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EXECUTIVE SUMMARY

This report provides the results obtained in the first phase of a two-phase study amed at
providing the Minerds Management Service (MMYS) with an assessment of the technicd feasibility of
applying threaded connections to offshore caisson platforms. The study, motivated by the potential
economic benefits associated with reductions in offshore ingtdlation times and opportunities for retrieva
and reuse, is necessary for two reasons. Firdt, specific guidelines for the design, vaidation, and testing
of threaded connections for caisson applications are virtualy non-existent. Second, considerations for
the retrieval and reuse of the connection that may have been driven and dlowed to fredly corrode in a
marine environment must be defined.

To address these issues, preiminary work was conducted in phase one of this study to outline a
generd guiddine for conducting the design, andyss, and vdidation of a threaded connection for
offshore caisson gpplications. Technical activities performed in phase one and reported herein included
the independent evaduation of existing practices for the desgn of caisson Structures and threaded
connections, emphasizing the outer continental shelf regions of the United States. Overdl, many of the
exiging guiddines outline the fundamenta requirements for successful design of caisson structures and of
threaded connections. Many may be readily gpplied to the design of connections for caissons, and
some may require only smdl modifications. However, the results of the evduations indicated key
portions of the existing design protocols that are deficient or inappropriate when gpplied to caissons
with threaded connections. One example is the current lack of any specific requirements for tubular-
connection (global-local) structural analyses that couple the loca behavior of the connection to the
overdl, or globa response of the structure. A second example is the suitability of the direct application
of established fatigue assessment gpproaches to the evauation of connections subjected to high Stetic
compression. Recommendations for the performance of these analyses, and guiddines for the treatment
of other specid congderations are given in this report. Once vdidated by phase two work, these
recommendations, when used in conjunction with principa requirements of the existing documents, will
be useful in the development of successful designs.

Also in phase one, a survey was performed to assess the potentid for industry acceptance and
support of the proposed application of threaded connections. In general, moderate interest from both
caisson designers and caisson operators was received; athough, each believe that proof of the technica
feasbility and economic benefits must be first established. To this end, the phase two work activities
have been defined to provide vdidation of the pecid consderations recommended for further design
evauation, but will exclude any validation efforts that are necessarily the respongibility of the designer or
manufacturer. The effect of globa-loca structurd response when subjected to caisson-type loading will
be specificaly addressed since there is currently no requirement for the design or vadidation of structures
based on these effects. Conversdly, the behavior in faigue, which is heavily regulated for offshore
dructures and is primarily the respongbility of the desgner, will not be evauated. Thus, upon
completion of phase two, results of the eementd vaidation activities needed to establish basic technica
feashility can be used to develop more formadized guidance for the use of threaded connections in
caisson structures.
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1. INTRODUCTION

In recent years, the operationad demands placed on offshore Structures and related
equipment has increased with indudtry interest in reducing the costs associated with ingdlation
and retrievd time offshore, and with improving the safety of retrieval processes. As a reault,
desgners are seeking increasingly efficient and cost effective means by which their designs can
be more essly implemented in an offshore operation, and safely withdrawvn. Moreover,
because of the often-high initia costs of desgn and fabrication of such structures, operators
would like to optimize or extend the useful lifetime by re-usng the Sructure & a number of
locations. The later condition requires that the in-gtu structure withstand the deleterious effects
of gructurd loads imposed during ingdlation and service in free-corroding environments, and
that the structure be easily removed from service and re-certified prior to ingtalation at a second
gte.

The benefits of using threaded connections in tubular structurd components for reducing
indalation times offshore and to avoid complications with girth welded members has been
recognized by various members of the offshore industry [EMAS, Gerwick]. Most current
goplications of threaded connections today have been in both criticd and non-critica
components in drilling, workover, and production risers, conductors, casing, and tension leg
platform (TLP) tendons where loading derived from fixed structural and dynamic service loads
(e.g., wind, wave and current loading, vortex shedding, and temporary loadings) generates
complex gatic, dynamic, and cyclic stresses that must be ressted. When gpplied to tubulars
driven into the seefloor, atic and cyclic axid loading arisng from large compressive and pile
driving loads sustained within the connection and tubular body must also be well understood by
the designer and accommodated in the resulting design.

To date, a great ded of work has been performed on the Sructural capacity
determination of continuous tubular members, both critica and non-criticd, subjected to high
axia tenson, compression, bending, pressure, or a combination of these loadings. Structural
tubular studies that consder individua joint connections, threaded or otherwise, have focused
on casing, tubing, line pipe, risers, and TLP tendon connections, and usudly consider only
gpplication-specific loadings that typicaly include high tensle forces. One proposed application
of threaded tubular members is in caissons, where the tubular body typicaly provides the sole
support for the structure (monopod), and may be required to resst large axiadly compressve
forces coupled with bending and fatigue loads. For such structures, the pendty of afalure is
quite severe, resulting in the loss of a supported platform, attendant equipment, or personnd.

In an effort to better understand the specific use of threaded connections in primary
dructura gpplications involving tubular members subjected to combined compresson and
bending, Southwest Research Indtitute (SWRI) initiated a study for the Minerds Management
Sarvice (MMS) to determine the feashility of goplying threaded connections in the fabrication
of offshore free-standing caisson platforms. SwRI worked under the guidance of MMS, who
provided sole support for the study, to assess both the technicd feasbility and potentia for
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industry acceptance of gpplying threaded connections within the caisson body as an dternative
to welded girth connections. The first phase of the two-phase study, reported herein, included
generaized andytica assessments of the structura performance of standard thread designs, a
review of commercidly avaladble high peformance thread desgns manufacturing to
decommissioning issues, and an evauation of current technica practices and exigting regulatory
guidelines for the dedgn, andyds, and vdidation of caissons sructures and threaded
connections. To define direction for the second phase of the study, eementa technical
guidelines for the application of threaded connections in caisson assemblies, and
recommendations for validation of the gpproach were dso developed. The vaidation work to
be performed in phase two of the study is planned for the 1999 fiscd year.

1.1 MOTIVATION

As discussed in Section 1, motivation for the current study was derived from potentia
economic advantages related to the ingtallation and removal of threaded caisson structures, and,
subsequently, from the need to better understand technica performance characteristics required
to implement such designs. Each of the moativating factors is further described in the following

paragraphs.

1.1.1 Economic

The principa economic moativation is a possble reduction in inddlaion and eventud
remova costs. The welding of large girth connections on ste, as is often required with most
caisson assemblies, is codtly due in part to the expense of atendant equipment needed.
Additiondly, when complete structures are assembled onshore, towing to the ingdlation ste
and righting can aso be cogtly, especialy when the expense of large floating rigs necessary to
perform the ingdlation is conddered. The ability to eadly retrieve a design from service can
reduce costs associated with attendant equipment.

Re-certification of the structure for use a an dternate location is gppeding snce it
avoids the necessty for, a a minimum, fabrication of a new dructure.  Moreover, it is
envisoned that following successful retrievd of the Structure, damaged components in a
threaded connection design can be smply removed from the assembly and replaced by a newer
component. Thus, the need to fabricate an entire structure due to fallure of an individud
component is averted.

1.1.2 Technical

Having redized the possible economic benefits, the technical feasihility of usng threaded
connections in caisson dructures must be addressed.  Technica concerns related to their use
are primarily focused on ascertaining that the resulting structurd performance and rdiability of
the connection meets or exceeds tha of in-service girth welds.  The ability to conduct this
evauation without the exacting guidance, which is available for common tenson driven design
codes, requires that some criteria be developed and proven effective for caisson gpplications.
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Ultimately, the ability to actually retrieve adesign from service and re-certify its use must aso be
considered.

1.2 PROGRAM OVERVIEW AND OBJECTIVES

The program has been structured to accomplish two primary objectives. (1) to perform
the complete evauation of technical aspects related to the design, analyss, and verification of
caisson structures with threaded connections, and (2) to provide a preiminary appraisa of
current practice and the potentia for industry acceptance and use of threaded connections in
cason condruction following establishment of proven desgn guiddines.  Work task
descriptions for the phase one program are given in the following sub-sections (Sections 1.2.1
through 1.2.5). Phase two tasks descriptions are given in Section 6 of this document. A
program overview is provided in Figure 1-1.

1.2.1 Literature Search and Review

An exhaudtive search and review of technicd literature was performed to determine
current practices for caisson and threaded connection design and evaluation. An abbreviated
listing of the literature reviewed in contained in section 7. The review included design guiddines
(provided by APl and others), numerous proceedings of pertinent technical conferences and
published texts related to many aspects of desgn, anayss, and vdidation of threaded
connections. The review focused on the definition of current practices related to the
development of both caisson sructures and threaded connections, which was provided
primarily by the guidelines and open literature. Text books provided fundamenta engineering
models and assessment procedures that assisted the development of generdized guiddines for
the extenson, or enhancement of existing practices to the proposed use of threaded
connections.

1.2.2 Survey of Current Practice

To supplement information obtained in the literature search and review, persond
interviews with caisson designers and threaded connection manufacturers were performed. In
al, three caisson design firms, three threaded connection manufacturers, and two operators
were interviewed. Useful information gained is reported in Section 3 through Section 6.

In addition to the persond interviews, awritten survey was developed and distributed to
multiple caisson operators and designers. (A copy of the survey form is contained in Appendix
A.) Information requested by the survey included existing design geometries and loadings,
ingdlaion methods, numbers of current ingdlations, and persona comments related to the
potential implementation of threaded connections in future inddlations. Exising caisson data
obtained was used to guide the development of recommendations for phase two work, and
generd design guidance (Section 6). Personad comments were most useful in assessing industry
interest in the continued development of technica guiddines.
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1.2.3 Define Analysis Methodology and Considerations

Results of the work tasks described in Sections 1.2.1 and 1.2.2 were used in the
evolution of a comprehensive index of design parameters, loadings, and specid considerations,
and andyss and validation protocols for caissons and threaded connections. Also included in
this index are exigting codes which may be directly applied or extended to the development of
threaded connections for caisson structures. Various aspects of the index are reviewed in detall
in Sections 3 through 6.

1.2.4 Threaded Connection Design and Analysis

Following development of the design index described in Section 1.2.3, each ement of
the design, analyss, and vdidation of caisson structures and threaded connections were
technicdly reviewed to assess accuracy and applicability of the techniques when applied to
caissons with threaded connections. Any deficiencies in the current procedures when extended
to the proposed application were identified, and recommendations developed for their incluson
in genera guidance. Section 5 outlines the additional considerations to be addressed for caisson
designs employing threaded connections.

1.2.5 Validation Scope of Work Preparation and Recommendation
for a Code or Standard

The find task in phase one of the program outlined a generd and preiminary plan for
the design, andlys's, and vaidation of threaded connections for caisson structures that can be
further verified through the completion of phase two activities. Each of these topicsis discussed
in Section 6. Key dements needed to complete the technica evauation of the proposed
gpplication for threaded connections are outlined for the phase two validation scope of work.
When complete, verificaion information will be avalable for the devdopment of more
formaized guidance, likely based on the priminary plan.

1.3 FOCUS OF PROJECT WORK

The feadbility assessment focused on the development of generd consderations for the
use of non-specific threaded connections in offshore Structurd caissons. To this end, worse
case engineering assumptions were employed in most design congderations, to provide a lower
bound evauation of the performance that could be anticipated for a given design, athough some
effort was expended on reviewing improved designs. (Section 1.3.1 discussed the assumptions
used) Therefore, prdiminary guiddines for the design, andyss, and vdidation of threaded
connections for the proposed gpplication are necessarily genera, and focus solely on the
evauation of design performance. Specific guidance regarding safety factors used in designisto
be assigned by regulatory agencies. No effort to provide design failure criteria was attempted.
Section 1.3.2 further discusses the guidance provided.
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1.3.1 Technical Considerations

Offshore platforms that incorporate a sSingle structura caisson member are categorized
as minimum sructures, where manning is infrequent. Such a structure congdts of the caisson
itsedf and usualy includes a boat landing and some type of deck structure, upon which wellhead
equipment is placed. They may be guyed, braced, or free-standing. The dructure typicaly
encompasses one large tubular member, usudly 3-6 feet in diameter, that supports one or more
wells, and is often ingdled in rdatively shalow water. Caisson members may aso be used in
the congtruction of multi-leg platforms, where three or more caissons are used to support alarge
offshore operation. Because of the structura redundancy, or added structural capacity present
in guyed, braced, and multi-leg designs, the current study has focused on the evauation of free-
gtanding, or monopod, caisson structures where the associated loading demands generaly
represent a“worst case” scenario. For this condition, al pressure, axid, and bending static and
cydlic loading must be supported by the single tubular without the assistance of support
dructure, and without redundancy. Failure of the caisson in this case reaults in catastrophic
failure of the entire structure. A typica monopod caisson structure is shown in Figure 1-2.

Various mechanicd connections are commercidly avalable for use with tubular goods
offshore. These connections are used to join individua lengths of the tubular goods and include
connections of the following types [API Spec 16R, Buitrago 1998]:

threaded or grooved pin and box assembled by torque and radia interference,
flanged connectors assembled by threaded fasteners,

dogged connectors that use radial wedges between the pin and the box, and
collet connectors assembled by impinging friction or grip.

In addition to these, intrusvely threaded pipe has been used successfully in casing
goplications and has been proposed for caisson gpplications. During the study, connections of
the “threaded or grooved pin and box assembled by torque and radia interference” (referred to
in subsequent discussons as an externd coupling), as wel as intrusvely threaded pipe
connections, were used to provide basic information on the design, andlys's, and verification of
threaded connections for caisson applications.

Currently, high performance thread manufacturers conduct testing and anaysis of thelr
own proprietary designs for customers. Based on industry surveys, caisson manufactures and
designers are unlikely to design their own threaded connections for an individua application due
to the cost of proof testing and anadyss. However, the guidance developed in the study
(discussed in Section 1.3.2) should be widdly applicable to dl threaded connections designed
and evduated by a commercid high performance thread manufacturer or otherwise. Thus,
lower bound standard thread designs, that excluded highly optimized thread patterns, were
asessed. High performance designs, such as those commercidly availaole, were only cursorily
reviewed in the sudy.

Only the threaded connections of the two types discussed above were considered for
caisson gpplications in the study. (See Figure 1-3.) Collet type connections, which are most
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amilar to the threaded connections reviewed, were only cursorily examined due to ther
generdly more complex design, sometimes proprietary nature, and their noted nonlinear
behavior. Hanged and dogged connections were not included in the study, dthough they can be
designed to withstand loadings offshore.

1.3.2 Guidance Provided

As gated in the introductory comments to Section 1.3, the guidance to be provided in
this document is intended to be generd and preliminary, and drictly focuses on computations
and congderdaions for the design effort. Specific guidance regarding safety factors used in
design is to be assgned by regulatory agencies. Failure criteria, such as that provided in
American Petroleum Ingtitute Recommended Practice for Planning, Designing, and Congiructing
Fixed Offshore Platforms [API RP 2A] is not addressed in this document. Such design codes
grictly specify the criteria that must be met by the design for use in a particular gpplication.
Hence, following verification activities in phase two of the program, more formalized guidance
may be evolved which can be used to develop a design, and the existing codes or standards
employed to determine acceptability of the design.
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Figure 1-2. Typical caisson well-guard platform. [Draweand Riefel, Ed. M cCleland
and Riefel, Copyright © 1986 by Van Nostrand Reinhold Co., Inc.]
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Figure 1-3. Threaded connections considered in feasibility study.
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2. REPORT TERMINOLOGY AND NOMENCLATURE
All terms and units (in parenthesis) used in the discussions, equations, figures, and tables

within this document are defined in the following sections.
2.1 LOADING AND RELATED PARAMETERS

Fa Totd applied axid force, tendle or compressive (kips),
see Figure 2-1

Wb Patform weight, see Figure 2-1

Fp Connection axid pre-load (kips)

Wy  Wave wind, and current loading (kips), see Figure 2-1
Mg Bending moment (kip-ft)

Mc Bending moment a connection (kip-ft)

FM Membrane load acting a thread root (ksi)

d Column eccentricity (inches)

P Internd pressure for design (ks)

Pe Externa pressure for design (kS)

P Friction capacity of pile (ks), see Figure 2-2
Ps Bearing capacity of pile (ks), see Figure 2-2
d Depth of water (ft), see Figure 2-1

dp Depth of piling (ft), see Figure 2-2

X Caisson location (grid number)

Peov  Equivdent axia load smulating bending moment (kips)

Final Report — Section 2 2-1



straight profile
tapered profile

CF

FCL

external upset

internal upset

pin

box

shoulder

|lead

pitch

root

flank angle

helix

2.2 PIPEBODY AND THREADED CONNECTION PARAMETERS

Thread form protrudes from a cylindrica surface
Thread form protrudes from a conical surface

Stress Concentration Factor: Ratio describing an
elevated (maximum) stress levd reative to an average
(nomina) stress

Fatigue Criticd Location

Varidion in outer diameter between the nomind pipe
body and awelded on connection,
see Figure 2-3a

Variation in inner diameter between the nomind pipe
body and awelded on connection,
see Figure 2-3a

Connection member having externa threads,
see Figure 2-3a

Connection member having internd threads,
see Figure 2-3a

Load bearing surface adjacent to threaded region

Axid distance a threaded part travel s when rotated one
turn in its mating threed

Axid distance measured between corresponding points
on adjacent threads, see Figure 2-3a

Surface of athread defined aong the cylinder or cone
from which the thread protrudes that joins the flanks of
adjacent thread forms, see Figure 2-3a

The angle made between a given flank and the
perpendicular to the axis of the thread as measured in
the axid plane, see Figure 2-3a

A three dimensond curve with one or more rotations
about an axis
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runout Circular variion of the mgor and minor cylinderswith
respect to the pitch cylinder caused by factors such as
eccentricity and out-of-roundness
axisymmetric A geometry defined in acylindrical coordinate system
that has no dependence on the circumferentid direction
Dp Outsde diameter of pipe body (inches), see Figure 2-3b
tp Nomina wall thickness of pipe body (inches), see Figure 2-3b
Cp Mean pipe body radius (inches), see Figure 2-3b
Ap Pipe body cross sectiond area (in?), see Figure 2-3a
Ip Moment of inertia of pipe body (in”)
0\p Yield strength of pipe body (ks)
S6 Sy, Linearized stress componentsin globd X, Y, and Z directions
S
Txy, Average shear stress componentsin global X, Y, and Z directions
TYZ; TZX
S VVon Mises equivaent stress (based on linearized and averaged
stress components)
S Stressin pipe body (ks), see Figure 2-4
S Stress range (between maximum and minimum dress leves) inthe
pipe body (ks)
sPAr Stress range between maximum and minimum axid sresslevesin
the pipe body (ks)
sF?r Stress range between maximum and minimum bending sress levels
in the pipe body (ks)
SFF,’r Stress range between maximum and minimum pressure levelsin the
pipe body (ks)
e Nomind dran in the pipe body (in/in)
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Y MAX

Y MAX

Outside diameter of connection (inches), see Figure 2-3b

Nomina wall thickness of connection (inches),
see Figure 2-3b

Yidd strength of connector materia (k)
Ultimate strength of connector materid (ks)

Locd dress at critical location in connection (kg)

Membrane component of stress at critica location in connection
(ksi)

Bending component of stress a critica location in connection (kS)

Stresstensor at critical location in connection (ks)

Locd dresstensors a minimum and maximum load gpplication at
critica location in connection (k)

Change in gress tensors (between minimum and maximum load
goplications) a critica location in connection

Principal stress components at critical location in connection (ks)

Change in principa stress components (between minimum and
maximum gtress levels) at critica location in connection (ks)

Equivaent dress at critica location in connection (kS)

Loca dressat critical location in connection under maximum
applied load (kg)

Locd dressa critica location in connection under gpplied pre-
load load (ks)

Locd dressat critica location in connection under pre-load and
maximum gpplied load (kg)
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(@

al?

(@

a2’

(@

a3

=)

aREV

b

aREV

Rangein locd gtress (between maximum and minimum stress
levels) at the criticd region in the connection (ks)

Mean locd dress (average of maximum and minimum sress levels)
a the critica region in the connection (ks)

Amplitude of locd dress (from mean vaue to maximum or
minimum) at the critical region in the connection (ks)

Amplitude of principd sresses (from mean vaue to maximum or
minimum) at the critical region in the connection (ks)

Amplitude of locd dress (from mean vaue to maximum or
minimum) at the critical region in the connection based on effective
dress caculation (k)

Fully reversble amplitude of loca dress (from mean vaueto
maximum or minimum) & the critical region in the connection based
on effective dress cdculation (ks)

Fully reversble amplitude of pesk locd drain (from mean vaueto
maximum or minimum) &t the critica region in the connection (kS)

Mean principd stresses from Static loading at the criticad region in
the connection (kg)

Effective mean gress from gatic loading at the critica region inthe
connection (kg)

Eladtic locd dress range (between maximum and minimum applied
dresslevels) from finite dement andyses (kS)

Elagto-plagtic locd dress range (between maximum and minimum
gress levels) from transformation of loca eastic Sressrange (ks)

Peak loca dtress a maximum or minimum applied sressleve, see
Figure 4-7

Eladtic pesk locd dress from finite dement andyses (kg)
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K¢

K®

ke

Elasto-plagtic peak locd stress from transformation of eastic local
stress (k9)

Elasto-plastic loca mean stress from transformation of elagtic loca
stress (k9)

Eladtic loca mean dress finite dement andyses (k9)

Nomind stressin the critical thread root cross section (includes
membrane and bending contributions) (k)

Membrane stressin the critical thread root cross section (kg)

Stress range (between maximum and minimum gtress levels) in the
critical thread root cross section (ks)

Membrane stress range stress (between maximum and minimum
gresslevels) in the critica thread root cross section (ks)

Cross-sectional areaat critical thread root (in?), see Figure 2-4

Stress concentration factor at critical location in connection based
on pipe body stress

Stress concentration factor equal to ratio of locd stressin critica
thread region and membrane stressin cross section of critica root
region

Stress concentration factor equd to ratio of loca stressin critical
thread region and nominal stressin cross section of critical root
region (includes membrane and bending)

Dynamic stress concentration factor due to cyclic loading, and
based on nomina pipe body stress

Dynamic stress concentration factor due to cyclic axia loading, and
based on nomind pipe body stress

Dynamic stress concentration factor due to cyclic bending, and
based on nomind pipe body stress

Dynamic stress concentration factor due to cyclic pressure loading,
and based on nomind pipe body stress

Stress concentration factor based on Neuber’s Rule
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Stress amplification factor for Neuber’s Rule

Strain amplification factor for Neuber’s Rule

Locd drain at the fatigue critica location

Fatigue notch factor

Notch sengtivity factor

Notch radius (inches)

Materid congtant for fatigue notch sensitivity factor caculation
Number of cyclesto failure

Totd number of cyclesat incident i

Number of cyclesto falure at incident i

Modulus of dadticity for connection (ks)

Fatigue strength exponent for connection

Fatigue ductility exponent for connection

Fatigue strength coefficient (k)

True fracture strength (ks)

Fatigue gtrain coefficient

Cycdlic strain hardening coefficient for the connection
Cyclic grain hardening exponent for the connection
I nstantaneous crack length (inches)

Minimum detectable crack length (inches)

Criticd crack length (inches)

Changein dressintensty

Dimensionless function of the ratio of crack length to width of
component in direction of crack

Final Report — Section 2



Kn“in

da
dN

Stress intengty amaximum and minimum gress levels

Cydlic crack growth rate (inch/cycle)
Congtant used in regression curve for 3—; versus K

Slope of thelog-log plot of g—z versus K

Strength of cracked region

Final Report — Section 2



Platform Welght <wp)

Wind 4—| Topsides

Wove Force

Current Water Depth (o
——

\ Mudline
Base Shem"éW<
Overturning Moment (Mb>

Axlal Force (Fo)

Figure2-1. Minimal structure geometry and applied loads above mudline.
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Figure2-2. Minimal structure geometry and applied loads below mudline.
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Figure 2-3. Threaded connection and nominal pipe geometry description.
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Figure2-4. Important stresslocations.
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3. EXISTING CAISSON DESIGN PRACTICE

Exiging caisson design is well proven offshore. In fact, many of the exigting regulaions
that govern design of such Structures are based on experience gained over time. What follows
isadiscusson of generd caisson design issues, existing regulations and guiddines, other related
areas, such as andydss and vadidation, and asurvey of actua in-service practice.

3.1 DESIGN

As in the desgn of any dructure, geometric and materia parameters govern the
adequacy of the design to resst imposed loads and congtraints. For offshore structures, these
design parameters must be clearly identified and matched to the anticipated gpplication and
location, which ultimately define the load type, magnitude, and cydlic loading action. In addition,
offshore ingdlation requirements, such as trangportation and pile driving, must be considered
gance the in-sarvice life of the structure could be affected by ingtdlation loads and cydlic stress
waves produced during driving. Findly, reuse of the structure may necessitate additiona fatigue
condderations and a thorough assessment prior to remova and reingdlation. Figure 3-1
outlines the stages used in the development of a caisson design, as presented in this section.

3.1.1 Offshore Caisson Applications

An offshore caisson typicdly defines a large diameter tubular member that may or may
not be flooded. The caisson usudly provides protection to more vitd piping and tubing and it
may provide gructurd strength to an offshore platform in relatively shdlow water. In some
ingances, a smdler diameter sructurd well conductor may provide sufficient protection and
some load-bearing capacity. In this case, the annulus between the conductor and the interna
piping is usudly grouted. A platform employing such a conductor would likely have some type
of supporting structure to assst in carrying loads. Otherwise, the conductor (and/or casing)
would be housed and protected on the insde of the caisson.

A minimum dgructure is characterized by a lower consequence of falure and a
corresponding reduction in structurd redundancy.  Freestanding caisson platforms,
occasiondly caled monopods or well-guard platforms (One is shown in Figure 1-2.) where the
caisson forms the primary structure and protects one or more wells, are specificdly identified by
APl RP 2A a minimum dructures. These plaforms may support well head and limited
production equipment on their deck, a heliport, and a boat landing.

In addition to free-standing configurations, caisson platforms may dso be guyed or
braced for added laterd support. From a structura standpoint, though, design of a free-
gtanding caisson platform will be consdered “worst-case” due to the lower structura stiffness
provided by the sole load-bearing member, the caisson. To increase structurd integrity and
possibly access deeper water depths, multileg platforms may incorporate multiple caissons.
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3.1.2 Design Philosophies
As mentioned, most caisson platform designs are built upon prior in-service experience

with minimum gructures. However, specid consderation of connection strength, connection
flexibility, increased Structurd dynamics, and generdly reduced design redundancy must be
made. Thisisweighed againg the consequences of fallure, which are usudly less with minimum
dructures. Specific characteritics of free-standing caisson platforms that dso factor into the
design philosophy are discussed below.

3.1.2.1Single and Tapered Diameters

Mogs early casson desgns, and paticulaly those in shdlower waters,
employed a uniform diameter throughout the caisson length. This type of caisson can
amplify the design. However, to reduce environmenta loading in the wave zone, a
tapered caisson design has often been adopted. This is commonly seen in deeper water
applications, where a wider, supportive caisson base is dso needed a the mudline
Tapered design will produce sress concentration in the tapered region and varying
gructurd stiffness, and, hence, should be consdered during the design effort.

3.1.2.2Connections

Asin mogt large tubular sted Structures, individua pipe sections—often referred
to as joints—are formed into along tubular member by circumferentid girth welds. This
type of weld is typicaly assumed to be of equivaent strength to the body of the tubular
through a process of weld certification, which includes filler rod materia specifications,
welder qudification, and non-destructive evauation of critical welds. No other analyss
of the welded connection or its effect on sructurd sability is perfformed. Of the
caisson-related gpplications mentioned above, only well conductors and casings exhibit
widespread use of non-welded connections between the individua tubular sections.

3.1.3 Caisson Design Parameters
Figure 2-1 displays some of the key design parameters and loads that are involved in

the design of a free-standing caisson platform. Location is a mgor factor that determines dl of
the environmenta loads, the water depth, and the seafloor soil characteristics. Thus, location
drives the selection of design parameter vaues, which are somewhat interrelated themselves, as
shownin Table 3-1. A discussion of these parameters follows.

3.1.3.1Water Depth, d

The water depth at the location, rarely more than 100 feet for a free-standing
caisson, and the height above mean water level determine the uncongrained length,
upon which environmenta loads act. The uncongtrained length has a direct effect on
global static and dynamic response.
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3.1.3.2Penetration Depth (of Caisson into Seafloor), dp

The penetration depth, usudly greater than 100 feet, is dependent on the
segfloor soil characterigtics and the loads experienced by the Structure at the ingtaled
location. The totd length, which equds the uncongrained length plus the penetration
length, may factor into decisions regarding fabrication and ingtdlation methods and may
a0 have an effect on ingdlation loadings, such aslifting.

3.1.3.3Nominal Outside Pipe Diameter, Dp

Nomina outsde diameters of caissons typicdly range from 3 to 6 feet.
Sdection of the diameter will be influenced primarily by globa response limitations, such
as dynamic behavior. Other dependencies are the service gpplication and associated
equipment requirements, characterigtics of the location, and indalation protocol.
Moreover, any geometric redrictions (eg., Sze and number of well conductors to be
contained within the caisson) must be consdered, as wel as the ability to manufacture
the selected size within required tolerances.

3.1.3.4Nominal Pipe Wall Thickness, tp

Smilar to the caisson diameter, wall thickness sdection is dso a function of
location characteristics, service application, indalation protocol, and geometric
redrictions. Additionaly, wall thickness is dependent upon materid strength and the
ability to fabricate large diameter pipe because of limitations on rolled plate materids.

3.1.3.5Yield Strength of Pipe Body, Syp

Pipe materid yield drength and thickness can be varied inversdy to achieve
amilar pipe body strength characteristics. Though, one concern with high strength stedls
is fracture toughness. Generdly with ded, as yidd drength increases, fracture
toughness decreases.  Yield strength of the pipe body aso governs the ultimate strength
of the caisson platform.

3.1.4 Caisson Design Loads
In generd, the caisson platform should be designed for loading conditions, including the

combination of loads, which produce the most severe effect on the structure.  These include
loads imposed during inddlation, such as driving loads, and &fter inddlation, such as
environmental, operating, and eventud remova loads.

3.1.4.1linstallation

Significant loading can be experienced when transporting the newly assembled
structurd components to the ingdlation dte. These loads may be due to towing and
lifting. In addition to trangportation loads, actud ingtdlation loads themsalves, which
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might include additiond lifting and pile driving, must be consdered. The inddlation
process will be discussed further in Section 3.1.5.1.

3.1.4.2Environmental

Wind loading is focused upon the deck structure of the platform. This can lead
to sgnificant bending moments and possbly torsond loads during storm conditions
because of the uncongtrained length of the caisson.

Wave loading acts toward the end of the unconstrained length of the caisson,
agan leading to sgnificant bending moments. In addition, wave action cresates near-
surface currents that can load a caisson lateraly below the waterline. The time-varying
nature of the wave loading can lead to dynamic response and fatigue.

Current loads act laterdly on the caisson. These loadings are mostly constant
and taper off with depth. Large-scde thermdly-driven eddy currents, caled Loop
Currents, can develop in areas such as the Gulf of Mexico, generating strong subsurface
currents that may be a congderation; athough, these currents are usualy encountered in
deeper water, where caisson platforms are not employed.

3.1.4.30perating

Live (dynamic) operating loads can be generated when the platform is manned,
especidly during boat landings and helicopter trandfers.  Therefore, impact loads may
be a concern during these specific actions. Dead (dtatic) loads, such as platform weight
and topside equipment, are primarily due to the weight of the structure and supported
equipment. Both of these loads are rdatively minor compared to the environmenta
loads, especidly in degper waters.

3.1.4.4Removal

Loads associated with remova of the platform are generdly only a concern if
the platform is to be reused or if lifting large components, where failures of a partialy
assembled caisson could lead to damage, injuries, or loss. Remova is discussed further
in Section 3.1.5.3.

3.1.5 Other Design Considerations

Specific congderations during the design process must be made to account for
infrequent occurrences, such as during inddlation, any type of required inspection or
assessment, and removal.
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3.1.5.1Method of Installation

Two scenarios are most common for caisson platform ingdlation. The first
involves condruction of the total caisson length in the congtruction yard. The complete
caison is then seded a both ends and towed to the ingdlation ste. The second
scenario involves connecting relatively short sections, or joints, which are typicaly 40
feet or less, together at the ingdlaion ste until the totd caisson length is formed.
Additiondly, a combination of the two approaches may be taken, where a length
equivaent to the penetration depth and some of the water depth is assembled in the
yard and the tota length is completed on dte. Care should be taken during the
trangport of the caisson to the dte so that mechanical damage of the pipe body or
connections does not occur.

Once a the gte, the caisson may beingaled by driving it into the seafloor or by
jetting the mud from the ingde of the caisson, dlowing it to progressvely stle into the
seefloor. Fully assembled caissons are flooded in a controlled manner and dlowed to
ank to the seafloor prior to driving or jetting. Partialy assembled caissons are built up
from the seefloor. As the driving or jetting occurs, additiona joints must be added to
achieve the total length of the assembled caisson. These ingdlation procedures must be
accounted for in the design of the caisson.

3.1.5.2Inspection

In addition to standard ingpection of critical welds during fabrication, usudly
with radiography, condderation should be given to the potentid for in-service
ingpection, and/or post-service assessment prior to reuse.  Focus should be upon
corrosion and cracking, if evident.

3.1.5.3Removal

Essatidly the reverse of inddlation, remova plans should included
disassembly, remova of the deck, remova of the dructure from the sesfloor, and
trangportation. If eventud reuse is planned in advance, the initia caisson design should
consider the structural response to removal loadings.  In addition, an assessment prior
to remova and following post-mortem examinations of future expected life should be
conducted.

3.1.6 Existing Regulations Pertaining to Caisson Design

The Code of Federa Regulations, Title 30, Pat 250 [30CFR250] provides
requirements for the design, fabricaion, inddlation, operation, and remova of offshore
platforms and structures in U.S. territoria waters, and refers to American Petroleum Ingtitute
Recommended Practice 2A, Working Stress Design [API RP 2A] for additional requirements,
insofar as they do not conflict. These two documents—the latter, generdly used by industry
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worldwide—were centrd in the evauation of existing regulations pertaining to caisson design
and aso provided the design basis for the evauations performed in this sudy. The use of other
design methods for sted platforms and their associated safety criteria are dlowed if it can be
successfully demondrated that such aternative methods will result in a sructurd safety leve
equivaent to that provided by the direct application of the requirements found in 30CFR250
and APl RP2A. A summary of existing regulationsiis provided in the following sections.

3.1.6.1Design Loads

Design code specifications for loading scenarios are discussed in the paragraphs
that follow. Unless otherwise noted, discussons outline specifications directly given by
the governing documents, APl RP 2A and 30CFR250.

3.16.1.1 Static Strength

In addition to satic dead weight and equipment weight loads, the globa
gructurd forces acting upon the platform are cdculated by a vector summeation of the
drag forces due to waves and currents and the force of the wind on exposed portions of
the platform. (See Figure 2-1.) Particular consderation should be given to wave
kinematics, current blockage, the effects of marine growth, and interaction with platform
appurtenances.

3.1.6.1.2 Fatigue

Anayses should be peformed to determine the stress range and dynamic
effects of anticipated loads over the design life of the platform. Structura members and
connections for which past experiences are insufficient to ensure safety from possble
cumulaive fatigue damage shdl be andyzed fully. Additiondly, emphasis shdl be given
to jointsin the splash zone, those that are difficult to ingpect and repair after the platform
is in sarvice, and those susceptible to corrosion-accelerated fatigue.  For structurd
members and connections which require a detalled andyss of cumulative fatigue
damage, and where structurd redundancy to prevent catastrophic failure on the platform
as a result of member or connection falure does not exid, the results of a fatigue
andyds shdl indicate a minimum caculated life of three (3) times the dedign life of the
platform.

The primary source of cyclic loading is due to wave action. However, possble
vortex induced vibration and live operating loads should aso be consdered. When a
minimum structure, such as a free-standing caisson platform, is desgned, the naturd
frequency of the structure must not correspond with that of the wave action. To assure
this, minimum structures with natura periods equd to or greater than 3 seconds must be
fully analyzed, taking into congderation extreme wave conditions.
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3.1.6.1.3 Driving

For a driven caisson, the wall thickness should be adequate to resst stresses
during pile driving. If the behavior of the soil, caisson, and hammer are known, it is
possible to gpproximate the forces and resstances involved in driving—and, thus, the
caison sresses—using the principles of a one-dimensond dadtic stress wave. A
detailed discussion of this can be found in EA.L Smith's "File-Driving Andysis by the
Wave Equation” [EAA.L. Smith]. Inddlation forces shal not affect the integrity of the
dructure or the design life.

3.1.6.1.4 Combined Bending and Axial Loading

For tubular members subjected to axid compresson and bending, alowable
dress limits shal be set in accordance with a defensible formulation based on full scde
testing or andyss, such as nonlinear finite dement andyss followed by experimenta
vdidation. Tubular members should be proportioned to satisfy both strength and
dability criteriaat dl points dong their length. Additionaly, the effects of initia stresses
and geometric imperfections or discontinuities shal be consdered in structurd gability
gnce the dressdrain hisory and imperfections can contribute to premature and
catastrophic failure of the structure. For example, tubular structures subjected to highly
compressive longitudina and bending loads may exhibit localized buckling (and resultant
globd buckling) a the location of extreme out of roundness, extensive corroson, or
weld mismaiches.  Sengtivity andyses which condder the effects of geometric
imperfections or discontinuities and ovaity on buckling capacity can be used to define
tolerances for manufacture.

3.1.6.2Material Definition

In generd, materids shdl be suitable for their intended service as demondtrated
by testing under relevant service conditions or previous satisfactory performance.
Seds, in fracture criticadl members, shdl exhibit sufficient toughness to guard againgt
brittle fracture. All materid used in the construction of a platform shal be described and
designated by a materiad specification. For detailed areas of high stress concentration,
congderation shal be given not only to safety againg brittle fracture but also to materia
quality-control procedures.

According to the Commentary on Minimum Structures in APl RP 2A, a
freestanding caisson platform can be built out of Class C sted, where no fracture
toughness requirements are imposed.  This reduced materia requirement has been
developed from experience gained over the years with these types of dructures.
However, primary connections used to join tubular sted, where failure of which would
cause dgnificant loss of sructura strength, should be made of Class A sted, where
specified fracture toughness requirements are imposed.
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3.1.6.3Manufacturing

Fabrication of caissons by a means other than welding shdl be performed in
accordance with the American Inditute of Sted Congruction Specification for
Structural Stedl Buildings, Allowable Stress Design and Plastic Design (AISC ASD). In
criticd  connections where high dress concentrations can be found, manufacturing
tolerances can dictate the connection functiondity and structurd integrity. As mentioned
in Section 3.1.6.1.4, testing and sengitivity studies can be performed to determine the
effect on functiondity and integrity.

3.1.6.4Installation

The dructurd drength and integrity of a platform shdl not be reduced or
otherwise jeopardized by the performance of the activities required to ingdl the
platform on gte, such as trangporting to the Site, lifting, and pile driving or jetting.
Anayses shdl be performed to determine the type and magnitude of the loads and load
combinations to which the platform will be exposed during inddlation, and to ensure
that the structurd design is sufficient to withstand the loads without loss or degradation
of dructurd integrity.

Oveadl dimensond tolerances, forming tolerances, and locd dignment
tolerances shdl be commensurate with those considered in developing the Sructura
design. Quadlity control ingpections shal ensure that the dimensiond tolerance criteria
are met.

3.1.6.5Removal

In cases where platforms are intended to be reused, the design must consider
removal, transportation, and reingdlation. In addition to reuse consderdtions, the
integrity of al platforms must be assessed prior to remova and reingdlaion. Many
issues relating to end-of-life assessment are contained in Supplement 1 to APl RP 2A,
involving a complete review of the design and assessment of the existing condition.

Plans for platform removal should be developed to describe procedures for
remova of decks, appurtenances, and pilings. Emphasis should be on the prevention of
damageif the platform is to be reused.

3.1.6.60ther Design Guidance

Allowance for more complex design methods that include nonlinear effects,
scale modding and subsequent extrapolation of results to support andytica studies, and
ultimate strength designsiis discussed below.

3.1.6.6.1 Nonlinear Analysis
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Any method of andysis that involves geometric or materid nonlinear effects shall
be conducted in a defensble manner.  Additionaly, plastic methods of design shal be
employed only when the properties of the sted exclude the possibility of brittle fracture,
dlow sufficient plagtic rotation, and provide fatigue resstance. Additiondly, the effects
of buckling and other destabilizing nonlinear effects shdl be taken into account in the
plagtic andyss.

3.1.6.6.2 Model Studies and Extrapolation of Results

In many indances, full-scae testing of the large dructurd components
associated with caisson design is too costly and difficult to perform. In addition, due to
the complexity of some cdlasscd and andyticd techniques, paticularly fatigue life
asessments, reliable data used to predict behavior is difficult to achieve. As an
dternative, scae modd studies shdl be performed to supplement ill-defined or non-
exigent andytica studies, where the acceptability of the modd studies depends on
enumerdtion of possble sources of error, limits of goplicability, and extrgpolation to full-
scdedata. The ability to appropriately scae tolerances and defect Sizes may be limited,
and, thus, great care should be used in conjunction with good engineering judgment
when designing the modds and interpreting results.

3.1.6.6.3 Ultimate Strength Designs

Whenever the ultimate srength of the platform is used as the design basis of its
members, the capability of the primary structural members to develop their predicted
ultimate load capacity shal be demondrated. Accordingly, materid specifications for
such designs should include definition of the minimum anticipated ultimate strength of the
materid.

3.2 ANALYSIS

Detalled andyses, paticularly finite dement andyses, may be performed to provide
input to the design, evduate a potentiad design, and to generate needed design verification
information in the absence of physicd test data An example of the latter is the use of finite
element and classcd andytical techniques to determine the fatigue strength of a new design
where physcd test data is non-existent and difficult to obtain possbly due to the sze of the
component.

In genera, beam-type andyses performed usng software such as StruCAD*3D
[Zentech] are used to determine the globa response of the structure to the gpplied loads. Such
andyses may be used to determine the effect and magnitude of congraint provided at the
seefloor, deflected shapes, naturd frequencies, and location of maximum axia and bending
sresses. Once criticd factors related to the design are defined in globa anadlyses, detailed locdl
anayses sudying specific behavior of a high stress region or connection can be performed. The
following paragraphs describe both the globa and locd anayses that may be performed.
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3.2.1 Global Response

A prediction of the globa response is required to assure accurate representation of the
datic and dynamic behavior of the overal dructure. Mogt globa analyses involve a three-
dimensiond finite dement model compaosed of beam dements to characterize the static, modd,
and dynamic response under wind, wave, current, and operationa loadings. These analyses can
later serve as the foundation for locd stress analyses and fatigue life predictions. Additiondly,
globd anayses provide the only means of determining the structures naturd frequency and
dynamic behavior under cyclic loads.

3.2.2 Local Response

Once the globd behavior is known in terms of forces and moments or displacements
and curvatures, alocd three-dimensiond finite ement model can be constructed and andyzed
for more detailed local dress levels. Typicdly, solid two-dimensond or three-dimensiond
elements are used ingtead of beams. This type of anayss would be used on connections to
determine critical regions of stress concentration, or at critical bending and fatigue locations.

3.3 VALIDATION

Adequate validation of desgn predictions is necessary, unless prior evidence of
successful design implementation can be proven. Thus, for new designs some type of vaidation
isusudly required. Additiondly, if critica information is being obtained from locd finite dement
andyses, vdidation of the andyticd effort shal be obtained by measuring critica strains during
teding.

34  EXISTING CAISSON DESIGNS (SURVEY RESULTYS)

Twenty-one industry surveys were ddivered to designers and operators in the Gulf of
Mexico area. (See Appendix A.) Contact was initidly made over the telephone to establish
gppropriate company personnel prior to sending the survey viafacamile. Additiondly, viststo
three caisson designers, three pipe threaders, and two operators in the Houston area were
made. What followsisasummary of thefindings.

3.4.1.1Design Parameters

As a part of the industrid survey to determine actud in-service practices (contained in
Appendix A), designers and operators were requested to provide minimum, maximum, and
typica vaues of design parameters. Table 3-2 below is smilar to Table 3-1 in Section 3.1.3
and summarizes the indudiry vaues obtained from the survey.
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3.4.1.20ther Survey Design Information

Moglly freestanding caisson platforms were addressed; however, some of the
information is representative of guyed caisson plaiforms as well.  Approximady hdf of the
calssonsincorporated a tapered design with a reduced diameter in the wave zone.

All caissons were driven during inddlation. Ingdlation techniques varied somewhet,
but mostly paralded what was discussed in Section 3.1.5.1. For deeper depths, most of the
fabrication occurred on-shore. The large tubular was towed to the Site and righted with alarge
lifting vessdl. Additiona sections were then added as the caisson was driven into the seafloor.

Survey results dso yieded information regarding loading.  Topside weight (i.e., deck
dead weight) ranged from 5 to 370 kips, with an average of about 65 kips, acting as a datic
compressive force on the caisson.  File driving hammer szes ranged from 35 to over 300 ft-
kips, with an average of about 130 ft-kips. (Note that the hammer sze determines the amount
of energy exerted on the caisson during each blow.) The number of hammer blows per foot
ranged from 10 to 500 blowg/ft, with an average of 100 blows/ft.

APl RP 2A, 19th and 20th editions provide desgn guidance for dl current designs.
The American Ingtitute of Steel Congtruction was aso cited as a source of guidance.

Table 3-1. Key Design Parameters

Par ameter Description Dependencies
d Water depth Location
dp Penetration depth of caisson | Water depth, soil characteristics,
into seefloor loads
Dp Nomind pipe outsde Water depth, soil characterigtics,
diameter loads, dynamic response and

gructurd giffness limitations

tp Nomina pipewal thickness | Loads, yield strength

Svp Yidd gsrength of pipebody | Loads, wall thickness, fracture
toughness
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Table 3-2. Industry Survey Design Values

Parameter Description Average Range
d Water depth 60 ft 5-300 ft
dp Penetration depth of caisson| 150 ft 70-350 ft

into seafloor
Dp Nomind pipe outside 48in. 20-120in.
diameter
tp Nomind pipewadl thickness | 1.5in. 0.5-25in.
Svp Yidd strength of pipe body 40 ks 35-80 ks
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4. EXISTING THREADED CONNECTION DESIGN PRACTICE

The safety and integrity of tubular Structures and structural components is dependent on
the capacity of the threaded connection that may be used in their congtruction.  With regard to
offshore gpplications, the coupling of high gatic, dynamic, and cyclic loadings imposed during
offshore service with the often large geometric discontinuities in the threaded region, typicaly
leads to fatigue dominated failures, and hence, has limited the widespread use of threaded
connections in primary components of marine structures.

Threaded connections designed for offshore gpplications have been successfully
implemented by various operators for drilling and production risers, conductor and casing, and
TLP tendons, as wel as genera tubing and line pipe gpplications. Although specific guidance
for the desgn, andysis and vadidation of threaded connections for caisson gpplications is non-
existent, genera requirements related to the design and vaidation of connection capacity are
given by APl RP 2A. More specific guiddines and proven techniques for the evauation of
threaded connections are provided by APl and open literature [API RP 5C5 and Buitrago
1998], and can be used in conjunction with the generd requirements to successfully design
connections for caisson gpplications. Genera requirements given by APl RP 2A and gpplicable
portions of the specific threaded connection design guiddines and practices are discussed in this
section.  Section 5 reviews extenson of the existing guiddines and practices for threaded
connections to caisson sructures and presents specid considerations for thelr successful
implementation.

In addition to the review of existing guiddines and techniques for threaded connection
design, andysis, and vaidation provided in this section, an andyticd review of sandard thread
designs (as opposed to commonly used high performance thread designs) is outlined, as wdl as
in Appendix B. This review provides ingght into fundamental differences in performance
achieved with standard designs, and helps to identify specific aspects of the thread profile,
which can be optimized for improved response.  Such optimizations are generdly gpplied in the
development of the existing commercidly availadle high performance thread designs, which are
aso discussed in this section.  Figure 4-1 provides an overview of the discussons within this
Section.

41 DESIGN

In addition to internd and externd pressure, connections intended for offshore
goplications must be designed to withstand axid loads and bending from wave and current
action, and other temporary loadings imposed by the structure, which it supports. For caisson
goplications, capacity of the connection must be shown sufficient to withstand large compressive
loads, wind loads and temporary loading on the platform, driving loads for pile driving
ingdlaions, and remova operations. Detalled condderation of the connection’s faigue
performance is paramount to successful implementation and service since known dress
concentrations exist a the connection-pipe boundary (for welded mechanicad connection
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designs) and thread roots, which may develop fatigue cracks well in advance of those produced
in the pipe body subjected to similar cyclic stresses. Such locations are termed fatigue critical
locations (FCLSs), and any given desgn may exhibit multiple FCLs that must be evauated for
fatigue performance.

Specia congderation should aso be given to makeup and breakout, gdling of contact
surfaces, ingalation and decommissioning, ingpection, manufacturing, sealing requirements, and
the potentia for srength and functionality loss from service in a free-corroding sea water
environment. All loadings and specid consderations for the design of threaded connections for
offshore service are outlined in the following sections.  Some current gpplications of threaded
connections offshore are so reviewed.

4.1.1 Applications of Threaded Connections Offshore

Due to the complexity of loading experienced offshore, existing connection designs for
such gpplications typicaly employ high performance thread profiles, which have been optimized
for improved behavior in faigue, ingdlation, and/or decommissoning. High performance
designs are reviewed in Section 4.5, and are typica of the types used in the current gpplications
discussed in the following paragraphs.

4111 Risers

According to APl Specification 16R, a marine riser coupling provides a quick
means of connecting and disconnecting riser joints. The coupling pin and box provide
support to transmit the weight of the suspended riser string to the riser handling
equipment while running or retrieving the riser.  In addition, the coupling may provide
support for choke and kill, auxiliary lines, and buoyancy. There are many different
connection designs besides threaded: breech-block, collet-type, dog-type, and flange-

type [API Spec 16R].

41.1.2 Conductors and Casing

Much of the guidance provided on conductors, casing, and tubing connections
can be found in API Bulletin 5C2, 5C3, and 5C4, Recommended Practice 5C5, and
Specification 5CT. These couplings are primarily threaded, using a buttress or round
thread form. A large amount of experimenta information exists on the strength of these
connections in axia loads and under pressure loads. These connections are widdly used
for the smdler diameter gpplication and benefit from a grest amount of in-service
experience.

41.1.3 TLP Tendons

Like risers, there exids a variety of connection types. Two of the most
common are threaded pin and box and dog-type, which usualy requires a hydraulic tool
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to provide the high axid makeup force needed to achieve the interference fit. Extensive
andytica work and prototype testing is dso performed to verify the desgn. Tendon
connectors are usudly designed to be ggnificantly stronger than the tendon itself.
Ingtalation methods for tendons are Smilar to caissons — the entire length is assembled
onghore (if the assembled length is not too large), or individud sections are joined & the
inddlation Ste.

4.1.2 Design Philosophies

Tubular sructures that employ the connection designs considered for the current study
(i.e, threeded pin and box assembled by torque and radid interference, and threaded pipe
connections), each adopt specific, differing desgn philosophies, and subsequently, falure
asessment protocols.  The design of connections of the first type, threaded pin and box
connectors externally affixed to the pipe body, is governed by the pipe body strength, requiring
that the connection be at least as strong as the adjoining components for al loading cases.
Alternatively, designs utilizing threaded pipe connections are inherently wesker in the threaded
region than in the pipe body, and thus, strength of the assembled Structure is governed by the
drength of the weakest section in the threaded region. Fundamental consderations gpplying
each of the two design philosophies follows.

4121 Failure in Pipe Body

For mogt tubular sructurd desgn applications, srength of the threaded
connection must be shown to meet or exceed that of the connection for each load acting
on the assembled structure. For example, when congdering axid loading, the tendle (or
compressve) srength of the threaded connection must meet or exceed that of the
tubular components it joins. This philosophy is commonly adapted for the design of
connections employing an externa coupling connection, and has been successfully
employed in risers, TLP tendons, and other structures subjected to axid, bending, and
pressure loads.

The datic and fatigue strength of the connection is based on the capacity of the
critical section, typically located at the root radius of the thread adjacent to the shoulder
of the pin or box, or the diameter thickness transtions between the box and the pipe.
Figure 4-2aidentifies the critical sections for an externd coupling. If, following the initia
design of the connection, the resulting static or fatigue capacity is less than that of the
pipe body, the desgner may chose to utilize higher strength materias to meet capacity
requirements, within the limits discussed in Section 4.1.34, or to further optimize the
connection geometry. Key features of the threed profile (eg., thread root radii, pitch,
flank angles, and initid axid and/or radid interference), the amount of preload, and
thickness trangition region(s) can be optimized to reduce stress concentration, and
improve the capacity of the design. Section 4.2.4 discusses issues related to the
optimization of threaded connections.
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41.2.2 Failure in Threaded Connection

In addition to externd coupling designs, intrusvely threaded pipe sections have
been used to join tubular components for offshore applications. For connection designs
in which the pin and box is machined into the pipe wall, the sandard design philosophy
does not apply. Instead, falure of the structure is dictated by the strength of the critical
section within the threaded region, typicaly the root radius of the thread adjacent to the
shoulder in the pin or box. Hence, the intrusive threaded connection, fabricated from
the same materid as the pipe body, must prove capable of withstanding the maximum
loading applied to the structure. Figure 4-2b displays potentid failure locations for the
threaded pipe connection.

For tubular dructural designs employing threaded pipe connections, the
adjoining tubular diameter and wall thickness is dictated by the capacity of the
connection, based on computations of the strength in the critical thread region. To
accommodate the demands imposed by loading on the assembled Structure, the
cgpecity of the critical region is improved through optimization of the thread profile, or
by increasing the adjoining pipe body strength, diameter, or wal thickness. (Note that
unlike externaly affixed mechanica connector designs, diameter upsets are not used,
and thus, they are given no congderation in threaded pipe desgns.)

It is important to note that scaling of the materia drength and nomind pipe
dimensons of the threaded region will require that, a a minimum, the strength and
geometry of the two adjoining members will aso be scded. This increase in strength
and dimendons is usudly accompanied by an increase in cost of the members and the
connection.

4.1.3 Connection Design Parameters

Recent research [Sato, Buitrago, Glinka, and others] has shown that threaded
connectors can be successfully used to resst typica offshore loadings, and if designed correctly,
can develop fatigue lives that exceed tha of the pipe body [Chen]. As in the design of the
primary dructurd members, the offshore location of the assembly and production requirement
will define loading parameters to be consdered in the design of the structure, and subsequently,
of the connection. The primary parameters to be considered in the design are discussed in the
following sections. Refer to Figure 2-2 for identification of the parameters for the threaded
connections.

4131 Diameter, D¢

The connection diameter is influenced by the diameter of the pipe (Dp) or
tubular body to which it will be attached in externd coupling designs. In threaded pipe
designs, the diameter in the threaded region required to sustain the design loadings may
dictate the pipe diameter. In addition, the wall thickness of the pipe (tr), the anticipated
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type and magnitude of the loads that the connection must sustain, materid strength, and
the threed profile will affect diameter selection.

4.1.3.2 Wall Thickness, tc

As in sdection of the connection diameter Oc¢), the nomind wal thickness of
the connection is influenced by the pipe or tubular geometry, the gpplied loads, the
thread profile needed for effective didribution of the loads, and the materid type
employed.

41.3.3 Thread Profile and Geometry

Sdection of astraight or tapered thread profile for the design will influence the
digtribution of loading transmitted through the connection. In generd, a tapered profile
dlows for more uniformity of loading (and therefore stress) through the connection.
Moreover, a tapered design improves the ease of stabbing of the connection, and
usudly improved tooth contact a full makeup when compared with a straight design.
Tooth geometry aso affects load transfer, stabbing efficiency, and the amount of
preload needed to maintain integrity during service. The pitch, thread height-to-base
ratio, radid and axia interferences, and leading and trailing flank angles can be designed
to produce improve load transfer and hence, functiondity of the connection in service.

4134 Material Selection

The strength of the connector should be selected to provide acceptability of the
connection as related to the design loads (Section 4.1.4). Of primary importance isthe
fatigue drength, which is approximately related to the tengile strength of the materid in
that the fatigue limit in reversed dternating dress for steds is about one-hdf of the
tendle srength [Jones|. However, higher tendle srength may lead to manufacturing
difficulties, increesed notch sendtivities, and decreased ductilities and fracture
toughness, and hence, fatigue strength of the connector may not increase proportionally
with increasing tendle strength. In generd, medium strength aloys may be more suiteble
for connection designs, since good tensle and fatigue strengths can be achieved without
introducing manufacturing difficulties or other problems rdated to high tendle strength
materias.

Other factors, such as corrosion resstance, cost, and weight may aso be of
concern to the designer. Plain carbon stedls tend to corrode more rapidly in marine
environments.  The connection may be made more corroson resistant with the use of
danless seds, or copper or nicke aloys, dthough such dloys will increase the cost of
the design, and the potentia for galvanic corrosion assessed.
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4.1.4 Design Loads

Loading on the connection will be dictated by the design gpplication. In generd,
connections currently used offshore are exposed to combinations of pressure, axia, bending
loads, and are imposed ether by direct application, such as pressure and makeup torque, or
transmitted by the structurd components that it joins, such as axid and bending loads.
Moreover, because some connection designs may dlow for locd plastic deformation in the
threaded region, and the sequence of gpplication of these loads in-service is difficult to predict,
the connection design should be shown to perform congstently irrespective of the loading
sequence; i.e., the connection should behave nomindly dastic and independent of the load path.
Generd descriptions of the load types affecting design of the connection are discussed below.

414.1 Pressure

Depending on the service application, the connection may be required to
withstand internd and/or externd pressures, the magnitude of each may change dong
the length of the assembled tubular Structure. The magnitude of the pressure loadings
goplied will influence selection of the connection diameter, wal thickness, thread profile,
makeup requirements, and preloads.

4142 Axial Loads

Axid loading on the connection is typicaly imposed by the adjacent structurd
components it connects and their response to dead and live, inddlation, fatigue, and
remova loadings, and the designed initid preload of the connection. As with the
pressure loads, the magnitude of axia loads will influence selection of the connection
diameter, wdl thickness, thread profile, makeup requirements, and preloads.

41.4.3 Bending Loads

Bending stresses in the connection result from the globa bending loads applied
to the assembled Structure. These bending loads may include pure moments resulting
from transverse loading at sections dong the length of the assembled structure (Mg), and
axid loading coupled eccentricity of the column (F, >d). Sgnificant bending may cause
thread jump-out or gross deformation in the connection that reduces preloads and the
load carrying capecity of the connection, or local buckling that leads to collapse of the
assembled tubular. Hence, the magnitude of bending loads will influence sdlection of the
of the connection diameter, wall thickness, thread profile, makeup requirements, and
preloads.

4144 Fatigue

Because cydlic stresses in the connection are derived from irregular fluctuations
in wave loading, vortex shedding and vibration, inddlation, design, preload, and other
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variable service loadings, nomina cyclic load higtories and resulting connection pesk
dresses are not well defined. (Accurate load histories may be defined by ingaling a
monitoring system that tracks variations in cydlic service loadings to provide information
for a complete fatigue assessment.) However, APl RP 2A provides generd guidance
on wave, wind, and current loadings for a given ingalation location which may be used
to characterize loading on the assembled dructure, and ultimately, on the connection.
Such loading characterizations, coupled with a globa response andyss of the
assembled dructure will generate sufficient information for the conserveive fatigue
assessment of a given connection design.  Section 4.2.3 describes generd methods of
the fatigue evauation of threaded connections.

4145 Preload

Severd researchers have discussed the benefits of imposing an initid preload
(pre-torque) to extend the fatigue life of the connection [Glinka, Buitrago 1988, Chen].
Briefly, the presence of axia preload on the connection serves to reduce the stress
range tha can be developed during cyclic loading, and hence, for a materid exhibiting
typicd SN fatigue behavior, (i.e, increeang fatigue life with exponentidly decreasing
gress range), a longer fatigue life is produced. However, locd stresses and drains in
the criticd thread regions are increased under preload, and if the preload istoo high, will
offset any potentid benefits to be redized. Moreover, definition of the dtress
concentration factor in critica regions is complicated by the preload since both
membrane and bending stresses are present at the thread root and contribute nonlinearly
to the locd stress. (Section 4.2.2 provides further details on this topic.) Hence, the
design of preload should carefully and accuratdly examine loca dress digtributions and
magnitudes, and be cognizant of the potentid for diminishing the fatigue (and detic
gtrength) capacity of the design under excessive initia preloads.

4.1.4.6 Torque

Temporary and cyclic loading, such as yaw of any supported structures, may
produce torque at the connection in a direction that tends to loosen the preload. In
anticipation of such loads, anti-rotation pins or devices may be inddled to prevent
backdriving of the connection during torsona loading. Such loads will affect the
amount of makeup torque needed to maintain integrity of the connection.

4.1.4.7 Makeup and Breakout

The required torque for full makeup of the connection is highly dependent on the
desgn of the connection (including radid and axid interference quantities), preload
requirements, thread compounds, sedling requirements, and capacity of equipment
available to perform the makeup. Careful consideration must be given to each of these
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parameters 0 tha the connection will remain fully assembled during dl loading
goplications, including temporary and cydlic loading.

Evduation of the required torque and method of breskout of the connection
should consder the deleterious effects of service in a free-corroding environment, the
thread compound used, and the available equipment for this action. In some cases,
heating of the box will be required to assist breakout. The potentid for degradation of
the ductility of the box should dso be addressed for re-used designs. Buitrago
recommends a factor of safety applied to the disassembly torque to account for in-
service degradation (and required initia breaking torque) equal to 1.5 [Buitrago 1988].

4.1.5 Other Design Considerations

In addition to gtatic and cyclic strength, the connection must be assessed for its ability to
withstand loading imposed during ingtdlation, and an in-service inspection protocol must be
desgned. Moreover, the ability to manufacture the connection within the design tolerances must
also be assured.  Such congderations, as they apply to the design process, are dso discussed in
this section.

4151 Installation

The method of ingtalation of the connection and the assembled structure should
be addressed in the desgn stage. For example, in pile applications, the assembled
gructure will be subjected to dynamic driving forces (eg., hammer energy) which must
be eficiently transmitted through the connection without diminishing the Structurd
capecity [Buitrago 1988]. The ability for easy stabbing and quick makeup with
capacities of the attendant equipment should also be considered.

415.2 Inspection

The method and frequency of ingpection should be considered prior to findizing
and ingdling the desgn. Preliminary andyses of the threaded connection can identify, a
priori, critica locations for in-service and pogt-service ingpections, as well as the
needed frequency of inspection based on predicted fatigue and damage growth
modeling. Sdlection of the connection design will be influenced by the need to perform
frequent ingpections, such as in TLP tether gpplications where quick
assembly/disassembly is required, or infrequent ingpections such as in pile goplications
where ingpections are performed following decommissioning and prior to reuse
[Buitrago 1988].

In addition to visud ingpection, NDE (Non Destructive Evauation) methods
may be used to ingpect connections at critica locations usualy after retrievd. Such
methods include x-ray photography, ultrasonic or acoustic methods, and magnetic
techniques. Electricd techniques such as Alternating Current Field Measurement
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(ACFM) and Alternating Current Potential Drop (ACPD) have also been used in recent
yearsto accurately define detectable crack sizes [Dover].

4153 Manufacturing Considerations

The ability to manufacture and ingpect a given thread desgn has improved in
recent years with the advent of CNC (Computer Numericaly Controlled) machines.
Tolerances for most high performance thread designs gpplied in medium size diameter
ranges are well within the capacity of such machines, and hdlp to dleviate the difficulties
previoudy encountered with the mass production of complex thread patterns [Chen].
However, for larger diameters, machines and ingpection protocol capable of producing
and evduating the complex geometry isless common [Buitrago 1988].

During the design and manufacture of the connection, attention should be given
to the method of manufacture, the needed design tolerances (including the pipe body),
and the procedure to be used in the quality control and assurance of the resulting
connection.

41531 Methods

Three methods of manufacturing threads are commonly used: (1) machining, (2)
grinding, and (3) ralling. Of these, machining of the threads is most common. Threads
manufactured by machining profiles into the pipe or connection wall may introduce
surface microcracks, which when loaded in fatigue, may codesce into larger cracks that
fail the connection. Grinding of threads causes rapid heating of the surface, which dters
drength and ductility, and if excessve, leads to locd expanson of the materid that may
cause yidding. Ralling of threads cold works the metal surface, thus locally increasing
the yidd strength and hardness, and in generd, good surface finish, thus improving
fatigue strength [Jones]. Irrespective of the manufacturing technique employed, effort
should be expended towards the production of a good surface finish the avoid
microcracking and improve fatigue performance.

41532 Tolerances

Pipe ovdity and thickness variations will affect the fit-up between forged and
meachined rings in mechanica coupling designs, and accuracy of the threed ingalation in
threaded pipe connections. The later of these often requires tolerances on ovdity (and
an understanding of thermad effects on ovality changes) that are at least compliant with
APl 5L line pipe tolerances. For large diameters, more dringent requirements on
ovdity and thickness variations, limitations of the forging szes, machining tolerances,
and the capability of machines to produce the desred tolerances within the thread
profile may be needed, and can influence the ability to develop ardiable design.
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4.15.33 Quality Control and Quality Assurance

Quadlity assurance must be shown to effectively control, on a mass production
bass, the dimensiona tolerances required by the design [Buitrago 1988]. For forged
ring designs, the thread form, lead, pitch and diameter must be ingpected with gauges
cgpable of measuring dimensions within the needed tolerances. To evaduate quality of
the thread features, including geometry and surface finish, plagic replicas of the
threaded region can be developed and measured. For large diameter connections, the
avalability of messurement gaugesis limited.

4154 Thread Compounds and Sealing

The primary reasons for applying thread compounds to threaded connections
and couplings is to achieve a legk-tight sed and to prevent damage of the connection
during makeup, running, and breakout of the pipe [McDondd]. Additiondly, proper
use of thread compounds provides protection against meta to meta contact and gdling
a high bearing dresses.  The addition of a thread compound makes possible high
connection preloads during makeup. Some connections aso incorporate an integral
sedling mechanism in addition to the thread compound to ensure aleak-tight connection.

4155 Corrosion

Hodtile chemicd environments accderate the growth of fatigue cracks, thus
reducing fatigue strength [Dowling]. Figure 4-3 shows the reduced SN (siress versus
number of cyclesto failure) fatigue behavior for atypicd materia exposed to a sdtwater
environment. In addition, corroson initiated at a critical thread region could amplify the
dress concentration factor in the region due to meta loss.  In marine applications,
corroson resistant coatings, cathodic protection, seel welds, or aloyed steds (as
discussed in Section 4.1.3.4) can be used to minimize corrosive action.

4.1.6 Existing Regulations for Threaded Connection Design

Design guidance related to threaded connections is provided by API for casing, tubing,
line pipe, risers, and TLP tendons offshore. A summary of specid congderations used in
connection design and evauation for such sysems is given in the following paragraphs. As
indicated in the discussions, some of the guiddines may be suited for assessments of threaded
connections used in caisson structures, and may be adapted for use when applied in conjunction
with the additiond design considerations outlined in Section 5.

416.1 Riser Systems

Some of the most detailed guidance, concerning design of offshore connections
and couplings is provided in APl Spec 16R. This regulatory document provides
guidance on globd and loca design and andysis of risers couplings. In particular, it
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provides very gpplicable information on the design and analys's of a complex coupling.
As mentioned in Section 4.1.1.1, many different types of riser couplings exist; however,
guidance provided is generd enough to be gpplicable to dl. Of most importance is the
method of determining coupling stresses and stress concentrations under [oad.

Information concerning the siress state in a coupling should be obtained with the
finite dement method and validated with prototype strain gage testing. Attention during
the finite dement andyss shdl be paid upon friction and preload effects and proper
andyticd techniques, which reguire condderation of the mesh discretization, accurate
materid properties, and correct loading and congraints. Experience has shown that
cracks develop at stress concentrations.  As such, particular attention shal be given to
obtaining accurate values of dress concentration under combined loading, including
preload and incrementa load steps to determine if a dependency on loading exigts.
Additiondly, the effect of manufacturing tolerances shdl be accounted for in the
andyses. Prototype testing shdl be conducted to verify any assumptions made during
the andyses and to vdidate strain/stress reaults.

Other issues such as materid requirements, welding, testing, and qudity control
for marine riser couplings are dso addressed in APl Spec 16R. Some of the discussion
pertaining to dlowable stresses, found in Appendix C of APl Spec 16R, will be
consdered in more detal in the following sections. Incorporation of some of the
information found in Appendix A of APl Spec 16R, concerning finite eement stress
anayss, has been made in Appendix B of this report, where sandard thread andyses
are reviewed.

4.1.6.2 Casing, Tubing, and Line Pipe

American Petroleum Indtitute Specification for Casng and Tubing, API
Specification 5CT, cdls out for fracture toughness requirements on connection materia
only if the grade of ged is greater than 40 kg yidd strength. Additiondly, in casing and
tubing manufacture, the connection must be certified to be the same desgn and
manufactured to the same dimensions and tolerances as those used in the evaluation
teds [AP RP 5C5]. Of further dgnificance, extrapolation of casng and tubing
connection test results to other Szes and materids is the respongbility of the end user.
Line pipe connections are Smilar to casing and tubing connections.

41.6.3 TLP Tendons

Typicdly, only tubular tendons employ connectors. Because of their
complexity, extensve engineering development and prototype testing may be warranted
to determine the fatigue, fracture, and corroson characterigtics and the mechanica
capabilities. These connections are Smilar to riser connections.
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42 ANALYSIS

Andyss of a connection design for specific response characteritics is dmost dways
conducted using finite eement analyses of the locd threaded region. Input to the locd andyss
of the connection is extracted from a globd anaysis (finite dement or sructura models) of the
assembled structure, from which the generdlized detic, dynamic, and cyclic load transfer from
the dructure to the connection is quantified. With this information, a detailed andyss of the
loca behavior of the connection, including highly accurate modeling of the thread profile, internd
and externd diameter upsets, radia and/or axid interference, and machining tolerances, is
performed. Data from the loca anayses is then used to perform additiona evauations of the
datic srength and fatigue performance used in the fina design sdection and to guide vdidation
tedting.

When assessing the connection’s response to the applied loading, locd regions
displaying a high concentration of stress should be identified. It is common to define a stress
concentration factor for these regions, usudly relaive to the pipe body stress, so that dtatic
strength and fatigue analyses of the assembled structure can be performed. Techniques used in
caculation of the connection performance, including definition of the stress concentration factors
and faigue life are discussed in the sections that follow.

4.2.1 Finite Element Analysis Techniques

The successful use of finite dement andyss techniques in the evaudion of threaded
connection designs is generaly well understood, and well documented [Glinka, Buitrago, et d].
For mogt assessments, linear dagtic andyses are used to provide basic information on the
magnitude and digtribution of stresses in the threaded region.  Such analyses can be used to
identify criticaly loaded regions or the areas of highest stress concentration for subsequent
fatigue assessments, and to define the method and path of load transfer through the connection
to assg with initid design evaudions and optimization sudies. Other consderations are
addressed in APl Spec 16R and summarized in Section 4.1.6.1 of this report.

A brief discusson of the procedures used in the finite dement andyss of a sandard set
of thread patterns is given in Section 4.4. Appendix B contains further detail on the analyses
and the corresponding results.  The generd gpproach, including globa loading application,
element selection, and contact surface modeling for the analyses is given to provide insght into
the procedures used in locad connection andyses, and to provide generd information on the
response characteristics of standard thread desgns.  The following paragraphs provide
information on the primary consderations for andyss of a given threaded connection.

42.1.1 Model Characteristics

Many commercidly available programs exist that are suitable for the loca
anaysis of threaded connection designs [ANSY'S, ABAQUS, NASTRAN]. To fully
utilize the capabilities of finite dement andys's techniques, the modeing and anayss
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package sdlected for the evauation should be capable of implementing the following
tools:

axisymmetric and/or three-dimensond dements,

non-linear materia and geometry capabilities,

large deformation assessment,

generdized contact smulation,

initial impaosed displacements, and load path definitions, and
afairly large number of dements.

As discussed in the sub-sections that follow, any or dl of these capabilities may
be employed for accurate assessment of the locdlized behavior of the connection.

42111 Element Selection (Axisymmetric vs. 3-Dimensional)

Axisymmetric assessment techniques preclude the exact representation of the 3-
dimensond (3-D) hdix of a thread profile. However, researchers [Glinka] have
successtully shown that for some connection geometries, the use of an axisymmetric
mode consgting of pardld rings, to approximate the 3-D helicd thread generated no
aoprecidble difference in the andysis results.  This gpproach can significantly reduce
andyticd time and effort. The axisymmetric gpproach is generdly accepted when the
diameter of the threads islarge compared to the pitch and helix angle [Liebgter].

If the connection will be subjected to large bending loads, a more complex 3-D
modd is best suited for the analys's Snce axisymmetric models, in generd, do not dlow
for proper bending load definitions. However, bending of the connection can be
amulaed in an axisymmetric andyss by equating the bending moment to an equivdent
axid load, Peqy, and assessing the connection under compressive and tensle loading
equa to Peoy. The equivalent axiad load may be consarvetively esimated from the
bending stress relation for the section as [Buitrago 1998]:

é 32t,(D; - t,)°

4-1
@DP4 - (Ds - 2tp)4a D

EQV = _8 AP

where cp is the mean piperadius, I isthe moment of inertia of the pipe body, and Ap is
the cross-sectiona area of the pipe body. D and tp are the nomind pipe diameter and
thickness, respectivdly. Some gpecidized finite dement formulations alow the
goplication of non-axisymmetric loads, but these loads are defined in terms of a
harmonic function about the circumference and may not accuratdy smulae bending
loads.

Additiondly, an axisymmetric modd will not capture any reaction torque from
the helical thread form. A smplified 3-D modd of a sector of the tubular cross-section
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is an dternative. This type of modd tekes advantage of some axid symmetry, but Hill
retains the 3-D nature of the model, and it can significantly reduce the solid modd size.

For new designs, or sgnificant modifications to existing designs, comparison
andyses amed a quantifying the difference between modd predictions usng an
axisymmetric gpproximation of the 3-D hdica thread form should be performed. In
addition, such analyses may help in optimizations and critica assessments of designs,
which are marginal with repect to cagpacity requirements.

42.1.1.2 Model Geometry and Mesh Density

The geometry and mesh dengty of the loca andyss modd is dependent on the
connection geometry, the desired accuracy of results, and computational capabilities of
the analys's package and supporting hardware. An ided analysis would include a three-
dimensona modd of the connection, a large number of dements a and adjacent to
each thread root, and corresponding contact elements at the pin and box surfaces.
However, such modds are not aways economicaly feasble or needed to produce
accurate results. As discussed in Section 4.2.1.1.1, dimination of the need for a 3-D
representation of the connection can help to dgnificantly reduce run times and
asociated cogts, without gppreciably reducing accuracy of the modd predictions for
many load cases.

If possible, the entire connection should be modded, and a sufficient axid length
of the connecting components so that end and localized stress effects from boundary
conditions and load application regions can be avoided. The mesh gpplied to the model
should be more refined in the highly stressed thread regions as wdll as the internd and
externd upset areas. Appendix B contains an axisymmetric modd for standard thread
profiles.

To determine the mesh densty needed for accurate results, incrementa
refinement and andyss of the mesh from an initid “course’ discretization to “fing’
discretization should be conducted. Whenever possible, al regions of the modd should
be refined to ensure accurate load transfer to critica regions. Key results (eg., stress
or drain at critica regions, and relative displacement of the pin an box) should be
reviewed for each increment of refinement to identify the optima mesh for a converged
result. Convergence of the analyticd result is crucia to accurate definition of local stress
amplification, and hence, to determination of the critical stress concentration factor for
the design.

42.1.1.3 Material Properties (Linear versus Non-Linear)
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In some threaded connection designs, some amount of localized pladticity in the
threaded region is adlowed, provided that behavior of the connection remains nomindly
elagtic and such plasticity does not lead to falure of the connection. For these designs,
the best gpproach is to define the nonlinear materid behavior for the connection so that
locdlized plagticity and the corresponding redistribution of gtress throughout the
connection and into the adjacent connecting body can be closdly predicted. However,
this level of andyss may be too costly to perform, and the ingbility to precisely mode
inherent materia variations throughout the connection (imposed during forming) may
lead to some inaccuracy of the analyss predictions. The andyst should therefore be
aware of such limiting conditions in the interpretation and application of results, and be
sure to dways gpply conservative estimations of materid behavior.

Mogt current andyss procedures employ linear-dastic materiad definitions,
which are eadly obtained from the materid manufacturer. Such andyses are less
sendtive to the variation in materia properties and specificdly, strain hardening
behavior, a different points within the connection. Elagtic stress-dtrain results from the
linear-elastic andyses can then be used to develop easto-plastic stress-strain response
for subsequent strain-based fatigue andyses incorporating locaized plagticity using
Neuber's Rule or the Equivdent Strain Energy Density method (ESED). (See Section
4.2 3 for detals.)

42114 Large Deformation and Contact

Large deformation analyses, which employ contact eements, must be used to
evduae the deformation characterisics of the desgn. Deformation within the
connection will identify any propensty for thread jump-out or disengagement during
makeup or sarvice loading, which affects the functiondlity of the connection. Large
deformation of the connection, such as a falure, can be modeled using the large
deformation cgpabilities of the anayticd program.  Although such andyses ae
computetiondly intensive, accuracy of the finite ement predictions used in subsequent
fatigue, capacity, and preload assessments hinges on the ability to precisdy prescribe
loca deformation (and resulting stress-drain response).  Therefore, it is generdly
recommended that large deformation and contact agorithms be employed in dl finite
element analyses of threaded connections.

42.1.2 Strength Determination

The ultimate tenslle (or compressive) and bending srengths of the assembled
connection may be difficult to ascertain through experimenta methods.  Often times the
ability to test the connection to failure is limited by the Sze of the connection and the
equipment or facilities available for testing. In such cases scae teding and well-
vaidated analytica procedures are needed. In addition, because external coupling
designsemploy afailure in the pipe body design philosophy (Section 4.1.2.1), it may
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be difficult to produce actuad operating conditions in test set-up since pipe bodies
stronger than the actua design pipes are required.

Large deformation and inglagtic (plastic) anayses of the connection can provide
a good edimate of the dtatic strength of the connection.  Anayses that incorporate
contact dgorithms to smulate diding at the pin-box interface and thread jump out are
needed. The datic strengths (and associated stresses and strains) will be dictated by
the ability of the connection to maintain coupling strength under the gpplied loads.

APl Spec 16R and ISO Standards [Buitrago 1998] recommend the
linearization of modd pesk locd dresses to eiminate stress concentration effects in
critical thread root regions, and account for globa section behavior. Linearization of the
mode stresses results in an average, or membrane stress, and a differentia, or bending
dress. Stresses in the region must dso be classified as primary (stresses developed to
maintain equilibrium with the gpplied loading), peak (highly localized stresses occurring
a adiscontinuity in the load path), and secondary (any sress which is not primary or
pesk, and is sAf-limiting and sdlf-equilibrating). Any of these may be further classfied
as membrane (normal stress averaged over an areg, such as F, /A, ), bending (stress
induced by a bending moment), pure shear (shear stress from a force transverse to the
section), and bearing (norma stress acting on contacting surfaces).

As shown in Figure 4-4, the actud dress distribution, usudly determined via
finite dement andyds, varies nonlinearly over the section under a given externd load
(eg., axid or bending). The dashed line in the figure represents the linear didtribution of
the dtress, assessed for each sgnificant stress component (excluding bearing and shear
dresses), and classfied as a membrane or bending stress.  The linear dress
representation of the three normd (S«, Sy, and &) and three shear stress components
(Txv, Tyz, and Tzx) for a given loading mode are then used to caculate the von Mises
effective sressfor the local region:

N~

§:%[(Sx - SY)2 - (SY - Sz)2 - (Sz - Sx)2 +6(TXY2 +TY22 +sz2)] . (4'2)

Note that the linearization of shearsis not recommended by API or 1SO Standards, and
instead, should be averaged over the region. The effective stress S is then compared
to the dlowable strength of the connection for the given loading mode. 1SO Standards
[Buitrago 1998] suggests an dternate representation for the stress components which
includes membrane plus bending stress representations in determination of the primary
stress components for Equation 4-2.
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42.1.3 Dynamic Loading

Typicaly, dynamic andyses performed on the connection focus on pile driving
forces. The primary purpose of performing a dynamic andysis on the pile driving of a
threaded connector is to ensure that the structura integrity of the connector is
maintained throughout the entire driving procedure. Whereas, dynamic loadings that are
experienced by the dructure globaly are usudly trested as datic loads locdly.
Structurd integrity includes both the capacity of the connection after driving and the
ability to breakout the connection upon completion of a service period. The connection
must have sufficient strength following the driving to withstand the gpplied loads during
the remaining operation and decommissoning phases. A successful breskout requires
that permanent deformation of either the thread form or connector body not be present
after the driving.

Performing a detailed andysis of a stress wave propagating through a threaded
connector is inherently difficult to achieve with the results in the criticd thread region
being especidly hard to vdidate through afull-scae tes. Assuch, atypica anadysswill
conss of a stress wave model smilar to that described in Section 3.1.6.1.3 with the
threaded connector modeled as a uniform body and a 1-2 percent energy loss assumed
a the connection [Buitrago 1988]. The resulting stress in the critical region will then be
caculaied usng the nomind dress from the smplified modd in conjunction with the
datic SCF relaing the critica stress to the nomind stress in the connector.

4214 Fatigue Behavior

Data for fatigue andyses is extracted from the finite eement results to predict
the fatigue life of the connection. In particular, the pesk locad dress at the critica
location, s, for the applied loads is used to define stress concentration in the region that
may be used in stress-based (Section 4.2.3.2) or strain-based (Section 4.2.3.3)
fatigue assessments. Loca dadic dress predictions, including the stress range,
amplitude, and mean dress leves, in fatigue criticd locations (FCLS) are used in the
assessments to define the fatigue limits of the connector.

4215 Preload

The effect of aninitid preload on the rdative tooth displacement and local stress
levels can be used to determine an optimum preload magnitude for the connection.
Applying a preload to a finite dement model can be achieved smply in the first load
gep. In fact, such aload step may be necessary to achieve convergence when using
contact eements needed to capture the interface between the coupling pin and box.
The effect of the preload on the siress concentration or amplification factor is discussed
in detail in Section 4.2.2.3.
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42.1.6 Makeup and Breakout

Required makeup and breakout torques are influenced by the requirement for
preload. Analyzing for makeup and breakout torque requirements will prove to be very
difficult. The difficulty exisin modding the friction forces involved, especidly after use
and during breskout. More accurate information can likely be achieved through

physical testing.

4.2.2 Definition of the Stress Concentration Factor

Of paramount importance to evauation of the cyclic capacity of the connection, and
ultimately, the assembled design, is accurate definition of the stress concentration factors at
criticd locations within the connection. Mogt designers choose to identify a “target” dress
concentration factor for the FCL that defines acceptability of the design, and/or the need for
additiona optimization. The following sections discuss the various relations and approaches for
definition of stress concentration factors (SCFs) and the gpplicability of linear SCF assumptions
in threaded connection designs.

42.2.1 Stress Amplification Parameters

The dress amplification within the threeded region is highly dependent on the
geometry of the thread profile, and subsequently, its ability to efficiently transfer load
throughout the connection. For a threaded connection like those included in this study,
stresses will be concentrated & a thread root, and/or the internd or externa diameter
upsets for mechanica threaded connections. The critica region for fatigue assessments
is that which exhibits the highest siressrange. In order to accurately interpret and apply
the results of andyses aimed at defining the magnitude of stress concentration, individua
loading components contributing to the peak local stress s in the criticd region must be
defined, and their effects well understood.

42211 Local Stress, s

Within the critica region, membrane stresses from the gpplied axid loads will be
produced that are amplified due to connection geometry. Once engagement (full
contact) of the threads is achieved, tooth loads are generated which tend to dter the
dress magnitude within the criticd region. Congdering an FCL a the thread root
region, thelocal stresswill be equd to the summation of the contributing components:

6=6M +6B (4-3)
where s isthe loca stress in the thread root, s is the membrane stress contribution
atributed to pipe loading, and s® is the bending stress contribution attributed to loading
on the adjacent tooth. (The quantities s™ and s® represent the primary, secondary, and
peak stresses at the critical thread root region.) The nomina thread root cross-section
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stress (S) will dso consst of membrane and bending stresses from axid membrane and
thread bending loads.

When examining membrane and bending action at an internd and/or externd
diameter upsat, geometry of the connection and load transfer are again important. Asin
the evauation of the thread root loca stress, membrane stresses are generated at the
upset attributed to the axia loads. Bending stresses in this case are produced by the
locd bending moment induced by the discontinuity in the wall thickness

The loca dtress at any increment of loading can be expressed as a stress tensor,
S;; that must be converted to an equivalent uniaxia stress for static strength and fatigue
asessments.  The dtress tensor defines the norma and shear components needed to
fully describe membrane and bending contributions, and the principa dresses s;, S,
and s;. Oncethe principd stressesin the critical thread root have been determined, the
local dtress can be defined by the von Mises effective siress relation given below.

1
6=%[(61'62)2 +(6,-0635)° "'((53'01)2]E (4-4)

Alternatively, maximum-shearing dress theory can dso be used to define the an
effective local stress of the critica thread root region.

6:%[m"ﬂxqél'‘52|'|02'‘53|’|‘33"31|)] (4-5)

It is commonly accepted to define the stress concentration factor, K, as the
ratio of the locad dress in the critical region ether at the criticad thread root, or the
interna or externd pipe diameter upset, to the nominal pipe body stress. That is,

0

K, =—
t S,

(4-6)
where K; is the dress concentration factor the critical region (maximum vaue in
connection), and S isthe nomind sressin the pipe body. Under pure axid loading, the
dressin the pipe body is defined as.

(47)

where dl quantities related to the nomina pipe body are indicated by the subscript P.
Typicd vaues of K; range from 20 to 4.0, athough, through careful design
optimization, vaues less that 2.0 can be achieved [Buitrago 1988].
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For critical thread regions, the stress concentration factor can aso be defined as
the ratio of the loca dress to the average membrane stress in the corresponding thread
root cross section. Specificaly,

6
K t¢ = S_M (4'8)
where, for assumed pure membrane loading of the cross section, the membrane stressin
the thread root cross section, S, is

S'=— (4-9)

and FM is the membrane load acting &t the critical thread root cross-section. Note that
the nominal dress, S in the critical thread root cross section will contain some
contribution of bending stress from the adjacent tooth loading which is locdized in the
area of the thread root in addition to membrane components. Thus, some error in the
caculation of the stress concentration factor may be developed if pure membrane action
is assumed.

To improve accuracy of the SCF caculation, a third designation of the stress
concentration factor may be developed which relates the locd sress to the nomina
sressin the thread root cross section, comprised of both membrane and bending stress,
i.e.,

Kf=——. (4-10)

Locd and nomina cross-section stress magnitudes for the definition of K@ can be
accurately determined via finite eement techniques.

Sdlection of the stress concentration factor designation is dependent on the
geometry of the connection and potentia design optimizations, as well as the design
basis. For example, K; may be chosen where definition of strength capacities for the
assembled dructure are in terms of the pipe body strength (mechanica connector
designs), while K¢ or K@ may be reserved for use when capacity is defined in terms of

a criticd thread region, or when evaduating loca dress vaidations during design
optimizations [ Turner]. Asapplied to the current study, K¢ or K& is likely best suited

for assessment of the intrusvely threaded pipe, where failure will be dictated by the
grength of the critica thread region. If fallure in the region is dictated by the onset of
plagticity, the use of K@ in desgn assessment is mogt suitable since it includes the

membrane and bending stresses contributions to the peak and nomina siress quantities
in the critical threaded region. However, if either K¢ or K@ is used, a function which
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relaes this vaue to the nomind pipe body stress must be additiondly defined snce
globd dress didributions from gtatic and dynamic andyses will usualy be related to the
assembled structure or pipe body.

4222 Linear Versus Non-Linear Behavior Of The SCF

Most design protocols for threaded fasteners alow for nonlinearity of the stress
amplification factor (SCF) provided that: (1) the stress concentration factor is shown to
behave linearly over the anticipated design load range, or (2) a defensble methodology
for the desgn assessment accounting for the nonlinearity can be provided. In ether
case, aclear definition of SCF relationship to the gpplied |oading should be obtained.

As discussed in Section 4.2.2.1.1, the loca dress in the thread root is
comprised of primary, secondary, and peak membrane and bending stresses that can be
solved for in terms of the principa dress quantities, s;, S, and s; (Equation 4-3).
Clearly, relaing the complex stress state at the thread root to the pipe body stress (S)
or the thread cross section membrane stress (S), both of which are purely membrane,
does not precisaly capture the contribution of bending action that isincluded in the loca
dressquantity s. Hence, as the loading on the connection is linearly increased, a non-
proportiond change in the local stressis produced ttributed to the coupling of bending
and membrane actions. The result is a non-linear relationship between the load and the
local effective stress, which varies as prescribed in Equation 4-4.

The desgner should perform andyses to quantify the magnitude of SCF non-
linearity for a given desgn. As previoudy daed, the magnitude of the dress
concentration in the locad region is highly dependent on the profile geometry and it's
ability to effectively transfer load through the connection. If appreciable non-linearity of
the SCF exids, a defengble method for its treatment in fatigue and datic strength
assessments should be implemented.  In the design of riser couplings for marine drilling
operations, it is required that the SCF be evauated at 20, 40, 60, and 80 percent of the
rated load (plus nomina or minimum vaues of preload) to quantify non-linearity of the
SCF with axid loading [API Spec 16R].

4223 Effect of Preload On The SCF

Tubular connections gpplied in offshore applications typicdly include the
gpplication of aninitid preload during assembly to increase resistance of the connection
to fatigue, shock, and vibration loads, and to activate initid meta-to-metd sedling
aurfaces [Turner]. The effect of the initid preload is to impose compression in the
connection, resulting in compressive loading of the box teeth, counter-baanced by
tendle loading of the pin teeth. For the critica thread root region at the trailing edge of
the first fully-loaded tooth furthest from the pin free edge and adjacent to the pin
shoulder, locd dress from the preload is largest and tengile, and defines the initid loca
sressvalue, s7, from which the local stresswill vary asthe axial load is applied.
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For a connection subjected to an increasing tendile axid load, Fa, without an
initid preload, locd sressesin the thread root will increase from zero to some maximum
vaue, Suax , @ full load. Figure 4-5a displays an assumed linear relaionship between
local dtress at the thread root and an gpplied tensile axiad load for the case of no applied
preload. Impostion of a preload on the same connection forces initial contact and load
transfer between the mating pin and box surfaces. This action produces localized
dresses in the threaded region at zero axid load, shown as the point s© in Figure 4-5a.
After gpplying tendle axid load, Fa, the local stressin the thread root increases from the
initid value s” to amaximum value, s, , a full load, which is only dightly greater

than that of the connection with no preload, suax. (Agan, the relaionship between the
local dtress and the gpplied tendle axia load for the preloaded connection is assumed
linear.) The important fact to note from Fgure 4-5ais that the rate of increase of the
loca dress with increasing tensle axid load is less in the proaded connection than in
the connection with no initid preload. This behavior is atributed to the rdief of the
initial loca preload sresses with the gpplication of axid tendgle loading [Glinka].

The potentid for nonlinearity of the dress concentration factor for critica
regions a varying levels of preoad should dso be investigated. Andyticd study using
the methods described in Section 4.2.2.2 can be used to quantify any nonlinearity by
vaying the initid preload level, and applying the given percentages of design load. The
result of such study will be a clear definition of the SCF under preoad, and the
relationship of the SCF a that preload to increasing load. Ultimately, this information
can be used to define an optima vadue of the preload, which should be applied at
ingallation.

Note that while the concept of preloading of the connection to increase fatigue
life is well understood and widely practiced, there exigts a practicd limitation to the
amount of preload that can be applied without negeting the potentia positive effects
(i.e, smdler cyclic sressrange) [Glinka]. If theinitid preoad istoo high, locd dressin
the region will be driven to a leve, which exceeds yidd of the materid when axid
loading is applied. This occurs because the rate of dress relief provided by the
increasing axid load is not large enough to reduce loca stresses from the initid preload
before yield is reached. Figure 4-5b displays this behavior for a tensle axid load.
Conversdy, if theinitid preload istoo low, it will be overcome by the applied axid load
before reaching the desgn maximum, the connection will open, and integrity of the
gructure is compromised. The solid linesin Figure 4-5b shows this trend.

4224 Cyclic Loading SCF

The basic definitions of stress concentration factors presented can be applied
directly for fatigue assessments, as is typicaly the god of SCF evaduation studies, by
defining the loca and nomina sress range for the connection under the assumed cyclic
loading. Thelocd dadtic sressrange, s; , a the critica region may be defined from
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finite lement andyses, as can the nomind sress ranges for the pipe body &) and
thread cross-section (§). However, nomind stress ranges may aso be known input
quantities to the andyses, or can be derived through smple formulations. Given the
dress range corresponding to a specific set of loading conditions, the dynamic stress
concentration factor, K.° , based on nomina pipe body stress becomes:

6
KP =—L.
SPr

(4-112)

Alternate definitions of K° can be defined by the ratio of s; to dternating membrane
sress, S, or membrane plus bending stress, S, in the critical thread root cross-
section. For convenience, subsequent discussions of the dynamic siress concentration

factor have adapted the conventiond designation where loca stressis normaized by the
pipe body stress, Sy, directly rdating global structurd loads to the critical location.

Dynamic stress concentration factors can be calculated for each cyclic load type
applied to the connection for which a cyclic cgpacity must be determined, adthough,
goecification of an axid SCF is usudly sufficent for design [Buitrago 1998].
Specificdly, for axid loading, Fa:

6
KPA =20 and , = DF, (4-12)
SPr AP
for bending, Mg:
6
KP® = E: and S :1M1 (4-13)
SPr I P
and findly, for pressure, P, or Pg:
6
KPP =——and §, =+ PO (4-14)
SPr ZtP

Such definitions are typicdly used in fatigue assessments as discussed in Section 4.2.3.
(Condderations for the caculation of the local stress range for fatigue life evduation are
givenin Section 4.2.3.1.1).

The changein principal stresses in the threed root is derived from the difference
in the stress tensors at the upper and lower bounds of the applied loading. That is,

Do =6 " - o "™ (4-15)
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where 6" and 6" are the maximum and minimum stress tensors a the thread root
for successive load increments. Principa stress ranges Ds;, Ds,, and Ds;, derived in
terms of the tensor Ds;;, can be used to define an effective local stressrange, s, , and a

corresponding equivalent stress amplitude.

Condderation of the preoad in definition of the stress concentration factor for
fadigue assessment is crucid dnce the magnitude of the initid prdoad (and
corresponding stress) will define the dlowable stress range for the criticad region. For a
connection without an initid preload and subjected to a loading environment which
produces an upper bound local stress, Suax , @ the critica thread root, the stress range
will be

él’:éMAX-O:éMAX' (4‘16)
For a connection subjected to the same loading environment and preload producing
local stress s in the critical region, the stress range will be:
67 =0pax - 0
4-17)

P

(Note that Equation 4-17 is truly valid only if the principa stress axes do not rotate
during the application of externa loads.)

As shown in Figure 4-5b, for a preloaded connection, the dress range is
reduced, leading to increased fatigue life. Hence, excluson of the preload stress
magnitude from the faigue assessment, and cdculation of the SCF would lead to an
excessvely consarvative result.  Again, potentid nonlinearity of the SCF with loading
should be quantified to ensure a suitable level of conservatism exidts.

4.2.3 Fatigue

As indicated in the introductory comments for Section 4, complex loadings in the
threaded connection, coupled with the known propensity for fatigue falure at threaded regions
containing large stress concentrations, precludes the widespread acceptance of the use of
threaded connections in primary structura applications.  However, technicdly defensble
methods exist for fatigue assessment of complicated thread profiles that include the effects of
stress concentration at the critica thread root, variable amplitude loading, and preload on the
connection.

Three major approaches are: (1) the stress-based approach, where the nomina
(average) dress that can be ressted under cyclic loading is determined by considering mean
stresses, (2) the strain-based approach, which accounts for locdized pladticity in the thread
root, and (3) the fracture mechanics gpproach, which predicts the initiation of growing cracks
in the thread root [Dowling]. The most commonly used gpproaches are stress and strain
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based, and hence, will be detailed in Sections 4.2.3.2 and 4.2.3.3. The fracture mechanics
goproach is only briefly outlined in Section 4.2.3.4, but is discussed with applicaions to
threaded connections for tubular structures in Buitrago 1998, and Chen.

4231 Definition of Parameters

In both the stress-based and strain-based techniques, a clear definition of the
cyclic gtress range, mean dtress, stress amplitude, and the connection (preferred) stress
versus number of cyclesto failure (S N) behavior, andyticaly predicted or physicaly
determined, must be provided. Variable loading amplitudes, and their affect of fatigue
life must dso be consdered. Generd descriptions of the key eements of fatigue
assessments for the two dominant gpproaches are given in the sub-sections that follow.

42311 Local Stress

When peforming a faigue strength assessment of the threaded connection,
falure is assumed to occur a the mogt highly stressed region (FCL). Totd dressin the
critical region resulting from cydlic loading may be derived from finite dement anayses,
or from the product of nomina sresses in the pipe body (&) or thread root cross-
section (S) and the appropriate stress concentration factor (K; or K@, respectively).

Loca dress vaues developed in either manner can then be presented in terms of the

stressrange
0, =0pmax - Omins (4-18)
the mean stress
0 +06
é . — MAX MIN ’ (4_19)
2
and the pesk stress
)
ép:ém+7r. (4-20)

Each of theloca stress quantitiesis shown graphicdly in Figure 4-7, wheret is the time.
Use of “peek” in fatigue cdculations refers to the maximum totd dress in the criticd
region as shown in the figure.

While finite dement methods for the direct determination of dadtic-plastic loca
dress response do exis, they are typicaly more computationdly intensive and hence,
the total stress quantities in Equations 4-18 through 4-19 are usudly defined by the
elastic response. In strain-based techniques, the elagtic local stress can be converted
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to dasto-pladtic stress to improve accurecy of fatigue life predictions. The procedures
used in the conversion are discussed in detall in Section 4.2.3.3.

It is important to note that if loca dress vaues are cdculated via the SCF
technique usng nomind pipe vaues and Ky, and K; is not linearly related to the pipe
body stress, the local mean stress s, can not be precisdly cdculated. Additiondly,
nonlinearity of the SCF to pipe stress may be the result of a preload, in which caseinitia
stresses at the thread root are produced that are unrelated to pipe body stress. |If
ggnificant nonlinearity does exis (from predoad and/or geometric effects), an
instantaneous SCF may be used, equa to the dynamic stress concentration factor K°

as caculated in Section 4.2.2.4, to relate the pipe stress range to the loca siress
[Buitrago 1998].

For fatigue caculations, the local dress quantity used for comparison with
uniaxid fatigue life curvesis the dressamplitude, s,. If no static loads are present in the
fetigue curve or analyses (i.e; sy = 0), and the loading mode is uniaxid, then s, is
smply the stressrange divided by 2 (6, =6, /2). If mean stresses are present, then a
fully reversble stress amplitude s rey Mmust be caculated for comparison with a fatigue
curve excluding mean dress effects. The Goodman reletion,

. 0,4
O arev = 5 (4-21)
12"
Oy

where sy is the ultimate strength of the materid, is one popular method of relating mean
and amplitude stresses to the fully reversible amplitude needed for comparisons.

If local stresses have been developed from multiaxia loading conditions, then an
equivalent uniaxial stress amplitude, S, must be caculated if the results are to be

compared with fatigue srength rdations that have been developed for uniaxia loading
conditions. If mean stresses are not present in the andysis 0, is cdculaed from the
maximum and minimum principa stress amplitudes, 6 4, 0., and 0,5 that have been
determined from the stress tensors (6" and 6™ or finite element analyses, and
the von Mises relation is used.

1

2 +(045-04)° ]5- (4-22)

- 11, . ] .
O =—F= (Oal' 0::12)2 +(0a2'0a3)

2
Again, Maximum-shearing stress theory may be used instead of Equation 4-22.

For applications where the principad axes rotate during cyclic loading, the
applicability of Equation 4-22 and the Maximum-shearing diress theory is questionable,
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and dternate approaches for determination of 0, such asthe critical plane approach,

may be pursued [Dowling]. For most fatigue caculations of threeded connections, it is
assumed that principa axes remain unchanged during cydlic loading, which may be the
case for specific load types, thereby justifying the use of Equation 4-22.

If Setic loads are present, an effective mean stress can be calculated from the
mean sressesin the three principa directions from gtatic analyses [Dowling]:

6m:éml+ém2+ém3' (4'23)

Then, the equivaent fully reversible uniaxid stress for comparison with a corresponding
uniaxid SN curve may be expressed as

0 grev = : (4-24)
0y

Similar relationships exist relaing a stress range (or anplitude) and mean stress
to equivaent fully reversible stress amplitudes such as that suggested by 1SO Standards
[Buitrago 1998], relating stress amplitudes to mean stress at constant life. (See Section
4.2.3.2).

It isimportant that the designer understand the implications associated with each
representation SO as to ensure conservatism of the desgn.  Section 5 outlines some
deficiencies rlated to gpplication of Equation 4-24 in the assessment of compressve
mean stresses for caisson structura design.

42312 Notch Sensitivity Factor, Kf

The dadtic stress concentration factor K; remains vdid only up to yidding.
Hence, for fatigue andyses tha include ingagtic stress or drain contributions in the
development of local stresses or fatigue-life rdations, the use of K; may not provide the
most accurate results. To improve the accuracy of faigue caculations, a fatigue notch
factor, Ky, can be subgtituted for the elagtic stress concentration factor K; in stress-
based caculations and strain-based caculations employing Neuber’s Rule (Section
4.2.33.2). Thisfactor essentidly relates the fatigue strength of an unnotched member
to its notched fatigue strength at a given life [Bannanting], and considers the effects of
notch sengtivity. One empirica relaion for Ky, proposed by Peterson [Peterson], is

K, =1+q(K, - 1), (4-25)

where K; is the elagtic stress concentration factor, and q is the notch senstivity factor
equd to
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1
1+2
;

g= (4-26)

Here, r isthe notch radius, and a is a materid congant. For rdatively high srength
deds, Dowling suggest avauefor a equd to

2800 ksi 91'8

a= o.omg (4-27)

0y g
Other vaues of a have been suggested by 1SO Standards as outlined in Buitrago 1998.

Peterson [Peterson] defines various vaue of K: for many maerids and notch
sengtivities.

In generd, differences between K; and K¢ become dmost negligible as the notch
radiusincreases. Conversdly, if r is andl, the difference between K; and K¢ may be
large, and the use of K; will lead to consarvative life predictions, attributed to the
overestimation of notch effects based in elagtic stress concentration. For smplicity, the
following discussons on the stress- and strain-based gpproaches include use of the
elagtic stress concentration factor, K;.

42.3.1.3 Variable Amplitude Loadings

For varigble amplitude loading such as that shown in Figure 4-8, the PAmgren-
Miner rule (commonly referred to as Mine’s Rule) may be used to determine the
cumulative fatigue damage imposed on the dructure during the entire load history.
Miner's rule dates that the sum of the ratios of the number of cycles a a given
amplitude N; to the number of cydesto falure for that amplitude Ny, will equa unity (1)
a falure. Stated mathematicaly for atota of n incidents,

NN Ny N =84 —=1. (4-28)
Nfl Nf2 Nf3 N i

Note that some cycles of variable amplitude loading may include mean stresses, for
which afully revergble stress amplitude must be caculated [Dowling)].

To relate the complex cydlic loading history found offshore to available constant
amplitude test or analyss data, some method of cycle counting must b performed. The
maost common approaches to cycle counting include:

level-cross counting,
pesk counting, and
smple-range counting.
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One of the mogt popular techniques currently employed for counting highly irregular
loading cydesisrainflow cycle counting.

Congdering the pesk counting method, locd maximum and minimum dran
levels (or dtress or load levels) are identified, and these pesk vaue are then used to
form complete cycles for fatigue assessment. For example, the first cycle may be
performed by combing the maximum and minimum pesk magnitudes to define a Sngle
large cyde. Subsequently cycles are then formed by combining sequentidly decreasing
maximum and minimum magnitudesinto full cydes. Other methods of combining counts
exig [Bannanting], and usudly, the most damaging combination of cycesis represented
in fatigue assessment.

42.3.2 Stress-Based Fatigue Analysis

Stress-based fatigue assessment is widdy used in the evauation of a variety of
metals, and materias which contain notches or geometric discontinuities. Simply stated,
the stress-based gpproach involves the caculation of loca totd Stress quantities as in
Section 4.2.3.1.1, and the comparison of these stresses to a SN curve for the
connection (preferred), or the connection material.

Severd presentations of the of the stress versus number of cycles to failure
(SN) behavior for materids exis, as do curves for specimens with geometric
discontinuities and some threaded connection designs.  Such curves typicaly represent
the SN behavior in terms of auniaxid loca stress amplitude (S, Or Sarev) VErsus cycles
to failure (N), a various levels of mean dress (Sy,) as shown in Figure 4-9. (Fatigue life
data may a0 be presented in terms of the strain versus number of cycles to failure
for drain-based assessments.) For the fatigue life evauation of a given design, curves
such as those shown should be obtained for each of the anticipated load types (eg.,
axia tenson or compression, and/or bending).

The effects of mean stresses can dso be presented in the form of a congtant life,
or amplitude-mean diagram. Figure 4-10 displays the relation between stress amplitude
and mean dress and condant life increments. A qudified SN curve for a given
connection design can be developed through physica fatigue testing of the connection to
falure. Such curves ae preferred dnce they include the effects of locad dress
concentration, relative displacement throughout the connection, and load redistribution.
(Locdized pladticity at the thread root region is dso included.) Since locd dress
andyses attempt to include each of these effects, comparison of the analyss results with
the qudified fatiigue curve for the connection provides the most accurate results.
However, often times the cost and scale (large diameter) of the connection disallows
such physicd testing. In those cases, unnotched fatigue curves developed for the
connector materia, which are more readily avalable, may be used. In cases where
fatigue curves for ether the connection or the materia are nonexistent, the strain based
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goproach may be used to andyticdly derive the relaionship between loca strains and
fatiguelife (Ny). (See Section 4.2.3.3))

Following identification of the appropricte fatigue life curve(s), the
corresponding fully reversble uniaxia dress amplitude, caculated as in Section
4.2.3.1.1, is compared with the fatigue life curve to determine the number of cycles to
falure N;. Note that the uniaxid stress amplitude may be that due to uniaxia loading
analyses (Sarev), Or an equivalent vaue (0,ze,) from multiaxid loading andyses. In

ather case, the effects of mean stress must be included in both the fatigue curve and
fully reversble uniaxid stress amplitude.

Fatigue life computations should be made for each load type experienced, and
for variable amplitude loading. The procedure described above is gpplied to determine
the fully reversble uniaxia dress (or effective sress) a the FCL, for a given loading
mode that can include axid, bending, and pressure loading (or combinations thereof if
effective stress amplitudes are used). Once variable load amplitudes have been
identified and the ratios N, /N defined, Miner's Rule is used to define cumulative

fatigue damage for the connection.

4.2.3.3 Strain-Based Fatigue Analysis

A drain-based gpproach (dso defined as Initiation Life) is usudly more
gppeding than a stress-based fatigue assessment since it accounts for locaized pladticity
in the criticd thread root region. This approach is dso more easily implemented than a
fracture mechanics approach, which generdly requires sophisticated modeling
techniques to determine crack propagation behavior.

Using finite dement andyds to determine loca stresses in the criticd region, and
detalled satic and cyclic properties materid descriptions, the Smith, Watson, and
Topper (SWT) Parameter [Dowling] can be solved for the number of cycles to falure,
Nfl

(66 )?

0 arevEaREV = (2N f )2b +0¢e¢ (2N f )b+c (4-29)
where s rev and erey a@ethe fully reversbly loca stress and strain amplitudes, and the
quantities 6 ¢, e¢, E, b and c are maeria condants (for connection material) as

defined in Section 2. Note that for multi-axiad loading equivalent stress and drain
quantities, 0 zey ad €., , may beused. The SWT parameter (SarevEirev) includes

the effect of non-zero mean stress, and usudly provides good estimates of fatigue life for
a number of materias, but may give non-consarvative results for mean compressive
sresses[Dowling]. Alternate relations, such as strain-life curves based on the Manson-
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Coffin method may be used to conveniently display the strain versus number of cycles
to failure behavior. In such aformulation, employing the parameter 6 ¢,

C
0¢axe 6.0 ® ¢ 0Ob

aREV :—(Fgl',—mi(ZNf )b+e¢ ¢1- — (2Nf )C (4-30)
& 0¢ 5 0¢ 5

erev IS directly related to the materid properties and mean dress, and provides a
method of grephicaly edimating the fatigue life. In Equation 4-30, the Morrow
parameter, 0¢, is the faigue drength teken from the uniaxid SN curve of an

unnotched specimen. Selection of the method that best represents the actua behavior
of the connection should ultimately be based on physicd test verification.

For ether of the methods presented, the equivaent fully reversble sress and
grain amplitudes (Sarev @nd €xrev), OF their equivalents must be determined. A relation
for the effective fully reversble stress, which includes mean stress effects, is proposed
by 1SO Standards (and Buitrago 1998),

D> D> (D> D> (D> (D~

(@}
N

0 arev

=

u
0
J6m+6, )04 4 (4-31)
ua
f

1
o | o
- (3

and is smilar to the rdation expressed in Equation 4-24. Sdection of the formulation
used to calculate 0 g, should be based on knowledge of the limitations and potentia

for nonconsarvative results for a given formula, and on the accuracy of predictions when
compared with physical test data.

By applying the cydlic sress-drain relation for the materid, the fully reversble
drain amplitudeis:
. . =3
o _ O arev +3ED aREV 9“‘”
aREV E H ¢ B )

(4-32)

Thevdues H¢ and n¢ are the materid drain hardening coefficient and exponent,
respectively.

For drain-based methods, Equations 4-31 and 4-32 represent the fully
reversble and equivdent elasto-plastic stress variaions a the FCL. Elasto-plastic
behavior is developed from the transformation of dastic response quantitiesin the FCL,
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derived from finite dement analyses, and gpplying: (1) Equivdent Sirain Energy Density
(ESED, Section 4.2.3.3.1), or (2) Neuber’s Rule (Section 4.2.3.3.2).

Once the dasto-plastic response is determined by either ESED or Nuerber’'s
Rule, Equations 4-29 or 4-30 can be solved at varying levels of stress to develop an
andyticd SN curve for the connector. As in the stress-based andyss approach,
fatigue life computations should be performed for each loading mode present, and
variable amplitude loadings addressed by Miner’s Rule.

42331 Equivalent Strain Energy Density (ESED)

Given the dadtic stress range and pesk dress in the FCL, the dadtic dtrain
energy is equated to easto-plastic strain energy by the relaion for cyclic stress-strain
behavior of the materia [Buitrago 1998]:

1

2 2 L
2 ep e 2 ep onn €p
6)° _lo2) o gow o

(4-33)

+ O
2E 2E n¢+18H¢fﬂ

where 67 is the dadtic stress range at the critica thread root region from finite dement

andyss. Equation 4-29 is solved for the transformed elasto-plastic stress range, 6:P.

(Note that this definition of the stress range differs from that previoudy given for dagtic
behavior (Equation 4-18) only in tha some plagticity is contained the current
computation for strain-based fatigue anayses.)

Subdtituting the pesk loca dadtic stress vaue ()‘fO from finite dement anayses
for the dress range in Equation 4-29 results in definition of the fully reversble dasto-
plastic pesk stress 6. Dfinition of the transformed elasto-plastic meen stress 6
for Equations 4-30 and 4-31 becomes

’ep—’ep_sfp -
0, =0 = (4-34)

The number of cyclesto fallure N; is then determined by solving Equations 4-31
and 4-32 for easto-plagtic stress and strain quantities S rev aNd exrey, respectively, and
subdtituting these vaues directly into Equation 4-29.

42332 Neuber’s Rule

Neuber's rule offers a closed-form solution for definition of the locad drain
occurring in the FCL during plagtic deformation. The rule Sates that the geometric
mean of the dress and drain concentration factors remain congtant during plastic

Final Report — Section 4 4-32



deformation [Dowling]. For a stress concentration factor relative to the pipe body
stressks (equd to 0 / S ), and strain concentration ke factor defined as

k. =

e

£ (4-35)
e p

where e is the locd drain a the FCL and e is the nomind drain in the pipe body,
Neuber’ s rule defines the stress concentration factor during loading (and plagticity) as

K, =Ko XK, (4-36)

and by subdituting definitions for ks and ke into the above equation, Neuber's rule
becomes

be= (kt—fp) . (4-37)

Thisrdaionship remains vaid up to fully plagtic yieding [Dowling].

Elasto-plagtic local stresses at the FCL can be calculated by combining the
relation for cyclic sress-gtrain behavior with Neuber’ srule, yieding
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(4-39)
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which can be solved for the elasto-plastic stress range 6 [P. The easto-plastic peak
stress 6 %, accounting for pipe body mean stress, is similarly calculated as
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Note that Equations 4-38 and 4-39 require knowledge of the pipe body stress
range, and the stress concentration factor k;. It is generdly sufficient to assume the
elagtic dress concentration factor calculated in Section 4.2.2 provided that nonlinearity
between the SCF and the gpplied loads is negligible. However, if sgnificant nonlinearity
does exigt, the dynamic stress concentration factor K° may be used (Section

423.1.1).

If the local dastic mean stress at the FCL is known, Equation 4-39 becomes
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Again, the dagto-plagtic mean 6 P dtress is caculated as in Equation 4-34,

Equations 4-31 and 4-32 are solved for the fully reversble equivaent stress and strain
quantities S rev and erev, and Ny is determined from Equation 4-29.

4234 Fracture Mechanics Based Fatigue Analysis

In addition to the stress-based and strain-based approaches, which predict the
life to initiation of a fatigue crack, a fracture mechanics approach can be applied to
predict propageation of the crack to some criticd length, and ultimately, fracture of the
connection.  One benefit of such an andysis is the ability to define the frequency of
ingpection based on crack growth consderations. However, such methods are often
difficult to implement snce dealed materid definitions and crack growth and
propagation characteristics are needed.

Fundamentdly, the fracture mechanics gpproach involves assuming an initid
crack of some length, say the minimum detectable length or nomind size of flaws from
manufacturing, ag, is present in the connector. Under cyclic loading, the crack grows
until reaching a critical crack length, a., & a number of cycles N;, and failure occurs.
Growth of the crack to this critica length is controlled by the nomind dressrange S in
the FCL. They are rdated mathematicaly through the stress intengity range, DK, as

DXK=FS.pa (4-41)

where F is a dimengonless function of the ratio of the crack length to the width of the
component in the direction of the crack. Note that the stress range S is usualy based
on the nomind gress range in the uncracked cross-section of the FCL. Resolving the
dress range in to maximum and minimum quantities, DK can be more clearly defined as

DK =K,_, - K_ (4-42)
where
Kuex = F Sx/P 2.
(4-43)
and
Kuin = F SnfP @. (4-44)
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To determine the number of cycles to fallure N, the stress range (through the
dress intendty range) is related to the cyclic crack growth rate, expressed as the change
in crack length over the change in the number of cycles. Smpligticdly, thet is,

da _ m
3 = C(OK) (4-45)

where da/dN isthe crack growth rate, C isaconstant and m is the dope of the log-log
plotof da/dN versus DK,

Cracking continues until failure occurs at the critical crack length a;, which
occurs a maximum gress Sy, and when K equa K., the fracture toughness of the
materid. Or

1@ K, 6

== il 4-46
* DS Fp (49
With the initid and find crack lengths now known, Equation 4-45 is integrated
between these lengths to determine the number of cyclesto falure, Ny.

The “whole life” of the connection under fatigue loading can be determined by
summing the initiation life (caculated in the previous gpproaches) with the propagation
life outlined here. More detail on a“wholelife’ approach is given in Buitrago 1998 and
Chen.

4.2.4 Design Optimization

Finite dement analyses are a vaid and economical means by which initial designs can be
evaduated and the results used to identify key design details, which may be modified to improve
connection performance. Initid connection designs that fail to meet the specified acceptance
criteria often exhibit excessve dress concentration in the threaded region and/or diameter
upsets, a propendty for excessive deformations, or disengagement under the applied loads, thus
limiting the connection capacity. Other consderations, such as the required tolerances on
manufacture of the connection can aso be cursorily addressed. Most improvements required
for success of the design are related to the geometry of the threaded region, and hence,
optimization of the connection focuses on key festures of the thread profile, which can be
dtered to improve uniformity of loading (and stress and deformation) throughout the connection.
Some of the design features examined in typica optimization studies are briefly discussed in the

following paragraphs.

It isimportant to again emphasize that the design and corresponding performance of the
connection is highly dependent on the connection geometry, and the load types and magnitudes
to beressted. While the discussons that follow highlight some of the primary considerations for
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desgn optimization, they conditute only a partid liging of the many features that can be
modified for adesign. Current manufacturers employ design optimizations like those discussed,
as wdl as the optimization of many other features, which are specific to ther proprietary
designs.

4241 Thread Profile

As shown in Appendix B, sdection of the thread profile governs the
effectiveness of load transfer and sirength of the connection. Whether or not the profile
is tapered or draght will dictate the uniformity of load digtribution through the
connection. A more uniform load digribution is desirable since tooth loads will be
roughly equa, and hence, stress concentration factors are essentialy equa. The benefit
here is that one highly stressed tooth postion does not drive falure of the entire
connection, while adjacent teeth stresses remain well below yield. Ingtead, al teeth can
be loaded to a level nearer to yidd, resulting in a higher srength design. A tapered
profile with a sraight load path (no eccentricity) usualy dlows for increased uniformity
of loading when compared with a sraight profile. Optimization of the thread height-to-
base ratio, by specifying lower ratios (stouter) in highly loaded region may adso help to
equalize tooth loads.

The profile sdected will dso affect the procedures and time required for
makeup of the connection. Tapered profiles dlow for easy stabbing of the pin into the
box, which lessens aignment redtrictions. Many current tapered designs adso provide
for full makeup (complete sedling and tooth/shoulder contact) with only a minimum of
turns (or fraction of a sngle turn) through multiple threed sarts. These designs usudly
provide quicker makeup times when compared with their straight profile counterparts.

4242 Differential Tooth Pitch

A differentid tooth pitch can be used to improve uniformity of load transfer
through the connection teeth. The designer may specify an increased number of teeth
adjacent to the region of highest load, and transcend to a smaler number of teeth away
from the load — a higher concentration of teeth available to absorb loading helps to
more evenly digtribute the tooth loading throughout the connection. A differentid pitch
may aso be used to compensate for the Poisson's ratio effect induced by radid
gtraining during makeup [Gunderson].

4.2.4.3 Flank Angles

Hank angles may be optimized in any given design to asss with gabbing,
makeup, and breakout of the connection. For most high performance designs, negative
flank angles may be used to help reduce separation of the pin and box under radid
loading or bending. Again, optimization of the leading and trailing flank angles will be
highly dependent on the connection configuration.
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4.3

4244 Root Radius and Thickness Transitions

Stress concentrates in regions of geometric discontinues. As discussed earlier,
complex membrane and bending stresses exigts at the thread root that are imposed not
only by axid loading on adjacent teeth, but by the dramatic geometric discontinuity
which serves to amplify nomind membrane sresses.  Altering the radius & the thread
root may reduce the locad dress magnitude to an acceptable levd for the design.
Similarly, the trangtions at internd and externd diameter upsets can be optimized to
produce minima stress concentration.

4.2.45 Stress Relief Grooves

Stress relief grooves may be ingtaled between the trailing tooth (tooth furthest
from the pin or box free end) and the shoulder to relieve dtress on the tooth, which is
usudly mogt highly loaded, and help to improve uniformity of loading throughout the
connection.

4246 Interference

Initid interference in the made-up connection can be used to generate some
preload in the connection, and insure mating of pin and box teeth. Although axid
preloading from makeup torque will dominate axia displacements in the connection, a
radid preload from an initia radia geometric interference may considered. Gunderson
reports that aradid preload from radid interference may eiminate the need for preload
shoulders, resulting in longer thread length and thinner taper runout. The increased
thread length will result in lower load per threed, and the thinner runout improves
uniformity of the thread load [Gunderson].

VALIDATION
Vdiddion of the connection desgn though physcd testing is generdly required;

dthough, for large diameter connections, availability of test equipment cagpable of producing
failure loads on the connection may be limited. Wherever possble, physica testing using either
full or scaled specimens should be performed to:

verify design strengths predicted by classica and finite dement andyses,

ensure makeup and breakout performance and predicted load levels, and

asxss the effects of scae, surface defects, metdlurgicl and environmenta
conditions, which can not be accounted for in any analysis [Buitrago 1988], on the
predicted design strength.

Because of practica limitations to physical testing (e.g., Sze of connection, capacity of

equipment, and expense), scale testing, and the feagibility of extrgpolating scale test results to
connection designs must be considered.
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43.1 Testing

Assessment of the connection response in a physicd test environment usudly involves
measurement of an accurate loading history, using load cdls and pressure transducers (to
measure loading ram hydraulic pressures that can be later converted to load), and
corresponding strain measurements a criticl and nomina positions, usng srain gages or
photodastic methods. Other measurements, such as pecimen deflection under axia loading or
bending, and rotation of the specimen during axiad bending, may provide additiona information
that can be used to verify key modeling assumptions (e.g., boundary conditions, smplistic model
geometries, and materid properties). Moreover, some redundancy of primary measurements,
such as load and gtrain, should be included to confirm the accuracy of measurements, and to
provide back-up measurements should failure of primary instrumentation occur.

The ability to use strain gagesin highly loaded threed regionsis somewhat limited by the
geometry of the connection and durability of instrumentation when subjected to high loadings.
However, thar useisided since adirect measurement of highly locdized straining can be made.
Some caution should be used in the interpretation of test strains and ensuing comparison of the
results with finite dement andyses. In most cases, drain obtained a the modd nodes will
exceed those measured, and some averaging of the strains over multiple nodes or element areas
is required for reasonable comparisons.

To obtain premium vaidation data for comparison with andyses, every effort should be
made to exactly duplicate, to the extent possible, the loading and boundary conditions gpplied in
the andytical procedure. (Note that if the physica test can not duplicate such conditions, the
finite lement modd should be modified to reflect any discrepancies) Exact levels of preload,
to the tolerances that can be measured, should be applied, and athough the connection should
be designed to prohibit load path sengtivity, the sequence of loadingsin the test should duplicate
those of the andyses. During the interpretation of results, some thought should be given to the
inherent difficulties with duplicating the analysis conditions, and further, to the inability to exactly
duplicate conditions for two identical tests. If desired, probabilistic structurd analyses can be
used to quantify the degree of anticipated scatter.

Generd guidance on the number of tests to be performed for vaidation of each design
parameter is given by APl [Turner]. It is usualy appropriate to perform three identical tests to
improve the confidence level of the reaults, as is recommended by ASTM and others.
However, for large diameter connections, cost and size considerations precludes testing of a
large number of connections. In such cases, new methods based on probabiligtic structura
andydss and verification techniques may be applied. These methods are used to define a test
matrix based on assessment of only the key design parameters influencing structurd
performance.  This technique is most useful for cases in which a falure, conddering a large
number of design parameters and their combined effects, must be assessed.
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43.1.1 Strength

Determination of the datic drength of the connection usudly involves the
goplication of datic loads (e.g., pressure, axia, bending, and preload) to failure of the
connection. Depending on the design philosophy used, falure of the connection under
the gatic service load may occur in the pipe wall, as in coupling designs, or in the
threaded region, as in threaded pipe connections. Hence, during physica testing, the
test gpecimen for coupling design evauations must be configured such that failure occurs
in the connection and not in the pipe wal. Most researchers [Buitrago 1989] will ingtdl
the connection within nomina pipe sections with increased thickness (and capacity) to
force failure to occur within the connection. For the purposes of modd vaidation, some
andyss of the actud test configuration, with increased nomina pipe geometry, should
be consdered. Such difficulties may not be encountered with threaded pipe
connections since the design is based on failure within the connection.

If the assembled tubular dructure will be driven during inddlation, testing to
smulate driving should be performed. The connection must be shown to successfully
withstand driving forces without impairing its structurd performance, and to provide an
efficient means of transferring hammer energy [Buitrago 1988]. In addition to strength
evauation, a driven connection should be used to assess breakout torque needed for
retrievd.

In dl physicd tests, the specimen should be made-up using conditions identical
to those anticipated during in field ingtallation.

43.1.2 Fatigue

Idedly, fatigue testing should be performed to ascertain accuracy, or at least
trends, of the finite dement model and fatigue caculaions (Section 4.2.3). The test
specimen, with specid configurations as discussed in the previous section, should be
loaded to fatigue failure under each of the anticipated fatigue loading modes. These may
include bending fatigue, which may be rotating bending, and/or axid, to smulate vessdl
motions. For complete vaidation of fatigue predictions, satic design loads (including
preload) should adso be imposed during fatigue testing to evauate predictions of the
fetigue life as afunction of mean sresses.

The €ffects on faigue srength due to loading in a free-corroding environment
should dso be invedtigated. Results of such tests can be used to confirm a reduced
capacity when compared with in-air fatigue strengths, which can not be modeed in
anayses.

Following testing, such post-mortem examination of the falure location should
be performed to determine if surface or microstructura defects, such as hard inclusions,
initicted falure. The mode of criticad cracking, be it the codescence of many
microcracks or the formation of a single critica crack can also be assessed post-
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mortem. Grain dongation measurements and crack lengths can dso provide useful
information on the suitability of the materia for the given application.

Note that there will typicaly be alarge scaiter in fatigue results, which may not
provide rdiable vdidaion of andyticdly developed fatigue curves, or fatigue life
predictions. It is wel documented that such scatter may be attributed to differences in
actud test loadings when compared with modeling assumptions, and to surface and
microstructurd variations, imposed by manufacture or qudity of the materid, that can
not be accounted for in andyses. Thus, physcd tedting results usudly provide
quditeative information, which can be usad to verify generd dress leves trends in
behavior, and modding assumptions.

43.1.3 Make-Break Tests

The required torques for full makeup and breakout can be assessed in make-
bresk tests. The designer usudly has an initid estimate of the required torques from
design cadculations and analyses, and may need to verify these predictions on prototype
connections where manufacturing tolerances become important. It is dso desirable to
perform bregk tests on specimens that have been dlowed to fredy corrode in a
sdtwater environment, and/or connections that have been driven, so that initial breakout
torque, can be defined.

43.14 Manufacturing Considerations

The ability to manufacture a functional and reliable connection can be assessed
through fabrication of a prototype connection. The prototype, which may be used in
subsequent physica testing, should be measured to assure dimensiond tolerances are
within specification. Measurements should include both the profile features and surface
finish.

4.3.2 Extrapolation of Testing and Analysis Results

As emphasized throughout this section, connection performance under static, dynamic,
and fatigue loadings is highly dependent on the connection geometry, and some difficulty in
producing reliable and repestable results (attributed to limitations on testing conditions) may be
encountered. When consdering large diameter connections, test equipment capable of
generating severance load levels is extremely unique, or the tests may become far too costly to
perform in full-scae. In such cases, validation testing may require the use of scae models,
which can then be corrdated with corresponding scde andyss modds in an effort to
supplement and/or vaidate andytica predictions.

The underlying assumption in scde modd testing is that andyticd procedures and
results, if well vaidated againgt corresponding scale tests, can be used to rdigbly predict the
behavior of the full-scale connection of avariety of conditions. Researchers have addressed the
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use of scae testing of connections, and have demonstrated that reasonable corration between
models scded to differing proportions of the same connection exigs [Buitrago 1989].
However, further complicating the inherent difficulties of physica testing of scaled designs, isthe
inability to scale fatigue critica effects such as the surface finish, microstructure (and associated
defects), and manufacturing tolerances that may complicate accurate interpretation and
gpplication of the results.

When developing a scde modd for testing and andyss, the geometry should be
developed in exact scae proportion with the full-size design. For example, a haf-scae mode
of a40-inch diameter connection with a 1-inch thread pitch would be 20 inchesin diameter and
possess a 0.5-inch thread pitch.  All other thread profile dimensions in the haf-scde mode
would be scded as well. This includes thread engagement length, the ratio of diameter-to-
thickness (D/t) of nomind pipe sections and the connector region, and al dimensond
tolerances. Simply applying a design vaidated with a 20-inch diameter test connection to a 40-
inch diameter connection, without direct scaing of the entire threed profileisinvaid.

Scde moddling may not aways be appropriate.  The potentid for development of
dternate failure modes should be consdered when extrgpolating results to the full-scae design.
Additiondly, tedting that is somewhat quditative in nature, such as make-bresk teding, if
possible, should be performed in full scae.

44  STANDARD THREADS

During this study, the design and andysis of threaded connections subjected to caisson-
like loadings was performed. The andyses employed standard thread designs, using both
graight and tapered profiles and failure in the threaded connection philosophy (i.e., where
the threaded connection strength is less than the pipe body) to assess the generd feasibility of
using threaded connections in caisson gpplications. Sdlection of the standard profile designs, as
opposed to highly optimized designs and coupling configurations, was based on the premise that
the unmodified, widdy avalable thread forms would provide a lower bound performance,
adding conservatism in the assessment. Moreover, guiddines and recommendations regarding
the use of threaded connections in caisson applications are intended to be generdly applicable
for dl threaded designs, and existing standard thread patterns could potentialy be used for
coupling or threaded pipe configurations.

In dl, four sandard thread profiles were examined. The results of these andyses,
detalled in Appendix B, vdidated the need for some optimization of the thread profile,
particularly the thread height and root radius. This information provided vauable ingght into the
sengitivity of the threaded connection geometry and loading on stress concentrations.

4.4.1 Straight Threads

Three common gtraight thread profiles were selected to conduct stress andyses. The
intent was to investigate the effects of thread height and flank angle. The three profiles that will
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be discussed are shown in their respective finite eement moded form, contained in Appendix B,
and as schematics referenced in the sections that follow.

44.1.1 Acme

The Generd Purpose Acme profile is characterized by a 29 degree angle
between the sides of the thread and a flat crest. The basic thread height is one half of
the pitch, which is equivdent to the amount of axid distance covered by the thread form
in one revolution. They are typicaly utilized in assemblies where the inner threads are
fixed and the outer threads traverse axidly while supported lateraly by bearings
[Oberg]. A Genera Purpose Acme thread profileis shown in Figure 4-11.

4412 Stub Acme

The Stub Acme profile is very smilar in profile and application to the Generd
Purpose Acme; however, as the name suggedts, the basic thread height is 30% of the
pitch [Oberg]. The Stub Acme profile is shown in Figure 4-12.

44.1.3 Buttress

The buttress thread form has certain advantages in gpplications involving
exceptiondly high stresses dong the thread axis in one direction only. Thisiis atributed
to the contacting flank, which takes the thrust, and its perpendicular orientation to the
thread axis to reduce radia loading [Oberg]. A draight buttress profile is shown in
Figure 4-13. API buttress thread profiles are usualy tapered; however, to make a fair
comparison with other gtraight thread forms, the taper was neglected in this portion of
the moddling effort. The APl buttress is characterized by unsymmetric 3-degree and
10-degree flank angles and a rdatively low profile smilar to the Stub Acme [API Spec
5B].

4.4.2 Tapered Threads (Tapered Buttress)

For comparative purposes with the straight threads, a tepered buttress design was
modeled, and is shown in Figure 4-14. The conicd taper was 1 inch over 1 foot [API Spec
5B]. Specificaly, the APl buttress thread form that has been adopted for casing sizes 16-
inches and larger was used. The thread form was scaled up to create a 0.5-inch pitch.

4.4.3 Design and Analysis Approach

Standard thread performance is often andyticaly trested with empirical formulas based
on a large database of test results or smple cosed-form solutions that assume the load is
digtributed over a critical area. For example, the load needed to fail a threaded connection in
shear is equd to the shear area mulltiplied by the yidld stress of the materid, or if tendlefalurein
the critica thread is assumed, the yidd stress is then multiplied by the cross-sectiond area at the
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critica thread. These formulas have been shown to work satisfactorily for dl types of fasteners,
from screws to bolts to relatively smal diameter pipe. APl Bulletin 5C3 provides formulas such
as these for caaing joint srength. More exact design caculations are often not required if the
loading and failure mode are known.

45  EXISTING HIGH PERFORMANCE THREADED CONNECTIONS

High performance threaded connectors are avalable explicitly for use in risers,
conductors, and TLP tendons. The primary difference between the thread forms, or profiles,
present in these connectors and those described in Section 4.4 is that the high performance
thread forms have been refined in an effort to more uniformly distribute the loading between al
of the teeth. Naturdly, a more uniform load distribution will reduce the stress concentrations
present at the critical tooth or other discontinuities. By reducing the stressin the critical regions,
a greater load capacity can be achieved for the same grade and amount of materid present in
the connector.

Two types of high performance threaded connections have been identified: (1) externd
couplings, and (2) intrusvely threaded connections. The following sections discuss the generd
design characteristics and behavior of each type.

45.1 External Couplings

The firg type of high performance threaded connector is designated as an externd
coupling due to the upset (or built up) pin and box design. As suggested, the dedgn is
comprised of pin and box sections that have been machined out of over-sized forged annuli.
Upon completing the machining process, each section will be welded onto desired pipe joints.
Once thisis done, it is possble to thread the pin and box together thereby connecting the pipe
joints.

As dated before, these proprietary connections have been thoroughly modified in an
effort to reduce the stress concentration factor at the critical tooth. While each design is unique,
there are common characteristics among the group of external couplings. The fird is that a
coarse, buttress-type tapered thread form is typicaly used. The relaively large nature of the
thread form alows awider range of geometric parameters to be optimized in an effort to reduce
the criticd SCF. For instance, since the criticd location is typicaly at the thread root, a greater
range in acceptable thread root radius should permit a lowering of the SCF. Also, negdtive
flank angles are typicdly employed in an effort to improve the loading behavior of the
connection and better maintain thread engagement. Another common characterigtic of the
couplings is that rdatively large stabbing angles are employed that not only provide a more
uniform load didtribution but dso ad in digning the joints during assembly.

Externd couplings overcome the local stress concentrations at the thread root by using a
thicker cross section, stronger materid, or a combination thereof to reduce the sress in the
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critical tooth region below that of the nomina pipe body. As such, fallure will occur in the pipe
body and not the connector itself.

4.5.2 Intrusively Threaded Connections

The second dternative for a high-performance threaded connection is to intrusvely
thread the pipe body. This type of design eliminates the need for welding couplings onto a pipe
by directly machining a thread form into the pipe wal. Once the threads have been machined,
the pipe sections can be assembled in the same manner as the externa couplings.

The overdl development of the thread form is smilar to that described in Section 4.5.1.
The primary concern with machining a thread form into a pipe versus a forging is that the pipe
must be suffidently round initidly and maintain its roundness after machining to prevent
excessive runout and enable proper threading of the completed parts.

Unlike the externd coupling that uses a built-up section to ensure that the pipe body will
fail prior to the connector, the intrusively threaded coupling assumes that the failure occursin the
threaded region. As such, to achieve greater strength in the threaded connection, it is necessary
to increase the wall thickness, stedl grade, or some combination thereof, for the entire pipe.

4.5.3 Design, Analysis, and Validation of High-Performance Threads

The desgn, anadyss, and vdidation gpproach adopted by most manufacturers is
consistent with the associated API requirements and standard practices. As such, a program
combining finite dement andyses with vdidation and proof testing is employed for each new
desgn. The agpplied loads generdly consst of bending, axid, and pressure gpplied ether
individudly or in combination with each other. In addition to satic strength proof tets, fatigue,
driving, and make-break tests may aso be performed.

The tegting and analys's program required for assessng smal design changes, such as
dightly increesng the diameter or nomina wall thickness is generdly determined using
“engineering judgment.” This means that the individud manufacturer will determine if it is
redidic to scade an exiding desgn or if a complete re-evauation of the desgn must be
peformed. The factors defining “smdl change’ and “new desgn” will vary between
manufacturers, and, therefore, so will the extent of subsequent validation procedures.
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5. APPLYING THREADED CONNECTIONS TO CAISSONS

As gated in the opening comments of this document, the intent of the study is to assess
the feadhility of applying threaded connections to caisson dructures.  Thus far, exigting
protocols for the design, analysis, and validation of caisson structures and threaded connections
have been consdered independently. The combination of these protocols, and other relevant
technologies, form the bass of the feagbility assessment of threaded caisson connections
discussed in this section.

Unless otherwise noted, it is appropriate to assume that the guidance reviewed in
Section 3 (Exiging Caisson Design Practice) and Section 4 (Existing Threaded Connection
Design Practice) is relevant to the evauation of threaded connections in caisson gpplications.
Any guidelines that are not well suited to the evauation, or specid congderations that have not
been addressed are discussed in this section. A generd overview of the design of caissons
employing threaded connections has been extracted from the following discussons, and is
presented in Section 6 with additional recommendations for further sudy amed & verifying
some of the unproven aspects of the design.

5.1 DESIGN

Following the review of design protocols discussed in Sections 3 and 4 of this report, it
was discovered that, with the exception of casud and non-explicit references in texts and
guiddines, detailed design guidance pertaining to threaded connections used in large diameter
caisson-like applications is nonexisgtent. Thus, the design gpproach detailed in Figure 5-1 and
discussed in the following sections is primarily based on good engineering judgment and in-
depth technicad evaduations, and not on previous fidld experience in the area. Subsequently, any
connection design will likely require thorough andyss and vdidation through testing, and some
level of in-service qudification.

5.1.1 Applications

By mogt esimations, threaded caisson connections may provide a timesaving, cost-
effective method of congructing a caisson in rdatively shdlow water and would be especidly
ussful if the availability of large lift vessals needed to inddl the fully assembled design were cost
prohibitive or nonexistent.

5.1.2 Design Philosophies

Based on the detailed assessments performed, ether of the two design philosophies
evauated in Section 4, failure in the pipe body or failure in the connection, can be used in
the design of threaded connections for the proposed application provided that appropriate
design protocol and vdidation is completed, and dl potentid modes of fallure are consdered.
Note that while the connection congdered in this sudy may perform essentidly identica in
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tenson driven designs, when subjected to high compressve loadings, different faillure modes
should be expected. (Section 5.2.2.2 provides more specifics.)

5.1.3 Threaded Caisson Considerations

Specific consderations that are unique to the use of threaded connections in offshore
caisson gpplications are outlined in the following sub-sections. The mgority of loads and design
parameters discussed are consstent with those discussed in Sections 3 and 4 unless otherwise
noted.

5.1.3.1 Combined Axial Compression and Bending

Many studies have been performed on the evauation of girth welded tubulars,
tubulars with mechanica damage (corrosion), or structurd repair deeves when
subjected to combined internal pressure, large axid compresson, and axid bending
loads [Zhao, Bouwkamp, Smith 1998, Grigory, SSD]. In work performed by Zhao
and Bouwkamp, tubulars without geometric discontinuities were subjected to combined
loading scenarios resulting in buckling collgpse of the Structure initiaing in the maximum
compression region. Studies performed by Smith, Grigory, and SSD on tubulars with
geometric discontinuities (eg., girth weld mismatch, local thinned regions, and repair
deeves) subjected to combined loading produced locdized bucking that led to alossin
bending stiffness and subsequent collapse of the Structure.

When gpplying a large geometric discontinuity, such as an externa coupling, to
a caisson gructure subjected to high axid compression, loca buckling adjacent to the
connection (diameter upset) may be developed as a result of thickness trangtions and
the inherent stiffness mismaich. The extreme bending moment applied to the section is
the result of the coupling of axidly compressve and bending loads, and may be
mathematically expressed as.

Mc :MB+FA>d (5'1)

where Mc is the moment in the region of the connection. Corresponding stresses are
positive or negative depending on the side of the connection that is under consideration
and its relation to the gpplied loads. Mg and F, are the bending moment, and the total
applied force, respectively, and are as defined in Section 2, and d is the eccentricity, or
digplacement of the centerline of the tubular-connection cross-section. Each of these
quantities is shown in Figure 5-2. For worst case considerations (at the compression
dde of the coupling), the applied bending moment Mg is the same sign as the product of
F,d.

Intrusively threaded pipe may be trested in a somewhat smilar fashion to an
externa coupling under bending loads. However, it is likely that failure for this type of
connection would occur in the threaded region. The threaded region of an intrusively
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threaded pipe may more accuratdly mimic a localy thinned area, reducing the bending
diffness of the joined sections particularly if large threaded displacement or threaed
jump-out occurs during application of the bending loads.

Interna pressure, when combined with axialy compressve and bending loads,
may dlow for increased eccentricity and curvature in the region, and a extreme
magnitudes, dramaticaly reduce the moment-carrying capacity. However, this is an
unlikely loading scenario for offshore caissons.  Perhaps more serioudy impacting the
sructura response is external pressure.  Various researchers have investigated the
effects of externd pressure goplied in combination with axia and bending loads to
define collgpse pressures and failure modes for tubulars. While most of this research
has focused on samdl diameter tubulars without defects, they have shown that under
such conditions, rapidly propageting collapse and buckling of the structure can be
produced. Agan, some andyss of the potentid for this type of falure should be
investigated in the design and andysis phases. In any dability analyss, the onset of
buckling should be consdered the falure point, as opposed to the ultimate collapsed
shape. This smplifies the andyticd effort and provides conservatism of the results.

In addition to the gtahility failure phenomena described above, locdized falure
of the threads should be evauated. Under high compressive loads, shearing of the
threads can initiaste a compresson falure of the connection. When coupled with
bending, teeth on the compression side of the connection will be forced together, while
those on the tenson side will be pulled gpart. On the tenson side, disengagement of the
threads may occur, affecting integrity of the connection. Such effects should be
consdered in the thread profile design.

5.1.3.2 Fatigue and Fracture

An in-depth discusson of fatigue strength assessment protocols for threaded
connections was presented in Section 4.2.3, and provides indght into specific areas that
should be addressed when gpplied in caisson dtructures.  In generd, definition and
behavior of the stress concentration factor and stress ranges as a function of large
compressive and bending loads must be addressed.  Furthermore, the applicability of
exiging fatigue assessment guiddines for connections subjected to large compressive
mean dress is uncertain, requiring that detailed andyses and physica testing be
peformed. Typicdly, compresson does not lead to fatigue fallure. However,
compression of a threaded connection should not be disregarded due to the complex
dress digributions, some of which may remain tendle in preloaded connections. (See
Section 5.2.2.1))

The attainment of accurate vaues of stress concentration factors (SCF) is vitd
to the assessment of dructura integrity under cydlic loading, such as pile driving and
wave action. These vaues must be obtained through andytical modeling and vdidation
testing, using methods smilar to those discussed in Section 4. Additionaly, assurance
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that the in-service connection performs as predicted by andyses, particularly when scde
testing and modeling is applied, is essentid for any rdiable assessments. This includes
makeup and tolerances.

As in dl faigue falures, the ultimate falure mode is from fracture of the
remaning ligament. With threaded connections, externd couplings or intrusvely
threeded, it is likely that the initiation of fatigue and ultimate fracture will occur in the
threaded region or diameter upsets. Inspection of these aress, in-service or otherwise,
may prove difficult, and thus, adequate safety margins must be accounted for in the
design.

5.1.3.3 Backdriving

The potentid for backdriving of the connection from torque loadings transmitted
through the caisson should be consdered. Additiondly, cyclic loading may dso lead to
incremental backdriving over the caisson life and should aso be evduated.  Specid
techniques or mechaniams may be implemented to lock the connection in place and
provide resstance to additional torsonal loadings. For example, a non-structura sedl
weld may be used following make-up of the connection that precludes rotation of the
connection, and aso provides a barrier againgt seawater intruson. Such a wed is
usualy only a single pass and is not intended to penetrate the thickness as in a fully-
penetrating girth weld. Upon caisson removd, the sed weld is smply ground off, and
the connection is broken loose as usudl.

In addition to sed welds, specid locking mechanisms, such as an anti-rotation
pin and dot, can be desgned to ress tordond loadings. Initid evaduations of the
mechanism performance can be accomplished through loca analyses of the connection
(Section 5.2.2), dthough vdidation of the find design will require physica testing that
includes the effects of friction, make-up, preload, service loadings, and subsequent
remova. In addition to these, the effects of corroson over the life of the caisson should
be congdered for any locking mechanism.

5.1.3.4 Installation

Each detail of the inddlation for the connection should be addressed in the
design phase. Required makeup torque, sedling requirements, handling, and the method
of ingdlation should be preliminarily addressed, and ultimately validated through full-
scae (preferred) testing. Specia consderations for each of these issues follows.
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5.1.34.1 Makeup Torque

Applying makeup torque can dter the dress range that a connection
experiences (refer to Section 4.2.2.4) and reduce the possibility of backdriving from
torsond loads that tend to loosen the connection. For large diameter connections, the
ability to properly apply the needed torque during indtdlation may pose serious
problems. As a possible aternative, matched markings on the connection pin and box
may assure proper makeup torque has been achieved during ingalation, provided that
the connection tolerances can be hdd rdatively tight during manufacture.  As such, a
matched set of marks helps to ensure that the connection is made up properly, and that
the correct amount of preload exists.

5.1.34.2 Sealing

In addition to the discussion in Section 4.1.5.4, a non-structural seal wdld to
ress torque loading may aso provide added seding capability.

5.1.34.3 Handling

Thread protectors may be needed to prevent damage to the threaded region
during any handling of any unassembled connection. Additiondly, lifting limits should be
edablished to define the maximum weight of connected pipe sections that can be
supported without damaging the connection, or initiating buckling of assembled
members under bending loads.

5.1.344 Pile Driving/Jetting

Since gross deformation in the hammered region is developed during pile
driving, it is unlikely that a cogtly connection will be directly hammered on, or will be
located in any region where large deformation from hammer forces are anticipated. The
grosdy deformed region where the hammer impacts is usudly trimmed and disposed of,
and anew section to be driven is added. Since a cut is made, the new section must be
welded on. The new section may contain a threaded connection, but it must not be
positioned adjacent to the hammering location. The process is then repeated until the
full string has been assembled and inddled. Thus, threaded connections can not be
used exclusvely for driven gpplications as some welding will be required. Some thought
should be given to the development of a sacrificid piece for hammering, or modification
of the hammer to reduce deformation. Hence, jetting (Sometimes referred to as drilling)
acaisson may be more attractive for caissons with threaded connections.

5.1.35 Removal

The likely remova scenario is to retrieve the caisson in one piece and bresk it
down on shore. Again, limits should be set on the length of connected pipe sections that
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can be supported during lifting. Full consderation of these lifting forces for assembled
cai sson connections should be made during the design process.

Two additional complications in the remova process are: (1) controlling which
connection is broken loose first, and (2) ensuring that corrosion over the caisson life
does not prevent disassembly or promote premature disassembly during retrieva. A
detailed plan should be developed that considered these complications, and appropriate
protection from corrosive elements should be provided. Protection can be supplied in
the form of corrosion resistant coatings and thread compounds, sed welds, cathodic
protection, and/or the use of materias less susceptible to corrosive e ements.

5.1.3.6 Manufacturing Considerations

In addition to concerns regarding material grades and their sdection (Section
5.1.4.3), issues associated with the ability to reliably produce a threaded connection
within the needed tolerances must be addressed. Additiondly, the ability to inspect
threaded connections for large diameter gpplications is difficult Since often times gauges
in such gzes ae virtudly non-exigent. Other Sgnificant concerns related to
manufacturing of the connection are outlined in the sub-sections that follow.

5.136.1 Tolerances

Ovdlity of the caisson tubular materid must be controlled very closdly for both
dructura gability, proper manufacture of the thread profile and connection, suitable
makeup. In addition, poorly designed and |oose threading tolerances can lead to a girth
mismatch at the joining region that further compounds makeup adignment and Structurd
gability problems.

5.1.3.6.2 Quality Assurance and Quality Control

By developing new methods to gauge large diameter, large pitch thread profiles,
and ingpecting connections as well as pipes for ovality, assurance of design performance
can be met. Makeup inspections should aso take place after ingtalation to assure that
the design requirements at ingtdlation have been achieved.

5.1.3.7 Maintenance and Inspection

Because of the likdihood that a critica fatigue crack would develop within the
threaded region, an inspection protocol should be developed to inspect for these cracks
during service. Mog often, critica cracks may not be evident unless the connection is
disassembled and visudly inspected, or ingpected with NDE methods (Section 4.1.5.2).
Once the caisson platform is indaled, disassembly of the connection for ingpection
becomes impossble.  Thus, non-destructive techniques that can “peer” into the
threaded region should be consdered for in-service inspections.  Such techniques
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dready exig in the form of radiographic ingpection, and would be well suited to in-
service ingpections if adapted for marine gpplications. Following detection of the crack,
fracture mechanics techniques (Section 4.2.3.4) may be used to assess the remaining
fatigue life, and the need for and frequency of follow-on inspections.

5.1.4 Applicable Guidance from Existing Regulations

Sections 3 and 4 provide detalled descriptions of the relevant design guidance for
caissons and threaded connections, respectively. Additiond guidance as it relates to the design
of threaded connections for caisson gpplications is given below, and is fundamentally based on
information echoed in APl RP 2A or 30CFR25.

5.1.4.1 Strength and Considerations for Stress Concentration

In Section 16 of APl RP 2A, specid consderations for bolted connections,
such as shear, lamdlar tearing, friction factors, relaxation, stress corroson cracking,
fatigue, brittle fallure, and combinations thereof, has gpplicability in threaded caisson
connections. Additiondly, where primary members rely on friction to transfer load, it
should be demondtrated, using gppropriate andytical methods or experimentd testing,
that adequate load transfer will be developed and maintained during the life of the
structure.

“Stress concentrations at criticd  dructurd  joints shdl be specificaly
addressed.” According to AISC ASD, connections shdl be proportioned so that the
caculated dress is less than the dlowable determined by Structurd analyss for: (1)
loads acting on the dtructure, or (2) as a specified proportion of the strength of the
connected members, whichever is gppropriate. For stresses of highly localized nature,
locd yielding of the gtructure is acceptable if it can be demondrated that such yieding
does not lead to progressive collapse of the overal platform, and that generd Structura
dability can be maintained.

5.1.4.2 Validation of Connection Behavior

In Section 4 of APl RP 2A, other complex joints that are not specificaly
covered, including threaded connections, may be designed on the basis of appropriate
experimenta evidence, or an gppropriate analytical check verifying that a distribution of
stress can be assumed that satisfies equilibrium without exceeding the dlowable stress of
the materid. Reference to vdidation activities is aso made in Section 16 of APl RP
2A.

5143 Materials Definition

For intrusively threaded pipe, the dlowance for Class C sted to be used in
cassons is in conflict with the requirement that primary connections for minimum
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dructures, where falure would cause sgnificant loss of structurd strength, be made of
Class A sted. However, for externd couplings, this alowance and requirement can be
achieved.

5.1.4.4 Installation and Removal

Add-on pile sections should be provided with guides to fecilitate proper
dabbing and dignment. A tight, uniform fit by the guide should be provided. The
guides should be capable of safely supporting the full weight of the add-on pile section
prior to welding (or assembly). While specificdly addressng welding, this requirement
may aso be appropriate for thread makeup.

5.1.45 Inspection

Where connections are designed to be fidd ingtaled, ingpection methods should
be developed to ensure that no damage has occurred to the threaded region during
handling, and that proper ingtdlation in accordance with specified design assumptions is
achieved. Inspection procedures are aso discussed in Section 5.1.3.6.2 of this
document.

5.1.4.6 Manufacturing Considerations

Structural sted pipe specifications found in American Petroleum  Indtitute
Specification 2B [API RP 2B] cal for out-of-roundness tolerances not to exceed 0.5
inch for large diameter pipe. These specifications should be fully consdered in the
design of large diameter threaded connections, where out-of-roundness tolerance
requirements will be predominantly dictated by the tolerance needed for proper design,
manufacturing, and ingalation of the thread profile.

Threaded connections should be gauged as discussed in Section 4.1.5.3.3 to
acertain that threed form, pitch, diameter, and runout can be produced within the
tolerances required by the design. Again, the availability of ingpection gauges for large
diameter threed designsiis limited, and may pose some difficulty to the ability to provide
adequate assurance of the design.

5.1.4.7 Validation Analyses

Lloyd's Regigter, Rules and Regulations for the Classfication of Fixed Offshore
Ingdlations, Structurd Stedl Requirements [Lloyd's|, generdly requires primary
gructurd members to be andyzed by a three-dimensond finite eement method.
Alternate means of andyss can be used if shown to be adequate for the desgn. The
finite dement mode and the dement types used are to be sufficiently representative of
the primary components of the structure so as to enable accurate determination of
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forces and displacements. Sections 3 and 4 discuss specifics of the gpplicable finite
element andyses and their use in design validation.

5.2 ANALYSIS

Offshore experience with the connections under consderaion is limited, therefore,
connection performance and rdiability is of concern especidly when utilized in a low
redundancy structure. Consderation of the characteristics of the connection, such as flexibility
and locdized dress concentrations, during globa structural andyss may ultimatdy dictate the
failure mode(s) produced.

5.2.1 Global Response Analyses

When combining threaded connections and caisson structures, the alowance should be
made for not only applying globa andyds results locdly in the connection but dso returning
results of the loca response to a second iteration of the globd andyss, i.e, globa-loca
interaction analyses should be performed. Figure 5-1 displays this interaction.

5.2.2 Local Response Analyses

Locd andyses, using the finite e ement analys's procedures described in detail in Section
4.2, should be peformed to evduate the effects of globd loading on the connection
performance. (See Figure 5-2.) While gtatic and dynamic strength, piling, and thread jump-out
evauations are directly gpplicable to the proposed application of threaded connections, the
suitability of direct gpplication of fatigue strength assessment procedures described is uncertain.
Moreover, additiond falure modes may be produced which should, & a minimum, be
investigated with anaytica techniques.

5.2.2.1 Fatigue Strength Determination

Cdculation of the stress concentration factor for fatigue strength assessments is
identical to the procedures described in Section 4.2.2.1. The potentid for nonlinearity
of the SCF with gpplied loading must be quantified, and a defensble method for elther
assuming linearity in fatigue assessment (i.e, SCF is linearly relaed to load over
anticipated load range), or treetment of any nonlinearity in the evduation should be
provided.

When consdering the effect of a prdoad on the desgn, which is typicdly
gpplied to prevent inadvertent breakout but can reduce the cyclic stress range and
extend fatigue life, the andys will note that locd tendle dresses at the previoudy
edablished fatigue criticd location (FCL) will decrease under increesng axid
compresson. This behavior, shown graphicdly in Figure 5-3 for an assumed linear
relation between locd thread root stress and applied load, aso depicts the more rapidly
declining dope of the non-preloaded connection.  The observed behavior is essentidly
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identica, for both the preloaded and non-preloaded connections, to that observed for
the tendle loading mode, and is attributed to the tendency for loaded flanks to open
(decreasing tendle loading) and dternate flanks to become loaded as the connection is
forced into compression. (See Figure 2-4.)

In previous tenson dominated designs, loca stress at the trailing root radius of
the tooth furthest from the pin free-end was often higher than other regions within the
connection, as is the assumed location in Figure 5-3. However, during compressve
loading, asthe local tendle stress in this thread root region declines, that on the opposite
sde of the tooth may begin to rise, as will stresses in the shoulder. Note that when the
preloaded connection curve in the figure intersects the load axis §-axis), the initidly
loaded and contacting flanks will have separated. The gradualy decreasing dope of the
preloaded curve accounts for the fact that at the time it intersect the load axis in the
figure, dgnificant deformation will have occurred a shoulder regions. Hence, it is
gopropricte that for al connection designs, some effort be expended on the
identification of critica regions for compressive loading that may not have been criticd in
the tendon loading mode. Comparison of the figures in Appendix B for the different
loading modes provides some ingght into understanding the changein the critica region.

Considering once again the critica thread root region from previous tenson
desgns, Figure 54 displays how a cyclic compressve axid loading may affect the
stress ranges in the preloaded and non-preloaded connections.  As shown, while the
non-preloaded connection’s cyclic dtress range remains compressive, the preloaded
connection will have a corresponding cyclic stress range that istensile. The root radius
on the other sde of this same tooth will experience yet another cyclic stress range,
which may or may not be more critica than that shown in the figure. And further ill,
shoulders, which will resst the mgor portion of al compressve loading, may exhibit
even more criticd conditions. Such variation in the thread dresses observed in
compression, with or without initid preloads, emphasizes the need for thorough
examination of the connection under anticipated loading conditions so that the
gppropriate critica locations and corresponding stress can be identified.

Once the SCF (based on pipe body stress or thread root cross-section stress)
for the connection has been accurately defined, the fatigue assessment of the connection
can be initiated. Regarding the procedures discussed in Section 4.2.3, a rdidble
approach for the proposed application is stress-based. In this gpproach, a qudified
fatigue curve (SN) for the connection or materid exigts that includes compressve cydlic
loading, geometric effects, and preferably, compressve mean stress, and geometry
effects, and dadtic finite eement predictions of the dress range a the FCL are
converted to fully-reversible and equivaent axial stresses (S ., ) for comparison with

theactud SN curve. Miner's rule may be gpplied for variable amplitude loadings,
following counting, and the number of cydesto falure (Nf) can be directly assessed.
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Accurate fatigue strength determination using the strain-based approach for
connections subjected to high compressive loads (compressive mean stresses) should
be cautioudy approached. The Smith, Watson, Topper parameter (SWT, equd to
S evBrey ) COMmMonly used to relate the fully reversible and equivalent stresses and

drains a the FCL may produce nonconservative predictions of the fatigue life for
compressive mean stresses [Dowling]. Figure 5-5 depicts a comparison of actud test
data with predictions developed using the SWT parameter, and shows overestimation
of the caculation. Hence, it may be more appropriate to apply an dternate method,
such as the Manson-Coffin technique, to directly reate the fully reversble and
eguivaent uniaxia srain (€., ) to the number of cycesto falure.

Because compressive loading on the connection ingtdled in a caisson structure
will be largely datic, accurate trestment and representation of compressve mean
stresses is crucia. As discussed above, the commonly accepted SWT parameter
relating locd dress/'sran amplitudes to the faigue life is nonconservaive for
compressive mean stresses.  |n addition, some mean stress representations based on
amplitude-mean diagrams (introduced in Section 4.2.3.1.2) may be nonconservative
when gpplied to compressve mean dresses in ether a stress- or strain-based
gpproach. If the amplitude and mean sress for the FCL region are known, and an
equivalent uniaxia, reversble dsress amplitude is needed (S5, ), the following

equation, rearranged from the Goodman expresson in Equation 4-21, may be solved

for S ey -

2 +2m=) (5-2)
S aREV SU

When large compressive mean siresses are present, this caculation will overestimate the
faigue life as shown in Figure 5-6. Accuracy of the caculaion can be improved if the
true fracture strength (S, ) or the fatigue strength coefficient (s ¢) is subgtituted in

Equation 5-2 (or smilar forms) for the ultimate materid sirength. Other representetions,
such as the Gerber Parabola also plotted in Figure 5-6,

.2
S &z 0
S i (53)
S arev Sy g

amilarly generate nonconservative results when compared with actud test results at
compressive mean sress. (Note that Equations 5-2 and 5-3 take the form of Equations
4-21 and 4-31 used in stress- and strain-based approaches, respectively.)
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5.2.2.2 Additional Failure Modes Introduced

Reaults of the technicd evauaion and industry survey indicate the potentid for
two additiona failure modes that should be addressed: (1) local buckling of the caisson,
and (2) backdriving of the connection during service. Locd andysis gpproaches for
esch of these are given in the following sub-sections.

52221 Local Buckling

Locd buckling of a tubular occurs when a pesk in the moment (Mc) versus
deflection (d) behavior is produced, as shown graphicaly in Figure 5-7, and the point of
loca buckling is usudly defined by the moment-curvature relation dso shown.
(Curvature, unlike moment, can be directly measured. Thus, definition of abuckling, or
criticd curvature for in-service evduations is sandard) For mogt axid tenson
dominated designs, like those currently employed in drilling risers and TLP tendons
(with and without connectors), loca buckling a the connection may not be a Sgnificant
concern for moderate gpplied bending moments (Mg) since the bending contribution of
the F,>d term in Equation 5-1 tends to reduce the moment applied at the connection

Mc. However, as discussed earlier (Section 5.1.3.1), large tubular structures with and
without geometric discontinuities may experience loca buckling a or adjacent to the
diameter upset, as well as a giffness mismatch region, when subjected to high axid
compression and/or axia bending loads.

Many factors can initiate a buckle in a tubular body — the magnitude of gpplied
loads and their sequence of gpplication, ovality of the cross-section (that increases with
increasing bending moment), axia camber of the tube, girth weld mismatches, thickness
trangtions and ther length, and Sze of locd thinned regions. Congdering the work
performed by Bouwkamp, Grigory, SSD, and others, the pesk moments and
corresponding critical curvatures of pipes with deeves were less than those of pipes
without deeves for the same load path, materia grade, and nomina pipe diameter-to-
thickness (D, /t,, ) ratio. Similar effects were observed for local thinned regionsin work

performed by Smith [Smith 1998].

When comparing study results for different ratios of D, /t, , pipes with and
without deeves exhibit lower peak moments at lower ratios than do corresponding pipe
configurations a high ratios. For curvature, the inverse was observed. This fact is
troublesome since, in generd, tubulars used in caisson congtruction have lower D /t,,
ratios (< 50). Additiondly, some sengtivity to the axid length of the geometric
discontinuity has aso been observed in the studies. For deeved pipe configurations a a
given D, /t,, longer deeve lengths generaly reduce the pesk moment and critica
curvature due to the greater extent of stiffness mismatch.

Extending these concepts to the evauation of threaded connections for caisson
gructures, where high axiad compressve loads are coupled with bending, there exists a

Final Report — Section 5 512



grong possibility that locd buckling falure initiated by the presence of a connection
could occur. For an externd coupling, the buckle may form at or adjacent to the
diameter upset attributed to the change in bending stiffness and the thickness trangtion.
For a threaded pipe connection, the buckle may form within the threaded region,
initisted by any ovdity or thread disengagement, in addition to the geometric
discontinuity of the threaded region itself.

Given the above discussions, there clearly exists a need to evaduate a caisson
design containing threaded connections for loca buckling behavior. Anayses should be
both globa and locd to identify any contribution of connection displacement, ovdity,
and pladticity, if present, on the overal sructurd response. An encouraging fact from
the previous sudies is that advanced finite dement andyses have been successfully
employed, and verified, to assess the onset of loca buckling in deeved pipe
configurations and pipes with locd thinned regions [SSD, Smith 1998]. Such andyses
of connection behavior, dthough likely more sophisticated, may include:

detailed modeling (including contact and refined mesh) of the connection
and some portion of adjacent connecting bodies,

symmetry modding, assuming effects of 3D hedix can be accurately
evauated in this manner,

nonlinear materid definitions, including any anisotropy between hoop and
longitudina materid directions, and

the specification of multiple load paths to insure load-path insengtivity of
the connection and the effects of preload.

Note that if the connection is designed in accordance with existing protocol
(Section 4), the connection should remain nomindly eastic during the entire load history,
dthough highly locdized pladticity a criticd threed regions is likdy. Thus, the
connection should not exhibit any load path sendtivity. However, some effort to verify
this agpect of the design isinitialy required.

Globa andysis results (for the entire structure) can be used to define loads
imposed on the locd connection region. To investigate locd buckling behavior in
subsequent local analyses, the connection should be positioned between equd lengths of
the adjacent connecting tubulars, and centered about the region of maximum bending.
The length of connecting tubulars to be modeled should be sufficient to preclude the
interaction of end-effects a the free-end boundaries with the connection response.
Load magnitudes defined by the globa andyses are then gpplied at the free-end
boundaries, and the adjacent tubulars will transmit this load to the connection. (Note
that a plane of symmetry can be placed at the connection axid mid-plane for thread
models, taking into account some assumptions regarding the 3D helix.) Ultimately, the
local response characteristics should be compared with globa predictions of loading
(and gtress/gtrain, if possible) at locd mode boundaries to verify modeing assumptions.
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To reduce the modding effort, initid loca analyses of the connection to insure
the vaidity of modding assumptions should be peformed. In addition, any design
optimizations should be conducted prior to performing the loca buckling anayses.

Once satisfied with the andytica procedure, the connection configuration can
be further modified to optimize pesk moment and curvature cgpacities. Such
optimizations may include variation of the axid length of the connection, an increase in
materia srength, or modification of the connection diameter, upset, and/or nomind wall
thickness. If such optimizations are performed, re-andysis of the new configuration for
datic and fatigue strengths, and functionality should be pursued.

5.2.2.2.2 Backdriving of the Connection During Service

Torsgond loading may be imposed on the caisson body (and threaded
connection) from the latera loading of platform that it supports. Wind forces on the
platform, and temporary loadings from boat landings can generate torson which may
tend to “unscrew” the connection in service. If ggnificant rotation of the connection is
developed, the loss of preload and make-up torque, and ultimately, integrity of the
connection, results. The diminished integrity of the connection may subsequently leed to
local buckling or aloss of critica strength capacities.

Globd analyses can be usad to define the magnitude of torsona loads acting at
the connection, which can then be gpplied to a loca connection mode to evauate the
cgpacity of any anti-rotation device implemented in the desgn. Initid Szing and
capacity of the sed weld and/or anti-rotation pin and dot can be assessed in the loca
models that smulate the make-up toque, preload level, and service loadings. However,
physcad vadidation, which includes frictiond effects, is needed for vaidation of the
modeling assumptions.

5.3 VALIDATION

Vdidation of the overdl design should primarily focus on the connection response, and
in genera, will be identicd to the techniques described in Section 4.3. However, because of the
potentia for error in fatigue strength computations, loca buckling, and loss of functiondity due
to driving, long term exposure to corrosve eements, and torsond loading, additiond physica
testing amed a defining these effects should be initiated. Specifics on the extended vadidation
requirements, and potentia difficultiesin testing of large diameter connections follow.

5.3.1 Additional Testing Requirements

Static and dynamic strengths of the connection can be determined using the test sample
configurations and protocols given in Section 4.3, and should include determination of the
compressive capacity of the connection. (Note that if tenson loading will be experienced during
the sarvice life of the structure, the tension capacity must aso be established.) Condderations
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for the manufacturing of the connection, through the development of a prototype that is gauged
for fabrication tolerances and make-up characteristics are al o assessed as before.

5.3.1.1 Fatigue Strength

Fatigue testing should be performed as discussed in Section 4.3.1.2, for each
cyclic loading mode. However, a sufficient number of tests at various levels of mean
compressive sress should be conducted to assess gpplicability of the fatigue strength
computation to compressive mean sresses. At a minimum, these tests should include
fatigue testing with a compressive mean stress and preload equd to the desgn vaue.

5.3.1.2 Local Buckling

To assess the locd buckling capacity of the connection under combined
loadings, the connection should be loaded such that both bending and axial compression
(and externa pressure) can be gpplied. The specimen geometry should include
gppropriate lengths of nomind pipe joined by the connection to be tested, and ingtalled
in the test facility with the connection positioned & the maximum bending region. To
obtain pesk moment information, axia compresson and bending moment magnitudes
(applied by hydraulic loading rams) should be measured using load cells, premium
resolution pressure transducers to measure hydraulic fluid pressure at the ram, or a
combination of these. Criticd curvature can be messured using inclinometers to
measure rotation over a known gage length, or displacement transducers at multiple
axid locations from which a displacement profile, and ultimately, the curvature at
buckling can be obtained.

If analyses predict failure due to excessve ovdization of the nomind pipe or
connection cross-section, ovaity measurements can be made using a combination of
verticdly and horizontaly oriented displacement transducers postioned about the
circumference of the presumed critical cross-section.

Note that buckling tends to occur rapidly in the test environment, and thus,
loading should be applied incrementaly and measurements taken at each increment up
to and dightly beyond the pesk moment value. For these conditions, continua
measurements are best. Test data developed in either manner will be useful in validating
each load step of the andysis.

5.3.1.3  Functionality

Two additiona areas of concern regarding the functiondity of the connection
have been identified. The first considers bresk-out of the connection which has been
driven, subjected to service loadings, and alowed to fredy corrode in a seawater
environment. The second focuses on backdriving of the connection under caisson
torque loadings which is perhaps more of a concern in caisson gpplications than in
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risers, TLP tendons, and other smilar gpplications. Proposed validation procedures for
the additiond functiondity concerns are given in the following sub-sections.

5.3.1.31 Break-Out

The assembled structure will be subjected to large driving forces at ingdlation,
possible damage due to unforeseen incidents, and corrosive environments during service
that may impair long term integrity of the connection. Thus, bresk testing of a driven,
corroded connection should be performed to validate breaking torque predictions.
Achieving the desred full-scde sample for testing will, however, be difficult since
loadings imposed during service may influence the growth of any indagtic deformations
or microcracks initiated during driving, or increase/decrease the rate of corroson.
Hence, accurate validation may be delayed until an appropriate sample can be removed
from sarvice. The dterndtive involvesinitid driving of a connection thet is then stored in
a sdtwater environment and alowed to corrode for a pre-determined period of time
under accelerated corrosive conditions (e.g., current, sat fog, and other methods), and
possibly under cydlic loading aswell.

Following the bresk test, mating surfaces in the threaded region should be
examined to determine if any gross deformation of the threads has occurred, corrosion
is more extensive than anticipated, and if any surface defects have developed which may
be of critical proportions. This examination will provide information on the effectiveness
of corroson coatings, and generd information on the deformation capacity of the
connection.

53.1.3.2 Backdriving

Much of the information needed for the prevention of backdriving, with the
exception of cydlic loading, which could lead to backdriving, can be obtained in
breakout testing. 1dedlly, backdriving tests are performed on the full-scale specimen (or
prototype), madeup in accordance with design specifications (Section 5.1.3.4.1). The
prototype connection should aso include any anti-rotation devices and/or ingtdlation
techniques so that ther effectiveness in ressting backdriving of the assembled
connection can be established.

5.3.2 Extrapolation of Results

The industry survey performed indicated an average caisson diameter of 48 inches.
Hence, the threaded connection to be used in such designs will be a large diameter, requiring
tremendous loads to evaluate in full-scale. 1n most cases, testing of the connection to failure will
require the use of scale modeling techniques and the extrapolation of anaytica results to obtain
full-scale connection capacities.
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Every effort to replicate the full-scale connection in a scde modd for testing and
andysis should be expended. This includes scaling of the threaded pattern and nomind pipe
D /t, ratio, surface finish, and manufacturing tolerances, dthough the later two parameters are
much more difficult to achieve. If, upon development of the scde test sample, deviations from
the full-scale design are noted, analytical models of the scade test sample should be updated to
reflect the deviations, and the effects of such discrepancies should be quantified.

Because of the need for extended fatigue assessment to verify applicability of existing
evauation formulas, exacting measurements of any surface defect prior to and following physica
tests should be obtained. Such defects, the Sze and effects of which are difficult, if not
impossible to scade, may lead to scatter in the test results, or results which gppear questionable
when compared with predictions. For indtance, initid defects present on the full-scale design
prior to service may be less threatening to connection capacity than the same sze initid defect in
a scade modd design. Detaled examination of the threaded connection surface can therefore
assg in the identification of potentid fatigue falure initiation Stes and actud falure Stes and
modes, and in the interpretation of results.

The number of tests and corresponding anayses of scae modds should be sufficient to
provide confidence in the ability to extrgpolate results to the larger full-scale design. Asde from
the non-scaegble design features, key parameters affecting the failure point may or may not be
linearly extrapolated to the full-scale design. A minimum of three scale models can be used to
provide quditative information on any nonlinear relaionships.

54 INDUSTRY ACCEPTANCE

Various caisson designers and operators were interviewed and surveyed in an effort to
determine the potentia for industry acceptance of the proposed application for threaded
connections.  Responses to questions concerning the feasbility and willingness to apply
threaded connections to caisson designs were useful in both directing the technicd evauation,
and assessing the potentia for industry support in verification of the proposed concepts.

5.4.1 Designers

Currently, the caisson desgn organizations consulted exclusvey employ weded
connections in ther designs atributed to the belief that a welded connection will provide
capacities that meet or exceed those of the connecting tubular bodies. This belief is based on a
long history of the successful use of welded connections in caisson designs, and well-vaidated
procedures for their design and implementation. Furthermore, the versdtility of welded
connections in the development of tapered diameters, which will be difficult to implement with
some threaded connections, is an added benefit to their use.

Regarding the use of threaded connections in caisson applications, designers primarily
expressed concern in the following aress.

Final Report — Section 5 517



capacity of the connection and structural soundness

ability to apply tapered diameter design philosophy

the potentia for backdriving of the connection under torque loadings

fatigue and fracture of the connection

corrosion and its affect on connection integrity

the lack or insufficient cgpacity of indalation equipment required to make-up and
break-out the connection

true potentid for retrieva and reuse

potentid costs associated with structural failure compared with the cogts to be
gained through implementation of threaded connections

With the exception of long-term corrosive effects on a loaded connection and retrieval and
reuse consderations, each of these concerns can be addressed through proper design, anaysis,
and vdidation of the connection (as described in the preceding sections) prior to inddlation.
Long-term effects and the true potential for retrieva and reuse, however, must be assessed in
the service environment and following decommissioning.

In the view of some designers, the perceived risks associated with the loss of a platform
from fallure of the connection outweigh the potentid for actud cost savings that can be redized
from their use in caisson designs. Moreover, the costs associated with the proper design,
andyss, and validation of threaded connections for caissons are thought to be much greater
than potential cost savings. Hence, it is gpparent that in addition to the development of proven
technical guiddines, an in-depth cost/benefit andysis will be needed to establish the economic
advantage of the use of threaded connections relative to a welded connection.

5.4.2 Operators

The mgjority of dl operators reviewed were moderately interested in the potentid for
cos savings, and believe that designers are burdened with the responshility of proving the
effectiveness of threaded connection caisson designs.
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6. RECOMMENDATIONS

The in-depth evauation of existing caisson and threaded connection design practices
executed during this study reveded key technica aspects that should be considered prior to the
use of threaded connections in caisson dructures. For example, the effect of pre-load and
vaidaions in both the stress concentration factors and stress ranges in criticd regions as a
function of high compressive loading is not well defined. Such behavior must be assessed if
existing regulations and assessment protocols, which have been well-vaidated for connection
desgns subjected to dominant tendle loadings, are to be adapted for caisson threaded
connection designs.

As noted previoudy, the controlling design guiddines for caisson dructures, APl RP
2A, does not provide specific guidance for the desgn or use of threaded connections in
minimum gructures. In fact, while APl RP 2A does provide a list of connection types other
than welded, including threaded connections, that may be employed in the design, generd
consderations on their use are provided only for the bolted, pinned, clamped, grouted, and
doubler-plate types. Thus, there exits an obvious omisson of any guidance or design
consderations pertaining to the use of threaded connections (as well as swaged connections) for
caisson dructura design. It therefore appears evident that the results of this study, when
complete, may be used to provide input to the currently deficient guidance.

Ovedl, though, many of the guiddines in existence provide a basic gpproach to the
procedures needed to design, andyze, and vdidate a threaded connection for caisson
goplications (Section 6.1.4). This fact is encouraging Snce existing guiddines are typicdly well
founded on basc enginering principles and historicd records of performance, and
subsequently, are familiar to many desgners. However, the study did reved some aspects
related to structural assessment and performance that have not been considered in regards to
caison structures, and may prove sgnificant in the sructura design.

At this stage in the study, the recommended trestment of threaded connection designs
for caissons is only cursory, but has been developed based on good engineering judgment and
in-depth knowledge of fundamental design, andysis, and vdidation techniques. As such, the
congderations outlined in Section 6.1 do not condtitute a recommended practice, but rather,
preliminary and generd guidance. Specific guidance regarding safety factors used in designisto
be assigned by regulatory agencies. Following the completion of phase two of the program,
discussed in Section 6.2, data will become available that will hdp to confirm cursory
evauations, and from which, more formalized guidance can be drawn.

6.1 PRIMARY CONSIDERATIONS FOR DEVELOPMENT OF A CODE OR
STANDARD

A generd guiddine for the design, andyss, and vdidation of caisson structures using
threaded connections is provided in the sub-sections that follow. More specific guidance is
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supplied only where existing protocol was deemed inadequate, or where previous procedures
are non-exigent.

6.1.1 Design

Exigting design guidance related to caissons and threaded connections, considered
independently, are generadly applicable, dthough they should be extended to specificdly
condder large datic compressve loadings, sgnificant driving forces, and behavior of the
sructure when subjected to fatigue loadings. Some specific desgn guidance is needed,
however, which details the procedures for evduation of the coupled structure, and the potentia
for globd failures induced by local effects. For example, the possibility of loca buckling at the
girth weld connecting the mechanica coupling to the nomina pipe joint gopears not to have
been quantified by APl RP 2A or APl specific guiddines. Subsequently, no guidance on the
design to avoid this failure mode has been adequately developed. It is therefore appropriate
that some specific guidance related to globa-loca interaction be provided for any connection
within a caison.

6.1.2 Analysis

Standard protocol for structura and finite element andyses is applicable for caisson
designs with threaded connections. Thisincludes. (1) globd anayss of the structure to define
dl loads acting at the connection, and (2) local analyses of the connection to insure adequate
srength and functionality, and a cursory assessment of the make/bresk requirements. Locd
andyses should include:

datic strength determination as it relates to the global response of the structure,

a detailed evduation of the potentia for nonlinearity of the reationship between
loca stresses at criticd regions and pipe body (or thread root section) stress, and
the variation of the SCF with pipe body (or thread root section) stress,

the effects of pre-load on the loca stresses, the stress ranges, and the SCF in the
critica region,

fatigue evaduation consdering potentid nonlinear locd dress versus pipe body
stress, stress ranges, and mean stresses.

Reaults of the andyses would be used to define potential desgn improvements, criticd load
levels, and guide the development of vaidation protocol.

As discussed in Section 5, the SCF in the criticd region(s) may behave dramatically
different when subjected to high compressive loadings. A specific plan to assess this behavior
should be outlined, and may be smilar to that presented in APl Spec 16R, on the design and
assessment of Riser Couplings for Marine Drilling Operations.  Such guidance may include
andysis of the connection for:

no initia pre-load plus 20, 40, 60, 80, and 100 percent of the rated load capacity,
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nomina or design pre-load plus 20, 40, 60, 80, and 100 percent of the rated load
capecity,
sengtivity of the desgn to initid pre-load.

The results of such andyses will be used to quantify non-linearity of the SCF with loading, and
should be documented in design records.

Following the SCF analyses, fatigue assessment of the connection should be performed
in accordance with an appropriate stress-based, strain-based, or fracture mechanics
gpproach, or a combination of these. Anayses, in conjunction with physica testing, should
include varying levels of mean compressive stress to address the suitably of standard assessment
techniques to large compressive static loadings. For example, the popular SWT parameter may
produce nonconservative fatigue life predictions for compressve mean sresses, and thus may
be rendered ingppropriate for the current application. As shown in Figure 54, use of the
parameter when compressve mean dresses are present leads to an over prediction
(nonconservative) of the fatigue life. Other gpproaches, such as the Coffin-Manson approach
with subgtitution of the true fracture strength (6 ; ) or Morrow parameter (6 ¢) may be better

suited for caisson applications.

Findly, some direction for the evauation of fallure modes that may not be experienced
in exiding axid tendon driven designs is needed. With regard to the loca buckling mode
consdered in Section 5, analyses to determine the onset of buckling may be performed,
athough successful evauation usudly requires an experienced analyst with thorough knowledge
of the anaytica program employed and key modeing feetures, (e.g., materid anisotropy,
contact, mesh dengty, eement type, connection geometry), that must be included. Following
detalled study and vdideation of a given design for potentid locd buckling, a smplistic
computation or criterion may develop that can be readily used for future assessments of amilar
caisson designs.

6.1.3 Validation

As in the design of tenson dominated structures employing threaded connections,
vaidation testing must be performed to assess the structura capacity of the connection when
subjected to Static, dynamic, and cyclic caisson-type loads. Such tests should include:

ultimate drength determination which includes testing of the connection to
severance or collapse

pile driving to define the maximum driving force and number of blows that can be
sugtained without negatively affecting integrity of the connection

fatigue testing (in ar and in seawater) with variable compressve mean dress levels

Section 4.3 provides details on the testing procedures which are currently employed in
the vaidation of non-caisson related designs, which may be readily adapted for evauations of
threaded connections for caisson applications. Briefly, test samples should be configured with
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full consderation of the design philosophy applied. For coupling designs, which require falure
in the pipe body, ultimate strength of the connection can be developed by increasing the
capecity (usudly wal thickness) of the connecting tubular. (See Section 4.3.1.1.) Detaled
ingrumentation (e.g. load cdlls and strain gages or photoelagtic templates, at a minimum) should
be used to accuratdly define the load versus strain/stress behavior at critica regions and nomina
pipe sections to verify modding assumptions. Again, the number of samples to be tested for
verification of any desgn parameter, dthough usudly dictated by the physicd sze of the sample
and cogt of testing, should be sufficient to provide reasonable confidence in the results.

Section 3 defines the upper and lower bound, and average diameters used in caisson
desgns. Consdering a48-inch average diameter and 1.5-inch average wall thickness, it is clear
that some limitations on the availability of test equipment cgpable of producing ultimate falure
will be encountered. Ultimately, physica testing of scale modds will be required. Scale mode
testing can be successfully used to vaidate andyticd modds that will be employed to predict
full-scde behavior, provided that satisfactory scaing of the connection geometry and
manufacturing tolerances in the tests and andlyses is achieved. Because mogt large diameter
designs will never be tested in full-scde, and fallure of a minimum gructure can result in
ggnificant losses, conclusive evidence of the accuracy of scde modeling approaches is needed.
Such evidence may be achieved through the testing and andlysis of a minimum of three scde
models so that any nonlinearity in the scaling of a given modd result can be quantified and dedlt
with appropriately in the design validation.

As indicated in Section 6.1.2, the suitability of goplying existing fatigue assessment
technologies must be confirmed though physica testing. Considering gpplicability of the popular
SWT parameter in fatigue strength prediction, fatigue testing with various levels of compressive
mean stress should be pursued. Note that some scatter of test results may be observed,
atributed to the difficulty of physcd testing and the random nature of smdl surface or
microstructura defects which incite fatigue cracking, and the direct gpplication of results should
be executed cautioudy. Additiondly, the direct gpplication of fatigue results produced in scale
mode tests may be questionable, consdering the inability to scae surface or microstructura
defects. To ad in the interpretation of results, post-mortem fractography may be used to
identify the source and mode of fatigue failures.

The ability to manufacture the connection within the required design tolerances will be
proven through the fabrication of a prototype connection. Following ingpection and approva of
the prototype, make/bresk testing can be performed to define ingtallation and retrieva torques
needed to ensure that suitable equipment exists and can be made available a the ingtdlation ste.
Torsond capacity of the connection, that may include anti-rotation mechanism of specidized
ingtdlation procedures, should also be assessed with the full-scale prototype.

For driven caisson designs, pile driving tests should be performed to assess the ability of
the connection to effectively transfer driving forces to adjacent tubular bodies, and to ensure that
the cgpacity of the connection is not diminished during driving. In addition, the ability and
torque required to break a driven connection should be addressed.
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Finaly, the ddeterious effects of seawater environments on any of the structurd
performance characteristics outlined for the connection should be addressed through testing in
sdtwater solution or post-service evaludion. In particular, the fatigue performance (which
degrades in free corroding environments), and breaking requirements (which generaly increases
in free corroding environments) should be evauated to determine the long-term integrity and
retrievability are suitable for the design. Some vadidation of the effectiveness of thread
compounds and corrosion resstant coaings should dso be peformed in a sdtwater
environmen.

6.1.4 Applicable Design Codes

Some of the most gpplicable design guidance for incorporation of threaded connections
in caisson gpplications can be found in AP publications that discuss marine riser desgn and the
design of marine riser couplings. (See Section 4.1.6.) Additiondly, discussons on minimum
dructure design in APl RP 2A may provide focus and design objectives. Ultimately, though,
very little specific guidance exists on the incorporation of threaded connections in offshore
caisson applications.

6.2 PROPOSED WORK FOR PHASE 2

As discussed in Section 5, results of the technica review of existing caisson and
threaded connection design practices indicated four primary aress that strongly influence the
gructural performance consderations discussed above, and which demand extended study.
They are:

gability of the structure under high compressive loadings,

the possible harmful affects of driving on connection integrity and retrievd,

the influence of corrosion on long term structura performance and retrievd, and
the effectiveness of exigting fatigue assessment criteriato caisson-type loadings.

Recdl that the study is motivated by the potentid economic advantages of reducing
indalation and retrievad times, and the re-use of a given design a multiple locations. Thus, in
order to obtain an accurate assessment of the feasbility of applying threaded connections in
caisson designs, the technically lacking areas should be further investigated.

The program proposed for phase two of the study, which requires both andytica and
physicd testing activities, has been designed to provide fundamenta insght into the key portions
of the guidelines currently lacking any approach to a vadidated design or assessment protocol.
This differs from the initia program proposa [SWRI] in that the need for andytica work was
not anticipated. However, as determined in phase one of the study, some analytica assessment
will be required in order to accurately determine the feasibility of the proposed use for threaded
connections. Exclusion of the andyticd work program at this stage may lead to ingppropriate
acceptance and gpplication of existing guidance when employed in caisson design.
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While the evduation of fatigue assessment techniques is a primary consderation for any
threaded connection design, the actud fatigue strength (and SN behavior) is highly dependent
on the thread geometry, materials, manufacturing tolerances, and surface or microstructura
propengty for defects. While performing full-scale fatigue tests to examine the effects of large
compressive mean dresses is essentid for evauating fatigue assessment methodologies, such an
undertaking exceeds the limits of the current program, and may prove futile given that current
connection designs can produce vastly different trends. Moreover, as noted in Section 5.4,
current manufecturers generdly perform detalled fatigue examinations of their specific and
proprietary designs, and will be required to conduct Smilar examinations for casson-type
loadings prior to use in related dructures. Therefore, no fatigue specific issues other than an
andytica examination of the SCF for such loads, which can be gpplied in fatigue assessments, is
proposed.

6.2.1 Analyses

Two andyticd sudies amed at the generd definition of response trends for caissons
with threaded connections are proposed. The firgt study includes a preliminary assessment of
the locd buckling falure mode, which will be later vaidated through full-scale experimentation
(Section 6.2.2). The second focuses on definition of the SCF behavior when subjected to
preload, high gatic compression, and cydlic stress, which can then be used by designersin ther
detailed fatigue evaduations. Each of the analyticad studies proposed are discussed in the
following sub-sections.

6.2.1.1 Local Buckling

One key resault of previous programs focused on buckling of tubular members
(discussed in Section 5.2.2.2) was that advanced finite dement techniques validated
through physica testing can be used to accurately predict the onset of loca buckling that
leads to collapse of the dructure.  Such procedures are proposed for the initid
evaudtion of caisson-type sructures using a single pipe with no connection, pipe with a
gngle intrusvely threaded joint, and pipe with a sngle mechanicd coupling. The firg
andydis of a plain pipe with no connection will provide a basdline for comparison with
the subsequent anayses with threaded connections to quantify, globally, the propensity
for local buckling due to the presence of a threaded connection. Only those andyses
including the connection will be verified in full-scae testing.

6.2.1.2 Evaluation Of The Stress Concentration Factor For
Preloads and High Compressive Loads

Because extensve study of the variations in stress concentration factors and

cydlic stress ranges with high compression loadings has not been pursued, an andytica

study of these effects is proposed. Using the standard thread model of the tapered

buttress profile developed in phase one of the study and discussed in Section 4.4 and
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Appendix B, with the addition of a shoulder, finite dement andlys's techniques and SCF
determination methods (described in Section 4.2.2), will be gpplied to define the effects
of preloads and high compressive loadings. Data from the analyses will be used to
confirm anticipated reductions of the static cagpacity, and variations of the SCF with
preloads and caisson-type loadings. In future work programs, not proposed herein,
results of these analyses can be applied to evauate the predicted fatigue strength of the
connection when subjected to preloads and high compressive loadings.

6.2.2 Validation

Physicd testing in the proposed program will be limited to vdidation of the locd
buckling behavior predicted in the analyticad study (Section 6.2.2.1), and bresking a previoudy
driven connection that has been removed from service. (Note that the proposed program
assumes samples for the physica test program will be donated or obtained through purchase,
the cost of which has not been included in the proposed program.) Each of the physica testing
activities proposed is discussed in the following sub-sections.

6.2.2.1 Buckling Capacity Determination

The facility used to perform the combined loading tests of pipes with geometric
discontinuities [Smith 1998, Grigory, SSD] is shown in Figure 6-1, and will be used to
perform the locd buckling tests of large diameter pipe sections joined with: (1) an
intrusively threaded design, and (2) aexternd coupling. In each test, the connection will
be subjected to high axia compression and 4-point bending loads sufficient to produce
locd buckling within the structure. Connections will be located at the axid mid-gpan
(where bending moments are largest) as shown in the figure.

Note that internd pressurization of the assembled Structure is not currently
proposed since most caissons are not required to sustain sgnificant interna pressures
which tend to enhance structura performance.  Therefore, its excluson from the tests
and analyses will provide an indication of the lower bound estimate of buckling capecity.
In future efforts (not proposed herein), smdl-scde test specimens may be used to
address the effects of externa pressure, bending, and axial compresson on buckling

capacity and propagating buckling.

No larger than 30-inch nomina pipe geometries with a 1-inch wal thickness,
and their gppropriatdy sized connections, will be tested in the facility shown in Figure 6-
1. If larger sample Sizes are desired, the use of an aternate test facility at SWRI can be
investigated. Accordingly, the costs associated with larger scde testing will impact the
test program, and are not currently considered in the estimate for phase two activities
(Section 6.2.4). At the request of MMS, SwWRI will prepare revised estimates for the
increased scale tests.
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6.2.2.2 Break Test

The breaking torque required to retrieve a caisson from service will be assessed
using a connection that has been previoudy ingaled by driving offshore and alowed to
fredy corrode in a sdtwater environment.  The requirement for obtaining a driven
connection isincluded since it is believed that driving forces and their potentia effect on
connection deformations will affect breaking torque requirements.

The connection may be a threaded pipe joint or externd coupling, (preferably
both) that has been donated to the program from a supporting organization (Section
6.2.4). Following full separation of the joint, thread surfaces and shoulders (if present)
will be examined to identify any wear paterns, locad surface defects, or evidence of
ggnificant locaized deformation that would preclude its use in subsequent designs.

Desgn, ingdlation, service, and remova documentation for the connection must
accompany the donated specimen. This information will be used to assess accuracy of
initid estimates of the bresking torque requirements and potentia fallure mechanisms
assumed in the original design. Moreover, connections may include corrosive resstant
coatings and thread compounds that can be cursorily evauated, and knowledge of their
initial design parameters used in the interpretation of results.

6.2.3 Reports and Recommendations for A Code or Standard

Following completion of the phase two technical activities, a report documenting the
findings of the andytica program and vaidation testing will be developed. Results reported, in
full detall, will indude:

locd buckling analyss results, comparing plain pipe (pipe without connections) to
pipes with externd couplings and pipes with threaded connections

SCF evduation results including the andyticaly predicted variation of locd sress
concentrations with preload and high compressive stresses for later use in gatic,
dynamic, and fatigue assessments

loca buckling test results, incdluding comparisons with corresponding finite eement
andyses, and

bresk test results, including review of origind design expectations, and results of
post-mortem ingpection of mating surfaces

Also induded in the report will be generd protocol for the desgn, andyss and
vaidation of threaded connections for offshore gpplications enhanced to account for the findings
of phase two technicd program tasks. Any outstanding issues related to the development of
formdized guiddines will dso be identified.

6.2.4 Financial Support
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The estimated cost for completion of the second phase is $234,000, and will be
completed during the 1999 fiscal year. Note that this is more than twice the amount that was
initidly proposed, primarily due to testing of two different connection designs and corresponding
andyticd work. This estimate is based on the assumption that specimens for physcd testing
activities will be donated to the program, in testing configuration, through external supporting
organizations. Regarding the bresk test, a donated specimen(s), previoudy ingaled and
removed from service is required since only a used connection(s) will provide information
needed to assess bresking torque and long-term del eterious effects.

Please note that the rough order of magnitude (ROM) estimate does not condtitute a bid
or quote for competitive evauation. However, it does contain proprietary pricing information
that we request not be disclosed to any third party. This estimate is intended for budgeting and
planning purposes only, and upon request, aformal proposa for consideration will be provided.

6.24.1 Level of Effort

The estimated costs for each program task are given in Table 6-1, and are
scheduled for execution during the 1999 fiscal year. The cogts have been developed
based on labor and materids estimates needed to complete the work tasks as defined.
Again, the estimated costs do not include procurement or development of test samples
for the physicd test program. Costs associated with retrieva of the specimen(s) for
break testing of the used threaded connection, or the related break equipment needed
to perform the test have not been included. The current estimate for break testing is
basad on the performance of two bresk tests (i.e., two individual specimens).

6.2.4.2 Funding Sources

As dated previoudy, results of the industry survey indicated only moderate
interest in the use of threaded connections in caisson dructures.  This response is
primarily due to technica concerns (discussed in Section 5.4) weighted againgt the
potential economic advantages. Most designers have adopted a position that requires
proof of the concept and economic benefits prior to giving full consideration to the
feasbility of the proposed use of threaded connections. Hence, support for
advancement of the technology and completion of the feasibility assessment will likely
rely on interested thread manufacturers, supportive owner/operators, and on the MMS.

6.2.4.2.1 Potential For JIP Funding

At this time there is no conclusive evidence tha a Joint Industry Program (JP)
to complete the phase two program can be assembled. In genera, only a single thread
manufacturing organization has been identified which has a rong interest in the success
of this study, and others have only a detached interest in the application of threaded
connections in caisson designs. During the persond interviews (Section 5.4), only small
dollar amounts (less than $10,000) were tentatively committed by two operators.
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Hence, the costs associated with the development of a JP with individud contributions
in such smdl alotments and varying dollar amounts do not, & this time, warrant further
pursuit of JP supporters.

Upon initiation of the phase two program, however, the technica program now
proposed may incite some interest on loca buckling behavior of threaded connections
that could potentialy lead to increased industry support, given that threaded connections
are now being used in insert piles offshore [Buitrago 1988]. However, no additional
effort toward soliciting possible industry support will be pursued prior to MMS
approva of the proposed scope of work is obtained.

6.2.4.2.2 MMS

As can be surmised from the preceding commentaries, completion of the phase
two program will rely heavily on the ability of MMS to secure the necessary funding.
Although designers, at the current time, are rductant to commit funds towards the
development of the proposed technologies, it is believed that upon completion of the
feaghility sudy they will be more willing to employ threaded connections in their
desgns. Ultimatdy, some guidance and approva by the MMS for such designs will be
required, and completion of the feasibility study as proposed will be needed.

6.2.4.2.3 Other Sources

It is likely that the extent of support for phase two activities from other sources
will be through the donation of test articles and equipment. It is believed that a a
minimum, an intrusvely threaded connection can be obtained from one threaded pipe
manufacturer.  Following acceptance of the proposed program, threaded coupling
manufacturers will be requested to donate equivdent test articles, so that comparative
evauations can be performed. Note that the inability to obtain equivdent test articles
from a coupling manufacturer will reduce the total cost of the program in tha only one
local buckling test and one break test will be possble. For completeness of the
andytical work program, locd buckling anadyses of each connection type will be
performed, irrespective of the number and types of donated samples obtained.
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Table6-1. Estimated Program Costs By Task

Task Description Estimated Cost

6 Locd Buckling Andyses $28,000

7 SCF Andyses $44,000

8 Locd Buckling Tests $92,000

9 Break Test $26,000

10 Reports and $44,000
Recommendations For A
Code or Standard

TOTAL $234,000.00
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Figure6-1. Facility used to perform the combined loading test of tubulars.
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7. REFERENCES AND LITERATURE REVIEW

A comprehensive search and review of technicd literature was performed to determine
current practices for caisson and threaded connection design and evauation. An abbreviated
liging of the literature reviewed in contained in the section. The review incuded design
guiddines (provided by APl and others), numerous proceedings of pertinent technica
conferences and published texts related to many aspects of design, analyss, and vaidation of
threaded connections. The review focused on the definition of current practices reated to the
development of both caisson structures and threaded connections, which was provided
primarily by the guidelines and open literature.  Textbooks provided fundamenta engineering
models and assessment procedures that asssted the development of generalized guidelines for
the extenson, or enhancement of existing practices to the proposed use of threaded
connections.

The last 13 years of OTC (Offshore Technology Conference) proceedings and the last
6 years of the OMAE (Offshore Mechanics and Arctic Engineering) proceedings were
reviewed. A great ded of information was found on loading scenarios, much of which pertained
to various environmental conditions. Many of these dtudies were ether experimenta or
theoretical in nature. Standard practices, as outlined in the accepted APl standards, were
believed to provide enough information to determine most loads in generd terms. As a result,
current and gpplicable APl publications were obtained. Many of the APl standards dso
appeared to provide the basis of international 1SO standards.

Sufficient information was obtained to develop an accurate understanding of pile driving
forces. Additiondly, references were adso obtained on thread anadyses to provide detailed
andytica examples, which could be used to guide devdopment of the finite dement mesh
discretization and methods employed for the standard thread moddl analyses. Also, many of the
references on thread analysis focused on areas of concern that have been addressed in this

report.
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APPENDIX A INDUSTRIAL SURVEY

Twenty-one industry surveys were ddivered to designers and operators in the Gulf of
Mexico area. Contact was initially made over the telephone to establish appropriate company
personnd prior to sending the survey via facsmile. The following four pages contain a cover
letter explaining the survey and the survey itsalf.
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Materials and Structures Division

May 27, 1998
[Contact Person]
[CONTACT COMPANY]
[Contact Company Address|
[City, State zip code]
Subject: Assessment of the Feasibility for the Application of Threaded Connectionsin

Offshore Caisson Structures

Reference:  Telephone conversation on [Date Contacted)]

Dear [Contact First Name]:

Southwest Research Ingtitute (SwRI) is performing a study for the Minerals Management
Service (MMS) to determine the feasibility of applying threaded connections in the fabrication of
offshore free-standing caisson platforms. The attached survey has been generated to determine
the range (minimum and maximum) and “typical” design criteria for installations overseen by your
organization. The information you provide will be used by SwRI to the benefit of MMS to outline
the range of design parameters, which must be considered in the study, and to assess the need for
guidelines regulating the use of threaded connections in future caisson designs.

SWRI has been working under the direction of MMS, who has provided sole support for
the study, to assess both the economic and technical feasibility of applying threaded connections
within the caisson body as an dternative to welded girth connections. MMS initiated the study
based on the perception that industry may pursue using threaded connections for offshore caisson
structures as a method of reducing installation and decommissioning costs. Thus far, this work
has included generalized analytical assessments of the structural performance of standard thread
designs, a review of commercialy available high performance thread designs, manufacturing and
installation/decommissioning issues, and a review of current technical practices and existing
regulatory guidelines for the design, analysis, and validation of caissons structures and threaded
connections.

To appropriately complete the feasibility study, industry guidance, through the completion
of the attached two (2) page survey and any additional comments, is needed. Economic and
technical concerns, suggestions, or criticisms are of most importance to the study. Moreover,
some indication as to whether [Company Name/Abbrev.] would be willing to adopt, as an added
option, the practice of using threaded connections in primary structure caisson designs. This will
help guide continued research and development of threaded connections for offshore caissons.
The final page of the survey form alows space for your individua comments which are
maintained confidential within SwRI.
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Design criteria results of the industry survey will be reported to MMS in the form of a
table defining the upper and lower bounds of each parameter, and, where possible, any weighted
distribution of these parameters. Additional comments and suggestions will be generdly
summarized in a fina report to MMS. The survey will be presented without reference to the
responding organization. You can obtain results of the survey when complete by sending your
request to the postal or e-mail address given below.

If possble, the survey should be completed by June 12, 1998. However, al surveys
arriving later than the informal deadline stated will be accepted and used in the study if received
prior to June 30, 1998. The survey should be returned, preferably by facsmile, to:

Marina Q. Smith %2 MMS/SwRI. Project No. 06-8955
Southwest Research Institute - Building 71
6220 Culébra
San, Antonio, Texas 78228
Fax: (210) 522-3042
E-mail: msmith@swri.edu

Should you have any questions or comments about the survey, or require any additiona
information with regard to the feasibility study, please contact me at (210) 522-2143. If you are
unable to complete the survey, please fedl free to forward the survey to other individuas in your
organization. 'Your input is important to our study, and | thank you in advance for your time and
consideration in completing the survey.

Best Regards,

Marina Smith, Senior Research Engineer
Structural Engineering Department
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INDUSTRY SURVEY FOR:

“Feasibility of the Application of Threaded Connections
in Offshore Platform Caissons”

Southwest
Research
Institute

Minerals
Management

Service

SURVEY CONTACT INFORMATION

Name Title

Company

C ) C )

Phone Facsimile E-mail Address

DESIGN CRITERIA (BEST ESTIMATE)

Parameter Minimum Maximum Typical® Units
Caisson Diameter inches
Wall Thickness inches
Material Yield Strength ksi
Water Depth feet
Penetration Depth(from mudline) feet
Topside Weight kips
Hammer Size (if driven) kips
Number of Blows (if driven) blows

" Please indicate parameter value most common to current and planned installations. If none, leave blank.

DESIGN GUIDES

Please list guidelines used in design.

ADDITIONAL DESIGN AND OPERATIONAL CONSIDERATIONS

Number of free-standing caisson platforms your company installs/operates in the Gulf of Mexico:
Number of planned installations for free-standing caisson platforms in the Gulf of Mexico in 1998:
Percentage of tapered caissons with a reduced diameter in the wave zone:

Preferred method of fabrication (check one): Weld individual members offshore
Weld in yard, tow out, large single lift

aQa

Other (please describe)

All funding for this survey provided by MMS PAGE1OF2




INDUSTRY SURVEY FOR:

“Feasibility of the Application of Threaded Connections
in Offshore Platform Caissons”

Southwest
Research
Institute

Minerals
Management

Service

ADDITIONAL DESIGN AND OPERATIONAL CONSIDERATIONS (CONTINUED)
Typical method of installation (check one): Driven [} Jetted [}

Please list caisson installation locations (general area or lease block names).

GENERAL INTEREST

Would your company be interested in using threaded connections to Yes [ No [
assemble caissons in lieu of current methods? (check one):

Who at your company could SwRI contact to discuss the feasibility of such an application?
(Please provide contact information if different survey respondent)

Name Title

C ) C )

Phone Facsimile E-mail Address

COMMENTS (CONCERNS, SUGGESTIONS, CRITICISMS)

Please give any additional comments.

All funding for this survey provided by MMS PAGE20F 2




APPENDIXB  STANDARD THREAD ANALYSIS

During this study, the andyss of threaded connections subjected to caisson-like
loadings was performed.  The andyses employed standard thread designs, using both Straight
and tapered profiles and failure in the threaded connection philosophy (i.e, where the
threaded connection strength is less than the pipe body) to assess the generd feasibility of using
threaded connections in caisson gpplications. Selection of the standard profile designs, as
opposed to highly optimized designs and coupling configurations, was based on the premise that
the unmodified, widely avalable thread forms would provide a lower bound performance,
adding conservatism in the assessment. Moreover, guidelines and recommendations regarding
the use of threaded connections in caisson gpplications are intended to be generdly applicable
for dl threaded designs, and existing standard thread patterns could potentialy be used for
coupling or threaded pipe configurations.

In dl, four standard thread profiles were examined. The results of these andyses are
contained in this Appendix and vaidated the need for some optimization of the thread profile,
particularly the thread height and root radius. This information provided vauable ingght into the
sengtivity of the threaded connection geometry and loading on stress concentrations.

Using accepted thread design standards as a guide, (e.g., Oberg and APl Spec 5B),
four thread profiles were chosen. Straight thread profiles of the ACME, Stub ACME and API
Buttress designs, and a tapered thread profile for the API Buttress design were scaed from the
standards to accommodate an assumed pitch of 1/2-inch for the 48-inch diameter pipe.

Smpligtic two-dimengond locd finite dement models of each of the four thread profiles
were developed. To evauate the rdative efficacy of each of the profiles, axisymmetric modds
of the joint were developed and andyzed under a nomind axid loading of 1000-ps. Each
model, which focused on the thread engagement, did not include shoulders so the effects of
varying thread geometry can be precisdy determined. Detals of the axisymmetric finite eement
andysesfollow.

ANSYS, revison 5.3, finite dement software was utilized and executed on a
persona computer (PC).

Approximately 2600 tota dements were used in each thread modd, of which about
280 were point-to-surface contact eements at the thread engagement boundaries,
four were compliant springs, and the remainder were four-noded axisymmetric
quedrilaterd elements.

A symmetricad contact surface was utilized between the joint's box and pin thread
profiles to dlow for reaive diding between the pin and box surfaces of the
connection.
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Loading was ether 1000 ps axid compression or tenson on the box, with the pin
fixed rigidly in the horizontal (X) and vertica (Y) directions.

For each profile, the region at the thread roots was highly discretized to effectively
capture the dmost immediate trangtion from high to lower dress levels a this location. Dengty
of the mesh decreased away from the thread roots to a course mesh at the inner and outer
surfaces of the connection. The mesh used for the Stub ACME andyses is shown in Figure B-
1, with the pin on the left and the box on the right, and is typicd of those used for dl
axisymmetric analyses.

By applying a nomind load of 1000-ps to each modd, resulting axid, radia, and von
Mises equivalent stresses obtained for each thread profile were compared. The andyss
procedure utilized is outlined below.

1. After the modd was crested in the "just touching” postion, the four compliant
Springs were used to add structura stiffness and aid convergence.

2. The firg load step ether held the box and pin in the touching condition, or forced
contact by imposing adight radid displacement on the box as shown in Figure B-2.
(Thiscondraint isan initia requirement for al contact andyses usng ANSY S)

3. During the second load step, the imposed displacement was removed from the box
and an axia loading was imposed on the box as shown in Figure B-3.

Note that geometric symmetry of the thread profile in the straight Stub and Stub ACME
designs dlowed for the andyss of a sngle compresson load case.  However, for the
unsymmetric straight and tapered APl Buttress designs, the joint was loaded in tenson and
compression to define maximum stress locations and magnitudes for each loading condition.

The von Mises equivdent stress contours for each of the thread designs (and each load
case for the APl Buttress designs) are shown in Figures B-4 through B-9. When comparing
maximum equivaent stress vaues, the tapered APl Buttress thread profile results in the lowest
dress magnitude in tenson and compression, followed by the straight APl Buttress, Stub
ACME and ACME desgns. Based on this comparison, the following conclusons can be
made.

Lower profile threads, such as Stub ACME when compared with ACME, reduce
the stress concentration at the thread root.

Reduced leading and trailing flank angles, such as API Buttress when compared
with ACME, aso produces a dight reduction in the stress concentrations a the
thread root.
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The tapered thread profile evaluated, API tapered Buttress, reduces thread loading
when compared with straight threaed profiles. This effect has dso been documented
in other studies.

In addition to von Mises effective stress comparisons, the radid (X) and axid (Y)
stresses for each joint were reviewed to further assess the performance of each joint and to
verify accuracy of the models used. As shown in Figures B-10 through B-15, the firgt fully-
loaded tooth is congstently the most highly stressed, and an immediate parabolic trangtion of
the stresses from this high level to lower stress was observed when traversing from tooth to
tooth. This effect is wel documented in the avallable literature. When comparing axid stress
contours for the Stub ACME draight thread (Figure B-10 and B-11) and the APl Buttress
tapered threads (Figures B-12 and B-13), a more uniform distribution of stresses though the
tapered thread joint is achieved which results in nearly homogenous behavior of the joint under
tension and compression (Figures B-14 and B-15).
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stub_acme_2d, 48 in ID, 2 in wall, 2 threads/in, 1000 pei axial

Figure B-3. Second L oad Step (Axial Loading)
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FigureB-4. Standard ACME in Compression (Equivalent Stress)
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| stub_acme_2d, 48 1

FigureB-5. Stub ACME in Compression (Equivalent Stress)

ANSYS 5.3

JUL 2 1997
141415
NGDAT, SOLUTION

SUB =1
TIME=2
SEQV [ AVE)
DMX =.001432
sMM =7.157
SMX =6406
SMXB=8232

i
= 718.105
R 1429
= 2140
= 2851
= 3562
] 4273
= 4984
= 5635

6406

Final Report — Appendix B

B-13



This pageisintentionaly blank.

Final Report — Appendix B B-14



ANSYS 5.3

JUL 7 1987
16:05:57

NODAL SOLUTION

STEP=2
SUEB =1
TIME=2
SEQV (AVG)
DMX =.956E-03
SMN =1.89
SMX =6204
SMXB=8014
1.89
= 691.067
mm 1380
mm 2069
2759
=
o 448
= 1137
4826
— LI
Ty

buttress_ straight | n, 1000 psl axial

FigureB-6. Straight Buttressin Compression (Equivalent Stress)
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butktress_straight

FigureB-7. Straight Buttressin Tension (Equivalent Stress)
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Figure B-8. Tapered Buttressin Compression (Equivalent Stress)
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FigureB-9. Tapered Buttressin Tension (Equivalent Stress)
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FigureB-10. Stub ACME in Tension (Axial Stress)
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FigureB-11. Stub ACME in Tension (Radial Stress)
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FigureB-12. Tapered Buttressin Tension (Axial Stress)
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FigureB-13. Tapered Buttressin Tension (Radial Stress)
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FigureB-14. Tapered Buttressin Compression (Axial Stress)
Final Report — Appendix B B-31



This pageisintentionaly blank.

Final Report — Appendix B B-32



buttress_taper 2

00psi tens

FigureB-15. Tapered Buttressin Compression (Radial Stress)
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