tubular element and
coupling. Continuous tendons consisting of cables or welded pipe:"
are being consideréd. however, to date none have been seriously
proposéd for a TLP (see, e.g. Webster). The focus of this study
'is on tubular segments with threaded couplings, as this is the
only concept which has been carried to the prototype stage.

These segments may be constructed in one of several methods:

'

a) integral forged construction

b) seamless pipe welded to forged coupling

c) formed pipe welded to forged coupling

The Hutton TLP tendons were constructed from forgings
[Webster]l. To minimize cost, a relatively small dlameter and -
small bore configuration was selected [Tetlowl. Alternately. a
relatively large bore, thin walled tendon may also be considered
if the pipe is welded to the coupling [Websterl.

The inner bore may be filled with a liquid (e.g. water or

MMS(cu)2/19/85 5-1 ]0HN E. HALKYARD & COMPANY
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air]l or it may be evacuated for more buoyancy.

Two ‘Generic’ tendon configurations have been selected for
this study, a ‘thick walled connector’ and a ‘thin walled connec-
tor’'. Dimensions for the thick walled connector are based on the
Hutton design [Tetlowl. The pipe inner and outer diameters are
2.94 inches and 10.24 inches, respectively (figure '5.4). The
maximum load for the Hutton tendons was 5300 Kips (sée section 3,
table 3.4) resulting in a 70 KSI working stress and a 117 KSI
yield stress using a 1.67 safety factor.

For the thin walled case, the section areas of the thick
walled pipe and connector were scaled to a 24 inch 0.D. pipe
(figure 5.5). This size was selected because it corresponded to 1
inch pipe wall thickness, which is a standard size and readily

formed.

The‘working stress levels in the pipe will be identical to
those in the thick walled case, hence similar material strength

levels would be required, assuming the same wave environment.

Actually, the Hutton tendon design criteria exceed those of
" most potential U.S. sites. Table 5.1 shows maximum wave loads for
the 100 year storm environments using a Bretschneider spectrum
and the various response émplitude operations (RAO's) discussed
in Section 3 (see table 3.4). Considering lower storm tides, wind
loads and currents for U.S. sites, plus more favorable platform
'tuning’, maximum loads could be reduced by 1500-2000 Kips over
those reported for Hutton (we are ignoring the other obvious
means of 1bwerihg loads by means of using more tendons).

Table 5.1

Maximum Tension Amplitude Due to Waves

Gulf, Atlantic North Sea

) [Websterl

Maximum Tension Amplitude 600-1500 Kips - 1760 Kips
MMS(cu)2/19/85 5-2 JOHN E. HALKYARD & COMPANY
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Thus, for our ‘Generic Designs’, the working membrane stress
could be as low as 55 KSI. Using the AISC criteria, the minimum
yield strength would be 73 KSI.

While it is obviously possible to design a lighter weight
tendon with higher strength material, we believe the generic
designs wusing 70-129 KSI yield strength material are
representative of tendons which are likely to be built. This is
primarily due to the problems encountered with stress corrosion
cracking in steels greater than around 120 KSI yield strength,
and the lower ductility of these steels generally.

'From a fatigue and crack growth point of view, the critical
areas of concern are the girth welds (for the thin walled
connéctor) and the fillets and thread roots of both connectors.
The couplings themselves re?resent integral pin and box type
tapered joints similar to rotary shouldered connections for drill
pipe or extreme line casing joints.'A critical design criteria
for these joints is to minimize stress risers which could result
in fatigue crack formation.

Figure 5.4 and 5.5 show the coupling dimensions for the two
cases. Again, these dimensions are representative of the Hutton
connections [Tetlowl] and are not necessarily optimum for any
specific application.

We have considered several different thread forms derived
from various specifications. No attempt has been made to optimize
thread forms, however those selected should be representative in
terms of thread pitch and gross dimensions.

The couplings are presumed sealed from sea water by means of
an O-ring and/or a metal to metal seal in the external preload
shoulder. The internal fluid is assumed to be non-corrosive.

From a fatigue/reliability point of view, the possibility of
some sea water leakage into the thread area needs to be
considered, although the preload shoulder is designed to maintain
its seal through the entire range of loadings.

In order to evaluate connector fatigue life and material

requirements, a computer program was developed to perform
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approximate stress analysis. The following section discusses this
analysis.

5.2 Coupling Analysis

The base case 'Thick-Walled’ and ‘'Thin-Walled' TLP connector
conflguratlons were defined with the aid of a computer program
which analyzed stresses and fatigue damage at critical sections.
These configurations are shown in figures 5.4 and 5.5.

A sketch of the model connector which the progtam analyzed

is shown in figure 5.6. The critical sections are:

a) - Last Thread of Pin

b) Last Thread of Box

c) Pin Neck

d) Inside Fillet in Box

e) Weld/Fillet Sections of Pin and Box

These sections are pointed out in figure 5.7 for clarity.
Compression stresses in the tang, shear in the shoulder, and
Sheér in the splines were also computed to ensure structural
adequacy.

In addition, approximate volume and weight of the connector
as well as preload force and torque required for preload were
determined within the program.

Inputs to the program consisted of:

1. Geometry (refer to figure 5.6)

a) Diameters

b) Lengths

c) Fillet Radii

d) Thread Root Radii
e) Thread Pitch

£) Thread Angle

g) Thread Height

h) Spline Depth

i) Spline Length

j) Number of Splines

Material Properties

a) Alloy Designation

b) Yield Strength

c) Ultimate Strength :

d) Curve-Fit Parameters for a Corrosion Fatigue S-N
Curve and a Design S-N Curve

e) Friction Coefficient (assumed lubricated)
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3. Fatigue Environment
a) Fatigue Loads
b) Number of Cycles Corresponding to each Load
Other Loads

a) Maximum Load
b) Pretension Load

The program considers only axial tension loads in the

tendon.

To begin the analysis, stress in the tendon tube is computed
for maximum load. If the tube stress was greater than the
allowable stress, the entire run was aborted and new geometry is
determined or higher strength materials are specified.

Once the tube stress was demonstrated to be acceptable, the
analysis proceded as follows (see Appendix - for list of‘symbols).

Allowable stress is computed from Oy the yield stress based
on allowables defined in [13]:

For tensile stresses, °a11=°'8°y (ksi)
For bending and membrane stresses, oa11=1.26Y (ksi)
[Ref.11]

Areas for all critical sections are computed as:

2 2
(n/4) (D -D2; her)

outet

Stress concentration factors at all critical sections are
computed as if the section were a square shoulder with a fillet
in a circular shaft under axial tension (see figure 5.8) [Ref.

8].
Volume and weight of the connector is approximated from:
= _ i e 3

Weight = (vg) (Volume) (1bs)
where Yg = Density of Steel = .283 1b/in3

v Preload force is chosen such that separation force was 1.1
times the maximum anticipated load. By defining separation force
(Pg) as

Py (Ag + BAy) /A5 (see figure 5.9)
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then preload (P,) is computed as .

(o] X

Torque (T)'réquired to obtain preload 1is then computed from
[Ref. 71:

T = (P /12) [{RKg/cos @) + (RgKg) + (Py/2m)] (ft/kips)

where Ry = Mean Thread Radius = (Dg + D7)/4
Rg = Mean Radius to Shoulder = 1/2 D4 + 1/2 Tang
Thickness

Stresses for preload were then computed.

Shear in Tang during make-up = K¢Tr = 12KT(Dg/2)
' ' .4 7
J (n/32) (D5 -Dq")
Axial Stress in Tang = -P,/Aj |

Hoop stress at thread nearest tang [Ref.6] =
EI(Dg2-D42) (Dg2+Ds2)

2 Dg > (Dg”-Dy*)

where I is the pin/box interference =de ng Pt
where Tq = Taper on Qiameter = EE:EE_._
2(L4-L3)
Ny Py = ~Stang (L3-Ly)/E = number of tqrns x pitch

E = modulus of elasticity
Giving EI = —ctang(L3—L2)(D6—Dg)/2(L4—L3)
The Von Mises egquivalent stress at the tang was computed

from ooq = L%y + o’tang * n Stang * 3 22112 (ksi)
In_the Pin:

Shear in neck during make-up
t = KgTr _ 12K¢T(D6/2)

J (n/32)(D*¢=D%,) (ksi)

Peak Axial Stress in Neck

P
Peak Axial Stress at First Thread in Pin

MMS(cu)2/19/85 5-6 JOHN E. HALKYARD & COMPANY
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Hoop Stress in Pin at First Thread [Ref.6]
- - 2 _n 2
Gh = EI (DS D6 )
Z Z .

where EI is as previously described.

- Von Mises equivalent stress in neck

Geq = (Ghz + Gpneckz + dhdpneck + 3~12)1/2 (ksi)

Von Mises equivalent stress in first thread:

Seq = (op2 +opge? *+ opopge” * 3 T (ksi)

€q
Shear in the splines during make-up:
vt = Force/Area

where Force = 12T/[(Dg -dg) /2] (kips)

Area = (n/4) [(Dg5 -dg)? (1s)1/ns

Shear in Shoulder
éorce/Area
where Force = P,

Area = nDq (Lz -L;)

When external load is applied to the connector, the change
in stress in the neck or tang per incremental change in load is
dependent upon the ratio of the tang or neck area to the sum of
these areas (see figdre 5.9 for a graphic explanation). For
example, stress in the neck under external load is:

g = PO/A4 + P oo
- ap
where ‘80 = 1 [1 -(A3/(Ag+A4))]
aP A4
and stress in the tang under external load is
o=P,/A3 + P 3¢
P
Where do = 1 [1 '(A4/(A3+A4))]

P Aj

Stresses under maximum load are computed as follows:
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In _the Box: _
Axial Stress in the Tang

g = PO/A3 + Pma ac

x-—_
aP
where dc = 1 [1 -(A /(Az+A,))]
‘ 3P A,
Peak Axial Stress at Inner Fillet
%> = Ppax Reo/Bg

Peak Axial Stress at Last Thread in Box
°p = Prax Kego/Rg
Peak Von Mises equivalent stresses are computed for the tang

using the previous equation and assuming the hoop stresses are
the same at maximum load as they are at preload.

Equivalent bending and membrane stresses are computed for
the inner fillet and the last thread in the box. Membrane stres-
ses are found from dividing the peak stress by the stress concen-
tration factor. Bending stresses are computed from

ab = 6 Izdi AX(Xi-XC)I
(FAx) 4

where

=
[l

Centroid of incremental section

»
n

c Centroid of entire section
Width of increment

[
]
]

Stress at Xy

Q
L]

(see figure 7)

The oi’s are found from the equation of the stress profile
‘ o = Ktc[p/(p + kxi) ’ [Ref.10]
where p is the fillet radius

Kt is the stress concentration factor
o is the mean stress
k is a stress profile parameter

See figure 5.10 for an explanation of determination of k.
The criterion for allowable equivalent bending and membrane stress
is defined as op + 1.5 o < 1.2 o, [Ref.11].

m Y
In_The Pip: . |
Peak axial stress in the weld/fillet section op = PmathllA1
MMS(cu)5/4/85 5-8

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS




" Tendon Component Design

Peak axial stress in the neck

% = PoRe3/BAg + PpaxRes ig

P

where 3¢ = 1 [1 —(Az3/(Az+A ))]
aP A,

Peak axial stress at last thread of pin
op = Po Kip1/Bq + Ppax Kegn 3¢
aP
Von Mises equivalent stresses and equivalent bending and
membrane stresses were computed for the critical sections of the
pin under the previous assumptions.

Fatigue Analysis:

Fatique is analyzed at the section where the highest stress ampli-
tude occured between preload and maximum load conditions. Fatigue load
amplitudes‘AP and their corresponding number of cycles per year N; are
inputted. Stress amplitude Ao is computed for each AP from Ac = AP

36/3P. An equivalent stress amplitude Ac according to a modified

e
Goodman criterion was computed from A“eq = Ec [oy/ (e, —o)] where o, is
the ultimate strength of the material and ¢ is the mean stress due to
pretension in the tendon. The modified Goodman criterion gives a con-
servative estimate of the effect of mean stress on the fatigue resis-

tance.

-

The number of allowable cycles Ng; at each Ao was then computed

€q
from Ngy = caoM where C and M are fit to the S/N curve of the chosen
‘material. Cumulative fatigue damage per year d was computed from 4 =

N;/Ng; and life in years was obtained from LIFE = 1/d.

Acceptance criteria for fatigue life was based on a cumula-
tive damage ratio (Miner's No.) of 1.0 for a 100 year design
life.

If the S/N curve already had assumed a mean stress, it was correc-
ted by S=S;/(1 -op/0o,), where op is the assumed mean stress. It should
be pointed out that the_ choice of 30 is dependent upon which section is
being analyzed. If the most critical section is at the last thread in
the pin or the neck (i.e. a preload section), then 3¢/3P =1 [1 -
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(R3/(A3+A4))1/A,. At any other section which is not preloaded, d9¢/3P

"Smax’ Pmax
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Tendon Component Design

5.3 Discussion of Results

The thick-walled connector design (figure 5.4) was modeled
after the Hutton TLP connector design [Ref.1ll. '

From the given .95 in. thread pitch [Ref. 12], a standard-
ized buttress type pbwer thread (figure 5.11) was chosen such
that the thread height of 0.63 in. and the thread radius of .068
in. were defined as a function of pitch [Ref.9]. The fillet radii
at the neck, in the box near the last thread, and at the ends of
the connector were chosen such that the circular radius of the
fillet was the difference in the axizl radii of the sections
joined.by the fillet. The spline dimensions were estimated from a
drawing in the cited reference. A spliine depth of 1.0 in. and
length of 8.5 in. were used. Spline width was determined from the
diameter' and the number of splines (9 splines).*

The thin-walled connector configuration (figure 5.5) was
determined by equating the tube area of the thick-walled design
to API line pipe of 1 in. wall thickness [Ref.5]. Connector
diameters were then determined by equating section areas with the
thick-walled configuration. Lengths were scaled down
proportionately with wall thickness. Fillet radii were determined
in the same manner as the thick-walled case. The thread chosen
for the thin-walled connector is an API buttress casing thread
[Ref.4] modified to fit the thread taper and scaled to 3 threads
per inch (see figure 5.12). Spliné length and depth were scaled .
proportionately with length and wall thickness. The number of
splines was arbitrarily chosen at 12.

Fatigue calculations were carried out for a harsh North Sea
environment using fatigue data taken from published soQurces

[2]. Maximum load and pretension were taken from [1].

*In subsequent drawings of the connector, a 2:1 elliptical fillet
was used. This reduces stress concentration by approximately 20%.
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The designated material was a 3 1/2% Ni Cr Mo V steel with a
minimum yield strength of 115 ksi and a minimum ultimate strength
of 130 ksi [2]. Fatique data for 3 1/2 Ni Cr Mo V steel is shown
in section 4, figure 4.1a. Fatigue calculations were based on the
free corrosion S/N curve and the design S/N curve. The curves in
figure 4.1a assume a mean stress of 69 ksi. Since this is not
the mean stress used in the connector, it was removed by
S=Sgq¢/[1-0,/0,)] where o =69 ksi. Subsequent calculations used a
Goodman criterion to account for mean stress assuming a mean
tension of 1760 Kipé {1]. The equations for these curves, aftér
correcting for mean stress, are as follows:

Neg = C Ad™
where Ac is load amplitude (ksi)
Ng is allowable number of cycles at Ao
free corrosion curve:
C = 3.5289 x 107 ksi™!
m = -2.357 -

design curve:

C = 5.9255 x 1011 ksi~1

m = -4.837

C =1.5362 x 1014 Ac > 28.4 ksi
m ==6.524 " Ae < 28.4 ksi

No damage at Ac < 12,8 ksi

Stresses in ksi at critical sections for thick-walled and
thin-walled connectors under preload and maximum load conditions
are listed in tables 5.2, 5.3, 5.5 and 5.6. Torque required to
achieve preload is also shown in tables 5.2 and 5.4. This torque
is based on a 0.1 coefficient of friction and could change
appreciably with a different value. It can be seen that all

stresses lie well within the specified limits.

Fatigue data and results for Webster Hutton loading are
shown in table 5.4 and 5.7. As previously mentioned, fatigue
analysis was carried out for the section of the connector where
the highest peak stress amplitude occured between preload and
maximum load coanditions. In both thick-walled and thin—walled
connectors, the section of highest stress amplitude was the last
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thread of the pin. Parameters listed in the tables are described

as follows:

Pamp = AP = Fatique Load Amplitude

N =N = Number of Cycles of AP per yéar
Sigamp = A“eq = Goodman Equivalent Stress Amplitude induced
by AP '

NF = Ng¢ = Number of Allowable Cycles at A“eq

Damage = d = Ni/Nf = Damage per year from A“eq

Total Damage = d = Total Damage per year

Life = 1/Total Damage '

S/N curve A is the free corrosion curve and S/N curve B is

the design curve.

The same fatigue analysis was done for various load spectra.
Fatigue life of Both connectors for curves A and B at each spec-
trum are shown in table 5.8. An acceptance criterion for fatigue
life was set at 100 years for the design curve and a factor of
safety of 30 for a 20 year life (i.e. 600 years) for the free:
corrosion curve. In all cases, the fatique life corresponding to
the design curve met the criterion. Extremely long life is
attributable to many of the stress amplitudes falling below the
12.8 ksi endurance limit of the design curve. Fatigue life
corresponding to the free corrosion curve met the criterion for
all load environments except:

Webster Hutton 7

SOWM Atlantic, Mercier-Hutton RAO °

SOWM North Sea, Mercier-Hutton RAO

. MMS1(cu)3/8/85 5-13 JOHN E. HALKYARD & COMPANY
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Table 5.2 Preload stresses for thick-wailed connector (Webster Hutton leading)

Prelcad force is 957 kios
Torque required is 144 ft-kips

Shear due

to make-up fixial
Tang a.7e -30.61
Box, first thread
Box, last thread
Neck 2.286 6.8
P}n, last thread , 6.82
Pin first thread

5-15

Peak
axial

20,41

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS

Hooo

2.9@

1.9

-8.241

-2.83

Von Mises
eguivalent

-30.2

17

19. 16




Table 5.3 Maximum load stresses for thick-walled connector (Webster Hutton loading)

MAXIMUM LOAD=330Q KIPS

fAxial Peak Von Mises Eerding £q. bending
(Mewbrane) Rxial Eouiv. © +Membrane
Tang -2.78 -2.46
Box, inrer fillet ‘ 27.09 43.09 43;65 .73
Box, last tbread 27.03 32.89 93. 44 . 53;42
weld/Fillet 70.19 81.71 | 124,93
. Neck M 72.38 | 1. 44

i, last thread 33.84 114,97 : 67.25

Allowable axial (membrane) stress = 32 ksi.

Allcwable eq. bending + membrane stress = 138 ksi.
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TABLE 5.4  FRTIGUE DATA:
' THiCK-WALLED CONNECTOR, WEBSTER HUTTON FATIGUE DATA
MAYIMUM STRESS AMPLITUDE OCCURS AT LAST THREAD IN PIN

S/N CURVE A
PAMP (KIPS) N SIGAMP(KSIT) NF DAMAGE
2. 870e+01 2. 296E+36 4. 7701 2.011E+10 1. 142E-04
5. 340E+01 1. 435E+06 1. 371E+00 1.676E+09 8.918E-84
9. 920 +81 1,285E+86 2.082c+p0 6. 262E+88 2. 832603
1. 54QE+82 8. 150E+84 3. 553E+00 1. TT3E+08 §. 592E-04
2. 024E+82 3. TSREH3 4.673E+00 9. 320E+@7 4. 024E~03
2. T94E+82 9. T50E+E2 6. 451E+00 4. 359E+07 2.237E-85
3.288E+02 B.2RQE+@2 7.822E+00 2. T6Te+07 2.963&-85
4, Q2EE+ER 1. D40E+82 9. 293E+00 1. B43E+97 . GA4E-06
4,813E+92 9. bRE+R 1. 112E+0t 1. 20TEHT 7.95%-85
3. S00E+02 1. 450E+04 1. 276E+HL 8.833E+06 1. 641E-03
0. JGHE+02 3.330E+2 1. 468E+01 6.27TE+S 5. 33725
7o106E+02 1. 420E+02 1.641E+01 4, 823E+06 2. 94QE-85
7.943E+2 2. TeRE+R 1.834E+81 3. T16E+86 7.26TE-85
8.336E+02 1. 420E+82 1.971E+81 3. 135E+86 4, 530E-05
9. 1%6EHR 2. Teoe+28 2.123e+01 2. 630406 1. 827e-286
1. 019E+03 7. 50QE-01 2. 3526401 2. 067E+06 3.629%-07
1. 082E+03 7. S0RE-1 2.493e+01 1. 791E406 4.187E-97

TOTAL DAMAGE USING CURVE A: 5.53838E-03
LIFE (YEARS) USING CURVE A: 180.5517

TOTAL DAMAGE LSING CURVE B: 1.616297E-03
LIFE (YEARS) USING CURVE B: £18.6983

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS
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9. 4QTEHR4

S/N CURVE B
NF DAMAGE
1.930E+13 0. 000E+00
1178E+11  0.000E+00
1.SG1E+10  0.000C+00
LAT4E409  ©.000E+00
31316408 0.GO0E+00
6.583E+07  0.C00E+00
2.591E+07 0. 0R0E+Q
11256407 0.000E+00
47185406 0.000€+00
2,48TE+06  0.000E+00
12336406 2, T16E-04
7202645  1.9726-04
42066405 6, 420E-04
CR2.96TEHS 4, 7B6E-04
20706405  1.305E-05
1.2626405  5.9436-06
7.973-06




TARLE 5.7

FATIGUE DRTA:

THIN-WALLED CONNECTOR, WEBSTER HUTTON FATIGUE DATA

MAXINMUM STRESS AMPLITUDE CGCCURS AT LAST THRERD IN PIN

PAMP (KIPS)
2.070E+01
5. 940E+01
3. 8ceE+1
1. 3408402
2. 02AE+2
2. 794E+02

3.3806+02

4, Q26E+R2
4. 8186402
5, SR0E+Q2
£. 158E+02
7. 1066402
7. W4EEH2
8.536E+02
9. 196E+02
1,013€+03
1, 087E+03

TOTAL DAMAGE USING CUSRVE A:
LIFE (YERRS) USING CURVE R:

TOTAL DAMAGE USING CURVE R:
LIFE (YEARS) USING CURVE B

N
2. 29bE+e
1, 495E+06
1. 285E+86
8. 150E+04
3. TSOE+Q3
9. TSeE+
8. 200 +82
1. Q40E+HA2
9. 6oeE+a2
1. 450E+04
3. SEHZ
1. 420E+@2
2. Tege+c
1. 420E+02
2. TeQE+o0
7. S00E-01

7. 500E-01

SIGAMPKST)
4. 879E-01
1. 480E+H2D
2. 126E+30
3.630E+09
4, TTRE+D
6. 585E+20
7. 985E+20

9. 489E+00

1. 136E+01
1.296E+01
1. §93E+81
1,67T3E+01
1, 872E+01-
. Q12E+a1
2. 167E+01
2. 481E+01
2. 351e+01

5. 81482E-23
171, 9744

8. 229@6E~03
121.5206

S/N CURVE A S/N CURVE B

NF DAMAGE NF DAMAGE
- 1.916E+10 1. 1994 1.746E+13 2. 0aE+0d
1. 597E+09 9. 363604 1. @66E+11 0. QedE+20
3. 965E+28 2. 154E-83 1.413E+10 0. GaRE+AQ
1.691E+08 4, 821E-04 1.863E+03 0. 200E+00
8.87Te+87 4, 2C4E-@5 2.833E+08 0. 0Q0E+3
4, 132E+Q7 2. J4BE-@5 5. 957E+87 2. 020E+00
2. 636E+7 3. 111E-85 2. W7 0. daRE+22
1. 755E+7 3. 925E-06 1.018E+07 0. 000E+00
1. 150E+87 8. 351E-85 4.27T0E+26 2. 0QIE+20
8. 414E+06 1.723€-03 2. 201E+06 6. 443E-03
3. 979E+06 3. 603E-E5 1. 116E+06 3. @Q1E-04
4. 600E+06 3.087E-05 - 6.318E+05 2. 173E-04
3.533E+e6 1. 629E-085 3. BR6E+2S 7. 034E-04
2. 986E+26 4. TS6E-05 2. 685E+25 3. 2A9E-24
2. 585E+06 1. 78E-06 1. 8736403 1. 442E-85
1. 969E+26 3.810E-87 1. 142E+Q3 6.567E-26
1.706E+06 4, 396E-@7 8.513E+04 8.818E-06

JOHN E. HALKYARD & COMPANY
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TABLE 5.8, Faticue life in years for TLP tendon connector designs

FRTIBLE MAXIMUM

PRE-

DATA TENSION TENSION

1 3300
2 o300
3 1720
4 2075
3 2075
6 2473
' 7 4273
8 3275
9 ae75
10 3275
i1 2975
12 3975

Tensions in kips

Curve A is free corrosion 5-N curve (Fig. 7 OTC 4443, wean stress removed)
Curve B is design S-N curve (Fin. 7 OTC 4449, mean stress removed)

MATERIAL: 3.5% NiCrMoV

Fatigue Data Key:

{. Webster Hutton

2. Webster tether

3. S0W¥ Pacific, Chou RRD
4, SDWM Gulf, Chou RAD

5. SOWM Gulf, Paulling RAD
6. SOWM Gulf, Tan RRO -

1760

1760

1085

1275

THICK-WALLED CONNECTOR

LIFE

CURVE A

181
1944

2641

2230

986
683
2161

435

S0WM Gulf, Dillingham RAD
SOWM Buif, Mercier—Hutton. RAO

LIFE
CURVE B

619
NO DAMAGE
2.8E+11
1. 1E+1Q
4, 3E+1@
4. 8c+7
7857-
31835
1. 1E49
6569

20583

SOWM Atlantic, Chou RAD
SOWM Atlantic, Mercier-Hutton RRAD

. 50WM North Sea, Chou RAD

LIFE

CURVE A

2337
a1
a126
2005
341

654

- 2073

SOWM North Sea, Mercier-Hutton RAO

THIN-WALLED CONNECTOR

LIFE
CURVE B

122

NO DQMQGg

2.6E+11
9.9E49

40810
4. SE+7
7112
€3169
9. 9E+8
6007
188526

2373

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS




|

]
Ao o
_] g ﬁ/ Moorting Compartment

Tension Leg Shroud

Foundation Template

Cross Load Bearing

Tension Leg Efements

Aachor Connectoc

g

v ~

1IN

1l

. TENSION LEG SYSTEM

Figure 5.1

Tube Seal

‘I/ﬂ_w TTTTTTr
g
f

Lower Flex Joint

Cross Load Bearing
(From Tetlow)

Figure 5.2

f

(from Tetlow) *

.

Flex Joint [ [ Centratshate
i |
[hs
Abutment Ring |
: Coltet
=
Foundation Template
/ \ Release Piston
8ody
= A —
/1
Temptate (nsert /y

BN

— L

Anchor Coanector
(Deployment/Retrieval Position).
(From Tetlow) .

Figure 5.3

JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS




1.47 —

52.8
8.27 —————
56.3
1.0R ——
1.0 —
/1
|
l
: A\
| .
| -
Notes: |
& Nine splines L
2.9 in. wide equaltily 3' OR
spaced. T{{P
2. Axisymmetric | !
about center line. ¢ '

Figure 5.4 - Thick walled connector.
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2. Axisymmetric about center line.

Figure 5.5 - Thin walled connector.
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Figure 5.6 - Computer analysis connector model.
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WELD/FILLET

/“— NECK

T~ _FIRsT THREAD, BOX

LAST THREAD, PIN

INSIDE
FILLET~

N LAST THREAD, BOX
FIRST THREAD, PIN

CE

Figure 5.7 - Identification of connector sections.
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Stress Concentration Factor for Square
Shoulder Fillet in Circular Shaft
(Elastic Stress, Axial Tension)

)

+ Ky (2h/D) + K3 (2h/D)2 + K, (2h/D)?3

0.25 < h/r < 2.0 _ 2.0 ¢ h/r < 20,0

4 0.927+1.149 h/r -0.086 h/r| 1.225+0.831 h/r -0.010 h/r
0.011-3.029 h/r +0.948 h/r| -1.831-0.318 h/r -0.049 h/r
-0.304+3.979 h/r -1.737 h/r 2.236-0.522 h/r -0.176 h/r

0.366-2.098 h/r +0.875 h/r| -0.630 +.009 h/r -0.117 h/r

Roark and Young, Formulas_for Stress and_Strain, McGraw-Hill

Figure 5.8 - Model of Stress Riser used in
Connector Analysis.
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Separation Force
Preload Force
Area of Tang
Area qf Neck

Preload Stress=Po/A4

MEMBRANE STRESS IN NECK

Stress at Separation=PS/A4

For preload connector, o= (Qg) P+o, at neck
ap,

]

= PS/A4—PO/A4 =1 Ps-Pt

Ay Pg

Pg

Using the defination of separation force: Pg=Pg

do = 1 PO[(A3+A4)/A3]_PO = 1 [(A3+A4)/A3]"1

3P A, | P [(R;+A,)/A,] A | [(Az+A,)/A,]

Derivation is similar for 3¢ at tang
ap

|
I
l
!
[
|
|
t
R
EXTERNAL LOAD

“Figure 5.9 - Derivation of 3¢ at Neck of Preloaded Connector.

aP
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B —~ 8% Tincide

Toutside
= - = ) 1/2 - -
= routside ri. o’i = Gp [p/(p"’Kxi)] dp = O’m KT' O'm P/A
i-xc)'
(3 AX)?

Xe=(rinside * Loutside)/%, Kp=stress concentration factor,cb=6IZaiAx (x

To f£ind K in modified Neuber equation, define inéremental force:AF=o; A,
(2nri),and total force: Fp=2nAryo;r;

Find K for which F = 2nAr

Y ' A Zy
A "(Louter ~Linner !

Note: This modified Neuber equation is for the entire thickness of the
section. Close to the stress riser, K=4 as referenced.

Figure 5.10 - Representation of Stress Profile
Showing Parameters.
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—=  |=—0.155 TYP

Note:
1. Crests are parallel to cone.

Figure 5.11 - Buttress thread for thick walled connector.
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PIPE AXIS

Notes: . : . ‘
1. Scale = 10x 3 threads/inch

2. Crests are parallel to pipe axis.

Figure 5.12 - Thin wall connector, buttress casing thread.
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TLP Inspection Systems

6.0 TLP Inspection Systems
6.1 Survey of methods for TLP inspection

6.1.1 * Introduction

Tension leg platforms opérate with legs that are subject to long
term exposure to seawater, high mean-tensile stress, énd a high number
of cycles at relatively low stress ranges over their lifetime. Fatigue
life is an important criteria in leg design. The Draft API (American
Petroleum Institute) recommended practice on TLP design calls for
materials with toughness to avoid unstable crack growth for readily
detectable flaw sizes [14]). Thus, the inspection methodology and sensi-
tivity is critical to the design. The inspection methodology should

detect deterioration and allow corrective action in a timely manner.
Inservice inspection is preferrgd'even if it is less thorough because
all tendons in the platform may be covered rather than a selected few.

The in service inspection method must inspect for defects smaller
than the critical flaw éize. The technique must be repeatable and
capable of observing crack growth. Because of the tension legs' stress
direction, crack growth in the legs will be radial/circumferential.
Locations of crack initiation and growth will be at areas of geometric
discontinuity where stress concentrations exist, such as thread roots,
shoulders, grooves, and upset transitions. In welded structures cracks
may initiate at weld defects and in the heat affected zone. The method
of examination must be sensitive to cracks at these locations.

In service inspection reduires the equipment be adaptable to the
environment and geometric configuration under evaluation. This implies
operation around marine environments, deployment on an offshore ‘plat-
form, operation at pressures with depth of inspection and inspection
over long lengths on cylindrical geometry. Presently, nondestructive
evaluation techniques employed offshore are applied underwater by di-
vers and manned or unmanned submersible vehicles. These techniques
include visual, magnetic particle, ultrasonic and radiographic inspec-
tions (Ref.1). In practice, these techniques have not been used in
fully automated modes for offshore work but have required manual opera-
tion to some degree. Tension leg designs with central bores offer an
 environment for development of fully automated inspection systems.

MMS6/0(cq)4/19/85 6-1 JOHN E. HALKYARD & COMPANY
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TLP Inspection Systems

The nondestructive evaluation techniques that have been employed
in offshore applications or that could be considered for tension leg in
service examination include visual, magnetic particle, magnetic field
disturbance, eddy current, radiography, tomography, ultrasonics, and
acoustic emission. |

6.1.2 Visual Inspection

Visual inspection, often using optical aids, is the most common
means of inspecting offshore structures. The probing medium is visual
light that'is reflected from the surface to detectors such as the human
eye or television cameras. This technique is sensitive to cracks that
are open to the surface and of sufficient size to be resolved by the
detector. In many cases the cracks cause deformation of surface layers,
such as aluminum flame spray, which aids in the detectability of the
presence of cracks. Marine life coverings must be removed for inspec-
tion and limitations such as small field of view, reflections in water,
and visibility allow only the detection of large open cracks (Ref.2).

For tension leg inspection, critical size defects will be subsur-
face such that visual inspection is of little value. Although visual
inspection of the external leqg for corrosion effects and structural
damage is recommended, it cannot be the primary technique for tension
leg in service evaluation.

6.1.3 Magnetic Particle

Magnetic particle inspection is the most commonly used method for
offshore underwater structural inspection except visual (Ref. 1, Ref.
3). The probe media is a magnetizing current. Defects which distort the
magnetic field also distort the magnetic particle pattern applied to
the part surface indicating the defect presence. The technique is
applicable to ferromagnetic materials. Sensitivity to surface cracks is
superior to visual inspection. Subsurface defects may also be detected,
but the detectability will be restricted by the field strength, object
thickness, and flaw size. The surface of the part must be clean and
relatively smooth.

Application in the marine environment on the outside of the leg is

MMS6/0(cq)4/19/85 6-2
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TLP Inspection Systems

difficult. Magnetic particles sprayed on the test area may not be fully
attracted by the magnetic flux, water currents may take away material
resulting in a reflecting cloud when black light is applied to observe
the fluorescent particles, and loose particles may assemble on the
diver's mask. Magnetic particles suspended in a foil package can be
used for better control and permanent image (Ref.2), or magnetic tape
(magnetographic method) may be used to detect and record the stray
magnetic flux due to defects (Ref.4). |

For ten51on leg inspection, magnetic partlcles would not be sensi-
tive to the thread root flaws of critical size in threaded connector
~ designs. It would be applicable to defects where cracks initiate at an
accessible surface for inspection. However, magnetic particle inspec-
tions do not accurately indicate flaw depth (Ref. 1, Ref. 5).

6.1.4 ' Magnetic Field Disturbance

Magnetic fields can be used similarly to the magnetic particle
"inspection but with the use of a detector rather than the particles.
This technique will be less sensitive to flaws and insufficient for the
tension leg inspection requirements. An automated system could be
developed for internal or external application.

6.1.5 Radiography

Radiographic inspection is sensitive to flaws throughout a body
under inspection. The probe medium is electromagnetic radiation in the
—ray/gamma ray range. Changes in material are detected by changes in
the beam attenuation. Cracks must be oriented along the axis of the
radiation beam for detection.

Inspection of structural welds using radiography is routine in
industry, but may not be practical as an in service tool in the off-
shore tension leg application. Cracks at the root of threads in the
threaded connector may also be detected with radiography but would
require technical sophistication. Sensitivity to two parts in one
hundred is typical such that a crack of 2 mm depth should be detectable
in a 4 inch thick region provided the orientation is optimized. How-
ever, access to both sides of the object is required. In the tension

MMS6/0(cq)4/19/85 6-3 JOHN E. HALKYARD & COMPANY
. - OCEAN ENGINEERING CONSULTANTS



TLP Inspection Systems

leg application, the x-ray source and detector would be located with
one inside the leg and one outside. The outside dimensional changes for
shoulder and grooves could be difficult to accommodate adequately.

High voltages and/or radioactive materials would be required to be
handled over the entire length of the leg. Inspection times could be
long depending on the x-ray beam strength, detection method, and sensi-
tivity requirement. For the thin walled threaded connector design
presented in this report, a relatively high energy source would be
desired (Ir-192 or a 1MeV x-ray machine). The Ir-192 would require
several minutes per exposure and many exposures (perhaps every thread)
would be required to assure optimized orientation. Detection by f£ilm
techniques requires post inspection development and examination. Hand-
ling in the offshore environment would be difficult. Digital image
detection techniques could be developed to provide real-time or near
real-time imaging. In threaded regions, the complex geometry would be
confusing for the image analysis. In welded regions the interpretation
would be less difficult but equipment handling would remain difficult.
The development of radiographic techniques would be desired only if no
other methods were acceptable. ’

6.1.6 Tomography

An innovation in radiation detection techniques, that has poten-
tial application to leg inspection, is computed tomography (CT). The CT
device takes data by passing a beam of radiation through the object at
a variety of angles_and reconstructing a cross sectional view image
(Ref.6). The equipment is large and requires accurate positioning. Data
acquisitioﬁ and reconstruction times may be on the order of éens of
minutes. These systems have been used with success on nuclear power
plant system pipe (Ref. 7). Although sensitivity should be acceptable,
deployment and expense are prohibitive.

6.1.7 'Eddy Current

Eddy current methods are used for crack detection in a variety of
industrial products and in service inspection in the utility and aero-
space industries. The probing medium is an induced current. The tech-
nique, although sensitive to small cracks, has relatively low penetra-
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tion and would not be applicable to the threaded region of the tension
leg coupling (Ref.5). Welded regions, shoulders and grooves could be
inspected with eddy currents. The depth of penetration for the inspec-
tion is inversely proportional to the square root of the electrical
conductivity, frequency and magnetic permeability. In ferromagnetic
materials, local variations in magnetic permeability can make cracks
difficult to size accurately. Coatings of variable thickness or proper-
ties can also inhibit accurate measurement of crack size. Eddy current
equipment is rugged and and can be used at relatively high speeds of
inspection. ' '

6.1,.8 Acoustic Emission

Acoustic emission has been used for offshore structure evaluations
(Ref. 1) and has been considered for monitoring tension legs (Ref.3).
This technique uses passive ultrasonic listening devices to detect.
acoustic energy generated during the growth of a crack. Unfortunately,
acoustic emission cannot accurately size defects and would have diffi-
culty in accurately locating defects in the complicated thread
geometry.

6.1.9 Ultrasonic

Ultrasonic inspection is a common method of crack detection in in
service examination. An acoustic beam probes the material reflecting
the beam at surfaces and cracks. Ultrasonics is one of the most
suitable methods for crack detection because it responds to the
presence of a crack surface, not associated aspects such as the volume
in the case of radiography. '

The sensitivity of ultrasonics is a function of the

frequency, material, and geometry. It can be a very sensitive
method for detecting cracks in the millimeter range in structural
applications. Ultrasonics can be transmitted over relatively long
distances in most structural metals.

Both offshore welded structure and threaded connectors can be
inspected (Ref. 15, 3). Near surface resolution can be difficult with
ultrasonics. Bounce path techniques overcome this provided the surface
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is regular (i.e. weld crowns removed). The equipment used to perform
ultrasonic inspection can also be deployed in a variety of configura-
tions. This includes fully adtomated schemes. Inspection time is depen-
dent on the volume of material to be inspected and the beam 'size.
Relative to other NDE methods, ultrasonic inspections can be rapid.

The preferred method for adaptation to the tension leg in service

inspection problem, ultrasonics has several inherent advantages. (Ref.
$):

penetrates substantial depths in ﬁany materials,

tests from one surface,

sensitive to minute flaws, _

comparatively accurate in determining flaw depth and size,

electronic operation for rapid inspection,. adaptable to auto-
matic inspection and harsh environments.

0O 0 O 0 ©°

Ultrasonic systems are used for flaw detection in offshore appli-
cation with success (Ref. 1, 9). The only existing tension leg platform
(Hutton, Conoco, U.K.) uses a fully automated ultrasonic examination
system (Ref. 8). ‘
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6.2. Ultrasonic Inspection
6.2.1 Introduction

Ultrasonic inspection is the most suitable NDE method for tension
leg in service examination. The method is excellent for crack detec-
tion, is sensitive to flaws in the millimeter range, can provide sizing
information, is useful in structural steels over large distances, can
be used from one side of a part, can be adapted to complex geometries,
and can be fully automated. In threaded connector designs no other
method can provide all of the above mentioned capability. In tension
leg designs where surface defect detection is sufficient other methods
may be preferred.

For this study, thread connector tension leg designs have been
considered. Welded structure inspections schemes may be found in
handbook literature (Ref. 16). Inspection schemes for large threaded
connectors have not been addressed until recently (Ref. 3). The pulse
echo ultrasonic method is employed for the tension leg inspection.

An ultrasonic transducer is pulsed at a specific frequency. The
ultrasonic beam is reflected and refracted by surfaces which intercept
the wavefront. Defects, such as cracks, will reflect the ultrasonic
beam back on itself. The reflected beam will interact with the
ultrasonic transducer generating a signal indentifying the defect.

6.2.2 Assumptions

The ultrasonic inspection of tension leg elements assumes that
ultrasound can be l:oupled into the element under inspection. The de-
signs considered in this report contain a central bore of the tension
leg. The bore may be filled with a liquid couplant such as water. In
actual practice, a corrosion inhibiting water solution or oil would be
used. For calculational purposes, the assumption of water is
sufficiently accurate. It is assumed that there is access to the cen-
tral bore for a mechanical tool which holds the ultrasonic transducer
or transducer array. The ultrasonic beam angles are then determined by
geometric considerations.

The steel structural material is assumed to be fine grained and
homogenous for the most part. Fine grained means grain sizes on the
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order of 1/100th of the wavelength of ultrasound. Table 6.1 lists the
wavelengths of ultrasound in steel as a function o.f frequency. When the
grain size approaches 1/10th the wavelength grain scattering of the
ultrasonic beam becomes appreciable and testing may become impossible.

The detectability of a defect will be affected by the wavelength.

At defect sizes smaller than a wavelength, Rayleigh scattering reduces

the amount of coherently reflected energy and therefore reduces detect-

- ability. From Table 6.1, the use of transverse (or shear) waves has an

advantage because the wavelength at a given frequency is smaller than
for longitudinal (or compressional) wave.

6.2.3 Geometry Considerations

The ultrasonic inspection technique sends ultrasonic beams into
the tension leg at various angles. The beam angle is determined by-
geometric considerations for access and to the degree that can be
accommodated by orientations to optimize back reflection or shadowing
effects from flaws. The ultrasonic beam may be generated in the inner

 bore of the leg or on the outside of the leg. For this study, two
tension leg designs are considered: thick walled tubular and thin

- walled tubular steel with threaded couplings. In both cases, access to
the inner bore is possible. This is, therefore, the preferred location
because it is protected and controlled, not in the open sea/marine
environment. Ultrasound entering the leg from the inner bore will be
directed such';hat refractions at water-steel interface will create the
proper beam angle in the tension leg. The acoustic beam cannot be

- passed through the threaded region. Therefore, to inspect the box
thread region, the ultrasound must be reflected off the outer wall to
the thread roots. The signal will be reflected back alohg its original
path for detection.

The complete tension leg is composed of elements consisting of a
shaft region with a box and pin at each end. These elements are joined
at the box and pin with a‘threAded coupiing; The leg is connected to
the anchor plate with an anchor connector and at the platform has a
crossload bearing element which allows flexing of the leg relative to
the platform. The central portion of the anchor connector and crossload
bearing can bé inspected in the same manner as the main shaft of the
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leg elements. The other portions of the anchor connector and crossload
bearing cannot be readily inspected with the same system proposed in
this study. Material changes, access, and geometry all complicate the
anchér connector and crossload bearing. These components are in
compression, however, and are not considered as critical as the tension
member .

Ultrasound can be used in the form of longitudinal or transverse
waves. The selection of the mode to be used is a function of the
required beam angles and the optimization of transmittance across
boundaries as a function of those angles. For the tension leg examina-
tion, the angles to be used for regions of interest around the box/pin
joint are indicated in Table 6.2. Transverse (shear waves) are used in
order to create beams at these angles. And, as stated earlier,
transverse waves will be more sensitive to small flaws. Figure 6.1
shows the beams considered for the regions of interest. The shaft
portion of the elements and the central shaft in the flex joint and box
and pin will be inspected by beams equivalent to the make-up shoulder
and pin preload shoulder examination. Sensitivity to defects in the
shaft region will be in the same range as the equivalent regions at the
coupling. '

The overall time to perform an inspection is a function of the
volume of material to be tested, speed of data acquisition and analysis
equipment, and the capability of the mechanical scanning equipment. The
thick walled tubular design is inspectable in a time frame of about 2.5
to 5 hours per element (Ref. 9) for a state—of-the-art data acquisition
and analysis system. The thin walled tubular design should be inspect-
able in approximately the same time frame. ' :

6.2.4 Equations of Interest

Several equations are of interest for calculations regarding the
inspectability of the tension leg. The law of refraction determines the
angle of the ultrasonic beam in the bore fluid to generate the proper
transverse wave angles in the steel.

sin #, =V,
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where #, = angle from the normal in water,
p, = angle from the normal in steel leg component,
V,, = velocity of ultrasound in water, and

Vgi= velocity of transverse waves in steel

Using values of V from Table 6.1 and angles bs from Table 6.2, the
angles #,, are calculated for Table 6.2.

The echo transmittance is a value that accounts for the losses
experienced by a beam passing into and out of the leg boundary. The
beam, when it meets an interface, will be refracted and/or reflected.
The amount of energy that passes across the boundary to enter a
material, and later returns for the pulse echo detection will be a
function of the materials, water/steel, and the angle. Figure 6.2 is a
plot of the values of the coefficient for the transmittance labelled C,
as a function of angle.

Attenuation of ultrasound is given by
P = Po e—e2d < (6.2)
where p = sound pressure

Po=-initial sound pressure

d = distance in material travelled to reflector and 24
is total path for a pulse echo beam

e = the attenuation coefficient in Nepers/unit distance.

The value of the attenuation coefficient is a strong function of
manufacturing parameters. Worked steel has low attenuation below 1
Np/m, slightly alloyed cast steel is typically 1 to 10 Np/m, and highiy
alloyed cast steel is greater than 10 Np/m for typically employed
ultrasonic frequencies of inspection (Ref. 10).

The attenuation coefficient is composed of an absorption and a
scattering term. '

a = ag +iaa (6.3)

For steel used in tension leg applications a value of a = 0.1
dB/cm = 1.2 Np/m at 5 MHz is typical (Ref. 11). The scattering term of
equat'ion 6.3 is a strong function of the frequency. Irn the case where
the wavelength is greater than the grain size, the scattering attenua-
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~ tion coefficient is given by

| ag = TE* K (6.4)
where T = the grain volume
f = frequency in MHz

K

scattering coefficient.

using a value of K = 3260 dB/cm (MHZ)4 cm3 (Ref. 12) and assuming an
average grain size of about 10 microns, equation 6.4 can be modified to

ag = (3.26 x 10”7 £ aB/mm/MEz*
3.8 x 1078 £4 Np/mm/MEZ4 (6.5)

The e, term may be approximated by

v

a, = Af , (6.6)
Assigning A = .00024 Np/mm/MHz (Ref. 10)
a = (2.4 x 1074£+(3.8 x 1078 ¢4 (6.7)

An acoustic beam is generated by the oscillation of an ultrasonic
. transducer. Close to the transducer, diffraction phenomena influences
the sound field causing regions of maximum and minimum. The range of
the sound field characterized by extreme interferences is referred to
as the near field. Beyond the near field, in the far field, the sound
pressure field becomes less complex. The near field distance is closely
 approximated by ‘

S_ o (6.8)

where S is the area of the transducer and A is the wavelength.

Table 6.4 lists values of for near field lengths in steel as a
function of wavelength for typical transducer diameters. ' '

For acoustic beams in the far field, the sound pressure on axis of
a reflected wave is given by

» Sg S
p:po s f

(6.9)
a2 a2

where Sg is the area of the sourcé and S¢ the area of the reflector
(Ref. 10). '
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Combining equations, the sound pressure for pulse echo examination
will be given by

~-a2d SS Sf
az a2

P =Py C; e (6.10)

If the beam path requires a reflection such as the outer wall of
the leg for the box inspection, then a réflection coefficient R must be
included. The coefficient R for an incident transverse wave angle #, at
a steel/water interface is given by:

Z, cos §, - Z, cos @ '
R=_2 1 1 2 (6.11)

Z, COS 61 + Z, cos 92

where 2z, and Z, are the acoustic impedances for the steel and water
respectively, and ¢, and ¢, are the incident beam and reflected beam
angles. Table 6.5 lists values of the reflection coefficient for angles
considered in this study. '

The equation for the ratio of the measured sound pressure to the
initial pressure, which will be called echo response, becomes

P = ¢, Re 924 S S (6.10)
Po . a2 a2 '
6.2.5 Calculation of the Echo Response

The echo response for regions of interest in the coupling designs
.can now be calculated as a function of flaw size and ultrasonic
frequency. The following regions are considered:

Last box thread

Last pin thread

Groove on pin preload shoulder
Make up shoulder

Box threadbroots

Table 6.6 lists the region for each type of connector and the
ultrasonic beam path to the points of interest. The box thread roots
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are divided into three sections over which a selected beam angle is
used for inspection. An average distance to the threads in each region
is used for the calculations.

The frequency range of 2 to 5 MHz will be considered. At lower
frequenc;ies, 1 MHz and below, the wavelength is 3.2 'mm or longer for
transverse waves in steel and will decrease in- effective response for
the detection of flaws with dimensions smaller than 3.2 mm. Frequencies
greater than 5 MHz are not considered because attenuation will be too
great for the long path length cases. In the regions where short path
lengths are used, acceptable resolution is anticipated in the 2 to §

' MHz frequency range.

A transducer of 19 mm diameter size is assumed for the calcula-
tions. Flaw size is based on area where Sg = n/2 (flaw size).z. This
assumes a semicircular flaw with depth equal to the given flaw size.
The flaw is assumed to be oriented perpendicular to the incoming beam.
Figures 6.3 to 6.15 show plots of echo response vs flaw size for the
regions of interest in the connector design. The plots are extended
through the origin although detection of flaws smaller than a wave-
length (1.6 mm at 2 MHz, 1.1 mm at 3 MBz, and .64 mm at § MHz) is not
valid by the model employed. The minimum echo response that can be
expected to be detectable is a function of the transducer type and

_electronics. Experience- from testing in thick walled couplings (Ref. 8)
indicates that an echo response value of 0.001 to 0.005 in the model
would be expected to be the minimum required for equivalent fl&w detec-
tion found in practice. This region is shaded in Figures 6.3 through
6.15. The experience results include factors such as beam focusing
coatings, flaw angulation, and noise not specifically included in this
model. Nevertheless, this serves as a baseline for comparison using the
model.

6.2.6 Results

The results of the calculations plotted in Figures 6.3 to 6.15 are
'summarized in Table 6.7. The calculations indicate improved response
with higher frequencies. Values above 5 MHz were not calculated because
attenuation due to scattering for long path lengths becomes significant
-and in practice frequencies above 5 MHz would normally be only used on

MMS6/2(cq)4/19/85 6-13

JOHN E. HALKYARD & COMPANY
' OCEAN ENGINEERING CONSULTANTS



TLP Inspection Systems

thinner sections. Pin thread inspection will have as good or better
sensitivity than that for the last pin thread.

The thin walled connector is shown to have improved inspectability
over the thick walled connector. The most critical zone is the last box
thread. In the thick walled connector, a defect on the order of 2 to 4
mm in depth should be detected. In the thin walled connector, defects
on the order of 1 mm should be detectable.

Increased sensitivity may be obtained by two methods. Focusing the
transducer beam will reduce the beam spreading. This would change the

Sg S¢ term in equation 6.12 to K Szt

aza? Sgd

~where K is a focusing factor term at the flaw. Shadowing, rather than
flaw reflection, will also increase sensitivity. The flaw shadows cut
the strong‘réflections from threads located behind it along the acous-
tic beam path. This technique is more sensitive to flaws because orien-
tation of the flaw to maximize reflection is not necessary. This tech-
nique should be employed wherever possible in the detection scheme for
a tension leg inspection device.

Decreased sensitivity must be expected by changes in material
properties which affect the attenuation coefficient. The addition of a
protective layer to the tension legs will affect the reflection
coefficient R. Flame spraying, which is common in offshore application,
can introduce a position and frequency dependent attenuation factor

(Ref. 12).
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6.2.7 Effect of Threads

The above analysis has not considered how the thread pattern may
affect the detectability of defects. The threads will serve as reflec-
tors and have a complicated image pattern depending on their shape and
spacing. Large threads will reflect a strong signal. Defects at the
root of the large thread will be detected as a small signal in addition
to the large thread signal. Small threads will produce signals over
which defects at the root should be more readily detected. The small
thread designs also have more threads per unit length. This can be
uéeful for shadowing effect. As a crack increases in depth, it will
shadow more threads. Figure 6.16a shows the detection of notch defects
in an ultrasonic C-scan image for relatively small (approximately 2 mm
deep) threads. Figure 6.16b shows an ultrasonic B-scan presentation
showing thread shadowing effects as a function of notch size.

The thread shape will also affect the reflected acoustic signal.
fhis is a complicated effect depending on the thread surface orienta-
tion to the ultrasonic beam angle and the multiple acoustic reflections
that may occur. Square threads should provide adequate reflections from
the corner of the threz¢. Fataiy shouider threads will have a stronger
reflection due to the larger, angulated surface depending on beam
angle. Flaw detection and sizing by shadowing may be easier in the
square thread design.,

6.2.8 Conclusions

Ultrasonic inspection is the most suitable technique for tension
leg examination. In the thin walled coupling design, detection of small
defects 2 mm and smaller is anticipated using conventional ultrasonic
pulse echo methods. The thick walled coupling design involves greater
ultrasonic path lengths in material and thus ultrasonic sensitivity
will not be as good as in the thin walled design.

The threaded coupling is the most difficult region for inspection,
particularly box threads. Other regions such as the shaft, crossload
bearing, and anchor connector will have flaw detectabilities similar to
those found for the pin preload shoulder. The thread pattern in the -
connector will affect the ultrasonic data from which the flaw is
extracted. Small, square threads may offer a pattern suitable for
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relatively easy flaw detection and sizing based on shadowing. Inspec-
tion time is a function of the volume of material and the speed of the
‘data acquisition and analysis equipment. Roughly 2.5 to 5 hours per
element is required based on current technology.

The model proposed in this study is very useful for comparison of
coupling designs. Absolute values from the model should be verified by
experimentation, particularly to evaluate the e€ffects of attenuation in
the material, the minimum detectable echo response range using conven-
tional ultrasonic systems, ¢ompensation for the orientation of the flaw
to the beam, and the thread pattern. -
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6.3 Phase II Plan’
6.3.1 Summary

Based on the results of the Phase I.study, tension leg
‘platform legs should be inspected using inservice ultrasonic
examination to ensure their integrity. The Phase I study proposed
a model for the ultrasonic inspection of the tension leg which
allowed for the estimation of the detectable flaw size as a
function of the position. The model proposed an echo response
factor for defects and an anticipated sensitivity level. The
results on two designs of tension leg coupling showed that the
smallest detectable flaw size was a strong function of beam path
length. The study showed that the threaded coupling was the most
difficult region to inspect and the most critical. The material
attenuation, a function of alloy and grain size was a factor. The
thread'pattern in the coupling was noted to influence the
inspectability but a model was not proposed within the Phase I
scope. Some general comments and an example were provided.

A Phase II effort on the inspectability of tension legs is
warranted to verify experimentally the model and to refine the
sensitivity level for the echo response by standard
instrumentation.

6.3.2  Phase II Study Plan

The Phase II study plén calls for the testing of a standard
coupling to observe fatigue crack growth. The study will refine
the ultrasonic model through experiment and inspect the fatigue
test specimen. |

The ultrasonics model evaluation will be performed as
follows: '

6.3.3 Tasks

1. Define.flaw types to be used. Type of flaw, quantity,
and position. (1lmm, 2mm, 4mm, and 8mm deep)

2. Fabricate test samples - Attenuation sample 4x4x4 in.

and 4x4x8 in.
Plate representations for box and pin consisting of electric
discharged machined notches of appropriate size at the last box
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thread, last pin thread, center box thread, and 1/6 distance from
farthest box thread (approximately two, 8 in. wide blocks of
material for each connector type.) For:

8.

9.

10.
11.
12.
13.
14.

Thick Walled Connector
Thin Walled Connector .
Standard'coupling to be used in the fatigue tests.

Testing on fabricated samples. Flaw size detected vs.
frequency and location.

Evaluate thread patterns. Design test thread program
for test blocks. Three thread types for last six box
threads.

Fabricate thread test pattern blocks with flaws.
Test thread patterns. R

Correlate results with model and refine model analysis
for thick, thin, and fatigue test couplings.

Design inspection system for fatigue test specimen.
Inspect specimen during fatigue cycle.

Correlate UT test results with fatigue test results.
Prepare final report on UT.

Design flame spray experiment.

Fabricate flame spray test piece.

Test flame spray effect.

Equipment Needed:

UT flaw detector mainframe

Transducers

Fixturing

‘Testing, supplies
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Table 6.1

Wavelengths of Ultrasound

Frequency Steel Transverse Water

MHz Longitudinal Wavelength Longitudinai
Wavelength (3.2 mm/usec.) Wavelength
(velocity=5.9mm/ (1.5 mm/pusec.)

psec.)
1 MHz 5.9 3.2 mm 1.5 mm
2 MHz 3.0 1.6 .15
3 MHz, 2.0 1.1 .50
4 MHz 1.5 .80 .38
5 MHz 1.2 .64 .3
6 MHz . 1.0 ' .53 .25
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Table 6.2

Ultrasonic Beam Angles for Regions of Interest

in the Tension Leg Inspection

Region | Beam Anglé In Steel  Transducer Angle )
(angle from normal) in Bore Fluid
’ (water assumed)

Thick Walled Connector

Last box thread : 45 degrees ' 19 degrees
Last pin thread « 45 19

Preload Shoulder on Pin 45 ' 19

Make up Shoulder 45 : 19

Box Threads

14-20 : 45 19

8-14 . ' 60 “ 24
1-7 - 70 ’ 26
Thin Walled Connector
" Last box thread 45 \ 19
Last pin thread and :
preload shoulder 45 19
Make up shoulder 45 - 19
Box threads
39-51 . 45 19
24-39 - 60 ‘ : 24
1-25 75 28
TAB2(cu)3/8/85 6-21 JOHN E. HALKYARD & COMPANY
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Table 6.3

Coefficient for Echo Transmission (Ref. 10)

Angle (degrees) : Coefficient C4

45 .17
50 .16
60 - .15
70 . .14

75 .13

TAB3(cu)3/8/85 | JOHN E. HALKYARD & COMPANY
OCEAN ENGINEERING CONSULTANTS




Table 6.4

Nearfield Lengths in Steel

Transducer Size

Frequency 13mm dia. 19mm dia.

TAB3(cu)3/8/85 : JOHN E. HALKYARD & COMPANY
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Table 6.5

Reflection Coefficient for Steel/Water Interface

Incident Angle

45 degrees
50
60
70

75

TAB3(cu)3/8/85

Refracted Angle

19.4_degrées
21
24
26

27
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Regions

Table 6.6

Distance to Inspection Points

Angle of Beam

Ihigh_wallgd_ggnnggggx

Last pin thread 45
Last pin thread 45
Preload shoulder 45
Make up shoulder 45
Box thread roots
14-20 45
"8-14 60
1-7 70
Thin Walled Connector
Last box thread 45
Last pin thread 45
Preload“shOuider 45
Make up shoulder 45
Box thread roots
39-51 45
24-39 60
1-24 75
TAB67(cu)3/8/85 6-25

Distance 4 (mm)

453
198
208
131
424

518
640

173
70
70
50

160

196
320
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Table 6.7

Results of Calculations

Region Minimum Flaw Size Comments

Thick Walled Copnnector

Last box thread 2 to 4.3 mm
Last pin thread <2mm
Pin preload shoulder <{2mm
Make usthoulder | _ <2mm
Box threads
14-20 2mm to 4mm
8-14 2.5mm to 5.5mm
1-7 . 3.7mm to 8.2mm

Thin_Walled Connector

Last box thread | <2mm
Last pin thread and } <{2mm Path length is
preload shoulder less than near-
field length.
Make up shoulder <2mm Path length is
' less than near-
field length.
Box_ Threads
39-51 ' <2mm
24-39 <{2mm
1-24 ' <2mm to 2.8mm
TAB67 (cu)3/8/ 85 6-26 JOHN E. HALKYARD & COMPANY
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Transverse Waves

Figure 6.2 - Echo transmittance for water/steel interface (Ref. 3).
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Echo Response

Thick Walled Connector

Last Box Thread
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Echo response vs. flaw size for the thick walled connector

last box thread.
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Figure 6.4 - Echo response vs. flaw size for the thick walled connector
last pin thread. ,
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Echo response vs. flaw size for thick walled connector
pin preload shoulder.
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Thick Walled Connecitor

Mcake—up Shoulder

Echo Response
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Figure 6.6 -~ Echo. response vs. flaw size for the thick wa]]ed connector
makeup shoulder .
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Echo Response

Thick Walled Connector

Box Threads 14—20
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Figure 6.7 - Echo response vs. flaw size for the thick walled connector
box threads 14-20.
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Thick Walled Conneétor

Box Threads 8 — 14
0.011
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Figure 6.8 -Echo response vs. flaw size for the thick walled connector
box threads 8-14. :
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Figure 6.9 - Echo response vs. flaw size for the thick walled connector

box threads 1-7.
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Figure 6.11 - Echo response vs. flaw size for the thin walled connector

last p1n thread and preload shoulder.
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Figure 6.12 - Echo response vs. flaw size for the thin walled connector
makeup shoulder.
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Echo Response
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Figure 6.13 - Echo response vs. flaw size for the thin walled connector
box threads 39- 51 :
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Figure 6.14 - Echo response vs. flaw size for the thin walled connector
box threads 24-39.
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Thin Walled Connector
Box Threads 1 — 24
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Figure 6.15 - Echo response vs. flaw size for the thin walled connector
‘ : -threads 1-24.
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NOTCHES (mm)
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THREADS <~ THREAD6  THREAD7 THREAD 8
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Figure 6.16b - B-scan images showing thread shadovh'ng effect
for 4 mm, 3 mm, and 2 mm deep notches.
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Structural Reliability Model

7.0 Structural Reliability Model
7.1 - Crack Growth Model
7.1.1 da/dN vs. AK

The three parameter da/dN vs. AK equation is used as described in
section 4.3.2. '

7.1.2 Stress Intensities

The macro-crack growth that the connector will experience can be
one of four possibilities:

1) A semi-elliptical crack at the thread root (see figures 7.la,

2) g)éircumferential crack at the thread root.

3) A semi elliptical crack in the pipe ‘body. ,

4) A circumferential crack in the pipe body. - -

To model the stress intensities of the semi-elliptic crack at the
thread root, an equation proposed by [Shah]l for a semi-elliptic crack
in a hole through a thick plate is used. The different stress profile
at the thread root as compared to the profile at a hole in a plate is

,accounted for by use_éf an equivalent thread root radius. The equiva-

lent thread root radius is derived from Neuber's formula for the actual
stress profile of the thread root [see Hammouda et_all. A through wall
semi-elliptical crack is modeled as'a crack in a flat plate whose
stress intensities are given by A

K = olna sec(na/w)]1/2

where v

membrane stress

1/2 the crack width
circumference of section .

n

The stress intensities which accompany the circumferentially
cracked connector are derived from a model proposed by [Buchalet et_all
and is given by )

Ry = a2 (A F, + 2a A, Fo/n + a2h, F,/2 + 423 A, F,/3n]
‘ I » o-°1 : 12 2 "3 34
- where

Fy, Fy, F3, Fy are functions_9f crack depth

and

MMS2(cu)5/4/85 7-1
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Structural Reliability Model

Ao, Ay, A,, Ag are the constants describing the cubic stress
profile of the uncracked region of interest, ' '
o(x) = Ao‘+ Ay x + Ay x2 x Aq x3

- Cracks initiating in the weld region or the pipe are analyzed
using stress intensity factors derived for flat plates and plpes (see,
e. g.Erdogan and Wei).

7.2 Variables

There are three variables (other than 1oad1ng) which -influence the
11fe of a connector. They are:

1)  Initial Flaw Size
2) Material Properties
3) Environment (seawater, air, cathodic protectlon)

These may be treated deterministically or probabilistically. _

v

7.3 Deterministic Tendon System Failure Analysis
7.3.1 introduction

Two types of crack growth were étudied: semi-elliptical crack
‘growth and radial growth of a circumferential crack. Three regions of
the connector that were assumed to be the most critical'are the last
pin thread, the last box thread, and the pipe region (specifically, the
pipe/upset transition). The iast thread regions are critical because of
the high peak stresses and the last box thread is critical in particu-
lar do to the difficulty of crack detection in that section with an
internal inspection device. The pipe section is critical because of its
~ small cross sectional area (compared to the connector) which results in
a high membraﬁe stress and potential for more rapid crack growth.

7.3.2 Analytical Procedure

©7.3.2.1 Input

Input to the deterministic failure analysis consists of
1) Initial or minimum detectible flaw size

2) Material env1ronment/propert1es

3) Cyclic stress hlstory

The minimum detectible flaw size size is defined as that flaw size

- MMS2(cu)5/4/85 ' 7-2 .
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which has a 95% chance of detection (see Section 6, table 6.7). This
flaw size is used as the initial flaw size. The material properties for
each possible environment are described in Section 4.3.1.1. Figures 4.2
a, b and c are used to describe<ﬁaterial properties in air, seawater
and under cathodic protection, respectively. Fatigue loads will vary as
a function of the location and design as described in Section 3. Compo-
nent stress as a function of tendon tension is determined as in Section
5.

7.3.2.2 Calculations

Stress intensities are computed as previously described, and the
three parameter da/dN vs. AK equation is used to determine crack growth
rate. This means there is no absolute threshold stress intensity. The
time interval used for cycle counting is chosen to be small enough so
that significant crack growth does not occur before the update of crack

size.

7.3.3 Results
7.3.3.1 Outline of Results

In this study there is a wide range of variables which are des-
cribed in Table 7.1. Not all of the possible 720 cases have had fatigue
calculation performed for them, but rather a sampling of various key
variables with a concentration in the most severe cases. To summarize
the results, the effect of the six variables on fatigue life are ad-
dressed.

7.3.3.2 Effect of Tendon Type

The dlfference in crack growth life between the two designs (thick
walled, thin walled) is significant. There are three reasons for this
difference:

1) Flaw 1nspect10n sensitivity (i.e. larger p0551b1e 1n1t1a1

- flaws in the thick walled connector)

2) Crack growth behavior

“3) Stress profiles

Figure 7.3 shows the residual life of connectors and pipe as a

MMS2(cu)5/4/85" _ 7-3
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function of initial crack size for the 'worst case’ North Sea environ-
ment. For initial cracks up to .25 inches, the thin walled connector
exhibits the longer life due largely to the lower stress concentration
factors in the finer threads. From this standpoint, the higher resolu-
tion of inspection devices for the thin walled case (.08 inch vs. .17
inch for the thick walled connector) is the reverse of the desired
situafion. however for the assumptions used here the lifetimes are
sufficiently long to eliminate concern for very small cracks.

The pipe sections exhibit nearly equal lives for small cracks due
to the fact that the menkrere stresses are equal in both cases.

7.3.3.3 Effect of Tendon Section

Crack growth life differences between the three sections studied
varies with the assumed crack growth behavior. Figure 7.4a shows life
for the thin walled connector at the three sections based on semi-
elliptical crack growth. The pipe proves to be the most critical sec-
tion with a life of 35 years (for a .078 inch flaw) compared to 165
years and 190 Years for the last pin thread and last box thread,
respectively. This is due to the higher membrane stresses in the pipe.

Figure 7.4b shows life based on a circumferential crack growing
radially. For this assumed crack growth behavior the life is least for
the thread regions due to high peak stresses which occur at the thread
roots. As the crack grows radially this peak stress shifts to the crack
front which is not the case for the semi-elliptical crack. ’

7.3.3.4 Effect of Material Environment

The life of the tendon varies with material properties to a large
degree. Figure 7.5 shows the life for the last box thread for the free
corrosion, cathodically protected, and air environments. Results for
two RAO's are plotted. Coﬁpared to predicted lives for freely corroding
conditions, the air environment results in an increase in life by a
factor of two (approximately) while cathodic protection increases life
by a factor of ten. This suggests that most fatigue damage occurs in
region I of the da/dN curves where cathodic protection is most effec-
tive in reducing crack growth. This conclusion is supported by the
relatively greater increase in life due to cathodic protection marked

MMS2(cu)5/4/85 7-4
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by the Mercier curve in Figure 7.5, which represents a milder response

(i.e. more cycles ir1ecicn I,

7.3.3.5 Effect of Assumed Crack Growth Behavior

Crack growth behavior could vary significantly depending on the
aspect ratio of the crack. While fatigue cracks typiéally eminate from
a single nucleation site and assume a semi-elliptical shape, in cases
of extremely sharp notches (e.g. at the toe of a weld bead), a surface
crack can grow circumferentially by fatigue or the merger of cracks
from multiple nucleation sites. This can also be the case for tubulars
with any significant stress risers subject to rotary bending superim-
posed on a large axial force. The tendon designs being considered
generally do not have sharp notches. Girth welds will probably be
ground smooth, and the threaded connectors have relatively low stress
concentration factors. Nevertheless, for purposes of this study. we
have considered both semi-elliptical and circumferential surface
cracks. The aspect ratio for an initial semi-elliptical crack was
assumed to be 2:1. In the thread regions, the ratio generally stabil-
ized at about 5:2 and 3:1 for the thin walled and thick walled cases,
respectively, indicating faster circumferential growth initially. The
~semi-elliptical flaw growth may be taken to give an upper bound to life
and the circumferential flaw growing radially may be the lower bound to
life. Comparing figures 7.4a-b the life varies by over an order of
magnitude between the two assumed crack growth possibilities. Fatigue
tests on prototype connectors should be conducted to determine the mode
of crack initiation and growth appropriate to this application.

7.3.3.6 Effect of Environment

The effects of environment are examiﬁed in figure 7.6. In all
cases the North Sea is the most severe followed by the Atlantic‘and
then the Pacific and Gulf of Mexico. The relative severity of the
Pacific erc¢ Gulf{ of lexico is & function of the platform response. For
example the Gulf is most severe for Mercier'’s RAO and the Pacific is
most severe for Dillingham’s RAO. There are approximately two orders of
magnitude difference crack growth life between the severe environment

and the mild environment.

MMS2(cu)5/4/85
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7.3.3.17 Effect of RAO

~ The effect of RAO on life is more dramatic than is environment.

There are up to three orders of magnitude difference in life between
the most severe and mild RAO’s. Figure 7.7 shows life for the Gulf of
Mexico with Mercier'’s and Dillingham’s RAOs. The other three RAO’s
used in this study (Figure 3.3) yield the following lives for a Gulf of

Mexico environment and an initial flaw size of .078 inches:

Tan - 95,000 Years
Paulling - 520,000 Years
. Chou - 880,000 Years

Note that all of these RAO’s were developed for production plat-
forms with displacements of approximately 10,000 to 55,000 tons. Small.
wellhead type platforms such as that currently being considered by
Conoco for Green Canyon may have more behign responses than those used '
here. Thus, it appears that the proposed tendons may be overdesigned
for likely U. S.OCS‘applications.From this analysis, it can be seen
that optimizing tendon response is an important design problem and is a
function of environment.

7.4 Probabilistic Model for Tendon System Failure

7.4.1 Introduction

The key statistical variables include the initial flaw size (ab).
crack growth rate coefficient (A), and severity of environmental fat-
igue loads. The attached flow sheet (figure 7.8) summarizes a Monte
Carlo model for tendon system reliability. The basic approach is to
employ Monte Carlo technigties ¢ select key variables and thus arrive
at a calculated value for the time to failure of a tendon system. The
effect of inspection to various levels of’sensitivity can be determined
statistically by examining the effect on life of inspection vs. no
inspection. . ’

7.4.2 Model Description
The tendon performance model consists of the following major
elements:

1. Matérial Conditions (material, environment, cathodic
protection level, S-N and da/dN relationships)

MMS2(cu)5/4/85 : 7-6
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Flaw Characteristics (flaw geometry, location, cummulative
fatigue damage ratio, plastic zone size)

Load Conditions (cyclic loads, number and magnitude, stress
profiles) ‘

Flaw Growth and Fatigue Damage Calculations

Inspection Characteristics (frequency of inspection, sensi-
tivity of inspection method, decision criteria for replac1ng
tendons)
The model is executed as a time series in increments ranging from
6 hours (the interval of hindcast wave data records) upwards. Fatigue
and crack growth estimates are performed by cycle counting over the

specified time increment.

Key input variables are selected via a Monte Carlo technique and
the model is executed a number of times to get a probability distribu-
tion (histogram) for time to failure. This distribution applies to each

component.

7.4.3 Material Inputs

It is assumed that tendon materials will be high strength (60-120
KSI) quenched and tempered steels. Available S-N and da/dN data for
these steels in shown in figure 4.7a6~L er¢ figure 4.2a-c*. The appli-
cable curves depend on the exposure to sea water and the level of
cathodic protection, if any.

S-N curves are interpreted to represent the crack initiation
phase, i.e. the number of cycles required for at least one macrocrack
to form. The transition from crack initiation to crack growth is not.
easily defined and is, in fact, a function of stress level (i.e. the
crack size corresponding to critical stress intensity). The model
assumes that once the cummulative damage ratio reaches a number of 1.0,
that a crack width, a, has been attained as described in Sectioﬁ'4.23.

* The data inciuded in these figures actually includes lower strength
steels as well as high strength steels. The scatterband used here is
therefore much wider than that which would be appropriate to use for a
single material or class of materials.

MMS2(cu) 5/4/85 :
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7.4.4 Fatigue Loads

Fatigue loads are derived from hindcast analysis (SOWM) and from
historical data on the occurance of tropical storms and hurricanes.
Since tropical cyclones are not modeled in the hindcast data, they are
modeled separately.

Fatigue load cycles have been derived from spectral wave data by
using a bivariate distribution for height and period. This, coupled
with the tendon tension RAO, results in the expected number of cycles
within fixed load ranges over each time interval.

7.4.5 Results

The model described above wés used to provide a conditional proba-
bilty function for tendon life given an initial flaw size and crack
growth rate coefficient. The joint distribution on tendon life was then
determined from

P(T) = [o/7f7p(tIA,a)p(A)p(a)dadAdt

p(tlA,a) were derived from the Monte Carlo simulation. A log-
normal distribution was assumed for A, and an exponential distribution
for a. The minimum detectible flaw size, a,, was assumed to represent
the 95% percentile of the exponential distribution.

Results presented here are limited to the 'worst’ case'North Sea
environments assuming freely corroding conditions. As shown in the
previous section, life estimates using cathodic protection are approxi-
mately an order of magnitude longer than under free corrosion condi-
tions, and the more benign environments extend the lifetimes even
further. -

Figure 7.9 shows the probabilties associated with a flaw in the
pipe wall. As stated, a, is interpreted here to be the 95th percentiie
detectible flaw size assuming an exponential distribution. For a 20
year life and an inspection with this tolerance to .078 inches (2 mm),
the probability of failure is .005. For an assumed .031 (6 mm) inspec-
tion criteria, the comparable probability is .096.

Figures 7.10 and 7.11 show the results for the last pin thread for
a semi-elliptical crack.growth and circumferential crack growth, res--
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pectively. These results correspond to a single tendon element or
component. The analysis was extended to estimate the failure probabili-
ties for 20, 50 and 100 tendon elements in series. Results for the pipe
are plotted in Figure 7.12, and the corresponding last pin thread
results are shown in Figures 7.13 and 7.14. Considering the series
 éffect with 50 elements, the probability of failure in 30 years is .21,

the probabilities are .01, .04 and .20. Thus, based on these worst case
assumptions, a freely corroding tendon should be inspected to something
on the order of .08 inch detectible flaw size every 10 years.

7.5 Conclusions

The above analysis is believed to present a conservative view of

inspection requirements based on fracture mechanics and corrosion fa-
tigue considerations. While these results are indicative, the number of
assumptions and lack of data on material properties and loads should be
considered in drawing any firm conclusions. For any specific applica-
tion._the following data is needed as a minimum:

1) Site specific wave and wind data derived from observed or
hindcast information over a sufficiently long period of time
to determine a true fatigue environment.

2) Platform specific tendon tension (and bending if applicable)
RAO’s in the period of waves of interest. Significant second
order loads (e. g. resonant springing) should also be
included.

Accurate stress analysis of the critical components.

Material data derived for loadings similar -to those expected
in service. Also, the material should be the same as the
component under consideration and under the same expected
cathodic protection level.
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Figure.7.l -a) side view of last box thread (view A-A)
b) cross section of first box thread with
semi-elliptical crack(plan view)
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Figure 7.8 - Probabilistic flow chart.
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Figure 7.13
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~ Future Research Recommendations

8.0 Future Research RecommenQations
8.1 Objectives

The primary objective of this work is to d:ztezmine the effective-
ness of tendon system inspection as a means for insuring the structural
reliability of TLP tendons, and to specify methods for evaluating
inspection criteria. During Phase I, theoretical models for ultrasonic
inspection and tendon fatigue failure under realistic conditions were
developed. This work showed that in place inspection could provide an
effective means of early crack detection provided assumptiohs of our
model are correct. The objective of future research is, therefore, to

verify our assumptions and theoretical models.

8.2 Approach

Our assessment indicates the following are key factors relating to
the effectiveness of an inspection program and predicted life of a TLP
system:

I. Inspection Device Performance _
a) Location and shape of critical cracks

b) Reflection or ‘shadowing’ characteristics of actual
cracks in tendon material.

c) Material acoustic attenuation.

d) Effect of surface treatments (e.g. flame spraying) on
acoustic responses. : :

Failure Model

a) Actual load/stress histories.

b) Environment at critical locations.

c) Form of fatique cracks, i.e. number of nucleation sites.

d) Crack growth for high R, low AK, short cracks under
actual environments.

The failure model is used to evaluate the effectiveness of dif-
ferent inspection schemes under different loading/environmental scen-
arios. |

In order to verify both the inspection device performance and the
failure model, five separate but related activities are suggested:

1, Ultrasonic Model Developemnt
2. Tubular Joint Fatigue Testing
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‘3. Materials Testing
4, TLP Tendon Analysis
5. Full Scale Tendon Component Testing
The first three activities are ‘generic’ and not directed at a
specific tendon design or location. The latter two activities deal with

specific locations, loads and/or tendon designs.

The purpose of activities 1-3 is to develop a data base and level
of confidence in our approach which can be utilized to evaluate actual
tendon designs. At this time, tendon designs are proprietary and may
not be available for testing.

The following section discusses the specific activities in more
detail. Appendix B provides an outline of these tasks. Note that our
proposed Phase II program does not include the entire scope of the
suggested activities. - .

8.3 Ultrasonic Model Development and Verification

The ultrasonic model includes assumptions about acoustic attenua-
tion, transmissivity, reflectivity and the reflection and scattering
properties of cracks and threads. The assumed conditions are a function
of material (i.e. grain size) and surface properties, flaw location and
geometry, thread geometry, ultrasonic frequency and beam angles.

To develop this model, basic tests should be conducted on plates
with machined taper, notches and threads. The plates should have repre-
sentative metallurgy and should be sized to éorrespond to the thickness
of the 'thick walled’ connector (6.8 inch w.t.), the ‘thin walled’ (2.5
inch w.t.), and a connector corresponding to the connector to be tested
in the fatique test program. This ‘generic’ connector could, for exam-
ble. be a rotary shouldered tool joint or an integral casing joint with
buttress threads.

These tests would result in detection levels as a function of flaw
size and shape, location (i.e. distance from source and detection, and
beam angle), and thread form.

Following these tests, the model would be refined and an inspec-
tion system designed for the joints to be fatigue tested.

An optional experiment could be run on actual tendon elements if
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they would be available. In this case, an additional inspection system

would be designed and built.

Static tests could then be conducted on the tool joint and/or the
tendon joint. These tests would be designed to establish inspection
limits for different sized machined cracks at different locations. Two

experiments could be run:

a) Calibration experiments on known cracks.

b)  'Blind’ inspection to determine the probability of detecting
unknown cracks of various sizes at different locations.

8.4 Fatigue Testing on 'Generic’' Connector

The effectiveness of an inspection program depends on the ability
to detect actual fatique cracks early enough to allow repair or re-
placement of the defective component. The above experiments are based
on 'ideal’ machined cracks of circular or elliptical form. If a crack
tends to form as a long shallow crack (i.e. from several nucleation
sites) before it grows into the wall appreciably then the length of
time required for growth to critical flaw size is reduced significantly
(at least one order of magnitude) over that of an elliptical crack
growing through the wall. Only fatigue tests under realistic geometri-
cal or stress conditions can address this issue.

-An iﬁportant consideration in the testing is the environment,
loading and frequency. Tendons will probably (but not necessarily
always) be cathodically protected on the outside and have a behign
fluid or air on the inside. The Hutton tendons have a flame sprayed
aluminum coating, which acts as a sacrificial anode.

The connector threads are nominally sealed from the external fluid -
by a metalic and/or elastomeric seal. However, from a reliability
standpoint, the possibility of sea water leakage needs to be consi-
dered. ' '

Table 8.1 indicates the possible environments for a tendon connec-
tor and pipe.

In order to satisfy all of our objectives, the following tentative
test plan is proposed: '
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A. Test connectors with machined crack to monitor crack
growth.

1) Fresh water on I.D., air outside
2) Sea water on I.D. and in threads, freely corrodlng
3) Sea water on I.D. and in threads, cathodically protected

B. Test connector to determine location and form of fatigue
' crack nucleation sites. ‘

1) Fresh water on I.D., sea water on 0.D., freely corrod-

ing. , ‘

2) Fresh water on I.D., sea water on 0.D., cathodically
protected. : '

3) Fresh water on I.D., sea water on 0.D., flame sprayed.

4) Seawater on 0.D., I.D. and in threads, freely corroding.

These tests would be conducted with redundant means of detecting
crack initiation and growth. Acoustic emission monitoring could be used
to detect crack initiation. External ultrasonic inspection would iden-
tify and size cracks and would establish a comparison for the internal
probe. ' ' |

Test series A. should consist of relatively short dutation'tgsts.
Crack growth near threshold stress intensities should be monitored to
confirm the Region I da/dN curve. Resolution will be limited to that
attainable by ultrasonic or other means of NDT inspection.

Series B tests could be ‘several months duration to adequately
‘account for environmental effects and high cycle fatigue life.

8.5 TLP Tendon Analysis
8.5.1 ~ Tendon Loads

Our conclusions regarding tendonvreliability depend to a large -
-degree on confidence in the wave/environmental data, and the loads and .
computed stress and stress intensities in our failure model. In Phase I
we utilized hindcast SOWM environmental data, which should be as accu-
rate as any method available. The tendon tension responses derived from
publiShed data show a large scatter, however, and the reasons for the
scatter can't be pinpointed because of the lack of specific data or
analytical procedures and program verification in the published sour-
ces.

While the exact loads can not be determined without an actual
MMS6(cu)5/2/85 8-4
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platform preliminary design, a self consistent set of calculations
considering parametric changes in platform and tendon parameters would
be useful in assessing the sensitivity of tendon fatique life to chan-
ges in platform parameters (e.g. displacement, column/pontoon volume
ratios, number and spacing of columns).

Also, linear RAO's do not account for wave springing forces and
diffraction effects for waves less than 8-10 second periods. Since
these waves account for a significant percentage of fatigue damage,
these effects should be evaluated.

8.5.2 Stress Analysis

During Phase I, connector stresses and stress intensities were
estimated using hand calculation methods and stress intensity results.
from simple geometries. The crack growth predictions are highly sensi-
tive to stress intensities, hence any inaccuracies in these would be
amplified in our life estimates.

'To eleviate this, 3-dimensional finite element analysis of the
threaded joints with cracks could be conducted to determine stress
intensities. The FEA results would then be utilzied to develop algo-
rythms for stress intensity in the threads for various crack depths and
widths. These algorythms could be generalized to handle various connec-
tor shapes and thread forms by examining parametric relationships
between the through thickness stress profile of an uncracked connector
and the stress intensities for various crack geometries.

Finally, utilizing revised load and stress data, reliability .
calculations for the TLP could be updated.

8.6 Material Tests

This work has revealed a need for additional fatigue data. While
several investigators are currently working on material data for TLP
tendons, much of the data is proprletary or not publlshed yet. In
particular, the following data is needed:

A. da/dN data for high R ratio, low stress intensities (Region

I), short crack, cathodically protected and flame sprayed low
alloy high strength steels.
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B. S-N data under similar conditions, especially data on the
transition from crack initiation to crack growth.
| A plan for these tests needs to be developed. Standard da/dN tests
using compact tension test specimens could be used with fatigue cracks
initiated by high cyclic loadings. The transition from crack initiation
could be investigated using microscopic examination, magnetic flux
techniques, radiography or other methods to detect small cracks.

Another alternative might be to simulate the thread stress profile
with hotches machined into pipe or rods. The process of crack_nuélea—
tion and growth could then be examined on a smaller scale than the tool
joint fatique tests.

8.7 Full Scale Tendon Fatique Tests

The above research should lead to rational criteria for TLP tendon
design (and platform preliminary design). Once an actual tendon has
been built, full scale fatigue tests should be conducted to confirm
failure anélysis.

This work is beyond the scope of the current ptoject. but should
be considered as a logical extension. ‘
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APPENDIX A - ENVIRONMENTAL DATR.
DATA FOR GRID POINT .212(BULF OF MEXICO), BASED ON 26542 RECORDS-2@ YEARS.
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53.8 46 2,31 240 2.3 .24 .30 J5@0 a2 LT L2 R W
23.8 .6 2.8 1.88 1.8 .36 .72 .49, 6 12 2 & 00
333.8 .88 .64 .T7T .67 - .4 .28 .15 03 . 0 L L
323.8 22 .9 .48 .2 .03 3 .00 .00 e .0 .M L
293.8 220 1 .es e et 2 @ k0 @ . .2 . '
263.8 .03 .04 N7 02 ) .08 " I 22 . .23 .
"233.8 2 .07 .85 .83 @ .02 .22 .00 .02 .02 .00 .00
202.8 .83 A7 12 .87 .oe .20 .02 e L .00 .22 .04
173.8 A7 1 .93 .33 i 25 L34 N N . Q@ I R
143.8 2.6¢ %.21 379 L7L .6 .20 .4 L2 W @ L .5
113.8 2.88 15.97 (1.8 S5.34 1.8¢ .45 .8 .81 @ LW .82 &
83.8 73 S.12 497 de6 1,13 27 .18 ISt . .00 L@ 22
#MSARPA -1
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APPENDIX.A - ENVIRONMENTAL DATA

WIND SPEEDIKNDTS] VERSUS H-SIGNIFICANT - FREGUENCY OF OCCURANCE

©WIND - H-GIGNIFICANT [FEET]
SPEED

T
—
—
]
[24)
CTJ
o
9
~J
3
(V=)

9-11  {1-13 13-18 18-25 25-35 33-43 45-6@

I TR R Y SRS SO T
7 .80 .0 R . .0 e
31 . e .z .0 .02 .0
3 .23 .05 .0 .o . .82
.47 .0 .16 .00 e .00 .00
28 .60 .4 .02 .00 .00 .0
04 .08 .3 .05 .ee .0 .
0 .22 .08 .03 .0 @ .00
00 .0 . .ee .01 .20 .00
Q0 .e0 .ol w2 .00 .08 .00
Q0 .00 .00 .1 .00 @ .0
0 L0 .0 . @ .2 %

¢—5S 338 6.16
10 4,27 22.16
10--13 .00 8.84
1528 0 - .17
0--25 - .00 .
2532 .00 .00
3033 .00 .00
3540 .0 .M
4043 .00 .20
45~--50 2 .
2055 000 e -
S5—-b0 .00 .00

~§ O
e’ & & =

oo~
eEEEbERobih

EEEZE2SEE85R0R
Lol I el

E2RES9eNYR

22

MEAN SPECTRA [FT##2] VERSUS H-SIGNIFICANT
FREQ  PERIOD H-SIGNIFICANT (FEET]

&1 =3 3 57 7-9 11 11-13  13-18 18-25 25-33 35-43 458

.3e8  3.25 006 .06 (146 193 L2100 .223  .237  .ET4 L343 410 .0 202
.208  4.8i L0020 .00 .193 .43 .587 .68 .72 .82 .57 L@l e AR
L1598 6.3 Q18 .108 .33 .677 .98% 1198 1.363 1.475 1.615 1,633 .@@ .0
L1330 1.3 004  .833  .139 377 .73 1,050 1,319 1,832 L7 LSe; .o (O
17 BSS L7 .38 L1180 321 L7RS 1,352 1,923 2487 312k 3563 LB W
L3 9Tt .01 L0180 .04 .i20 375 .886 1.553 2.462 3.614 4.283 .00 AW
092 10,87 L0 a4 L0160 .49 - 160 L4768 1,075 2,592 494 6,917 M@ AW
.88 12,33 L0 .01 .6 L8177 .06 1080 468 1,741 6146 10,832 Q2 .0@
272 13.89 .08 001 001 %83 .®8 .@27 P61 .39 2.®é  S.460 @2 (W@
867 1493 L0080 .e@d - .edr Q01 .04 @14 024 142 LART G691 B Y
86! 16,39 200 .01 .00l @@ .e;4 013 29 .45 (426 t.Ce@ @@ .2W
.86 17.86 .00 .00 .0@2 .eed  .000 .@d0 001 .02 .46 .67 L2 AW
030 20.00 .000 .00 .00 .20 .00 .00 .00 .od0 .0ft .@d@ cG@@ .e@@
Q44 2273 000 000 .00 000 .20 .@%0 .eed .ee@ .01 .¢i@  .Qe@ oW
839 25,64 .00 .000 .02 .20 .00 .00 .02 .00 . .00 M@ .2
MMSAPRA A-2
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" APPENDIX A - ENVIRONMENTAL DATA

WIND DIRECTION VERSUS WIND SPEED(KNOTS) -FREQUENCY OF OCCURANCE

. DIRECTION WIND SPEED ([KNOTS]

&5
1.68
1.53

.70

40

.31

.26

.24

.34

54
i.21
.79
g 11

-10 18-15 15-2@ 20-25 &5-30 30-35 35-4d 4-43 45-3) 50-U5 5562
.89 72 .18 .95 . W @ .2 .0
27 159 .67 .27 .09 . .0 . .00
1,37 .83 .4 .21 .1@ .85 . .01 .0
39 .14 .05 L0 . .00 .00 .
47 e . .00 . .00 .2
.03 .00 .08 . .0 .00 .00 .
.03 . .08 .00 0w .
04 .00 .0 .0 .00 .0 .00 .00
=) G S ) B )| .28 . W .w
.12 .26 .03 .0l .00 @ .8 .0
2.5 .49 . .% 00 . .80 .2
2.5 .33 .03 .e 02 .00 .00 .@@

s ch
~

N Gty

Yo nooon
©1 L £ L) G
oo e o D
[ R
[

WA

=
(a2 K al
. e

EEHUNCRERIARD
233332838

PN,

MMSAPPA
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APPENDIX A - ENVIRONMENTAL DATA

TRABLE 1B
DATA FOR GRID POINT 2GR(ATLANTIC-EAST COAST). BASED ON 27@0@ RECORDS-22 YEARS.
DIRECTIONS MEASURED CLOCKWISE FROM NORTH. LATITUDE=24.5 DEGREES..
LONGITUDE=74.9 DEGREES.
PEAK FREQUENCY VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE
PERIOD H-GIGNIFICANT [FEET]

79 911 11-13 13-18 18-85 &5-35 3545 4560

t:]
wh

0 @ W . e . .0e
08 .0 .2 2@ . . .0
A1 %8 L@ . e L0 .2
18 08 @ . . i
2% 212 . . . . .2
33 L .38 .50 .8
B Y Y - F . .00
56 W3 27 e L3 . .0
. . 23 .8 .12 .20
23 . = R LS § Y LI
g6 . 06 (8 W7 .o
Q0 2 et e L2 . .®
N . N R R | .20
N .00 . e | 00
N 00 . 00 . .22

Rl ol o
EFREFREER

&.
2.
2.
i.
L.
1.

00
80
%
56
S6
97
i3
8@
.88
.67
.37
.05
.01
.09
08

3

kS

DIRECTION OF MAXIMUM S(THETR) VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE
DIRECTION H-SIGNIFICANT [FEET]
311 11-13 13-18 18-85 25-35 35-45 43-6@

S50 .2 13 .ot e .0 .00
67 2 .31 .8 . . .0
2 .09 .06 .0 .00 .60 .02
05 .83 L@ L@ . .0 .2
22 .7 e .0 .er .0 L@
A3 .7 L3 LW .20 .00 L@
05 .54 .80 .37 .15 L@ .0
A7 45 L3 .12 . Lo L2
B4 27 .19 .85 . .0 .00
T TR SR S I B
20 L1t L4 e L .00 e
0 .82 .03 .00 .2 . .02

REEDE
LEELE=S
M Ny o~ —

[=a)
=
) —
DO LN v rv = [0 £ o

...
PO N 4 £ 1O L G b &~ PO
HEEELEIBNEYERS s

M PR R o rn o m

I 7]
g,
SEE e
— N

n
~4
(==
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HPFLNWAA H © CNVIRUAWTENGA, Uil

WIND SPEEDIXNOTS] VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE

WIND ' H-SIGNIFICANT [FEET]
SPEED :
-t -3 35 57 79 %11 11-13 13-18 18-35 5-30 345 45-60
e—S 3.58 8.7 2.49 .74 27 .39 % .4 @3 L . .00
5—-10 3.97 18,59 5.48 78 .72 .2 .9 .13 .3 .01 .%@ .@
18--15 .00 910 11,27 34 1.2 W47 W26 L2 .0 L8l e .20
15— . .% 3.8 68 25 .73 .3t .2t .7 @ .e¢ .
20—235 00 2 .3 L8 269 2.5 .33 .3 5 0 0 .2
2530 00 .e@ .03 .19 .3} .82 .92 .66 .09 .83 .e .00
30--33 .00 . .00 & .87 .16 .2 .52 .6 .0t .00 .2
35--48 Q0 . . .00 .2 .2 .5 .15 -.t2 .3 .00 .00
40—45 00 ® ® . .0 .00 .@ .03 .04 .29 @ .
43--50 @ .00 .00 .¢ .20 . .2 ".0@ .2t .01 .0 .20
o35 00 .08 @ .20 .20 .00 .0 .0 2@ .0 .02 .00
9560 00 .0@.. .20 .00 .06 .00 .00 @ . @ .0 .2
MEAN SPECTRA [FT##2] VERSUS H-SIGNIFICANT
FRE@  PERIOD _ H-SIGNIFICANT (FEETI .
&1 1-3 3-5 7 7-9 9-11 11-13 13-18 18-85 25-35 3345 4562
.38 3.25 L006 - .2R8 .14t (182 .20@ .27 .229 .2 .3 .23 .4R7 o0
208 4,81 .00 .915 .232 .45 .57@¢ .ee6  .6% .733 .73f 766 .97 Q@@
138 6.33 011,058 L2300 .S574 .858 1.969 1.198 1,331 1,367 .58 1573 .oeQ
133 1.8 L006 .82 .94 .293 .619 .91 1,139 L3482 L.447 1,635 1.63Q  .Q@2
L1785 - (M6 %28 .089 - .239 .608 1.28¢ 1.Bl6 2.278 c.682 3.@@5 3.487  .0QQ
183 9.7 L0046 020 096 135 .3B4 737 1343 2.124  2.931 3.366  4.12 . e
.032  10.87 203 .18 ,853 .it@ .28k .S535 L1164 2.434 4,260 5,226 6.55@ 0@
.081 12,35 Le2 Leté 349 .12 ,215 .388  .BQ1 1,927 G.Ti2 B.640 11637 .QW@
072 13.89 .01 .5 .08 .04z @73 119 .26 .557 2.666 O.B13 A.343 .0Q2
L0687 14,93 001 .04 .014 .93 .¥3 .108 .12 .399 2.307 6.693 9.E42  .@EE
.81 16,39 L0090 .02 .8 .018  .039 .063 L1101 242 L1746 7.385 13,167 QD
.86 17.86 Q020 0. .2 .23 Q12 .@23  .@36  .976 .74 5,033 1LL7Q .o
L8302 © .00 .0 .eee  .ee@ .ee2  .@d4 .87 .22 - L@l LLBES 6293 i@
844 22,73 o .02 0 .Ged .00 .00 .00 (@@t .0@3 @4 (218 GA0 2@
033 25.64 .00 .00 .00 L2200  .Q0@ .02 Q20 .2 .@ec o .@7 (e dm ¢
MMSAPPA ' RS
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APPENDIX A - ENVIRONMENTAL DATA

WIND DIRECTION VERSUS WIND SPEED(KNOTS) -FREQUENCY OF CCCURANCE
DIRECTION WIND SPEED [XNOTS]

S-18 18-15 15-20 20-25 25-30 30-35 35-4d 4Q-45 45-50 S@-55 55-6@
271 2.60 1.58 .87 .45 .15 .07 .M .e@ . .00
4,5 467 2.9 116 .58 .28 .5 .2 .02 .@ .00
3.67 245 L. .47 .18 .10 .06 01 .01 .2 .00
l.e8 6 L@ 0 e e @ 0 .M
A3 3 W e e W W .00
2 .10 3 . @ .0 .0 .0
B2 9 . .01 .00 .e¢ .02
1= X SN Y S K .03 .01 .e¢ .00
J30.32 0 1 . .3 .1 .80 .e@
T8 e8 o 12 . .00 .00 @ @
.68 .31 A1 . .00 .08 .00 .
A3 20 L0 . .01 - .0 .23 .00

248.2
-210.2

RN

BP-CLRREE
ST
2 Z Y

SR8
e
REBESIBER

[P O o o S
e« » & & & o » " e & w
(o=
(=]
'
— o pe b
« s & @

R
CTRINBREYS

~4
&
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TRBLE 1C
DATA FOR GRID POINT 179(PACIFIC-WEST COAST). BASED ON 16@7@ RECORDS-1! VERRS.
DIRECTIONS MEASURED CLOCKWISE FROM NORTH, LATITUDE=32.8 DEGREES.
LONGITUDE=113. 5 DEGREES. '
PEAK FREQUENCY VERSUS H-SIGNIFICANT - FREQUENCY OF CCCURANCE
FREG  PERIOD - H-SIGNIFICANT [FEET]

35-45 45-Ge

o
&

-1 =3 35 57 79 911 11-13 13-18 18-35 ¢

.959 3.953 .000 .002 .Q00 .000 .00 Q00 .02 .002 .0O2 .Q0Q0@

388 3.5

208 4,81 (000 3.200 5.845 .00 .00 .00 .000 .0Q0 .00 2@ .MQ@ .%0
18 633 .622 4,177 8.273 4.893 .08t .Q@0 ,0¢d .%02 .0e@ .e¢ .QQ@ .0%0
A3 1.3 L6430 2,714 3,019 4413 2,353 (044 .00 002 .20 .0e2 00D Q%@
A1 8.5 .342 2,235 1.843 1.500 2,603 1.401 162 .%0@ .@Pe@ .0®@ .02 .00
183 3.7t 510 2,944 2,017 1,338 1.128 1.127 .822 .162 .QQ0 .%e¢ .0Q0 .QQ¢

.632  10.87 293 2.011 1.226 .B59 .G548 .31 L1493 243 .02 . .002 000 .00Q

.08 12.35 L4546 20135 1,345 L6301 L479 .49 .1%6  .143 .06 .90 .00 .GQQ
.07 13.89 .380 2.179 1.357 .9e9 .305 .143 .0S6 - .068 .0@2 Q20 .2M2 .U
.87 14.93° .560 2.378 1.550 .784 .34 .137 .08! .062 .@e@ .00 .0Q¢ .2
.21 16.39 1,226 5.235 2.340 1.208 .367 .23 .le@ .@cc .e¢2 . .2%0 .00@ .o@@
056 17.86 L012 .263 L1764 .093 .07 .@%6 .@25 .019 .6 .Qd0 Q00 .02
.85  20.@0 Q12 075 112 .e68 .025 .@44 .01 031 Q@€ .Q00 .00 .0
844 22,73 L0 819 .05 .ee6 .019 .019 .@@6 .00 .06 .00 .QO0 0%
.039  25.64 L0065 .037 .d%6 .eec .012 .Qe2 .Q00 © .00 .0R2 .0%@ .00 .QW

'DIRECTION OF MAXIXUM S(THETR) VERSUS H-SIGNIFICANT - FREQUENCY OF OCCURANCE
DIRECTION Lo H-SIBNIFICANT [FEET]
-1 1.3 35 S5T7 79 311 11-13 13-18 18-23 25-30 35-43 45-6R |

281.4  1.438 3,430 €.829 3.978 (.86t .772 .367 .237 .012 .00d .000 .Q@@
251.4 716 2.876 1.886 - . T4l L3249 (193 .@50 .05@ .002 .00 Q22 .23

221.4 019 187 .20 .212 .1%6 .13t .@3@ .993 .00 .00¢ .000 .@@D
1914 .13 .037 (044 044 .106 .06 .052 .06 .d0¢ .eee .00 .00
i61.4 875 218 162 118 @31 @35 .037  .900  .eec .90 .000 .edQe
131.4 Q37 118 .05 .00 .O00 .200 .20 .00Q Q@0 .00 .00 e
C101.4 . LBRA L3264 . 342 .O7S  .@25  .Q00 .000 .QQ0 .00 .00@ .22 @22
Ti.4 .168 1,064 .SGE 100 025 .20 000 .00 .20 .Qd2 L@@ .2
41,4 L1469 1,108 641 L1301 .000 .026 .QQ0 .00 L2 .0 Q00 .3
1.4 37 1,058,733 .255 .Q75  .@d6 (000 .00 Q@ 2@ LW .2
3414 .255 2,004 1.656 .797 .S535 .224 .@37 .Q19 .%00 .Q@d Q00 L&Q2

3114 2,726 14.908 16.€29 10,314 5.173 2.33%4 .93 .32 .06 Q@ .2d2 .2%@

WMSAPPA ‘ A7
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APPENDIX A - ENVIRONMENTAL DATR

WIND SPEED{KNOTS] VERSUS H-GIGNIFICANT - FREQUENCY OF OCCURANCE
H-SIGNIFICANT [FEET]
-t 1-3 35 7-9 911 11-13 13-18 18-25 25-35- 33-45 4560

786 3.150 f.ge1 . .118 012 .o . 000 .00 .
. 102 16,837 4,834 L, .15% .82 .03t . .000 .00 .o
000 12,979 17.448 3. 212 149 087 . 000 .e0 .Qe@
080  .342 6.331 10, .39 .118 .@8ee . .000 - .00 .00
.q00 .86 .i18 L, 1,942 .187 .e75 . .000 .00 .0Q0
.000 .008 .086 . . L%t .83 .33 . .000 000 @0
.a80 .00 .0d3 . . 012 137 .87 . .00 .000 .¢00
.000 .00 .00 . . .000 .ee@ .e12 . 000 .00 .%0@
.000 .00 .8 . . .0%0 .00 .ee@ . 000 - .22 .00
L0 .00 .08 . . .00 .00 .0 . .00 .00 .22
.000 .000 .0R . . .000 .00 000 . 000 .00 .000
L000 - .000 .08 . . .e00  .000 .00 .00 .00 .0@@

v

MEAN SPECTRA [FT##2] VERSUS H-SIGNIFICANT

PERIOD 'H-SIGNIFICANT [FEET]

57 311 {1-13 1318

2 . 216 .23 .25
G534 631 718 .72@
L9546 . 017 1126 1167
882 1,875 1173

. . LA73 Le66 1,957
109 . J72 1,369 .88
482 1,042 1,969

13 1,958

244 LBB7

.89 .23 .476

23 422

. .09 .c@S

.35 .85 382

.20 .086

.02t .eie

THITHBELZAR

GO S WO OB~ O &
EAE N i i ) o &
ro
(7]
e
(4]
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HPPENDLA H = ENVIKUNRENIHL URIR

WIND DIRECTION VERSUS WIND SPEED{XNOTS) -FREQUENCY OF OCCURANCE

DIRECTION WIND SPEED (KNOTS]

: 510 10-15 15-20 2@ 25-3@ 335 340 43-50 S@-35 55-60
281.4 4,712 6.999 3.648 1.376 .423 .06 .6 . L0008 L0280 .02
25l 4 971 L7160 L3380 L156 L012 .00 .o@@ .22 .20 .p00 Q@R
221. A1 .39 .299 .18 056 .012 .o . L002  .020 .20
181. L4110 .385 .274 L1688 108 .044 (000 . .e0@ .oe@  .002
i6l. 237 17 149 118 Le37 012 el . o L0 .22
131 261 (193 .973 .02 .206 .0 .e®@ . .00 .o@0 .00Q
181, L4085 .68 .10@ @23 .019 .0d@ .ee@ . L020  .3@  .c0

1. 1,077 .94 .286 .033 .025 .000 .eed . .000 .@ .00

41, 1.973 1301 .373 .75 .@25 .0 .00 . Loed  .oe@ Qe

11 3.056 1.8%2 .379 .10 .012 .26 .02 . 003 .00@ .o0Q2
341, 4,743 -4,457 2.0@4 .685 .212 .@19 e . .e08 .02 .@0
3. 8,733 17.293 12.@39 5.347 1.489 .193 .@12 . .e0q .%e@ .o0Q@

F R R R IR A ik B O R
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' APPENDIX B

Outline of Future Tasks
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Future Research Recommendations

3.0

0

Appendix B
Outline of Future Tasks

Phase II Work
1.0 Ultrasonic Model Validation
1.1 Define Flaw Types
1.2 Fabricate Test Samples
1.2.1 Attenuation Samples (4x4x4, 4x4x8)
1.2.2 Thick Walled (8x36x6.8) (2)
1.2.3 Thin Walled (8x16x2.5) (2)
1.2.4 Tool Joint (8x10x1.5) (2)
1.3 Detection as Function of Flaw Size and Location

(no threads)

Effect of Thread Form

Refine Model

Design Inspection System for Tool J01nts
Fabricate Tool Joints (5)

Calibration Experiment

‘Blind’' Test

Flame Spray Experiment

Fatigue Testing (Tool Joints)

Tool Joint Analysis (FEA, S-N, da-dN)

Test Planning

Test Facility Design and Construction (optional)
Test Specimen Procurement (20)

Instrumentation (AE, Radiography, Ultrasonic)

Short Term Testing

Long Term Testing (check effects of CiPo, sea water
leakage, flame spraying. etc.)

TLP Tendon Analysis

3.1

3.3

Loads Characterization

3.1.1 Non-linear wave responses

3.1.2 Platform Criteria and Optimization

3.1.3  Other Loads

Connector Analysis | *
3.2.1 FEA Stress Analysis (Axisyummetric)

3.2.2 Crack Propagation Modellng (FEA)

Failure Analysis

Materia; Tests

4.1
4.2
4.3
4.4

Full

High R, Low AK, CP da/dN tests

High R, Low AS, CP S-N tests ‘

High R, Low AS, Flame Spray., S-N tests
High R, Low AK, Flame Spray, da/dN tests

Scale Component Testing
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