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Abstract (V C TRAN)

Imperfect Upheaval
Subsea Pipeline Buckling

The objective of the research programme has been to develop a set of
theoretical models suited to the perceived needs of industrial practice with regard
to in-service, subsea pipeline buckling. The role of imperfections is shown to be of
central importance. These factors are considered in the context of modern offshore
engineering practice, including the particular employment of trenching and/or burial
for purposes of protection.

Novel, small scale, full thermo-mechanical system testing is presented, the
design and construction of the actual experimental set-up being a key feature of the
research programme. Subsidiary geotechnical experimentation is also undertaken.
Theoretical studies employing the empirical data provided by latter are assessed
against the resulting full system experimental data.

With an introduction to the purpose of the research programme and the
physical problem and its mechanical demands given in Chapter 1, Chapter 2 serves
to clarify the factors involved. Although novelty involving the testing of burial pipe
elements is present in the experimental studies of Chapter 3 the majority of original
work lies in the theoretical studies of Chapters 4 to 6 and the full system experi-
mentation reported in Chapter 7. The results of forty-five tests are therein provided
and theoretical/experimental correlation considered.

Definition of the upheaval state, crucial to offshore engineering require-
ments, is considered to be effectively provided for with regard to symmetric
prototype configurations and a software suite of complementary models has been
developed.
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NOMENCLATURE

L,.L;
Ls7le ’LSZ
L,

u

L*

=<

>

*u_zag__g

Cross-sectional area

Pipe diameter

Direct modulus

Shear force at prop

Resultant axial friction force

Anchor shear capacity

End-effects force

Frictional resistance force

Pull-Out Force

Second moment of area of cross-section
Buckle lengths

Dumping interval

Anchorage spacing

Buckle lengths of the imperfection topology
Slip lengths

Buckle length at upheaval

Lower limit on buckle length re axial friction force response
through slip length

Bending moment of the buckle at x

Bending moment of the imperfection curve
Maximum bending moment of the buckle curve
Maximum bending moment of the imperfection curve

Buckle force



P, Axial force component

P, Critical buckle force

| . Maximum buckle force

P, Pre-buckling force

Py Buckle force at quasi-idealised state

P, Weight of soil cover above the pipe

P, Buckle force at upheaval

P, Pipe weight

Q Disturbing force

R Orthogonally applied force to the pipe’s surface
T Temperature rise

T Pressure—equikvalent temperature rise

T, Critical temperature rise

T e Maximum temperature rise

Toin Minimum safe temperature rise

T, Upheaval temperature rise

v Total potential energy

f Geotechnical variable

f, Friction force parameter

h Cover depth

k; Exponent (i=1,2,3...etc)

ks, ks Geotechnical constants

m Effective inertial force

n \/ P/EI

P Pressure

q Submerged self-weight of pipeline per unit length
q’ Submerged self-weight of pipeline cover per unit length

Pipe radius

-



t Wall thickness of pipe

u Axial displacement of the pipe
U Resultant flexurally induced end shortening
U, Resultant longitudinal movement at buckle/slip length interface
(peel point)
u, FullyAmobilised axial displacement
v Vertical displacement of the pipe
ViV Vertical displacement of the imperfection topologies
Vo Maximum vertical amplitude of the buckled pipe
Vom Maximum vertical amplitude of the imperfection topology
W Maximum lateral amplitude
W, W, W, Buckle amplitudes
X Spatial coordinate
o Coefficient of linear thermal expansion
o Inclination of pulling-out failure surface to vertical
Y Specific weight of the soil
\% Poisson’s ratio
b4 Axial friction coefficient
A Axial friction coefficient of overburden
o, Lateral friction coefficient
¥, Contact undulation coefficient (i=1,2,3)
O, Maximum compressive longitudinal direct stress
Oy Yield stress
0 Trench angle

nb: Re differential notation - dv/dx =v,, etc



Chapter 1

Introduction

1.1 Research Objective

The present study concentrates on rationalising imperfection types and
proposing improved and novel models, incorporating specific features, with
respect to upheaval buckling. Both energy and equilibrium based analyses are
conducted and these are assessed against alternative established models and full
system (model) experimentation, with subsidiary geotechnical testing providing
the necessary insight into the associated non-conservative pull-out and friction

force characteristics.
1.2 The Physical Problem

The increase in demand for hydrocarbon deposits has led, during the past
two decades, to the development of substantial offshore infrastructure. The
establishment of oil and gas platforms and subsea pipelines, together with the
concomitant ancillary equipment and services in the North Sea, is perhaps the
most notable development in question. More recently, marginal offshore fields

have been exploited employing unmanned satellite facilities.

Hydrocarbon export frequently employs subsea pipelines which can either
simply rest on the sea bed or lie in excavated trenches, with or without burial.
The pipes are constructed from steel of high strength and ductility with

sufficient wall thickness to withstand the high stresses incurred during



installation and operation. The steel is coated for protection against the
corrosion associated with the hostile environment and further coated with
concrete to provide weight. Overall pipe diameters range typically between 1m
(large bore) and 100mm (compact); see Fig 1.1. Compact pipes can feature

insulation coating.

Pipeline installation is both sophisticated and expensive and investment
is substantial. Failure of a pipeline is costly both in terms of lost production and
repair. Great care must therefore be exercised in the design of subsea pipelines
and it is with the key aspect of in-service buckling prevention that the present

study is concerned.

In-service buckling of subsea pipelines can occur due to the institution of
axial compressive forces caused by the constrained thermal and pressure actions.
With hydrocarbon transportation temperatures up to 100°C above that of the
water environment and operating pressures over 10N/mm2, these forces can be
substantial given the ability of the pipeline/seabed interface to generate the

necessary frictional resistance to axial movement.

1.3 Stability basics

In idealised terms, therefore, the pipeline is considered to adopt a straight
lie on a flat, rigid surface. Following an initialisation of hydrocarbon flow, the
pipe heats up and attempts to expand. If frictional resistance between the pipe
and the surface is sufficiently high, axial compression will onset leading to the
possibility of buckling wherein lateral flexure, or vertical flexure if circum-

stances permit, of the pipe will occur. This phenomenon comes under the remit
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of Thermo-Mechanical Contact Surface Buckling. Allied studies include rail track

buckling and the flexure of steel flats!’2,

Prior to consideration of the foregoing phenomenon, it is perhaps prudent
to briefly discuss the concept of elastic structural stability3. Initially, and on the
‘basis of idealised Linear Systems Theory wherein deformations are indefinitely
small and constitutive properties linear and elastic, a straight rod, composed of
isotropic and homogenous material and subject to axial compression, will suffer
axial shortening in direct proportion to the force applied. All system action-

response relationships are linear up to some linear elastic system limit.

It is more realistic to study the statics of the rod, however, by considering
its loaded equilibrium behaviour in terms of the respective deformed states. If
the rod is sufficiently slender and if during the gradually applied axial loading
some small, transient, disturbing force (mathematically ill-defined) is addi-
tionally applied non-axially to the rod, deformed state studies suggest lateral
flexure suddenly becomes the primary system response at some specific value of
axial compression. Consider Fig 1.2 (a). The potentially unstable rod or strut, of
idealised datum length L, will initially flex or buckle at an axial compression
P=P,, the critical load. Fully non-linear kinematic mathematical modelling
affords definitive post-buckling characteristics3’4. Action-response behaviour is
shown in Fig 1.2 (b). For P<P, linear axial behaviour, represented by equilibrium
path 0-1, is obeyed, the disturbing force Q having no measurable effect. At P=P,
and in the pi"esence of Q, path 1-2 is then followed, system flexure being
represented by the central and maximum lateral displacement w_,. Paths 0-1 and
1-2 are stable in the presence of Q. Theoreticélly, if Q is suppressed from the

system, axial behaviour alone continues for P>P; this is an unstable path which

4
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would degenerate into path 1-2 if provoked (ie. Q applied); note that path 1-3

relates to the most basic non-linear kinematic modelling3’4.

With respect to the slender strut, therefore, idealised and linear theory
predicts linear axial behaviour throughout whilst quasi-idealised (ie. ill-defined
Q present), non-linear theory suggests this to be potentially unstable and predicts
the possibility of buckling and predominantly flexural behaviour. Physically, Q
represents some system imperfection such as initial curvature as represented by
.the imperfect datum in Fig 1.2(a); physically imperfect strut behaviour is
typified by loci (i) and (ii) in Fig 1.2(b). Other physical imperfections include
material inhomogeneity and anisotropy (eg. residual stresses in formed steelwork)
and loading eccentricity. Regardless of their nature, imperfections are
conceptually equivalent in their effect” and, logically, all struts must be assumed

to suffer imperfections.

Accordingly, experimentation generates structural response of the form
typified by loci (i) and (ii), shown terminating at the elastic limit, in Fig 1.2(b).
Applying great care to minimise the physical imperfections invariably present,
such loci can lie very close to their respective, stable quasi-idealised counter-
parts (ie path 0-1-2). Path (ii) relates to a less slender and/or more imperfect
prototype than does path (i). The study of stability is the study of the effect of
imperfections; imperfections serve to trigger buckling response. For brevity and
in accordance with established practice, the classical, quasi-idealised studies
incorporating only non-physical or ill-defined imperfections will henceforth be

termed ‘idealised’ buckling studies>"4.

Classically, the strut is considered to exhibit symmetric bifurcation as



path 0-1-2 could equally well adopt negative values of w,, subject to the
compliance of Q, there being no physical restraint upon the strut for all P except
for the pinned and rollered boundary conditions. In subsea pipeline buckling, to
which attention is now to be turned, there are a number of additional, complicat-
ing factors with respect to the above. First, the presence of a contact surface
precludes symmetric bifurcation and a variety of buckling modes requires
attention. Second, the buckle length L is variable (and unknown), the boundary
conditions not being physically fixed. Third, the compression is thermally
induced. Fourth, seabed irregularities or undulations generate imperfections of

particular forms.

1.4 Idealised Subsea Pipeline Buckling

Figure 1.3(a) shows a straight pipeline, formed from homogenous and
isotropic material, lying on a flat, horizontal and rigid surféce. The basic section
shown in Fig 1.3(b) indicates that buckling can be in either the vertical v or
lateral w sense given sufficient length L in which to buckle and sufficient axial
compression P to cause buckling. Recent offshore developments have led to the
use of trenching and/or burial as suggested in Fig 1.3(c) and (d) whereby the
considerations of vertical buckling, following the path of least resistance,

predominate .

With regard to the general case indicated by Fig 1.3(a) and (b), six primary
buckling modes have been identified as shown in Fig 1.4 6. The following
computations relate to the idealised analysis of the vertical mode and it is
intended that they serve to introduce the key mechanics involved in subsea

pipeline buckling.
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Figure 1.5 depicts the respective topology. The seabed is taken to be rigid,
the deformations relatively small and the constitutive properties linear elastic.
The datum topology involves a straight lie when unstressed and unstrained.
Following the initialisation of both hydrocarbon flow, uniform increases in
temperature T and pressure p are incurred generating an axial compressive force

P, in the straight pipeline of the form®

P0=AEaT+A—5(-§—t) (0.5-v) (1.1)

where A denotes the effective cross-sectional area of the steel pipe of wall
thickness t and outer diameter D, E the appropriate direct modulus and « the
coefficient of linear thermal expansion. This is effectively a pre-stressing force

with the axial deformation u and strain remaining zero.

At some critical value of P, buckling suddenly occurs with the con-
strained thermal expansion being released within the buckled length of region L
with compensation occurring within the adjacent slip lengths L. That is, the
‘compressive’ force within the buckled length, buckling force P, reduces from
P, as the pipe slips inwards towards the buckle whose arc length exceeds the
corresponding datum chord length. The upwards movement of the buckle is
resisted by the submerged self-weight of the pipe (ie zero overburden currently
assumed - see later) of q/unit length whilst the inwards movement generating
tension in the slip length is resisted by axial friction at the seabed/pipeline

interface .

For the symmetrical system involved, the post-buckling boundary

conditions relating directly to the buckle length L become,

10
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VIx—O =Vn i V'X|x=0 =0 (1 -2)

VIL/Z = V'le/z = V’xxIL/Z =0

where x=0 and x=L/2 denote the crown and peel point locations respectively.

The associated linearised differential equation takes the form
EIv,  +Pv+g(4x%-L?)/8=0 (1.3)
where I denotes the second moment of area of the steel pipe wall. (It is assumed
that the seabed is capable of providing the point reaction qL/2 at the peel

points7.) Solving eqns (1.2) and (1.3) affords, with n2=P/EI,

ve_ 9 [q,10°L% nPx?  cosnx (1.4)
EInt 8 2 cos (nL/2)
and,
tan(nL/2) =nL/2 (1.5)

for which the lowest root provides

nL=8.9868 (1.6)
or
- EI _p . EIgyi/2 ‘
P=80.76 = =Fq; -3.962(Tm) (1.7)

Key derivative expressions include

4
V. =v],=v,,=2.407. 10_3% (1.8)

for amplitude,

. 3
v,xlmax=53.657.1o~3£ELT (1.9)

for maximum slope (<0.1 rads) and,

(P,-P)L 1 pL/2

ulrpm =25 ), (Vi dx (1.10)

12



ie

(P,-P) L

2
=—r0 "7 7. .9883.10°¢-L\ L7 1.11
I 3.10 (EI) ( )

for longitudinal movement at the peel point (at any L), where a negative value
for ul} /2 indicates compressive flexural end shortening exceeding the accom-

panying tensile extension within the buckle length .

With particular reference to the slip lengths and with ¢, representing the
respective fully mobilised axial friction coefficients, longitudinal equilibrium
affords

L
P -P= ¢A2q +,qL, (1.12)

whilst, with boundary conditions

ulL+Ls=u'xlé+Ls=0 (1.13)

the tensile relief or extension of the slip length at any L is given by

2
uIL=_¢AqLS (1.14)
= 2AF

Matching egns (1.11) and (1.14) thereby gives

2
(P,—P) L —u $aaLs (1.15)
2AE 2AF

where uf=f0L/ 2v,x2 dx/2=7.9883.10'6(q/EI)2L7 denotes flexural end-shortening
through the half buckle length such that solutions for v, P, L and L are obtained
from eqns (1.4) and (1.7) [from eqns (1.2) and (1.3)], (1.12) and (1.15), together

~ with eqn (1.1) in terms of T and p(Py).

For the parametric values given in Table 1.1, primary action/response

behaviour is typified in Fig 1.6 which includes the classical gariand curve. This

13



Parameter Symbol Value Unit
External diameter D 650 mm
Wall thickness t 15 mm
Direct modulus E 206000 N/mm?
Effective inertial self-weight q 3.8 N/mm
Yield stress Oy1d 448 N/mm?
Thermal coefficient a 11x1076 /°C
Axial friction coefficient N 0.7
Poisson's ratio v 0.3

Note:

Table 1.1 Pipe parameters (seabed mounted h=0 and D=650mm)

*

v employed for the evaluation of pressure component as required.
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exhibits a nominally asymptotic relationship with the ordinate due to the
assumption of seabed rigidityg’lo. The key factors to note include the minimum
safe temperature rise state T ;, below which idealised buckling will not occur
and therefore of major importance to designers, and the continuing decay of the
buckling force . Only the rising thermal path is stable. Resistance to buckling is

encouraged by the inertial force q and the axial friction coefficient ¢,.

It should be noted from egn (1.1) that action can be wholly considered in
terms of either temperature rise T or pressure rise p or both. Merging the known
action parameters T and p leads to computational convenience such that eqn (1.1)

can be written

P =AEqT+AEo T’ (1.16)
where
Tei&%&%%ﬁl (1.17)

with T'=pD/(24t) for typical material values (N,mm units). Herein, action T alone
is thereby considered, with pressure equivalent T' to be applied as a back-end

reduction as necessary.

Having set out the basics of the subsea pipeline buckling mechanism,
attention will now be turned to establishing an historical context for the present

study .

1.5 Historical Context

The first published work in the field of subsea pipeline buckling surfaced

in 1980 7; duly noted reference was therein paid to earlier studies in the related

16



field of rail track buckling. The foregoing vertical buckling analysis leans heavily
on the work of Martinet published in 1936 2, Early subsea pipeline studies dealt

with idealised analysesé'1 I,

The first imperfection-based analyses were published in 1986 12’13, the
same year seeing the output of studies on the nature of the seabed/pipeline
topologyM. Since this time an increasing number of publications have been
produced, concentration being placed on the vertical mode!® %7, These
publications include various types of analysis corresponding to the variety of

subsea topologies deemed to be viable (see below). Only one study extant has

involved energy as opposed to equilibrium modellinglz.

In the earlier years, large bore pipes simply lying on the seabed were the
focus of attention. As lateral mode buckling in this situation occurs at lower
temperatures than vertical mode buckling, the former mode received much
consideration. Comparing the vertical mode with lateral mode 1, for example,
the primary mathematical variation hinges on the inertial loading term which in
the latter case is denoted by ¢; q, rather than q, where ¢ represents the fully
mobilised lateral friction coefficient; recall Figs 1.4 and 1.5. With ¢; <1 10’11,
the implications are obvious. Further, so long as the elastic properties of the

pipeline are not violated, lateral mode snaking can be interpreted as a relief

mechanism should it occur .

With the later employment of smaller bore pipes for in-field hydrocarbon

21, the vertical .

transportation from marginal fields employing satellite technology
mode has become of paramount importance as such pipes must be trenched

and/or buried to protect them, for example, from damage by anchors and/or

17



trawling gear - the latter can weigh up to 100 tonnes. Trenching/burial largely
obviate lateral mode buckling as noted previously, see Fig 1.3(c) and (d).
Additional system refinements include partial burial, the use of fixed anchorage
points and trench-incline buckling possibilities, all of which will be considered in
the following. It should be noted that the vertical mode buckling of buried pipe-
lines is termed upheaval buckling. In practice, there are a variety of imperfec-
tion configurations each with their own causes and consequences. These can,
however, be simplified into two basic forms, that in which a vertical pipe
undulation is continuously supportedlz’19 by the sea bed or trench bottom and
that where the pipe lies over a discrete or isolated prop with voids to either side
betweer; the pipe and the sea bed ér trench bottom13’18. The respective
responses to thermal loading are quite different and this important matter is

further discussed below.

Experimentation to-date has been primarily concerned with the geotechni-
cal factors involved in the problem8’28“35. Their very nature is more variable
than that of the synthetic pipeline itself and empirical formulae have been
provided for various seabed lie configurations for ¢,, ¢; and q', where q' relates
to the inertial force characteristics enjoyed by buried pipelines. Enhanced

geotechnical experimentation is reported herein3®.

Full system testing, which is relatively expensive even at small scale, has
only recently been reported37’38. Indeed, the difficulty of full scale testing is
illustrated by the fact that the buckle lengths involved are considerable; field
failure case studies!327 cite wavelengths of 24m-70m together with amplitudes

of 0.5m-2m.

18



Considering subsea pipeline buckling problems to possess two distinct
mechanical fields, the buckling and slip lengths respectively, then the key
idiosyncratic features of most mathematical models have been concerned with
the interpretation of the buckling fieldy. This reflects the greater mathematical
complexity associated with the analysis of this field and the various physical
imperfections postulated by the authors concerned. The simplification in slip
length (L) modelling provided by assuming axial frictional resistance to be fully
mobilised - frictional resistance is deformation - or movement-dependent as will
be shown - tempts most authors to adopt this feature thereby standardising their
slip length field models613:19:39, There have been a small number of deformat-
ion-dependent slip length studies; to-date, these show little change in primary
response characteristics (T vs v_,,L) is thereby incurred”10. These latter models
do not generate finite slip lengths, however, and are therefore incomplete,
particularly as each slip length can, according to the non-conservative fully
mobilised modelling approach, be of the same order of magnitude as the respect-
ive buckle length. The importance here is that the length L+2L  demanded by
whichever modelling is employed must be physically available for the model to

be valid. The scale of testing required is again relevant here.

1.6 Imperfect Upheaval Buckling

As noted in Sections 1.3 and 1.5, imperfections are of central importance
in stability studies and three archetypal seabed imperfections are herein
considered as illustrated in Fig 1.7. In the first case, the pipeline remains in
continuous contact with some vertical undulation in an otherwise idealised
horizontal and straight lie. The isolated prop alternatively features a sharp and

distinct vertical irregularity such that voids (sea-filled) exist to either side. The
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third case occurs where the above voids become infilled with leaching sand and
represents a special sub-case of the first. The initial imperfection is denoted by
amplitude v, and wavelength L or L; as shown. Whilst L; is determined from
simple statics, L is subject to individual engineering judgementlz. All cases are
presumed to be physically symmetric in keeping with most subsea pipeline
buckling studies reported to-date with asymmetry presently a very restricted

field0,

Initial physical imperfections serve to trigger buckling as discussed in
section 1.3; resistance to buckling in prototype situations is less than that
) 3

according to corresponding idealised studies as suggested in Fig 1.2(b) °. One of

the first published and most conservative subsea pipeline buckling imperfection

.8 12 and relates to the configuration given in Fig

models is typified in Fig 1
1.7(a). It attempts to represent the worst case scenario in the manner adopted
by Perry for strut stability studies and now well-established as the basis for the

respective European Design Code3. It is herein termed the Empathetic model as

the geometry of the imperfection

24,2
V=V, (0.707—0.26176 T +0.293cos(2.86—1£—x)) (1.18)
L2 0

is empathetic to the idealised buckling mode given by eqn (1.4) noting eqn (1.6),

ie.

2~-2
v=v_[0.707-0.26176 =%~ +0.293cos(2. 86 =X (1.19)
m 1.2 I

with the amplitude/wavelength ratio v /L uniquely in agreement with the
idealised expression v_,/L, ie.

Vom= 2.407 .10‘3q=_T_/£

P =7 T (1.20)
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The modelling logic is considered clear with the amplitude Vom Deing
achieved at zero load P=0. The imperfect system is unstressed when initially
deformed 3 whilst the idealised system is unstressed when (initially) straight;

empathetic energy exchange occurs in a minimalised manner.

From Fig 1.8, therefore, the pipeline is taken to be gradually heated above
ambient with upheaval or lift-off, ie v >v ., occurring at some value of axial
force P=P, with buckling occurring for Pu<Pqi|vm=vom' The quintessential

buckling model employs a Potential Energy (V) approach with

Lo/2 ET L/2 ET
V= f; T V:xx_volxx)zdx + Lolz T Vl;cx_volm)zdx'

L,/2 L/2
+ [alv-v,) dx + fL,,/z g(v-v,) dx (1.21)

Lo/2 P 2 2 L/z p 2 _2
_fo S (vi5vi) dx - fLo/z S (v,3-vi,,) dx

for L>L, the corresponding equilibrium state being given by Vi, ,=0. Noting that
for 0<x<L, /2, the derivatives of initial curvature, slope and deflection with
respect to v, are null, as are the actual values of initial curvature, slope and
deflection for L,/2<x<L/2, then applying the statics criterion affords the

characteristic equation

45 .35486ETv, ETv Pv
m o, 9"4+0.072785@L-0.93605—==0 (1.22)
L? LLZ 7
where
(1.23)

. sink,k; sinkk
1[11=4.6031481nk1k2+10.594451(2( 22+ = 4)

ks k,

with k1=4.4934, k2=LO/L, k3=1+k2, and k4=1"k2

In accordance with the Stationary Potential Energy Theorem, kinematic
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parameter v, is considered an independent variable, with eqn (1.20) not being
applied prior to the calculus of V., =0 - ie; L is not a kinematic variable within

V. Substituting eqn (1.20) into eqns (1.22) and (1.23) yields

onbtd)
a 75.6

L
where Pqi=80.76EI/L2=3.962(EIq/vm)% denotes the idealised buckle force,with

L>L, and v ,2v, regarding imperfection studies, with the dependent bending

moment

M=EI(VI xx_Vol JOI) ( 1. 25 )
affording the maximum moment (x=0) to be
M =-0.06938g(L2-L2) (1.26)

Maximum compressive longitudinal direct stress can then be obtained from

MDD (1.27)
2T

g

=.£+
A

m

with Om<0yld the limiting elasto-plastic yield stress.

Flexural end shortening now takes the form

/ o
u, = %(fo’* (v, )2 dx-foL “(v,, )2 dx
(1.28)

2
=7.9883. 10-6(—%) (L7-L7)

replacing the idealised u; term of eqn (1.15).

In summary, eqns (1.20) and (1.27) relate amplitude v, and wavelength L
to axial compression P for v >v,., and L>L,. Of particular interest is the
upheaval state to which eqn (1.24) can only approach in the limit. Numerical

computations give, as L-L
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P, =40% Pyl (1.29)

clearly a severe reduction in buckling onset or upheaval resistance from the
idealised state as per eqn (1.7). The uniqueness of eqn (1.20) assures the
uniqueness of eqn (1.29) with v -v . as L-L, as v-v,. That is, the pipeline
separates or lifts off from the seabed over the whole of L uniquely - the first

peel point occurs at x=+L,/2 for P=P .

The complete system requires the incorporation of eqns (1.1), noting eqns
(1.12), (1.15), (1.16), (1.17) as modified above, and (1.24), together with eqns
(1.18), (1.19) and (1.20) - ie five equations for v, P, L and L in terms of T(P_).
As noted previously, other imperfection models extant13’18’19 differ primarily
in possessing their own idiosyncratic alternative expressions to eqns (1.18) and
(1.24) and thereby eqn (1.29), of particular interest to practising designers in

their desire to preclude buckling behaviour.

Figure 1.9 shows typical empathetic modelling action/response loci, data
being as per Table 1.1. Imperfection loci lie within the respective idealised
envelope to which they converge, maximum stress and deformation system
constraints not withstanding, in the limit as the relative effects of the initial
imperfection decays [note Fig 1.2 (b) also]. Fully stable behaviour occurs for
larger imperfections whilst stiffer resistance occurs for lesser cases, but this is
at the risk of snap or dynamic action!213 following attainment of some
maximum temperature rise T, being incurred together with the concomitant

high stressing penalties. The idealised locus is non-conservative.

Whilst the Empathetic model originates elsewherelz, the foregoing
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definitively associates it with fully mobilised friction modelling and the model

is further enhanced in the following study.

1.7 Summary

The physical problem together with the key conceptual and mathematical
factors have been set out in temporal context. The important role of the system
imperfection in buckling studies has been particularly identified. A classification
is now proposed which will indicate the forward path of the programme initially

identified in Section 1.1.
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Chapter 2

Upheaval Buckling Classification

2.1 Purpose

By attempting a Systems Analysis for the research programme it is hoped
to clarify and unify the factors involved. Throughout, only symmetric, elastic
buckling relative to a rigid infinite half-space is considered. Analysis is thereby
limited to rotations <0.1 rads and stress < yield. Buckling and slip lengths are so
large that singular (St Venant) ’end effects - eg sea-bed vertical reaction of qL/2
in Fig 1.8 - are considered to be negligible. Both theoretical and experimental

studies are employed.

2.2 Systems Analysis Interpretation

Figure 2.1 details the breakdown of the programme. Activities 1 and 2
have been introduced in Chapter 1 together with some consideration of Activity
3a; novel developments of the Empathetic model are proposed in Chapter 4
regarding Activities 3a and 3b. Activity 3 can be seen to largely concern the key
imperfection modelling studies and it is uéeful to recall Fig 1.7 here. The
proposed Isolated Prop model (Isoprop) of 3d is of novel form and a related

Infilled Prop model (Blister) is also formulated in Activity 3c.

Activity 4 suggests the eventual production of a user-friendly software
suite, typical graphical output being already indicated by Figs 1.6 and 1.9. All

digital computing was conducted employing a PC Emulator (note Appendix A).
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2.3 Preliminary Observations

The overbend of an imperfect subsea pipe serves to trigger upheaval
buckling wherein the pipe lifts off the imperfection whilst resistance to this is
provided by the respective effective download (ie self-weight, burial overburden)

and pipe stiffness.

Whilst the assumption of stress-free when initially deformed possesses
obvious appeal in the case of the contact undulation imperfection as illustrated
in Fig 1.7(a) due to continuous bearing being available for example, this familiar

3 is perhaps a less attractive proposition in the

strut-associated characteristic
case of the isolated prop hanging under submerged self-weight - note Fig 1.7(b).
However, given the complex procedures accompanying pipe laying41 and the lack
of associated accurate residual stress data, claims of accurate stress modelling
regarding subsea pipeline buckling must surely be somewhat questionable until
appropriate and definite data are made available?2 44, Accordingly, higher-order
non-linear modelling which would admittedly enable fatchetting analysis to be
undertaken is not herein considered in detaill? - pipelines suffer heating/cooling
cycles during routine or in-service operation. Further, in the case of the infilled
prop imperfection illustrated in Fig 1.7(c), the manner of the actual infilling
process will also surely affect initial inertial loading (nb q) considerations; North
Sea conditions are typically of granular form (ie sand/silt) rather than of

0

consolidated form (clay)45. Although asymmetric buckling4 can occur with, say,

v,xloan and vo,xloseo, it is felt that more remains to be answered with respect

to the more basic symmetric modelling cases at this stage.

The key concept is thereby considered to be that of the modelling of a
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rational set of symmetric imperfections of form. Whilst it is considered that the
Empathetic model possesses valid, mathematical worst-case scenario credentials
as previously noted, the distinct prop-based imperfections are clearly feasible as
physical probabilitieslg’lg; as will be shown, these latter imperfections lead to
models whose mathematics obey quite distinct physics and Fig 2.2, developed
from Fig 1.7, serves to clarify the respective distinctions. To the design
engineer, these theoretically less conservative but potentially more realistic
models possess a more attractive definition of rationality. Furthermore, the

respective upheaval state, of primary interest to the design engineer, is a

function of the imperfection definition.

Regarding the important matter of experimentation, two sets of tests are
implemented, these also being identified in Fig 2.1. Geotechnical tests relating
to buried configurations and developed from previous, similar but contact surface
mounted experimental study8 are initially reported as they provide insight into
the theoretical studies of Activity 3; these tests are to determine inertial and
friction force characteristics in the presence. of burial. Second, novel ‘full’
system testing is undertaken later in the programme in order to test the various

hypotheses (Activity 4).

2.4 Summary

The research programme has been set out in the context of the perceived
engineering problem. The novel geotechnical experimental studies regarding
buried pipes are now presented in order to set the ensuing vertical buckling

theoretical studies in physical context.
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Chapter 3

Geotechnical Experimentation

3.1 Introduction

With reference to Figs 1.5 and 1.8 which typify vertical mode buckling,
the axial friction force coefficient ¢, and the inertial loading q relate to the
geotechnical parameters involved in upheaval buckling. It should be noted that
inertial loading is only of geotechnical (and deformation-dependent) form if the
pipeline is buried and herein the total inertial loading is taken to be q+q' per unit
length where q' denotes the effective submerged self-weight of the overburden
or fill employed when pipelines are buried within or upon the seabed. Whilst
inertial and friction force data appertaining to seabed-mounted pipelines can be
claimed to be reasonably well-establishedl3’46, that for buried pipelines is of
limited form!%20, Inertial loading characteristics have been considered in terms
of geotechnical pull-out tests for a restricted range of burial topologiesl?”46
whilst values for axial friction force coefficient ¢, have been similarly
suggested for buried configurationslg’zo. Surface mounted friction testing has
previously suggested that bearing pressure, also a function of cover depth,
affects the pipeline/seabed interface and thereby ¢ AS. Herein, values for, and
the deformation-dependent nature of, q+q' and ¢, appertaining to semi-infinite
buried pipeliﬁes are determined from geotechnical testing on pipe elements of
finite length, due allowance being made for the associated end effects. Data

from a set of thirty-six novel small-scale pull-out and axial friction tests is

assessed with respect to previously unreported burial topologies.
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3.2 Geotechnical Factors

Small scale testing was employed to facilitate the establishment of a
substantial data base for a variety of pipeline/burial topologies. Sand was chosen
as the supporting medium in view of North Sea conditions and a sieve analysis
identified the requisite medium-to-fine sand35. Dry testing was employed for
convenience, noting that a Coulomb medium was involved. Recalling the basic
sections of Fig 1.3 and noting that the imperfection configurations of Fig 1.7 can
relate to pipelines being buried or trenched or both or neither, then Fig 3.1 shows
three typical prototype burial topologies, cover being of the order D<h<3D 13.
Testing sought to replicate type (a) given that data on type (b) already exists.

Throughout, tests were far longer in the preparation than the execution.

3.3 Pull-Out Tests - Set-Up and Procedure

The requisite experimental topology is shown in Fig 3.2. A discrete
element of 48.3mm O.D. steel pipe represented the pipeline, the pipe being of
3.2mm wall-thickness and possessing a self-weight of 35.3N/m. The sand was
first compacted to a typical density, ascertained later, of 1680kg/m3. A
horizontal trench was then cut to the required depth and the pipe (with enclosed
ends and lifting straps) emplaced, to be covered with a loose sand fill of typical
density 1510kg/m3. The lifting straps were connected to a spreader beam and

transducers mounted to read directly from the buried specimen.

Clearly, as the pipe is pulled vertically, some cover will be disturbed at
the ends of the pipe - so called end effects. These effects must be catered for

if the pipe specimen is to relate to an infinitely long pipeline prototype.
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End-effects are dealt with by ensuring the specimen is considerably shorter than
the accommodating flume and by experimental identification of the ensuing
effects for future deletion from thé gross vertical pull values. A plane strain
condition is thereby appro'ached13 .

Stroke loading was applied to the lifting straps and the appropriate
vertical pull/displacement characteristics recorded until substantial post-maxim-
um pull-out force state deformation had been achieved. Dry testing enabled
accurate assessment of the fill failure boundary on the sand surface, this
boundary becoming distinct as the maximum pull-out force state was approached.
Nine tests were undertaken, careful flume re-filling and sand compaction being

implemented with each test.

3.4 Pull-Out Tests - Results

Averaged pull-out characteristics are illustrated in normalised terms in
Fig 3.3 for cases of h/D=1.5, 2.25 and 3, strap pull being denoted by Fp, pipe
weight by P,. The loci show that only small deformations are onset up to the
maximum pull-out state, deflection then increasing rapidly down the post-maxi-
mum falling branch. The loci bear comparison with that given elsewherel3;
although of generally similar form, the falling branch gradients herein are less
severe, this reflecting the different burial topology under investigation - recall
Figs 3.1(a) and (b). The maximum pull-out values are indicative of the mechanical
effect of pipeline burial, the (submerged) self-weight being effectively increased
by factors ranging between 9.7 and 3.7 for covers of 3D and 1.5D respectively;

these are non-conservative ratios as due allowance must be made for the

end-effects present in the discrete pipe test. This allowance is best undertaken
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when considering the maximum pull-out values in terms of cover height provided.
Figure 3.4 illustrates the appropriate data. The section detail shows the failure
boundary rising at 0 to the vertical through the sand. The net maximum pull-out
force relates to the weight of cover fill, identified by shading in Fig 3.4,
contained within the failure boundaries and above the pipe, together with the
vertical component of the surface tractions active on the failure boundaries. For
a discrete length L of pipe, the geometry added to Fig 3.5 readily enables the net

pull-out force to be given by

2 2 2
F,-P,F,= Ly(Dh+Dhtan6+H2tan6+%+(—a—) tan6- “g )

+Ly( (1-k;) —(Ilt%/—%ﬁ sinZGJ

where y represents the specific weight of the soil, k5 is a geotechnical constant

and Fe denotes the end-effects force

e

(h+D/2) )
3

F = (‘n:y[Dh(tanze+tan0) +b2tan26+-li—2 (1+tan29+2tan0)]
+(1cy[(l—k5 ) _m—‘“g/ﬁisinzetane] )
(3.2)

F, corresponds to sand surface semi-circular failure boundary profiles of radius
D/2+(h+D/2)tan® being achieved at each end of the pipe. In each of eqns (3.1)
and (3.2) the former bracketed term refers to the fill weight component, the

latter to the failure boundary tractions.

With 6=20° from observation, evaluations of eqns (3.1) and (3.2) employing
k5=0.33 (geotechnical value for active pressure) show IOOFe/FPSIO% and a locus
corresponding to eqns (3.1) and (3.2) with L=1m is shown in Fig 3.5 together with
net experimental values at h/D=1.5, 2.25 and 3. These values are adjusted to take
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Note Zone I relates to net pull-out force

Zone II relates to additional end - effect force

Fig 3.4 Pull-Out Test
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Fig 8.5 Pull-Out Force _ Cover Height Results
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V.

account of the end-effects term of eqn (3.2) and to provide convenient per metre
data, factoring P, by 0.76571 recalling Fig 3.2. That is, the graphical ordinate

q'=F ,-P-F, in Fig 3.5 represents the net maximum pull-out resistance force per

P
metre of pipeline. Accordingly, the use of eqns (1.3) and (1.4), for example, in
the context of continuously buried pipelines would requife the substitution of

q+q' for q regarding inertial loading characteristics. An empirical design formula

3
g’=y Dh+1.17h2—0.17—13D— (3.3)

relating net pull-out force to cover depth and pipe diameter is suggested and

added to the figure.

13 elsewhere although the

Equation (3.3) is similar to its equivalent
coefficient of h? is suitably enhanced. Further support for eqn (3.3) comes from

the general shallow anchor pull-out expression

q’=th(1+.%f> (3.4)

where f is a geotechnical variable. For the experimental values at h=1.5D and
3D, f=0.9 and 0.69 respectively, these values again being consistent with those

given elsewhere!3,

Finally, two wet tests were undertaken employing a clear water depth of
D and with h=D. A corresponding dry test gave a pull-out force which to within
+10% of the average wet value. Plates 1-5 show instrumentation and testing

work.
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Plate 1 In-House "Load" Cell

Plate 2 Trench Excavation In Compacted Sand

For Pull-Out Test
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Ready To Test

Plate 3

Under Test

Plate 4
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Plate 6 Flume Before Infill For Axial Friction Test Note Paper
Valves
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3.5 Axial Friction Tests - Set-Up and Procedure

The experimental topology is shown in Fig 3.6. A discrete element of pipe
was again employed although in this case the pipe's length of 870mm exceeded
the sand flume's corresponding dimension of 715mm providing for axial
movement free from end-effects for all proposed axial movements. The sand was
compacted and trenched as previously, the pipe and fill then being emplaced. The
pipe was connected by wire to a weight hanger at one end, the other end's axial

movement being monitored.

Loading was ihcrementally applied to the hanger and the corresponding
displacement monitored. This procedure was initially terminated when the
frictional resistance was fully mobilised, i.e. when displacement response became
dynamic. However, given that prototype pipelines experience heat-
ing/pressurising-cooling/depressurising cycleslg’zo, loading was then reversed in
order to detect any burrowing effect whereby ¢ A Will decrease due to interface
wearingg, a feature perhaps particularly relevant to buried pipelines. Nine key
tests were undertaken employing the same 48.3mm O.D. section and burial
configuration as previously with three values of cover, h=D, 2D and 3D, each
case-test being repeated three times. A significant reduction in friction
resistance upon reversal of movement was observed and for h=3D, two further
reversed loading half-cycles were implemented in an attempt to determine any
lower limiting value for ¢,. Eighteen additional simple load reversal tests
employing D=15mm and 2§mm at h=D, 2D and 3D were also undertaken. Plates

6-8 illustrate various aspects of the testing undertaken.
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Plate 7 Levelling Off

Plate 8 Under Test - No Visible Surface Effects
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3.6 Axial Friction Tests - Results

Figure 3.7 displays the averaged axial friction force/displacement loci for
D=h/3=48.3mm. First considerations lie with the initial movement locus and the
determination of the respective fully mobilised friction coefficient ¢,.
Frictional resistance initially maximises at 191 Newtons, the corresponding
displacement at which this full mobilisation of ¢, occurs being u¢=2mm. éa
itself is obtained from

F.=¢ R (3.5)
where F; denotes the maximum loading or frictional resistance force and R
represents the forces applied orthogonally to the pipe's surface by the surround-
ing medium as suggested by Fig 3.8. This is a geotechnical matter and an

interpretation of piling studies45 suggests

R=P_+(P_+P,) +z(ksy[h+i23] “fD ) (3.6)

where P represents the weight of cover lying directly above the top quarter
circumference of the pipe whilst the third (parenthetic) term represents the
lateral pressure acting on the two middle quarter circumferences lying to the
sides of the pipe; kg is a geotechnical constant. The bottom quarter circumfer-
ence carries the pipe weight P, in addition to P. Vertically-oriented pipe was
pulled vertically in a number of ancillary tests to evaluate kg 45, general

geotechnical data ranging between 0.3 and 3. Herein, kg=1 was determined.

Accordingly, Table 3.1 provides data for ¢, for D=48.3mm, these data
being the average of three respective individual tests. With F=19IN for
D=48.3mm=h/3, for example, then, noting eqn (3.6),

R=(30.36)+(134.2) +2(57.5) N (3.7)
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Fig 3.8 Axial Friction Section

) 0.55 0.6 0.68
( Ba)

Table 3.1 Buried vaiues for Axial Friction Force Coeificient
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so that

191
=— =2+ _o. .8
¢ oo 5C 0.68 (3.8)

Equivglent seabed-mounted tests give values in the range 0.5-0.59 for
da 8 Therise in dp, to @'y, say, with ¢' A|h=0=¢ A for buried pipes is attributed
to burial pressure affecting the pipe surface/sand medium interface. This
argument is supported by the observation that for surface-mounted pipe, ¢ =0.53
for 48.3mm O.D. pipe simply resting on sand against ¢ A=0.59 for the case of the

pipe having been pressed into the sand8.

The deformation-dependent nature of axial friction force is clearly

displayed in Fig 3.7 and an empirical curve

f,=¢,(1-0.6e%) , k=-7 .17u (3.9)
¢

where f 4 is a friction force parameter, is employed to fit the initial movement
locus data. This is suitably asymptotic to f y=¢, and provides a useful design tool
with f 5 q replacing ¢, q in buckling studies to give a consistent deformation-dep-

endent friction model.

Finally, and again consulting Fig 3.7, the effect of reversal is to reduce
frictional resistance - the reversal loci are ‘by-eye’ fits for identification
purposes only. It is assumed longitudinal reversal occurs in practice with the
opening up/shutting down cycle previously discussed. The reduction in resistance
is presumed to relate to the burrowing effect i.e. previous movement smooths
the pipeline/seabed interface. Following the initial movement indicated in Fig
3.7, the maximum resistance drops by 16% upon reversal. Two further reversals

lead to ensuing reductions of 27% and 34% respectively; Fig 3.9 illustrates this
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h
D(mm)
D 2D 3D
15 89 87 80
254 86 81 75
48.3 83 85 84

Table 3.2 Reduced Fully Mobilised Friction Resistances upon

Fully Mobilised Friction Coefficient

( % of initial value)

Initial Loading Reversal ( Percentages)

t= 3.2mm

60 —

50

)

T 1 |

1 2 3 4 5

Number of loading half-cycles

Fig 3.9 Cyclic Reduction in Fully-Mobilised Friction Resistance
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effect and suggests a lower limiting value of the order of 60% original ¢4.
Reduction in friction force resistance upon reversal was obtained in all
twenty-seven tests undertaken, recall section 3.5, averaged data being given in

Table 3.2.

3.7 Experimental Comments and Conclusions

It is taken that eqns (3.3), (3.8) and (3.9) and the data of Tables 3.1 and
3.2 do not suffer significant scaling factors when applied to relatively small-bore

prototypeslg’zo. Scaling is an important matter previously discussed with respect

8,30 which can, however, typically possess up to 1m

3

to seabed-mounted pipelines
O.D. The similarity of eqn (3.3) to that concerning a related topology1 , i.e. note
Fig 3.1 (b), is reassuring given the equivalent expression is based on D=442mm
experimentation. Regarding friction modelling, values ¢5=0.5 and u¢=3mm are

quoted19 for D=220mm (h/D=6), adding elsewhere2? that alternative values for

¢, have also been employed.

Figure '3.10 therefore illustrates a suitable Empathetic model for
continuously buried pipes obeying the configuration of Fig 3.1(a); the deforma-
tion-dependent friction force modelling is valid for h=3D. The change in sign of
the friction force exponent is due.to the overwriting of the convention employed
in Fig 3.7 which was therein convenient for experimental purposes. Inertial
resistance, initially based on cover h will vary with vertkical displacement of the
pipe such that q+q'=f(v). However, whilst a deformation-dependent modelling of
g+q' is required as an increasing extent of pipe lifts substantially from its initial
lie or even breaks through the cover, parametric values in the immediate vicinity

of the onset of upheaval will not be significantly affected. Such deformation-de
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pendent studies would follow in the manner adopted elsewhere for seabed
elasticitys. Further, employment to-date of deformation-dependent friction
parameter f , in the manner of eqn (3.9) as opposed to the employment of fully
mobilised friction parameter ¢, in the manner of eqn (3.8) shows little effectS.
Accordingly, the numerical case studies typified by Fig 3.11 and employing the
compact pipe data, more appropriate to upheaval studies, of Table 3.3, consider
g+q' to be constant at any h and friction force modelling to be fully mobilised.
The data of Table 3.1 and eqn (3.3) are incorporated within the modelling denoted
in Section 1.6, q+q' being substituted for q throughout, to give the appropriate
data noted on the loci in Fig 3.11, with ¢4 |,_3p/=(0.55+0.6)/2. The overall
effect of burial is shown to be the increase in resistance to upheaval although

the increased degree of dynamic snap response should buckling occur is to be

noted.

3.8 Summary

Two novel sets of upheaval subsea pipeline buckling data have been
established and their potential employment briefly identif ied30, Taking eqns (1.1),
(1.2), (1.18), (1.19), (1.20) and (1.24) to typify imperfection modelling
(Empathetic) then the factors herein discussed relate directly to eqns (1.18)-
(1.20), together with eqns (1.12) and (1.15), thereby showing their relevance with
particular respect to buried subsea pipes. It is now pertinent to consider the

development of the theoretical imperfection models per se.
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Parameter Symbol Value Unit
External diameter D 219 mm
Wall thickness t 14.3 mm
Direct modulus E 206000 N/mm?
Effective inertial self-weight q 1.144 N/mm
Yield stress oya | 350 N/mm?
Thermal coefficient P 11x107 /°C
Axial friction coefficient ba 10.53
Poisson's ratio * v 0.3

Table 3.3 Pipe parameters (seabed mounted h=0 and D=219mm)

Note: * v employed for the evaluation of pressure component as required.
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Chapter 4

Contact Undulation Studies - Empathetic Model

4.1 Introduction to Empathetic Model Enhancements

Initially, Activity 3a of Fig 2.1 is considered wherein acceptance of the
empathetic expression of eqn (1.20) leads to uniform upheaval of the pipeline
from the contact undulation surface - note discussion in Section 1.6. All
modelling within this Chapter is of novel form although that contained in
Sections 4.7.2 and 4.7.3 has previously been reported in the context of idealised
studies’. Sections 4.2 to 4.5 consider enhancements of the Empathetic model's
mathematical construction, whilst Section 4.7 relates to extension of the model's

range of application.

4.2 Zero Fully Mobilised Slip Length

Considering further the basic surface mounted topology studies discussed
in Section 1.6, it should be recorded that such fully mobilised axial friction
studies generate negative slip length values immediately following upheaval. The
problem of there being a minimum buckle length below which fully mobilised slip
length modelling is invalid has been suggested previously6’7’9; see Fig 1.6. The
reason for the problem is that the developed slip length topology illustrated in

Fig 1.8 is invalid if the frictional resistance demanded by the system can be fully
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provided by the nominally point reaction force ¢5qL/2 at the peel points6’7’9 -

ie; the presumed finite slip length of Fig 1.8 should not then exist within the
model as in the early post-upheaval stage there is no theoretical slip length and

eqns (1.12), (1.14) and (1.15) are invalid. That is, from eqns (1.12) and (1.14),

P,~P = (-20,GABU,| /) ?+¢,- 25 (4.1)

[=]

and from eqns (1.14) and (1.29),

_ (P,~P)L _ Py , 4o
= o " 7.9883x10 (EI)(L -17) (4.2)

ung 2AE

Eliminating (P,-P) between eqns (4.1) and (4.2) and re-arranging into a quadratic

equation with respect to (-uS)I/ 2

W2 (g )iz, D23 $aaL” ~u,=0 (4.3)

_ 1/272
[(-ug)t/212+ 15

ZAE
where the flexural end shortening u; is given by

£=7.9883. 1076 L7—L 4.4

( EI) ( ) (4.4)

and noting tensile relief demands ule /2 can never be positive, then from eqns

(4.3) and (4.4),

L2 2
1=..¢ZZE +7.9883.1o4(§%)(L7—LQ >0 (4.5)

Taking L-=L* as the root of eqn (4.5) - ie; R.H.S.=0 - then for the slip length to

exist (ug<0),

L>L* (4.6)
Accordingly; for LsL*, u=0 and no slip length exists such that eqn (1.12) is

replaced by

PP =$,q2 (4.7)
whilst for L>L*, U, is determined by
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1/2 2 1/2\?
us—%(-( ¢Aq) L+(_ ¢Az§ +4uf) ] | (4.8)

2AF 2
with
1/2
Ls=(‘ 2AEuS) (4.9)
[ )R
and
_ L
PO-P+¢Aq-é- +¢,qL (4.10)

The foregoing procedure avoids the problems associated with a minimum
case of applicability when employing fully mobilised friction force modelling as
typified by L=19.507m in Fig 1.6. Concurrent presentation of the foregoing has
been made available elsewhere!2. Deformation-dependent slip length studies,
note the f 4 considerations in Chapter 3, are not, by definition, susceptible to this

problem.

4.3 Upheaval Temperature Considerations

A second interesting feature relating to the Empathetic model at the
onset of upheaval (zero axial friction force) is that
AEaT, = P,|, = P, (4.11)

enables direct evaluation of the upheaval temperature rise from eqn (1.28),

(4.12)

T = .
u AEx AEwo ALg‘a

However, if it is construed that the peel point (or otherwise’) friction

force discussed above indeed exists at upheaval, then, noting eqn (4.7),
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T POIU
Y AEuw

1]

= (&“f‘l’;ﬂ%)/ (AEx) (4.13)

This essentially philosophical discrepancy is considered to be of minor
numerical effect - eg; taking the data of Table 1.1 with v, .=140mm and
L,=46.8m, then eqn (4.11) gives T, =67.6°C whilst eqn (4.13) gives T ,=68.52°C,
a difference of only 1.3%. Using eqn (4.11) affords a suitably conservative

formulation possessing important computational advantages as discussed below.

4.4 Upheaval Curvature Considerations

From eqn (4.12) it is both possible and potentially usefull819 to explicitly
relate upheaval temperature T, to the imperfection crown curvature vo,xxlo on

the basis of eqn (4.11) being valid. Employing eqn (1.18),

2 2
Vot e = Von (—0 : 5235%—2.3966—%cos(2 .86 ’;X)] (4.14)
o o o

such that, noting eqn (1.20)

qLa
Vorsclo = —0.0694 =2 (4.15)
Incorporating eqn (4.12)
ET qL3
AEaT,=32.3=2=(32.3) (2.407.107%) == (4.16)
Lo Vom
so that
L,
(4.17)

7
T =0.078 on
u q AEw

This leads to important implications regarding the physics of upheaval
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modelling and is further discussed following the ensuing considerations regarding
trenching, burial and anchoring; note that vo,xx|0 is also the maximum imperfec-

tion curvature as required by symmetry.

4.5 Explicit Snap/Stable Differention

A further enhancement consists of the development of a closed-form
expression for T, .., or its availability, where T, .  denotes the maximum
temperature rise state appropriate to snap response systems - see Figs 1.9 and
3.11. By differentiating eqn (1.16) with respect to buckle length L and noting

eqns (4.1), (4.4), and (4.8)

' AE\2
AEaT,, = @, (%) 2+ p,, for L>L* or
3
AEaT,, = ¢,q/2 +P,, for L<L*
(4.18)
L
where ®,=-222 +111.8362.10*C£LYL6
2AFE ET
¢ ,gL? 2
= - +31.9532.10°5-L | (L7-L]
3 2AF (ET)( Lo)
From differentiating eqn (1.24), P, is given by
ET 1 (L) (4.19)
—_ _"_ _o _ .
P, ;=80.76 73 2 75.6( L) (LY, -47,)

noting that 1, is given by eqn (1.23). Equating eqn (4.18) to zero also affords a
closed-form relationship for the maximum temperature rise T, prior to a snap
buckling responselz. Importantly, nonsensical numerical solution implies a fully
stable path, recall Fig 1.9, lacking a T, . state, and acts as a flag - ie; unstable

and stable post-buckling behaviour can be differentiated from eqn (4.18) alone,
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a useful design device as suggested by Fig 4.1 which employs the data of Table

1.1.

A check must be made upon T .. occurring in a singular, cusp manner.
The maximum buckle force P .. can be found by equating eqn (4.19) equal to

zero affording

Ll,,=1.17115L, with By, =45.36%P,|, (4.20)

whilst the coefficients ®, and @3 of eqn (4.18) can be expressed as

®, - % [@1 +7 .9883x10'6(%)2(6L7+2L3)] (4.21)

P, = 29, +2u,

where u; and ®; are given by eqns (4.4) and (4.5) respectively. The first
implication to be drawn from eqns (4.20) and (4.21) is, noting that coefficients
®, and ®; of eqn (4.21) are always positive for L>L*, that the slope T, of the
temperature rise curve typified by eqn (4.18) is greater than zero after the
upheaval state; this situation also becomes obvious for L<L*, ie when eqn (4.18)
takes a much simpler form of AEaT,L=¢Aq/2+P,L>O. Accordingly, the

39

Empathetic model cannot produce a cusp response”” regardless of the reduction

in imperfection ratio (L|pp..>L,)-

A second implication is that the substitution of L|p.,,, from eqn (4.19)
into eqn (4.18) affords AEQT, | |1 |pmax=®2($AIAE/2®3)* %0 for L>L*, noting the
non-zero coefficients of eqn (4.21), whilst for L<L*, eqn (4.18) becomes
AEaT,LIL ]Pmax=¢ A0/2#0. This clearly supports the claim that the states of
maximum temperature rise (AEaT,L=O) and maximum buckle force P (rise) are
not coincident!. A more definitive assessment of the situation is therefore

available by comparing L|p ... from eqn (4.18) set to zero with L|p_ .. from eqn

62



T (°C)

Max Temperature Rise

[
200}
160 -
120 1
80
i 1
l
|
40 !
Snap | Stable
e ] ———
1 |
t
I
0 ¥ L] 1 L] v L] bl T A T : L -
0 0.001 0.002 0.003 0.004 0.005 41 0.006
0.00557

Imperfection Ratio vg,,/Lo

Fig 4.1 Maximum Temperature Rise vs Imperfection Ratio

63



(4.20) given L <L|pn.x and Lo<L|p... is demanded from the above. The
important feature of the above finding is that the maximum temperature T, .,
if it occurs, satisfies the condition Tmax>T|Pmax>Tu° The maximum temperature
state coincides neither with the upheaval nor the maximum buckling force

states!.

4.6 Standard Model Case Studies
(Enhanced Empathetic)

For completeness, Table 4.1 and Fig 4.2 serve to display appropriate
upheaval buckling data employing Table 3.3. These data complement that of Fig
3.11 although overburden effects have been neglected for clarity (see next

Section).

These data illustrate the key modelling characteristics, involving
imperfection amplitude v, ranging from 50mm to 300mm with the correspon-
ding imperfection ratio v, /L, ranging from 0.0024 to 0.0093 such that L,
ranges from 20.628m to 32.284m. Whilst more precise evaluation of v, at which
the transition from snap to stable paths/states has been discussed above, the data
confirms that the lesser the imperfection, the less stable the system's potential
response to rises in temperature/pressure and that idealised studies are

inherently non-conservative.

With regard to the respective temperature rise/buckling amplitude loci
and results given in Fig 4.2 and Table 4.1 respectively, it can be seen that only
the relatively small imperfections typified by v,;,,=50 and 100mm display a

maximum temperature together with the associated snap buckling phenomenon.
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Vo L, Upheaval || Max After Min. First Max
{mm) (m) State Temp. shap Temp. | Yield slope
State State State State O.1rad
T 36.62 4256 | 4256 | (32.26) | (33.50) (33.54)
50 | 20628 | v, 50 101.6 2639.2 | 829.3 1281.8 1292.4
L 20.628 24.628 | 55.600 | 41.628 46.411 46.510
f 82.31 125.71 506.7 283.1 350. 351.5
T 26.04 31.97 31.97 | (30.91) (34.33) (32.93)
100 | 24531 | v, 100. 239.9 10859 | 674.4 1531.9 1292.4
L 24.531 30.531 | 44531 | 39.531 48.531 46.510
f 58.2 124.4 289.2 222.3 350. 318.6
T 21.36 (35.19) 32.29
150 | 27.148 | v, 150. N/A N/A N/A 17315 12924
L 27.148 50.037 46.510
f 47.52 350. 292.5
T 18.58 (36.08) 31.62
200 | 29172 | v, 200. N/A N/A N/A 1909.3 1292.4
L 29.172 51.276 46.510
f 41.15 350. 271.4
T 16.69 (36.97) 30.87
250 | 30.846 | v, 250. N/A N/A N/A 2072.3 1292.4
L 30.846 52.332 46.510
f 36.81 350. 252.1
T 15.29 (37.86) 30.22
300 | 32284 | v, 300. N/A N/A N/A 2226.2 1292.4
L 32.284 53.284 46.510
f 33.60 350. 234.6
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
* § - Maximum stress (N/mm?)
Table 4.1 Fully Mobilised Enhanced Empathetic Model - Parametric Studies

65




B

'b) Buckle Force vs Buckle Amplitude

Fig 4.2 Thermal Action Characteristics
Fully Mobilised Enhanced Empathetic Model

66

80 Idealised
- |
. " §|
644 ® : 8
s | =
8 - “ =R
!
£ \ | -
48+ \ Nad
: \\ : ‘Snap ’a;_‘a;ﬁﬁav
o _-=z22
g 2
5 324
8 Vom =50mm
= . Oy|q=350N/mm? 100mm
= 1.6 200mm
] 300mm
0 L 1 | 1 1 L 1 ¥ T L] ’
0 0.8 1.6 2.4 3.2 4.0
~ Buckle Amplitude Vm in (mm)
a) Maximum Temperature Rise vs Buckle Amplitude
A
1000
\ Idealised
- |‘
good [ \ ¥ 21
\ O
\ @3
. \‘ x| -
—_ O,
= ' s !C- Vom =50mm
< 600 I 100mm
£ | 200mm-
L . | 300mm
o « i Oy|g=350N/mm?
S 400- s
K /—\‘
X
0 7 -,
m? | =EEEE=-—~_
200 i L L LT
|
. [
|
0 T T T ! T T —T T T | G S
0 0.8 1.6 2.4 3.2 4.0
Buckle Amplitude Vm in (mm)



Maximum Compressive Stress (N/mm?)

Max slope 0.1 rad

Buckle Amplitude v_ (m)
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Fig 4.2 (continued)
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The remaining four cases, v,,,=150 to 300mm, generate stable post-buckling
paths. It is to be noted that the onset of slopes in excess of 0.1 radians or of
yielding, whichever comes first, is graphically illustrated by dashed loci in Fig
4.2; here, the geometric limit is more restrictive. Operating temperatures should
be restficted to either T, or T, for the snap cases (dynamic action is to be

avoided), and to either T, or T|; ;r for the stable cases.

The general characteristics for the respective buckling force/buckling
amplitude and maximum compressive stress/buckling amplitude loci for all cases
are again of common form. As illustrated in Fig 4.2(b), all imperfection cases
generate maximum buckling force states; it should be noted that in the small
imperfection cases, these states do not coincide with the corresponding maximum

temperature states, noting the discussion in Section 4.5.

Table 4.1 suggests that for both stable and snap configurations, the
temperature rise required for the onset of first yield stress (static) increases
with increasing imperfection amplitude whilst with the onset of maximum slope
the temperature rise decrgases as the imperfection increases. Care must be
taken with small imperfections, typically v,,,=50mm, however, as the first yield
or maximum slope state is incurred during snap. This implies that the onset of
the respective maximum temperature rise can now be considered as the limiting

state for this particular imperfection amplitude.

Three further developments of the Empathetic model are now considered.
These reflect physical environment rather than mathematical factors, however,
and relate to more recent field employment of subsea pipelines. As opposed to

adopting a basic seabed lie involving hypothetical vertical buckling, the pipeline
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is now trenched and/or subject to burial (rock dumping - intermittent or

otherwise) and subject to the use of fixing anchors.

4.7 Updated Physical Considerations

The development of marginal offshore fields has required the design of
small diameter or compact pipelines to transport hydrocarbon at high pressure
and temperatures. Pipelines of this type are highly stressed and vulnerable to
accidental damage, and will usually be protected by trenching or dumping
techniques. The foregoing ‘standard’ model case-study relates to a basic seabed
lie topology subject to the obviation of lateral mode buckling. Indeed, advances
in offshore practice include, in particular, the use of trenching and burial,
continuous or discrete, together with the employment of fixed anchorage326.
Idealised burial and fixed anchorage scenarios have been published previously47.

The following considerations serve to expand the applicability of the present

model accordingly.

4.7.1 Trenching

Trenching serves to protect the pipeline and de-trenching due to in-service
upheaval buckling is to be avoided. Noting the basic trench section of Fig 4.3,
then the analysis of the fully mobilised Empathetic model with trenching is
similar to that of the standard case. Variation would only exist should the pipe
seek to follow the trench incline requiring substitution for the effective inertial
force m, where m is given by

m=g(sinb+¢ cosb) (4.22)

with 6 denoting the trench angle and ¢L representing the fully mobilised lateral
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Fig 4.3 Inclined Trenching — Trench section
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friction coefficient, in place of q. The effect of trenching upon buckling
resistance can be gauged by the fact that with 8<30° from a geotechnical

standpoim:45

(m/ Q) |g_pgo=1.05 and (m/q) |go3go=1.15 (4.23)

for ¢; =0.75 with transverse deflection v inclined as shown in Fig 4.3. Whilst
upheaval temperatures are therefore hypothetically enhanced by inspection,
purely vertical upheaval would actually dominate as per the standard model case-

study.

A more thorough inclined trench slope study would require m to replace
q throughout all related equations, herein termed the basic trenching model, with
v and v, empathetically related in terms of orientation Vv of Fig 4.3. A degree of
physical compromise is therein incurred for the imperfection v, to involve m per
se. However, as the Empathetic model is %mathematically based upon a worst-

case scenario this is not considered to be a significant problem (nb for m>q).

There is a minor difficulty if q rather than m is assumed to be active in
the slip length regions, herein termed the refined trenching model. Modelling
frictional slip length resistance on the basis of employing q rather than m can be
illustrated by recalling eqns (4.1) and (4.2) for the familiar equilibrium and

compatibility expressions which now can be written as;
P,-P=[-2 ¢AQAEUS|L/2]1/2 +¢Am'§' (4.24)
and

(P.-P)L
Uglr/o=——7m— ~Us (4.25)

71



respectively, where

. =7.9883. 10-6(EI) (L7-L7) (4.26)

Similar to eqn (4.3), elimination of (P,-P) between eqns (4.24) and (4.25)

affords the quadratic equation with respect to (-us)ll 2 to be written as
(~u) V=L i2g a2 (-uy 2s $EE_y o (4.26)
[(-ug) M2 [ AGAE] 2ap urT

then the limiting value L*, ie for the slip length to exist, can be found from

(ug<0)
which gives
_ ¢ZZLE*2 fu, 2 0 (4.28)

For LsL*, u=L,=0 and eqn (4.24) is replaced by

po—P=¢Am-2’3 (4.29)
For L>L*
1| [ 6.a) [ baaL® . 2m 2|’
=—_=]_ A A T
45777 (ZAE) L"{ 228 (g )+4uf)
_(_ 2AEu,\*/? (4.30)
s~ ¢Aq .

L
PO=P+¢AmE +¢ gL,

Table 4.2 and Fig 4.4 display appropriate characteristics of the refined
trenching model according to the employment of eqns (4.24)-(4.30) for two
different imperfections v, of 100mm and 250mm with the trench angles of 20°

and 30° and comparative vertical buckling data (ie standard type case-study
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Trench Uphea- | Max. After Min. First Max
Vom L, angle val Temp. | snap Temp. | Yield slope
(mm) (m) ] State State State State State - | O0.1rad
(degrees)
T | 26.04 31.97 31.97 (30.91) | (34.33) | (32.93)
24.531 Standard | v 100 239.9 10859 | 674.4 1531.9 | 12924
enhanced | L | 24531 | 30.531 | 44.531 | 39.531 | 48.531 | 46.510
model f 58.2 124.4 289.2 222.3 350. 318.6
T | 2664 32.68 32.68 (31.49) | (35.14) | (33.36)
100 | 24252 20 v. | 100 2421 | 1135 | 6862 | 1580.6 | 1273.
L | 24252 | 30.252 | 44.508 | 39.252 | 48.354 | 45.813
f 59.55 125.3 2915 221.6 350. 310.6
T | 2793 34.17 34.17 (32.72) | (36.89) | (34.24)
23.691 30 v 100 246.7 1220. 711.4 1691.6 | 1233.7
L | 23691 | 29.691 | 44.268 | 38.691 | 48.038 | 44.400
f 624 127.1 293.1 220.2 350. 295.0
T | 16.69 (36.97) | 30.92
30.846 | Standard | v, | 250 N/A N/A N/A | 20723 | 12924
enhanced | L 30.846 52.332 | 46.510
model f 36.81 350. 252.1
T | 17.08 (37.92) | 31.26
250 30.495 20 v, | 250 N/A N/A N/A | 21323 | 1273.0
L 30.495 52.108 | 45.813
f 37.66 350. 245.3
T | 17.91 (39.96) | 31.95
29.790 30 v, | 250. N/A N/A N/A | 2261.8 | 1233.7
L | 29.790 51.662 | 44.400
f 39.46 350. 232.2
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
*f - Maximum stress (N/mm?)

Table 4.2 Fully Mobilised Empathetic Model with Refined Trenching
Parametric Studies.
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employing q throughout). It can be seen from Table 4.2 that operating tempera-
tures for the refined trenching model duly provide average theoretical increases,
over the corresponding standard case-study, of 2.2% and 7% for 6=20° and 30°

respectively. Snap and stable responses remain qualitatively unchanged.

Finally, the refined trenching model could be developed further whereby
m replaces q only following the movement of the buckle up the trench slope
whilst the imperfection v, remains unaltered in terms of q; this would provide
a physically more rigorous trenching model. This type of modelling, however, is
‘not valid with respect to the Empathetic model as it would violate the
empathetic relationship between the imperfection and the buckle curves. Such
a model will be discussed later in details with respect to the Blister and Isoprop

models.

In summary, the standard case-study (ie vertical buckling in the absence
of burial and anchoring) in effect relates to a basic trench lie, so long as the data

implications of eqn (4.23) remain typical.

4.7.2 Burial (Continuous)

As introduced in Chapter 3, burial provides damage protection, additional
insulation and enhancement of bucking resistance. Three typical burial topologies
are illustrated in section in Fig 3.1; two of these involve trenching as shown and,
generally, cover h (or h1+h2)>D. The submerged self-weight of the pipeline q is
now artificially enhanced by an amount q' due to overburden pressure throughout
the modelling and empirical formulae for q'/q in terms of cover (h) are available

regarding cases (a) and (b)13:36, Accordingly, the effect of continuous burial upon
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imperfect pipeline behaviour is exhibited in Fig 3.11 with regard to burial type
(a). The Empathetic modelling is as given previously with the simple provision
that q is replaced by q+q' throughout with the axial friction coefficient
numerically modified as required36 (pp=@'s, say). Herein, for simplicity, the
data of Table 3.3 again applies together with that given in Fig 3.11. Upheaval
temperatures are enhanced by 140% and 300% for h=1.5D and 3D respectively.
Clearly, extended post-upheaval buckling vertical displacement v will require
q'=f(v) through the buckle wavelength L as opposed to the constant value given
abovel3:25 ; however, this constant value should suffice in the early and critical,
not at least to the designer, stages of upheaval itself. The primary feature of
burial is the enhancement of upheaval resistance (Tu) although care must be
taken to avoid incurring Tyld pre-upheaval as this would become a more

constraining operating criterion.

4.7.3 Discrete Dumping or Intermittent Burial

Continuous burial is very expensive. Costs can be reduced by the
employment of intermittent burial whereby rock dumping is undertaken at
judicious locations along "the pipeline47. Cost-effectiveness is served by
additional friction force generation within the slip length ie ¢'s(q+q') with

buckling, should it occur, initiating in the unburied regions.

The topology is illustrated in Fig 4.5(a) whilst Fig 4.5(b) shows the axial
force distribution applicable upon full activation of the peel point friction
reaction ¢AqL/2 and of the slip length (LSI+L52) distributed friction forces.
(Prior to this stage, analysis proceeds as previously discussed for the standard

model). With a dumping interval or intermittency distance Lp and L<Lp,
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together with a burial length 2L, such that axial friction resistance is fully
mobilised throughout slip length L=L;+L, as illustrated in Fig 4.5, the basic
slip length modelling becomes duly modified. Noting Fig 3.7, thé non-linear slip

12

length field equation”“ takes the form

AEu, = ,q (4.31)
from which the axial shortening u, for L/2<x<Lp/2, can be written as

2
- ¢Aq£-+A1X+A2 (4.32)

AE 2

where A; and A, are the constants of integration. These can be expressed in

terms of ul; p/p and uy |y p/y as

¢ gL
A1=u-leD/2+7%§2
P P (4.33)
qg. 2 qL
and Az=u|LD/z+—§—2—ELD‘(u'xlr.,,/z*ﬁ)%
For LD/2$XSLD/2+L52
/ /
u=_—¢A(?T+q)XTZ+A3X+A4 (4.34)

where A3 and A, are the constants of integration which are determined by the

boundary conditions

u . =0
ILD/Z Lso (4‘35)

u'xILD/2+L52 =

Such that

/ iarg!
+q’) (L
a- %ale q)( D,

2AE 2 82 (4.36)
/ / 2 :
+ L
A= _Salara) 2L,
2AE 2

Manipulation of eqns (4.34) - (4.36) and employing matching conditions at
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x=Lp/2, then ul; 5y and |} 5/, are given by

uly = - ¢ (g+a’) L2
2AF
(4.37)
_ ¢hala+a)
u'leblz" —ar Lgz

Substituting of eqn (4.33) into eqn (4.32), together with eqn (4.37), affords the

axial shortening ug at the buckle slip length interface to be

$.a 1@
Us=U|yer/p== 57| L 2 (1242l L) [1+-L q ¢A (4.38)
A

The resulting longitudinal equilibrium and compatibility expressions

become
/
L q’| Pa (4.39)
prrmtsctotfinonfie 2] ) .
A 2 A s1 S, g ¢A
and
P —-P)L
%—7 .9883. 10-6(—1%)2 (L7-L7)
(4.40)
¢Aq ¢A =
SAE sl+[L52+2leLSZ] 1+-L ¢A 0

respectively. These two equations replace eqns (1.12) and (1.15) once Ly, has
become activated. Eliminating (P,-P) between eqns (4.39) and (4.40) and

re-arranging as a quadratic equation for Ly, leads to

¢ _ 2uAE
(1 ——)L (1 i)L A LL_,+L% =0 4.41
+ 2+ + DLSZ ¢A( 2 + + ¢Aq) ( )

where u; is given by eqn (4.4).

Solution to eqn (4.41) affords
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4 ¢A

L —_
1+(L ) ¢

=|-L+L3-

2u.AR\[*?
U‘AJ (4.42)

(—+Lle le $.q
A

noting Lg;=(Lp-L)/2, for design purposes regarding L.

Parametric studies of the Empathetic model with discrete dumping,
employing the pipe data of Table 3.3 together with the use of overburden
q'=8.478 N/mm and its corresponding axial friction coefficient ¢', of 0.68, have
been tabulated in Table 4.3 whilst Fig 4.6 illustrates graphical presentation of
the results. The investigation has been carried out for an initial imperfection of
100mm associated with two different cases; the first involved overburden
q'=8.478N/mm being kept constant whilst the dumping interval Lp varies from
100, 500 and 1000m; in the second case the dumping interval is kept constant at

the value of 100m whilst the overburden varies from 1.823 to 3.680N/mm.

That the discrete dumping technique does improve the thermal action
response of the buckling curves is clearly shown in Fig 4.6 as the equilibrium
path becomes increasing stable as the intermittency distance reduces although
upheaval temperature (Tu) values are unchanged as no axial movement occurs
pre-upheaval to cause activation of the slip length which includes the overburden
effects (see Section 4.3). This indicates that, unlike with continuous burial,
discrete dumping causes disproportionate changes in equilibrium path behaviour
of a qualitative form dependent upon how soon the enhanced frictional resistance

along the buried pipe comes into effect.
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Ly (m) Uphea- | Max. After Min. First Max
Vom L, q (N/mm) val Temp. | snap Temp. | Yield slope
(m) [#,] State State State State State | O.1rad
(mm)
T | 26.04 (64.58) | 57.51
100 v, 100 N/A N/A N/A 15319 | 12924
q'=8.478 L | 24531 48.531 | 46.510
{0.68] f | 68.20 350. 318.6
T | 26.04 31.97 31.97 | (30.98) | (41.16) | (37.18)
100 | 24.531 500 v, | 100. 239.9 845 608.7 1531.9 | 12924
q'=8478 L | 24.531 30.531 | 41.817 | 38.531 | 48.631 | 46.510
[0.68] f | 58.20 124.4 251.6 210.1 350 318.6
T | 26.04 31.97 31.93 | (30.91) | (34.85) | (33.00)
1000 v, | 100. 239.9 1085.9 | 674.4 1531.9 | 12924
q'=8.478 L | 24531 | 30.531 | 44.531 | 39.531 | 48.5631 | 46.510
[0.68] f | 68.20 124.4 289.2 222.2 350. 318.6
T | 26.04 31.97 31.97 | (30.91) | (34.33) | (32.93)
standard v, | 100. 239.9 1085.9 | 674.4 1531.9 | 12924
model L | 24.531 30.531 | 44531 | 39.531 | 48.531 | 46.510
q'=0 f | 58.20 1244 289.2 2223 350. 318.9
T | 26.04 (43.99) | 40.95
100 | 24.531 100 (A 100. N/A N/A N/A 1531.9 | 12924
q'=1.823 L | 24.531 48.531 | 46.510
[0.55] f | 568.20 350. 318.9
T | 26.04 (51.44) | 47.03
100 v, 100. N/A N/A N/A 1531.9 | 12924
q'=3.680 L | 24.531 48.531 | 46.510
[0.60] f | 58.20 350 318.9
Notes : * N/A - denotes 'stable’ buckling path
*T - Temperature Rise in (°C)
*v_ - Buckle Amplitude in (mm)
*L - Buckle Length in (m)
*f - Maximum Stress in (N/mm?)
Table 4.3 Fully Mobilised Empathetic Model with Discrete Dumping

Parametric Studies.
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4.7.4 Fixed Anchor Points

The use of fixed anchorage points (u=0) which typically possess shearing
capacities of 250kN-750kN generates similar effects to that of the previous
section, the essential topology and axial force distribution being shown in Fig 4.7.
For an anchorage spacing of Lfap and for (Lfap-L)/2>0 and represents a fully-
activated slip length before which standard modelling applies, the equivalent
expressions to eqns (4.39) and (4.40) take the form

L, -L
P,-P = ¢AQ% +¢Aqi_fa§__)_ +Fap (4.43)

where Fap denotes the required anchorage capacity and

P _-P 2
Q-—)—J .9883.10'6(—q) (L7-L])
2AE , ET
: (4.44)
1 Lep—L) Y Lep-L
R ol .

respectively, the first two terms in eqn (4.44) representing the total end
shortening of the buckle whilst the last term being the axial extension of the slip

length. Peel point longitudinal movement ug takes the form

(Lgap—L) J Lsap—L (4.45)

1
usz—(Fa"+_¢Aq 2 2AE

2

Eliminating F‘,le between eqns (4.43) and (4.44) affords

p

LZp,-L2 2
—p=2a9 (Liap~L7) +7.9883.1o-6-3@(—q-) (L7-L2) (4.46)
4 Lo, oo\ BT

Table 4.4 and Fig 4.8 present results of a set of Empathetic model
analyses involving fixed anchor points employing the pipe data of Table 3.3. The
results are tabulated for two different values of imperfection of 100 and 250mm
with various anchor spacings Lfap’ ranging from 100 to 1000m. The analysis

results displayed in Table 4.4 indicate that the operating temperatures for this
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Uphea- | Max. After Min. First Max | Max

Vom L, Lfap val Temp. | snap | Temp.| Yield slope |F_  at
(mm) (m) (m) State State | State | State | State |O0.1rad 750 kN
T | 26.04 (136.4) | (106.4) | 58.14

100 |v, | 100 N/A N/A N/A | 1531.9 | 12924 | 787.2

L 24531 48.531 | 46.510 | 41.080

f |58.20 350. |318.6 [241.9

T |26.04 31.97 | 31.97 | (31.0) | (43.28) |(38.26) | (57.02)
100 |[24.531| 500 |v_ [100. 2399 | 821.6 | 608.7 | 1531.9 | 1292.4 |2034.4
L |24.531 | 30.531 | 41.531 | 38.531 | 48.531 |46.510 | 52.091
f |58.20 124.4 | 247.7 | 210.1 350. |318.6 [4104

T | 26.04 31.97 | 31.97 | (30.90) [ (34.91) | (33.01) | (61.7)
1000 v, [ 100. 239.9 | 1085.9 | 674.4 | 1531.9 | 12924 | 3173.5
L |24.531 | 30.531 | 44.531 | 39.531 | 48.531 |46.510 | 58.217
f |58.20 1244 | 289.2 | 222.2 350. |318.6 |525.8

T | 16.69 (302.1) |(100.9) | 54.63

100 v [250. N/A N/A N/A | 2072.3 | 1292.4 | 834.8
L |30.846 52.332 |46.510 | 41.692

f |36.81 350. |252.1 |180.2
T | 16.69 (56.58) |[35.84 |(56.12)

250 130.846 ( 500 |[v, {250. N/A N/A N/A | 2072.3 | 1292.4 | 2058
L | 30.846 52.332 | 46.510 | 52.241

f 136.81 350. |252.1 |3484
T | 16.69 (40.16) | 30.92 |(59.39)
1000 |v, |250. N/A N/A N/A | 2072.3 | 12924 | 3107.3
L |30.846 52.332 |46.510 | 57.916

f |36.81 350 |252.1 |456.0

Notes: * N/A - denotes 'stable’ buckling path

*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)

*f - Maximum stress (N/mm?)

* Fap - Anchor shear capacity (kN)

Table 4.4 Fully Mobilised Empathetic Model with Fixed Anchor Points
Parametric Studies.
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o denoting Fap = 750 kN
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particular developed model are not only restricted by either T, or T|max for the
snap cases and either T, or Tlo.lr for the stable cases, but that they are also
subject to the availability of the anchor shearing capacity Fap; reference should
be made to the case where v,,,=100mm should F,, be limited to 750kN. Figure
4.8, which also includes comparative discrete dumping case data, clearly shows
that the use of intermittent burial and fixed anchors are quite effective in
stiffening post-upheaval temperature rise behaviour, particular at close spacing.
Large anchor spacings, as with large intermittency intervals, produce little
improvement over the equivalent standard (trenched) case. Upheaval is not
affected by the use of fixed anchor points due to axial movement only occurring

with the onset of upheaval in the Empathetic model (see Section 4.3).

4.8 Disconnected Model

Referring to Figs 1.7(a) and (2.2(a), The Empathetic model requires that
initial amplitude and wavelength are uniquely related through eqn (1.20),
upheaval occurring uniquely across the entire contact undulation. The physical
possibility of any given initial amplitude v, occurring in the presence of a
variety of initial waveleﬁgth surely exists in practice, however, and the
development of an alternative contact undulation formulation involving eqn (1.18)

but not eqn (1.20) should be considered.
If wavelength L is considered to be kinematic, eqn (1.20) could be replaced

by the statics criterion V,; =0 thereby ‘disconnecting’ v,, and L,. Noting

Section 1.6, the total Potential Energy can be expressed as
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2 2
V, Vv, V., V
V = 66.7984ET | = +22 —2.9451}5'1””—‘“tltl
L3 13 LLZ2
° ° (4.47)
V'2 V2
+ 0.214359g(Lv,~-L,V,,) -1.37849P| — -—=
L L,
so if VIL=0 then
EIvV Pv, 2.9451ET
200.3952 m_0.2143599-1.37849 —2 - V"m(wl—wz):o
L4 L2 (LL,)?2
(4.48)

where ¥, is determined by

k.
¥, = -20.68375k,cosk,k,-10.59446 ﬁ- (k,k,k,cosk, k,+sink, k,)
2 ;

+10.59446 ’11:'2 (k,k,k,cosk, k,-sinkk,)

4

(4.49)
noting k; (i=1,..,4) are given by eqn (1.23), provides a second energy-based

equation, replacing eqn (1.20).

Manipulation of eqns (1.22) and (4.48), thus affords the maximum buckle

amplitude v, to be written as

4 \$
v, =2.407 .10'3%-0.01102 L°_:’L2 (29,-1,) (4.50)

]

whilst the buckle force P takes the form

2
_ ET -4 Q'L4 Vom L (4 51)
P=80.76—|0.6+9.627.10°—="—"—-0.013227 e .
L2 EIv, ¥y v, \ L

m m o

resulting in P,=50%P;.

With eqn (4.50) replacing eqn (1.20) of the Empathetic model, analysis now
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involves the independent stipulation of v, and L. Clearly, the model requires
the incorporation of appropriate longitudinal equilibrium and compatibility

expressions similar in form to those of the Empathetic model.

Figure 4.9 compares the resulting (hypothetical) Disconnected model
performance with its peers employing the data of Table 1.1 with v, .=140mm and
L,=46.8m [agrees with eqn (1.20)]. It shows enhanced resistance compared to the
Empathetic model. This is surely to be expected as additional energy will be
required to produce non-empathetic curvatures. The Disconnected model is,
however, also considered to be mathematically ill-founded as it appears to
violate the Workless Boundary Conditions requirement of the Theorem of

3

Stationary Potential Energy~. The model is not considered valid and is primarily

included to introduce the implications of non-empathetic (crown) curvature upon

post-buckling behaviour (see next Chapter).

A further alternative model based upon eqn (1.18) was considered with eqn

(1.20) substituted prior to application of the statics criterion V,, =0 requiring

that v, and L are completely interchangeable kinematic variables. Briefly, this

procedure affords

2 |
p-p, (1_ ¥ (ﬁ)) (4.52)
264.4

where

¥,= 13.80943sink,k, - 20.68376cosk,k,
sink,k; sink1k4)
k3 k4
sinkk, - ki k,cosk,k, sink1k4-k1k4cosk1k4)
K? k?

+21.18893ké(

+21.18893k§(

(4.53)
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resulting in Pu=57'1%Pqi' The respective data illustrated in Fig 4.9 again
involved the use of equilibrium and compatibility expressions analogous to those
developed previously for the standard Empathetic model. However, L again varies
through the stationary procedure and the model is not considered valid. (Both of
the models described in this section relate to frustrated attempts to broaden the
scope of the Empathetic model.) The ensuing two Chapters relate to more

productive studies involving truly alternative models.

4.9 Summary

A number of novel enhancements to the Empathetic model have been
established and formulations to enable its employment in situations involving
updated physical considerations have been developed. An appropriate, enhanced,
standard upheaval configuration model has been defined and two erroneous
formulations briefly identified to indicate limiting explorations of the
Empathetic model. A valid alternative treatment of a contact undulation

imperfection is now considered.
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Chapter 5

Infilled Prop (Blister Model)

5.1 Introduction

As discussed in Chapters 1 and 2, an alternative contact undulation model
involving the infilling of an isolated prop's attendent voids is to be considered -

recall Figs 1.7(c) and 2.2(c). The following relates to Activity 3c of Fig 2.1.

5.2 Datum Establishment

Initially, and as indicated in Figs 1.7 and 2.2, the pre-operational pipeline
is taken to lie over a discrete object with void (ie; sea water) lying to either side
at zero pipeline compression. The appropriate topology is shown in Fig 5.1 with
the pipeline effectively being under the contrasting actions of a prop imperfec-
tion of amplitude v, and a submerged self-weight loading intensity of q (to
which can be added any overburden effect in the case of buried pipes - see latér).
Note that, initially, q would normally relate to an empty pipe; no such distinction
is available in the mathematic;ally based Empathetic model. Reactions include
a prop shear force F;, equal to half the prop force, and a bending moment N;
acting at the crown, together with a transverse reaction at the peel point. The
boundary conditions are given by

Vi|L1/2=Vi'xIL1/2=Vi' :ctlLi/z'—'Vi' xlo=0 (5.1)

and

92



g /unit length

O I I T I T I I o

Nj=Fiki_ qLi? Flexural Rigidity = El
2 8

]

3
d vi
Fi=z—-El =— 1(
[ Fi dX3

om .
Peel point
P=0
- j' S ST 777
Ot X T .
qlz-l_Fi
L Li/2 v
- |

Fig 5.1 Initial Imperfection Topology

93



Vi|0=vom (5.2)
where v; denotes initial vertical deflection. From statics, bending moment N; at

the crown (x=0) can be written as

2 .
N_FiLi_qLi (503)

i) 8

Equilibrium affords for the general bending moment Mil x» 0sx<L./2

- 2
Pt pp) ( Sy g L2700 (5.4)

Mi Ix=EIVi 1’ e ( 2

where subscript i denotes the initial configuration.

The general solution to eqn (5.4) takes the form

F.L., qLi)x2 F,x3 4
EIVi=Bl+Bzx+(—__lé_’1+.&)i+l_—£ (5-5)

where B; and B, are the constants of integration which are determined as

Vidom0 = By=0

VilL1/2=O e S
Computational manipulation gives the vertical deflection v; as
3 4
L. L.
vi=— |21 | 2L x| -3| =%~ (5.7)
T2ET 2 2
whilst the relationship between the imperfection v, and buckle length is
v ET 1/4
Li=5.8259(—°—q—) (5.8)

The shear force F; at the crown can be found by employing boundary
condition v;, .|y ;/2=0, which gives

EI - i’JGOKIO_ IET
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From eqn (5.7), the general curvature expression takes the form

Vit = 24%,1 (L;-2x%) (6x-L;) (5.10)

thus enabling the curvature at the crown, ie (x=0), to be evaluated as

2 2
abi _ 5. 0a17- 2 (5.11)
ET

Vi’xxlozvi’mlmax=_ 24EI

Substituting eqn (5.10) into eqn (5.4), then the general bending moment

M;|, becomes

L.
Myl == (SE-x) (6x-Ly) , My, < N (5.12)

It must be noted, however, that eqn (5.12) is effectively based upon a previous
and fictitious stress-free-when-straight datum and that it is with the pipe in the

above configuration that the voids are now infilled.

Figure 5.2 compares this physically based imperfection with the previously
discussed Empathetic; for a common imperfection amplitude v, the initial
datum state crown curvatures of this and the Empathetic (and Isoprop, see later)
models are equal from eqns (4.15) and (5.11) respectively. Crown curvatures for
symmetric topologies at all states are respective maxima, which remain
unchanged for both models prior to upheaval. Given the foregoing and that L <L;
(Li=1°29Lo)’ the possibility of an alternative contact undulation buckling mode
to that discussed previously occurring, with upheaval buckling initiating with a
‘blister’ of wavelength L <L; and as indicated in Fig 2.2, must be considered.
Indeed, contraction upon cooling of an idealised buckle would generate v,>v .,

when L=L;, leading to a ‘blister’ buckle upon further contraction.
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5.3 Revised Infilled Prop Topology
(Blister Model)

The infilling of the voids is an attractive supposition regarding the sandy
conditions envisaged in the North Sea, particularly so regarding continuously
buried topologies. The infilling will take time to consolidate and the consider-
ation of whether the pipe is full or empty, recall Section 5.2, becomes less
precise; submerged self-weight q is therefore taken to relate to the full case.
The effect of infilling is to prevent any reduction in spanning prior to upheaval
.(see Isoprop model®?) and to provide for relief of eqn (5.12) by direct bearing
support. Note here that 50%N; is due to q or q+q', with SO%Ni due to v, itself.
In-service residual stress-relieving for this topology has been conceptually

17,20 3nd lends further support to the adoption, as herein,

propounded elsewhere
of a stress-free-when-initially-deformed datum. That is, whilst eqn (5.7) is
henceforth accepted as an imperfection of form, eqn (5.12), considered to be a
component of some total residual stressing including fabrication and laying
operation, is suppressed. Further discussion of this factor is given in later work.
It should be noted that field investigations support the Vom/Li relationship of eqn

(5.8) - as for the standard Empathetic model (v, /L), this is a fixed ratiol2.

5.4 Post Upheaval with L<L;

Figure 5.3 shows the proposed Blister model buckling topology in detail
with L<L; in the early post-buckling phase. A vectorial equilibrium-compatibility

analysis is employed here employing the moment-curvature relationship

2
M =ET(V, o~V o) =P(V,-V) - q;‘ +N (5.13)
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where M, represents the bending moment at X, 0<x<L/2.

The general solution to eqn (5.13) takes the form

3EIn? EIn? (5.14)

v=B,cos nx+B,sin nx+k,+

where B3 and B, are the constants of integration, P=nZEI and k- is given by

2
_ 1 qQl;  2qg 1
fa=vat EIn? 7 n? : (5-15)

Using the boundary conditions

Vlo = Vn
vir = vz
2 2
Vigle =0 (5.16)
Vidz = Viglz
2 2
EIV'xxI_L_ = EIVi’xxlﬁ
2 2

with v, |y=0 then the constant B, is determined as

T, .
B =i (5.17)
3EIn3

4

Similarly, the last two boundary conditions given in eqn (5.16) afford the

relationship between B5 and B, to be expressed as

L. 3 L.
-nB;sinfLinpcos 8L+ T __ oL __ gL’ (i 3y (5.18)
2 2 3EIn® EIn® 48EI L

and

2 EIn* 24EIm? L

. 2 L. L.
B3cos—%L-+B451nnL+ 29 gL ( 1—1)(71—3) (5.19)

respectively. Combination of eqns (5.18) and (5.19) gives

=9 ALy sinBL
B, 1o (kqcos > tkysin=o (5.20)
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BF;‘!_(kasin == -k,cos 2 ’;L) (5.21)

noting that

L(nL)?
kg, = ( 1)(——3)
L24 (L B (5.22)
- AL (Zi nL 2
ky =8k (=E-3)+ 48<L1)

Furthermore, equating eqns (5.17) and (5.21) yields the characteristic

equation for n

nL,
kssin%:’—kgcosHTL«L 3l=0 (5.23)

Values of nL for given values of L;/L are shown in Table 5.1.
With boundary condition v|y=v_,, then eqn (5.14) becomes

gL}
B+—N __ i_,_29 g (5.24)
EIn? 24EIn?® EIn*

Combination of eqns (5.20) and (5.24) affords the bending moment at the crown

to be evaluated as

2
- 9| _x,cosBL K sinBL  \PE)" (5.25)
nz( cos > S > 54 2

Lastly, boundary condition v|} /2=VilL /2 gives

LL . 2
B, cos££+B s1n——+k L S = =V, (5.26)
2 4ETIn? 4EIn?

where peel point height above base level vp can be found by substituting x=L/2

into eqn (5.7) thus

=Tl (Zi_g)s(Liys) (5.27)
1152ET L L

The vertical deflection v can now be expressed as
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L,/L nL Remarks
4.670431 1.247017 Upheaval limit at
4.0 1.502445 v, =100.05% v,
20 3.764647
Post-Upheaval 1.8 | 4.372683
L<L, 16 5.141256
1.4 6.046544
1.2 6.952257
1.0 7.713400 L=L,
1.0 7.713400 L=L,
0.9 8.039016
0.8 8.327418
Post-Upheaval 0.6 8.754047
L>L, 0.5 8.877923
04 8.946799
0.2 8.985391
0.1 8.986773
0.01 8.9868 P - 80.76 EI/L?

Table 5.1 Typical Buckle Force Solution for Blister Model
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= 9 (kacosn ( % -x) +kysinn ( —2L- -X)

n*Er
) (5.28)
2 . .
-kg- (L) (2£1-—3) + 2 le—n2x2) + Vv,
12 L p
so that the amplitude v, takes the form
L4
v,=K; C;TE'I +V, (5.29)
where
2 L
K= (kscos£é+kgsin AL g, - (AL)? (5 21 _3) (5.30)
(nL)* 2 2 12 L

Upheaval, of crucial importance to designers, is usually determined by
reducing initial post-buckling amplitude expressions v ,—v,.; for example, use
is made of eqn (5.29) here. However, numerical limitations affect the Blister
model as shown by the non-zero upheaval length in Table 5.1 from which
upheaval definition is limited to v ;=100.05%v . At upheaval, buckle length L

and buckle force P, become

L.
L, =——2 _ =21.41%L,=27.63% L and
Y 4.670431 * °I"w
/2 (5.31)
EIqg
nL =1.247017 -~ P,=25% P, =3.962( )
o cm
and the upheaval temperature T, can be expressed as
1 L]
T,=-1.413—-L_, = 0.63|0.078—L | =° (5.32)
AEw V_i’xxlﬂ AEx| Vo

which contrasts with eqn (4.17).

Having established the buckling force P in terms of wavelength L and
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amplitude v, it is now necessary to employ longitudinal equilibrium and
compatibility to relate P to the temperature rise T=P,/AE«; note the system
topology and axial force distribution given in Fig 5.3. Employing procedures
similar to those adopted in Section 4.2 together with the neglection of slip
length's inclination!?20 for L<L;, then manipulation affords the equilibrium

expression to be written as

P,-P=[2¢,qAE(-u,) ] 1/2+¢A%L (5.33)

where ug denotes the implied longitudinal movement of the peel point given by

the longitudinal compatibility expression

(P,-P)L

in which u; denotes the flexural end shortening through the wavelength. This

generates

1L 2 gu [L/2 2
uf_E(f0 (v, 02 dx=[ " (v, ) dx) (5.35)
where

L/2 2dx = [-LV 1| (ar-si J
f; (v,,0°%dx (EI) n7((nL sinnlL) 2

, k¢ k.k
+(nL+sinnL) Te+_329_ (cosnL-1)

(nL)?
M [(L;/L)2-3L;/L+3] (5.36)

2nL; .
+k8[ 3 2 (1—cos-%j-:-) —2nL+4s:LnnTL]

2nL;
+k9[— 3 =sin 122L —4cosnTL +4] )

and
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EI| 483840

];L/z(Vi'x)de =( q)z L7

e L,
(%o

Herein, it is necessary to note that the zero fully mobilised slip length
consideration in Section 4.2 is still valid for this particular model, apart from the

exception that eqn (4.5) used for the evaluation of L* is to be replaced by

—%-buf:O (5-38)

where u; is given by eqn (5.35). For LsL*, ug=0 and no slip length exists such that
the longitudinal equilibrium expression takes the form of eqn (4.7). Otherwise,
the fully developed slip length modelling allows the peel point longitudinal
movement u,, slip length L and (P,-P) to be calculated from eqns (4.8), (4.9) and

(4.10) respectively.

5.5 Post Upheaval with L>L;

Figure 5.4 illustrates the key characteristics of the Blister model at the
developed post-upheaval state. A similar procedure to that employed previously
is adopted for this later stage of buckling noting, however, that the transverse
deflection v=f(x,L) is not everywhere attended by the continuous imperfection

v;=g(x,L;). For 0<x<L;/2, equilibrium affords

q}{Z
M =EI(V, 4= Vis x) =P(V,-V) - > +N (5.39)

The boundary conditions appertaining to eqn (5.39) are

V|e=v, i Vs ylo=0 (5.40)

The general solution to eqn (5.39) takes the following form
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q/ unit length
NEENEEENEEREENEERENER

lo = -aL,/3El

M X v’xxx

Peel point

(a) Flexural Range Topology L > Li

o
TR y.

Buckle under thrust P|Ym> Yom
L> Li
Initial Imperfection curve
Vm - Vom
Po gAq -l '-'.. ‘. QAq Po
el ve rararaye rarava rave rava 4 VAT e ar e v o v P
2,gL /2 N : Li/ —:I 2aGL /2 _J
L Ls o Us L/2 L/2 Us Ls
(b) General Topology
e

R, JURT vaaL /2] R

(c) Axial Force Distribution

Fig 5.4 infilled Prop; Developed Post Upheaval
Details of Impertect Fully Mobilised Models L > Lj (Blister Model)
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. 2
aLiX __gx (5.41)

v=B.cosnx+B.sinnx+k. .+
5 s 0 3gTn? EIn?

where B and Bg are the constants of integration and k is determined by

2
_ 1 gLi 2qg (5.42)
Kao=Vat E’Inz(N 24 +717)
The boundary conditions of eqn (5.40) give
2
anIBs+N—-g{:'-l— +29_g (5.43)
24 n?
and
nL. .
By=-—2 1 (5.44)
EIn* 3

In order to evaluate constant B; and consequently the characteristic equation of
the buckle force, it is necessary to establish the matching conditions at x=L;/2.

First and second derivatives of egn (5.41) give

. L, nL;, 2qQL;
V,XILi/2=—nBss1n 21+nBecos 21— 3;;_;2 (5.45)
and
nL, . nL,
V,xx[,_i/f—nzBscosTl—n2B631n zl—Ei_gz (5.46)

whilst for L;/2<x<L/2, noting v;,,,=0 within this range, the moment-curvature

relationship can be expressed as

2
M_=EI(v, ) =P(V,~V)- q;“ +N (5.47)
with the associated boundary conditions

Vle =V, Jr=v,glz=0 (5.48)
2 2 2

Similar to eqn (5.41), the general solution to eqn (5.47) takes the form
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‘ 2
v=B,cosnx+B,sinnx+v,+—2 4+ 9 ___9X (5.49)

EIn? EIn* 2EIn?

where B, and Bg are the constants of integration. Employing boundary conditions
Voxlp/2=0 and v,  |; /,=0 then the relationships between B, and Bg can be

expressed as

nL nL qL

-nB,sin-— +nB,cos — -—*—=——=0 5.50
2 2 2EIn? ( )
and
nL nL Qg
-n?B,cos—= -n2Bgsin-—= =0 .
2 2  EIn? (5.51)

Solutions to eqns (5.50) and (5.51) afford

nL nl nL
B-;— E’In4( —Z—SIHT Cos—z—) (5.52)
and
- g (nL L 2L
By EIn“( S-Cos= -sin > ) (5.53)

Recalling the matching conditions stated in eqns (5.45) and (5.46) then the
evaluation of the first and second derivatives of eqn (5.49) at x=L;/2 is essential.

From eqns (5.52) and (5.53)

__4g n AL, (5.54)
= n— L- L '*' COS— =L .
VixT g (31 ( )2 2 * 2 )
and
q nL _._n
= COS— L- L +—sin—(L-L;) -1 .
" Enz( ( "3 2 (L) ) (5.55)

Matching of eqns (5.45) and (5.54) allows constant Bg to be written as

B=—9 [ BLginBL oo nL Dli o, AL L (5.56)
5 Ernt 2 2 2 6 2 2

and, similarly, combination of eqns (5.46) and (5.55) affords the characteristic
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equation of the buckle force

nL,; nkL.; . nL, nL
n—Lcos—né—sin nL Lcos = 4 1-0 (5.57)
2 2 2 6 2 2 3

Values for nL are obtained in terms of L;/L and key values are given in
Table 5.1. It can be seen from Table 5.1 that the characteristic equations (5.23)
and (5.57) smoothly interface at L=L; and the idealised solution is also obtained,

as would be expected, when L>>L;.

Having determined all constants of integration then the equations of the

deflected curve take the form

nL; n?L,;
E’_Z('I " (kncosnx— 3 2sinnx+k,,+ 3 2 x—nzxz) (5.58)
n

v=

for 0<x<L;/2, and

_ . (nL)? n2x?
v= EIH4(k13cosnx+kl4s1nnx+1+ R (5.59)
for L;/2<x<L/2
where
nL. , nL. nkL.
k,,= —gz-ésini]z}'-—cos%l'——-—131n I -_cos—2
k.= o44nL)%_ (nL;)?
12 8 24 (5.60)
L . _nL nL
k.= -FLginf _cos L
13 > sin > cos >
nlL nL .. nL
k,,= —cos—-sin—
14 2 2 2

The maximum buckle amplitude v, can be found by substituting x=0 into eqn

(5.58)

(n;‘_,)z_ <H§;)2 (5.61)

q
v, = 2+k, ., +
m E’In‘*( 1
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The bending moment N at the crown can by found by substituting eqn (5.56) into

eqn (5.43) thus gives

nL, ., nL, nL, (nL,)?
N | BLgin Bl og 8L TRy B0 L 0gg By (nL,) -2
n2\ 2 2 2 6 2 2 24
(5.62)
and the maximum stress
o =L, D (5.63)

The longitudinal equilibrium and compatibility expressions, typified by
eqns (5.33) and (5.34) and subject to the zero fully mobilised slip length
consideration of Section 4.2 typified by eqn (5.38), still remain valid. The flexural

end-shortening u; of eqns (5.35) and (5.38) is, however, replaced by

L&:_%_(j;h/z (Vi) 2dx+fL/2(V,x) zdx_j;Lx/Z(Vi’x) zdx.) (5.64)

Ly/2

where the third term represents the flexural end-shortening of the initial

imperfection curve; a simple manipulation of eqn (5.7) gives

7
Ly/2 290 g\¢ Li (5.65)
[ v 2 (E’I) 483840

The first and second terms of eqn (5.64) require lengthy calculation based on eqns

(5.58) and (5.59) to give

(nL;)?

Te [nL;+sinnkL,]

kz
fL‘/z (v, ) 2dx = (—q—)z—l-(—-l—l- [nL,-sinnL;] +
0 n’\ 4

nL;)?® nL;k
(ARL)" nLiky, [cosnL;-1]
18 6
2nL; nL; nL, nL,
+2k, |- fcos—2+2sin—=-—=
3 2 2 3

2nL;| 2nL; , nL
+
3 2

sinPEi pcog PEi -2
3 2

(5.66)

and
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2 2 kf . :
fL/ (v, ) 2dx= [-L\ 1|22 [nL-nL;-sinnL+sinnL,]
Ly/2 ET] n7\ 4

kiy . .
Y (nL-nL;+sinnL-sinnL;]

L (nL)?

k
=4 [1-(L;/L)3] +—%k14 [cosnL-cosnL,]

. nL; nL
+2k13[— DZL cos nzL +sin nzL t— =cos >

L . _nL nL nRL; , nL; nL,
-2k, | 2L sinB= vcos -—Lgin—12 =
14[ 2 2 2 2 2 2

noting that ky, k;3 and k4 are as per eqn (5.60).

5.6 Standard Model Case Studies

Parametric studies of the fully mobilised standard Blister model,
employing the data of Table 3.3, have been investigated and tabulations are given
in Table 5.2 with graphical comparison illustrated by Fig 5.5 for various initial
imperfection amplitudes v, ranging from 50mm to 300mm as employed in
Chapter 4, such that L; ranges from 26.618m to 41.66m. The upheaval states
were assumed to occur when the buckle amplitude v ,=100.05% v, ie the

smallest practical configuration of the buckle curves that could be obtained.

With regard to temperature rise T versus imperfection amplitude v,
data, it can be seen that only the relatively small imperfection cases, ie
Vom=20mm up to 150mm, display a maximum temperature rise, T maxe together
with the associated snap buckling phenomenon. The remaining three cases,

typically from v ,=200mm to 300mm, generate stable post-buckling paths. The
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Vom L, Max After Min. First Max
{mm) (m) Upheaval | Temp. | snhap Temp. | Yield slope
State State State State State | O.1rad
T 22.83 4958 | (49.58) | (32.95) | (33.25) | (34.14)
50 26.618 | v, 50.02 88.1 3380. 916.3 698.1 1348.1
L 5.597 20597 | 58.727 | 41.618 | 38.618 | 46.00
f 52.0 168.6 666.6 387.6 350. 4479
T 16.30 3648 | (36.48) | (32.32) | (32.33) | (34.06)
100 | 31.655 | v, 100.05 191.2 1630 759.6 751.4 1344.7
L 6.777 25.277 | 47.943 | 38.655 | 38.533 | 4545
f . 374 171.0 505.8 351.7 350. 450.6
T 13.49 3148 | (31.48) | (31.22) | (381.56) | (33.77)
150 | 35.032 | v, 150.08 341.2 797. 578. 832. 1337.9
L 7.734 20.734 | 38.533 | 35.032 | 39.032 { 44.80
f 31.21 304.4 343. 287.6 350. 443.3
T 11.58 31.02 | (33.38)
200 | 37644 (v, 200.1 N/A N/A N/A 909. 1332.0
L 8.087 39.541 44.25
f 26.93 350. 432.0
T 10.3 30.68 | (32.92)
250 | 39.804 | v, 250.11 N/A N/A N/A 989.4 1324.0
L 8.379 40.117 | 43.75
f 24.06 350. 418.9
T 9.36 30.48 | (32.33)
300 | 41660 | v, 300.12 N/A N/A N/A | 1066.6 | 13155
L 8.63 40.911 42.30
f 21.97 350 402.0
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
* - Maximum stress (N/mm?)
Table 5.2 Fully Mobilised Standard Infilled Prop (Blister) Model

Parametric Studies
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Temperature Rise T (°C)

Temperature Rise T (°C)

|
804 \
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Max slope 0.1 rad
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i 50 150 300
0 T T T T T T T | p— ™
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Fig 5.5 Thermal Action Characteristics )
Fully Mobilised Standard Infilled Prop Model (Blister)
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Buckle Force F (kN)

Maximum Stress f (N/mm?2)
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Max siope 0.1 rad
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Buckle Amplitude vmp (M)
c) Buckle Force Characteristics - P vs vm
‘ Max slope 0.1 rad
500 - =
¢¢¢¢ -
Jd &;} //,/
— -~
— -~
400 o
Pt it . G 41 = 350 N/mm?
3001
200 1
’ Vom (mm)
————
100 - 50" 150 300
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Fig 5.5 (continued)
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onset of slopes in excess of 0.1 radian or yielding limit, whichever comes first,
is shown by dashed loci in Fig 5.5; here, the yielding limit is more restrictive.
Operating temperatures should be restricted to either T, or T .. for the snap

cases and to either T, or T| ayld for the stable cases.

The analysis results displayed in Table 5.2 confirm that the Blister model
generates an upheaval state which occurs at lower temperature than that of its
respective Empathetic equivalent as indicated by eqns (5.31) and (5.32). A closed-
form relationship for stable/snap differention of the form given in Section 4.5
is not available given the greater numerical complexity involved in the Blister
model and each case-study requires numerical analysis. Furthermore, Table 5.2
clearly demonstrates that the upheaval and maximum temperature rise states
diverge as imperfect amplitude decreases regarding the snap cases. The

implication is that the Blister model does not produce a cusp response.

The general characteristics of the respective buckling force/buckling
amplitude obey convergence to their idealised equivalent unlike their thermal
counterparts with suffer breaches of their idealised equivalent, albeit beyond the

geometric and stress limitations; such breaches are further discussed later.

Table 5.2 also suggests that for both stable and snap configuration, T| ayld
~and T|g,ir reduce when v, increases. Furthermore, unlike the Empathetic model
where v, and L are unique upon the onset of maximum slope (=0.1°) for any
particular pipe configuration (D,E,t etc), irrespective of the magnitude of
imperfection, the Blister model produces a reduction in v, and L at this state

as v, increases. This variation is due to the fact that whilst the characteristic

o]

equation of the Empathetic model typified by eqn (1.5) generates a unique
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solution for nL, eqn (5.57) of the Blister equivalent provides nL=f(v ). On the
basis of imperfection amplitude v, Empathetic models more readily generate

stable behaviour.

5.7 Updated Physical Considerations

Further developments are now considered in terms of the pipeline being
trenched, buried (continuously or otherwise) or subject to the use of fixing

anchors.

5.7.1 Trenching

Similar to the discussion in Section 4.7.1, the basic trench section of Fig
4.3 and eqn (4.22) are still valid for this developed Blister model. More
thoroughly, m could again replace q throughout all related equations for the basic
trenching model configuration; vertical buckling would predominate as

previously.

A more thorough refined trenching model analysis requires the use of q
in the slip length modelling as previously discussed in Section 4.7.1. To this end,
modelling the frictional slip length resistance employing by eqns (4.24) - (4.30)
is still valid, except that u; of eqn (4.26) is to be replaced by eqn (5.34) for L<L;
or eqn (5.64) for L>L; respectively. Table 5.3 displays appropriate characteristics
of the analysis for two different imperfections v, =100 and 250mm with trench
angles of 20° and 30° and a comparative standard case-study (ie trenched
vertical buckling in the absence of burial and anchoring). With respect to

upheaval temperatures, the refined model generates an average theoretical
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Trench Uphea- Max. After Min. First Max

Vom L, angle val Temp. shap Temp. Yield slope

(mm) (m) 0 State State State State State | 0.1rad
(degrees)

T 16.30 36.48 | (36.48) | (32.32) | (32.33) | (34.06)

31.655 | Standard | v, 100.05 191.2 1630 759.6 7514 | 1344.7

model L 6.777 25.277 | 47943 | 38.655 | 38.533 | 4545

f 374 171.0 505.8 351.7 350. 450.6

T 16.71 37.32 | (37.32) | (32.91) | (32.96) | (34.49)

100 | 31.295 20 Vi 100.05 176.5 1811.3 | 765.0 713.8 | 1325.1

L 6.729 24229 | 48.767 | 38.295 | 37.528 | 44.75

f 38.33 164.9 524, 361. 350. 458.1

T 17.56 39.05 | (39.05) | (34.15) | (34.3) | (35.38)

30.571 30 Vo, 100.05 185.4 19148 | 776.6 643.1 1280.6

L 6.631 24.131 | 48.361 | 37.571 | 35.571 | 43.30

f 40.32 179.3 562.4 380.8 350. 473.0

T 10.3 30.68 | (32.92)

39.804 | Standard [ v, 250.1 N/A N/A N/A 989.4 | 1324.0

model L 8.379 40.117 | 43.75

f 24.06 350. 418.9

T 10.55 30.98 | (33.24)

o5p | 39.351 20 v 250.12 N/A N/A N/A 9546 | 1303.1

L 8.318 39.244 | 43.05

f 24.67 350. 423.7

T 11.10 31.68 | (34.01)

38.441 30 v, 250.12 N/A N/A N/A 889.8 | 1261.2

L 8.195 37530 | 41.65

f 25.96 350. 435.6

Notes :

Table 5.3

* N/A - denotes ‘stable’ buckling path

*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)

* f - Maximum stress (N/mm?)

Fully Mobilised Infilled Prop (Blister) Model with Refined Trenching
Parametric Studies.
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improvements in resistance of 2.4% and 7.7% for 6=20° and 30° respectively, ie

of similar order to the Empathetic equivalents.

Finally, recalling the discussion of the rigorous trenching model in Section
4.7.1 and given the imperfection of the Blister model is generated from physical
considerations, then the imperfection formulation should also employ q. This
rigorous analysis involves lengthy mathematical procedure. Herein reported is
brief consideration of the two distinct stages of the post-upheaval state, noting
that the transverse deflection v typified in Fig 4.3 is still valid for this case and

the imperfection denoted by eqn (5.7) is also employed here.

For the post-upheaval stage with L<L;, the moment-curvature relation-

ship of eqn (5.13) is replaced by, for 0<x<L/2,

2
M =EI(V, ~V;, o) =P(v,-V) - m;‘-’ +N (5.68)

where v; is given by eqn (5.10). With the employment of the boundary

1’XX

conditions of eqn (5.16), the solution of eqn (5.68) yields the characteristic

equation of the buckling force as

nkL,;
klssinn—L-klscos££+ =0 _ (5.69)
2 2 3
where
_ _a_m_(nL)2 L;_ L;
ko= -1 My (—L 1)(—L 3)
(5.70)

3\ L 2q 48 L

The vertical deflection v of the buckle curve can be expressed as



L . L
v= Vf-ﬁ(klscosn(?—x) +k1651nn(3—x) -k,
) (5.71)
_ (nr)? 2&_3 (g+m) ]+ n Lix-nzxz (g+m)
12 L 2qg 3 2q
where v is given by eqn (5.27). The bending moment N at the crown, x=0, takes
P
the form
N:.i -k CQS_IE—]( sinn_L+ﬂ—2 (5.72)
nz 15 2 16 2 24

The expressions for longitudinal equilibrium and compatibility are as per
eqns (5.33) and (5.34) respectively, noting that the end reaction ¢, qL/2 of eqn
(5.33) is to be replaced by ¢ AmL/2, whilst the flexural end-shortening u; of eqn
(5.34) takes a similar form to that of eqns (5.35), (5.36) and (5.37), apart from the
fact that coefficients kg, kg of eqn (5.36) are to be replaced by the corresponding

k;5 and k¢ of eqn (5.70) respectively.

For the post-upheaval stage with L>L; and for 0<x<L;/2, the moment-
curvature relationship typified by eqn (5.68) again applies, whilst for L;/2<x<L/2,

equilibrium affords

2
M =ET(V, ,~V;s ) =P(V_~V) - m;‘ +N » (5.73)

Again, by employing the boundary conditions of eqgn (5.16) in conjunction
with matching conditions at x=L;/2 upon the slope and curvature of the buckle

curve, then the characteristic equation of the buckle force can be expressed as

—sin—2

. nL. nrL,
—g[ nLcos nL -sin nLj, Lcos—2

+ 2L g (5.74)
2 2 G 2 3

It can be seen that eqn (5.74) will regain exactly the same formulation of

. eqn (5.57) of the standard Blister case-study when putting m=q. Typical buckle
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force solutions for the trench angles of 20° and 30° are tabulated in Table 5.4.
The data of Table 5.4 also confirm that the resistance to buckling increases when
the trench slope becomes steeper as would be expected [nb; employing m as in

eqn (4.23)]. Convergence to the idealised value is also obtained as L>>L;.

Further manipulation of egns (5.68), (5.73) and (5.10) yields the equations

of the deflected curve as, for 0<x<L;/2

’ 2
=—9 |x _cosnx- AL, sinnx+k.  + n°Ly X (g+m) n2xe (5.75)
EIns\Y 3 3 2q
and, for L;/2<x<L/2
v=—™_|k .cosnx+k,,sinnx+1+ (nL)? _ n2x? (5.76)
EIn4 13 14 8 2

noting that k; ; and k; 4 are obtained from egn (5.60) whilst k7 and k; g are given

by
. nL; , nL; nL;
k,, = ﬁ[—ﬂ:'-81n—r-1£ —cosﬁé]———ls1n L -cos—=
aq 2 2 2 6 2 2
( )2 (5.77)
m (nL)? nL;
kg = 1+—§[1+ 5 ]— 2;
The bending moment N at the crown (x=0) is given by
2
=_Q(_kl7+£7:’:.i)__1_ﬂ) (5.78)
n? 24 q

The longitudinal equilibrium and compatibility expressions, typified by
eqns (5.33) and (5.34), still remain valid. The total flexural end shortening u; and
the flexural end shortening of the initial imperfection curve, typified by eqns
(5.64) and (5.65) respectively, can also be used with the exception that eqn (5.66)

is to be replaced by

119



nL

Li/L Trench angle Trench angle Remarks
6 = 20° 6 = 30°
4.798396 1.294785 Upheaval limit at
4.712016 1.262483 1.322869 v,=100.05% v,
4.0 1.537079 1.610481
Post- 2.0 3.846079 4.017273
Upheaval 1.8 4.462621 4,650479
L<L, 1.6 5.236316 5.432359
1.4 6.135818 6.316142
1.2 7.021139 7.157595
1.0 7.758224 7.846226 L=L,
1.0 7.758224 7.846226 L=L,
0.9 8.073327 8.140455
0.8 8.352258 8.400658
Post- 0.6 8.763677 8.782250
Upheaval 0.5 8.882601 8.891583
L>L, 0.4 8.948561 8.951931
0.2 8.985455 8.985577
0.1 8.986775 8.986779
0.01 8.9868 8.9868 P » 80.76 EI/L?
Table 5.4 Typical Buckle Force Solution for Blister Model

with Rigorous Trenching.
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2 2
L_(/Z 2 2 1 k19 . (-nL) .
fo v,idx = (_q) F(T [nL;-sinnL,] +——— [nL+sinnL,]

(nL;)? 2g 1 3m nL;k
+ . 1+—= (1 31 i°v19 —
Te3 (m+g)[ 5 (1+ q) } c [cosnL;-1]

-nL.{(1+3m nkL. . nL., nL,
+2k;4 i A:L cos——t+ LMgin 24 4
6 2 q 2 3
N 2nL;| nL;(1+3m/q) sin nL, e nL; _ g+m
3 6 2 q 2 log

(5.79)

and the effective submerged self-weight q of eqn (5.67) is also to be replaced by

the inertial force m.

Table 5.5 and Fig 5.6 display appropriate characteristics for two different
imperfections v, ;=100 and 250mm with trench angles of 20° and 30° and a
comparative standard case-study (together with a corresponding Empathetic data
run for reference), employing the pipe data of Table 3.3. In terms of upheaval
temperatures, this rigorous model generates an average improvement of 4.5% and
13.8% for 6=20° and 30° respectively. However, recalling the discussion upon the
data of Table 5.4, it can be seen that the refined trenching model associated
with Table 5.4 offers a more conservative solution in terms of operating
temperatures for both stable and snap cases. Vertical mode buckling would

remain predominant, however.

5.7.2 Burial (Continuous)

Recalling the enhanced Empathetic model as discussed in Section 4.7.2,

the present model has also been investigated for the same three different cover
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Trench Uphea- Max. | After Min. First Max
Vem L, angle val Temp. snap Temp. Yield slope
(mm) (m) 0 State State State State State | 0.1rad
(degrees)
T 16.30 36.48 | (36.48) | (32.32) | (32.33) | (34.06)
31.655 | Standard | v, 100.05 191.2 1630. 759.6 751.4 | 13447
model L 6.777 25.277 | 47.943 | 38.655 | 38.533 | 45.45
f 374 171.0 505.8 351.7 350. 450.6
. T 17.00 37.43 | (37.43) | (32.89) | (32.92) | (35.38)
100 31.654 20 v, 100.05 181.8 1828.7 788.8 720.2 1495.6
L 6.722 24522 | 48.902 | 38.655 | 37.655 | 46.277
f 39.00 167.74 525.5 364.9 350. 481.7
T 18.46 39.44 | (39.44) | (34.10) | (34.3) | (36.83)
31.654 30 v, 100.05 1707 | 19712 | 7779 656.4 | 1562.8
L 6.522 23522 | 48.768 | 37.655 | 35.858 | 45.777
f 42.27 167.9 567.6 377.9 350. 512.9
T 10.30 30.68 | (32.92)
39.804 | Standard v, 250.1 N/A N/A N/A 989.4 | 1324.0
model L 8.379 40.117 | 43.75
f 24.06 350. 418.9
T 10.79 31.01 | (34.17)
o50 | 39.804 20 v, 250.12 N/A N/A N/A 961.5 | 14415
L 8.400 39.381 | 44.379
f 25.23 350. 446.9
T 11.78 31.74 | (35.53)
39.804 30 v, 250.12 N/A N/A N/A | 907.7 | 1493.0
L 8.257 37.940 | 43.879
f 27.48 350. 474.3
Notes : * N/A - denotes 'stable’ buckling path
*T - Temperature rise (°C)
*v_ - Buckle amplitude (mm)
*L - Buckle length (m)
* f - Maximum stress (N/mm?)

Table 5.5 Fully Mobilised Infilled Prop (Blister) Model with Rigorous Trenching
Parametric Studies.
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depths h=0 (sea bed mounted), 1.5D and 3D, employing pipe data of Table 3.3 and
Fig 3.11. The effect of continuous burial upon imperfect pipeline behaviour is
shown in Table 5.6 for imperfection amplitude v, ,,=100mm with regard to burial
type (a) of Fig 3.1 with q replaced by g+q' throughout the analysis, noting that
the fully mobilised axial friction coefficient ¢, (¢'y) will vary with depth
accordingly. The primary feature of burial is the enhancement of upheaval
resistance (T,) from 16.3°C (h=0) to 32.55°C and 47.48°C, or a percentage
improvement of 99.7% and 191.3%, for h=1.5D and 3D respectively. However,
Table 5.6 also indicates that the operating temperatures are restricted to either
T, or T ., for the seabed mounted (h=0) and cover depth h=1.5D cases, whilst
such temperatures are restricted to either T or T| ayld for the h=3D case. It can
be concluded that any attempts to raise T,,,, by a further increase in cover
depth beyond a certain value, typically h=3D for this particular pipe, would not
generate a significant improvement upon operating temperatures as material

yielding limit begins to take precedence over T ., (or even Tu).

5.7.3 Discrete Dumping or Intermittent Burial

Again recalling the equivalent Empathetic model studies, Figure 5.7
displays the key characteristics relating to the present model now involving the

longitudinal equilibrium expression

11 &
P-P=¢,L +,q|L,,+L,, 1+iJ——’i (5.80)
2 gl e,
and the compatibility expression
(P,-P) L ¢ agl_2 2 / ¢/
SaE Ut ag| et (Drr2lale) |1+-T ?: =0 (5.81)

where u; is given by eqn (5.35) for L<L; or eqn (5.62) for L>L;.
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Uphea- Max. After Min. First Max
Von L, q+q' val Temp. shap Temp. | Yield | slope
(mm) (m) (N/mm) State State State State State | O.1rad
[4)]
T 16.30 36.48 (36.48) | (32.32) | (32.33) | (34.06)
31.655 1.144 v, | 100.05 191.2 1630 7596 | 7514 | 13447
[0.53] L 6.777 25.277 47.943 | 38.655 | 38.533 | 45.45
f 374 171.0 505.8 351.7 350. 450.6
T 32.55 72.63 (72.63) | (67.75) | (72.49) | (78.67)
100 | 22619 4.388 v, | 100.05 191 1221.8 586.5 | 204.5 1598
[0.58] L 5.057 18.057 31.619 | 25.620 | 18.485 | 34.056
f 74.6 334.7 846.7 6134 350. 950
T 4748 | (109.27) | (109.27) | (105.8) | 1024 | (116.6)
18.588 9.622 v, | 100.05 2164 825. 5436 | 130.9 1145
[0.68] L 3.940 15.512 23.233 | 20.588 | 12.359 | 25.512
f 108.2 538.8 1057. 877.1 350. | 11523
Notes : *T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
* § - Maximum stress (N/mm?)
Table 5.6  Fully Mobilised Infilled Prop (Blister) Model with Continuous Burial

Parametric Studies.
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Table 5.7 and Fig 5.8 display the characteristics of the foregoing
developed model for imperfection v, =100mm, employing the pipe data of Table
3.3. Two different cases have been investigated, the first involving L values of
100, 500 and 1000m with overburden q'=8.478N/mm being kept constant; the
second relates to the situation where Lp=100m is kept constant throughout

whilst q' varies from 1.823 to 3.68N/mm accordingly.

With regard to the first case, Figure 5.8(a) shows that post-buckling
characteristics are stiffened as L, decreases. For L=100m, the post buckling
response has been so significantly improved that stable behaviour replaces the
former snap response. Furthermore, the data in Table 5.7 confirms that the
upheaval temperature remains unaffected despite of a significant reduction in
Lp from 1000m to 100m as no axial movement occurs prior to upheaval and
there is no overburden effect accordingly. This is typical of contact undulation
behaviour. Detailed investigation of slip length output confirms this with

L,=6.777msL"=11.777m.

Similar to the first case, the variation in overburden from 1.823 to 3.68
N/mm also provides an overall improvement upon the post-buckling or rather
post-upheaval behaviour of the respective temperature rise/buckle amplitude
curves. The data in Table 5.7 together with further support from Fig 5.8(b)
clearly indicate that the enhanced slip length frictional resistance begins to show
its effect when Lu<L<L|TmaX, noting a slight improvement in T, ,, whilst T,
remains unaltered as q' increases. (Two corresponding Empathetic case-studies
showed ‘improvement’ to fully stable post-upheaval paths.). Finally, in terms
of the operating temperatures, T, or T... are still considered to be the

restricting temperatures for these particular cases. The Empathetic standard
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Vom L, Ly (m) Uphea- | Max. After Min. First Max
(mm) (m) q'(N/mm) val Temp. | snap Temp. | Yield | slope
[¢,] State State State State State |0.1rad
T | 16.30 44.76 | (60.69)
100 v, | 100.05 N/A N/A N/A 751.4 | 1344.7
q'=8.478 L | 6777 38.53 | 45.45
[0.68] f | 37.40 350. | 450.6
T 16.30 36.48 | (36.48) | (32.64) |(32.87) | (40.98)
100 | 31.655 500 v, 100.05 | 191.2 1156. 632.6 | 7514 | 1344.7
q'=8.478 L 6.777 | 25.278 | 43.567 | 36.655 | 38.53 | 45.45
[0.68] f 37.40 171.0 422.1 324.1 350. 450.6
T 16.30 36.48 | (36.48) | (32.32) | (32.83) | (35.14)
1000 v, 10005 | 1912 | 16185 | 759.6 | 7514 | 1344.7
q'=8.478 L 6.777 | 25.278 | 47.834 | 36.655 | 3853 | 45.45
[0.68] f 37.40 171.0 488. 351.7 350. | 450.6
T 16.30 36.48 | (36.48) | (32.32) | (32.33) | (34.06)
standard Vo 100.05 191.2 1630. 759.6 7514 | 13447
model L 6.777 | 25.278 | 47.943 | 38.655 | 38.53 | 45.45
q'=0 f 37.40 171.0 505.8 351.7 350. 450.6
T 16.30 36.69 | (36.69) | (35.57) | (36.73) | (42.68)
100 | 31.655 100 v, 100.05 | 2017 744.2 4733 | 7514 | 13447
q'=1.823 L 6.777 | 25.778 | 38.412 | 33.654 | 3853 | 4545
[0.55] f 37.40 177.4 348.5 283.4 350. 450.6
T 16.30 36.81 | (36.81) | (36.60) | (39.86) | (49.26)
100 A 100.05 | 201.7 427.6 350.8 | 751.4 | 1344.7
q'=3.680 L 6.777 | 25.778 | 32.654 | 30.778 | 38.53 | 4545
[0.60] f 37.40 1774 269.8 244.4 350. 450.6
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature Rise in (°C)
*v, - Buckle Amplitude in (mm)
*L - Buckle Length in (m)
*f - Maximum Stress in (N/mm?)
Table 5.7 Fully Mobilised Infilled Prop (Blister) Model with Discrete Dumping

Parametric Studies.
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enhanced model case-studies illustrated in Fig 5.8 are included for comparative

purposes.

5.7.4 Fixed Anchor Points

The use of fixed anchor points leads to the following modification of the

equilibrium and compatibility expressions; noting Fig 5.9 for the key characteris-

tics, then
I, L., —-L
Po=P=t L2+ 0,02 —4F,, o (5.82)
and
(P_-P) L 1, Lgp-L)Lg -L |
235 —uf+(Fap+—¢Aq 2 228 ° (5-83)
respectively

Table 5.8 and Fig 5.10 present results of a set of Blister model analyses
involving fixed anchor points employing the pipe data of Table 3.3. The results
are tabulated for two different values of imperfection v,,=100 and 250mm with

anchor spacing L¢, , ranging from 100 to 1000m as per Section 4.7.4.
fap

Figure 5.10 indicates that the developed model similarly generates an
overall stiffening improvement with respect to the rising branches of the
temperature rise/buckle amplitude curves, the improvement becoming increasing-
ly significant as Lfap reduces as is to be expected. However, the data in Table
5.8 show that, in all cases, the temperature rise T, is again unaffected by anchor
provision (ref Table 5.2). Recalling the discussion in Section 5.7.3 with regard to

the zero slip length consideration affecting further improvement in T, it is
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Uphea | Max. After Min. First Max Max.
Vom L, LﬂIp val Temp. | Snap. Temp. | Yield slope |F_  at
(mm) (m) (m) State State | State State State | O0.1rad 755 kN
T | 16.30 59.18 | (117.5) | (59.43)
100 | v, | 100.05| N/A N/A N/A 7514 | 13447 | 7549
L | 6777 38.530 | 4545 | 38.585
f | 37.40 350. 450.6 | 350.7
T | 16.30 | 36.48 | (36.48) | (32.66) | (32.96) | (40.61) | (57.09)
100 | 31.655 500 | v, | 100.05| 1912 | 10722 | 6326 7514 | 13447 | 1995.
L | 6.777 | 25.277 | 42.655 | 36.655 | 38.530 | 45.45 | 50.655
f | 3740 | 171.0 | 408.7 324.2 350 450.6 | 534.2
T | 16.30 | 36.48 | (36.48) | (32.32) | (32.33) | (34.28) | (61.89)
1000 | v, | 100.05| 191.26 | 1596. 759.6 751.4 | 13447 | 3152
L | 6.777 | 25.277 | 47.655 | 38.655 | 38.530 | 45.45 | 57.235
f | 3740 | 171.0 | 485.7 351.7 350. 450.6 | 652.8
T | 10.30 (75.63) | (114.4) | 56.57
100 | v |250.11 N/A N/A N/A 989.3 | 1324.0 | 789.3
L | 8379 40.116 | 43.75 | 37.481
f | 24.06 350. 4189 | 300.5
T | 10.30 32.86 | (44.53) | (56.91)
250 | 39.804 500 | v, |250.11 N/A N/A N/A 989.3 | 1324.0 | 1976.
L | 8.379 40.117 | 43.75 | 49.161
f | 24.10 350. 418.9 519.5
T | 10.30 30.68 | (35.26) | (61.7)
1000 | v, | 250.11 N/A N/A N/A 989.4 | 1324.0 | 3106.8
L | 8.379 40.117 | 43.75 | 55.904
f | 24.10 350. 4189 | 650.6
Notes: * N/A - denotes 'stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
* f - Maximum stress (N/mm?)
*F, o " Anchor shear capacity (kN)
Table 5.8 Fully Mobilised Infilled Prop (Blister) Model with Fixed Anchor Points

Parametric Studies.
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obvious to see that the present developed model is also subjected to the same
limitation, ie no enhanced effect upon temperature rise is to be obtained for
Lu=6.777m<L*=11.777m. With regard to the smaller imperfection, v,,=100mm,
response becomes more stabilised by the incorporation of fixed anchors (ref

Table 5.2).

Generally, the operating temperatures are restricted to either T, or T,
for the unstable/snap cases and either to T, or Tyy1a for the stable cases;
however, there is one exception in that for the case of Lfap=100m and

Vom=250mm, the anchor shear capacity F,, of 750kN takes precedence over the

ap

material yielding limitation.

5.8 Discussions

The standard Blister model herein proposed is quite distinct from the
Empathetic model. The former is based upon on actual physical imperfection
whilst the latter derives from mathematical reasoning. Buckling solutions for nL.
typified in Table 5.1 not only demonstrate full matching at L=L; but also
converge towards the corresponding idealised solutions; in addition, the model
generates a solution in keeping with that provided by an elastic interpretation

of an infilled prop formulation available elsewhere®.

Whilst the Empathetic model's upheaval is determined by reducing initial
post-buckling amplitude expression v -v,.., numerical limitations affect the
proposed Blister model upheaval definition which involves a nominally zero
upheaval length. Practical considerations (ie computational limitations) suggest

that the upheaval state be deemed to occur at v;,=100.05%v,,, Recalling eqns
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(4.17) and (5.32) together with Fig 5.2, whilst the Blister model therefore offers
the most severe case, for a common v, comparison with the Empathetic model
can really only be made in terms of a worst case imperfection scenario on the
basis of the respective peel points occupying zero vertical displacement locations
(v=0). That is, classical studies of thermo-mechanical contact surface buckling-
7,11 presume flat contact surfaces. For L=L;, therefore, with common initial
imperfection amplitude v,
Plgmp= 43.8% Py < Plyjierer= 73.7% Py (5.84)

from eqns (1.29) and (5.31) respectively. Alternatively, for a common initial

imperfection wavelength L =L; such that v | Emp=2'77vom| Blister »

Pul&np=40%PqilL=Lo=Li < 42%Pqi|L=La=L, = PulBlist:er : (5 . 85)

Equations (5.84) and (5.85) thereby preserve, mathematically at least, the

Empathetic model's worst case scenario claim.

The Blister model's thermal action/response characteristics are similar to
those of the Empathetic model with respect to the maximum temperature rise
and the upheaval states being non-coincident for the unstable/snap cases, with
the maximum temperature rise and the maximum buckling force states also being
non-coincident. Explicit snap/stable differention, see Section 4.5, has not been
generated for this less computationally amenable model. The two basic
parameters nL and u; required for the formulation of eqn (4.18) were expressed
by the simple forms of eqns (1.5) and (1.28) respectively. Conversely, the non-
unique nature of the buckling solutions for nL. with respect to the Blister model
as typified in Table 5.1 and the complexity of the u; expressions typified by eqns
(5.35)-(5.37) and (5.64)-(5.67) dictate that a quick and simple solution could not

be readily obtained in closed form.
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Whilst the standard case-study sea-bed mounted model essentially relates
to a purely trenched lie, the effects of employing enhanced burial and anchorage
techniques is clearly shown in Figs 5.6, 5.8 and 5.10, with all-round improvements
in buckling resistance being provided as anticipated36’47. Case-studies with
associated operating temperatures are made available in Tables 5.3, 5.5, 5.6, 5.7
and 5.8 for various imperfections, typically v,,,=100 and 250mm. Clearly, and
similarly to the corresponding Empathetic models, the upheaval temperature rise
T, generated from the developed Blister models could be considered as the safe
operating temperature applicable to all cases including the snap and stable cases;
however, should the operating temperature be allowed to rise beyond T, then'
such temperatures should be restricted to T, ,, for the unstable/snap cases or
for the stable cases.

Tl gy1a

5.9 Summary

A theoretical contact undulation model based on a physical imperfection
has been established as an alternative to the previously established mathemat-

112

ically-based Empatheticmodel” “. The assumption of a stress-free-when-initially-

deformed datum is considered to be appropriate when residual stresses including

41,48 are assumed to be at least

those due to fabrication and laying operations
partially relieved due to direct bearing between the fill and pipe particularly
given the opportunities provided by thermal stress—relieving19’20'39. Further
support for this model can be obtained from the small-scale laboratory experi-
mentation discussed later. The somewhat lengthy consideration regarding
trenching is given upon the basis that whilst vertical buckling would theoretically

dictate behaviour, especially at upheaval, extended post-buckling vertical

activity could become compromised by perturbations.
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An alternative form of physical imperfection, where the prop voids are

left unfilled, is now considered.
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Chapter 6

Isolated Prop (Isoprop Model)

6.1 Introduction

" Herein proposed is a mathematical model, termed Isoprop, relating to a
pipeline whose otherwise horizontal and straight idealised lie is interrupted by
an encounter with an isolated prop or point irregularity as illustrated in Figs
1.7(b) and 2.2(b). As noted in Section 5.2, the isolated prop features voids
(sea-filled) to either side. With alternative isolated prop models available in

literature13’40’49, the following relates to the Activity 3d of Fig 2.1.

The proposed five key sfages in buckling development are illustrated in
Fig 6.1. The datum state refers to the initial lie adopted by the pipeline
following laying operations whereby a vertical out-of-straightness is caused by
the presence of the prop. Subsea conditions are assumed to preclude effective
infilling of the adjacent voids with solid matter at any stage of the pre- or

post-buckling process.

As the temperature of the pipeline rises due to routine operation, the
initial span or imperfection wavelength L; suffers a reduction as the pipeline
tightens up under compressive action P (P<Po, see later). The wavelength L
reduces to some specific value L, (P=P ) whereupon the pipeline lifts off the
prop. Post-upheaval buckling initially involves wavelength L  <L<L;, with L > L;

ensuing if circumstances so dictate.
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6.2 Datum Establishment

The appropriate topology is shown in Fig 5.1 and has been discussed in
Section 5.2. Equations (5.1) to (5.12) again apply and the respective equilibrium
study, whilst providing an initially curved datum v;(x) for ensuing stability
studies, actually demands a supposedly previous hypothetical or fictitious stress-
free-when-straight datum with q initially relating to an empty pipe. Accordingly,
any isolated prop buckling study which employs eqn (5.7) in conjunction with eqn
(5.12) is effectively condemned to replicate established idealised study8’49.
Herein, however, whilst eqn (5.7) is taken to be usefully true following field
observations in the North Sea27, eqn (5.12) is taken to relate to only a component
of residual stress in the as-laid pipe, other components following from fabrica-
tion and laying operations41 48 Previous related discussions have introduced such
matters in Sections 1.5, 2.3 and 5.3. Given that any residual stresses will surely

20,27,48 anq that the ‘isolated’

be subject to in-service thermal stress relieving
inclusion of only the stress data corresponding to eqn (5.12) provides an
effectively imperfection-free datum formulation which would then be non-con-
servative - these features are discussed further in the ensuing - then the familiar
engineering worst case scenario philosophy is invoked whereby the imperfection-
-nullifying idealised stress component given by eqn (5.12) is suppressed and a
Perry-like datum assumption of stress-free-when-initially-deformed is employ-

ed?. Hereafter, in the absence of comprehensive and definitive as-laid residual

stress data41’48, eqn (5.7) is employed as a kinematic imperfection of form.
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6.3 Pre-Upheaval Flexure

Figure 6.2 illustrates the topology adopted upon the onset of in-service
axial compression P which is constant through the wavelength L <L <L;; strictly,
q now allows for the pipeline containing hydrocarbons. The argument of the
previous section leads to employment of the familiar, imperfect moment-curva-

ture relationship.

2
M =EI(V, ~V;, ) =P(V,,~V) +N+Fx—ﬁ-§— (6.1)

where M, represents the bending moment at x, 0<x<L/2, v, and v;,., are given

P

by eqns (5.8) and (5.10) respectively, N denotes the crown moment and shear

force F represents half the prop force. The respective boundary conditions take

the form
VlL/z = V’le/2=V'xle/2=lelg=o and (6.2)
Ve = Vem

The general solution to eqn (6.1) can be written as

2

n2ErT

(6.3)

v=C,cosnx+C,sinnx+k,,+k, x-

where C; and C, are the constants of integration and kg, k,( are defined as

4 2
aL; . 1 [N—- qLi+2q)

k. =
19 1152EI n2ET 24 p2 (6.4)
L.
k,, = 1 (q1+F)
n2gEr\ 3

The presence of the bending moment at the peel point despite the zero
curvature transversality requirement is to be noted, however, with
M l1/2=EIV, solp/2—EIV;, wxlz/2=~EIV;, xxIL/z (6.5)

The curvature v;,,, of the imperfection curve given by eqn (5.10) enables the
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bending moment M,|; /2 of eqn (6.5) to be expressed as

MXIL/2=—2_(i' (3L-L;) (L;-L) (6.6)

Alternatively, the boundary condition v /2=0 of eqn (6.2) allows eqn (6.1) to be

expressed as

2
MIL/2=PVom+N %_ qg (6.7)

Equating M| /2 from eqns (6.6) and (6.7), noting v, ., from eqn (5.8), affords the

relationship between N and F to become

FL _ gL? QLj
N 2= -2 (3L-Ly) (Ly-L) R (6.8)

The zero slope condition at x=L/2 of eqn (6.2) enables the first relationship
between C; and C, to be written as

—nClsinnTL +nC’2cosnTL +Ky0- nggI =0 (6.9)

whilst the boundary condition v|; /=0 provides

Clcos%L +Czsin£-L-+i=0 (6.10)

2 néET

Solving the two simultaneous eqns (6.9) and (6.10) for C; and C, gives

nrL.
C = (—2cos nL+[ 1_npL+ nF]sin HL) (6.11)
n*ET 2 3 q 2
and
nrL.
c,=—2 (—ZSinnL—[ i_pr+ 2 cos DL) (6.12)
n*ET 2 3 g 2

Having evaluated the two constants of integration C; and C,, further
employment of boundary condition v, |y=0 with eqn (6.3), noting eqn (6.11),

affords the crown shear force F to be expressed as
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£

E'I= ('V'mlo)"("Vi'mlo)

z (6.13)
g 2sinfL . (2oipr oL _nL,
EIn(l-cos(nL/2)) 2 * 3 ) cos 2 3

Additionally, the last remaining boundary conditions v|0=vom gives, noting eqn

(6.15) also,
nL nL , L; ._ nL nF ,nL _._nL
2 o= (-3 ik = (== == 6.14)
cos= -2 (2 -3) sin"2 4k, q( 5 ~Sin= (
where
2 4
Kk, =-2-mL)?  (AL)L; (L) (6.15)

4 6L 1152

Eliminating F between eqns (6.13) and (6.14), then the characteristic equation

of the buckle force takes the form

5.8259| (4-(nL)?/4) cos (nL/2) +2nLsin(nL/2) -4-(nL)?/4 |4
nL cos(nL/2) -1

L;
L

(6.16)
Table 6.1 presents typical values of nL in terms of L;/L.

The vertical deflection v of eqn (6.3) can be found by employing egns

(6.11) and (6.12), also noting eqn (5.8) for v, such that

V= g (—2cosn(£—x) +kzzsinn(—é—x)
n*EI 2 2 (6.17)
+k, 4 +K,3nx-n?x?)
where
nL , L; nF
ko= STy
23 = KpptnL (6.18)
(nL;)* nL . nL
k,= —2—+2cos=—=-k,,sin—
24 1152 2COS 2 T 2

144



L,/L nl Remarks
1.194847 1.5 P » 0
1.199310 2.0
1.205182 2.5
Pre-Upheaval 1.212541 3.0
L<L; 1.221515 3.5
1.232263 4.0
1.259967 5.0
1.298091 6.0
1.3421 6.857667 Upheaval F=0
} 1.3421 6.857667 Upheaval
Post-Upheaval 1.3 6.986727 (Vo=Von}
L<L, 1.2 7.262400
1.1 7.502238
1.0 7.7134 L=L,
1.0 7.7134 L=L,
0.9 8.039016
0.8 8.327418
Post-Upheaval 0.7 8.659057
L>L, 0.6 8.754047
0.01 8.9868 P -+ 80.76 EI/L®
(L>Lu)
Table 6.1 Typical Buckle Force Solution for Isoprop Model

145




From eqn (6.17) the maximum buckle amplitude v, at x=0 can be simply

expressed as

L4
v,=K, ‘{EI (6.19)
where
1 nL . nL
L= (nL)"(_ZCOST +k2251n7 +ky, (6.20)

Recalling the relationship between the maximum bending mdment N at x=0 and
the shear force F of eqn (6.8), where F itself can be found from eqn (6.13), then

N takes the form

(nL,)? (nLi)") (6.21)

= -
o nz(k“ Y21 1152

and the maximum stress becomes

o =L +1D (6.22)

Combination of eqns (6.1) and (6.21) affords the general bending moment

to be given by

(nL;)? (nL,)* 2
MX=P(VOI,,~V)+-1—%(IC24—2+ L)? (B0 o @y (6.23)

F being available from eqn (6.13).

Similar to the previously discussed Empathetic and Blister models, it is
now necessary to employ longitudinal equilibrium and compatibility to relate P
to the temperature rise T=P,/AE« employing the system topology and axial force
distribution given in Figs 6.2 (b) and (c). At this stage of buckling, recalling the
presence of half the prop force F in the expression of peel point reaction, the

equilibrium expression takes the form,
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P,-P=[2¢,qAE(-u,)] 1/2+¢A(-%L—F) (6.24)

where ug denotes the longitudinal movement of the peel point given by the
longitudinal compatibility expression

P_-P)L
uf%_uf (6.25)

in which u; denotes the flexural end-shortening through the wavelength such that

L/2 Li/2
uf=%0 (v,x)de-%fo‘ (v, ) 2dx (6.26)

1

Equation (6.26) is somewhat tedious to evaluate with, following computational

manipulation,

L/z 21 nL . nL
[ s = () Sp{ e Gpe G e ke

3
+ (HSL) +% (k2,-4) sin nL-k,, (cos nL-1)
—4[(k22+nL) (1—COS%L) +2sin% —nL] (6.27)

+2k22[2 -2cos 32—1-' - (k,,+nL) sin—%é )

where k5, is given by eqn (6.18), and eqn (5.7) affords the second term of eqn

(6.26) to be evaluated as

Li/2 2 goef @ \2_ Li (6.28)
j; (Vira) dX(EI) 283840

Full solution for the pre-upheaval flexure stage is now available from eqns
(6.16) - (6.28), although the longitudinal fully mobilised friction modelling
employed above fails to allow for the early phase of this stage in which all
necessary frictional resistance is (theoretically) provided for by the peel point

concentrated reaction ¢ A[qL/Z-F] as discussed previously with regard to the
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Empathetic and Blister models in Sections 4.2 and 5.4 respectively; ie eqns (6.24)
and (6.25) are only valid for u <0, such that elimination of (P,-P) between these

two equations affords

- _ 1/2 L qL_ L - 2
u_=[2¢,gAE(-u,)] 2AE+¢,,[ z F]2AE u, (6.29)

Equation (6.29) can be re-written as a quadratic equation with respect to (—us)l/ 2

_ /272, L 1/27 (_qy Y21/2 L g _L -
[(-ug) 212+ -2 (24 ,qAE) V2 [ (-ug) V2] +¢, (== -F) 5= -u =0

(6.30)
where u; is given by eqn (6.26). Noting tensile relief demands ule /2 can never

be positive, then from eqn (6.30),

__?&(LL_F)J,%ZO (6.31)
2AE\ 2

Taking L-=L* as the root of eqn (6.31) - ie; R.H.S.=0 - then for the slip length to
exist (ug<0), L-L*,

For LsL*, u=0 and no slip length exists such that eqn (6.24) is replaced by

po=p+¢A(%3_ -p) (6.32)

whilst for L>L*, u, is given by

1/2 1/2)?
_ _1| [ #ag $,aL% , gL . 2L } ]
s = z((m) -L"[W O ~F) Zg4us
(ZAE(—uS) )1/2 (6.33)
L, = |——=
i e

L
P, = p+¢A(-g2— _F)+¢Aqu

The above formulation is valid for 0sP<P , where P, denotes the buckle
force in the pipe at the onset of upheaval from the prop. Prior to consideration
of the important upheaval state (ie P=P,)), it is pertinent to appreciate that the

present analysis relates to in-service conditions. In comparison with the contact

148



undulation studies of Chapters 4 and 5, the pre-upheaval flexural regime
represents an in-service capability for delaying the onset of upheaval; flexural
and associated slip length movement can occur without upheaval being induced.
Although the physical prototype presently under consideration lacks the
self-weight relieving presence provided by the prop-attendent fill of the infilled
case, it does share the residual stress relieving mechanism provided by the
actually complex non-linear axial friction behaviour within the slip lengths36,
ratchetting surely attending the cyclic nature of in-service activity. Given the
above noted substantial degree of in-service movement herein concerned, it is
contended that thermally-induced residual stress-relieving is thereby similarly
available. This important matter will be subject to further deliberation following
presentation of the complete model. However, the above lends further support
to the adoption, as for the contact undulation models, of a stress-free-when-in-

itially-deformed datum3?,

6.4 Upheaval

This state, of crucial importance to the designer, is defined herein as
being that at which the prop reaction force (2F ) reduces to zero. From eqn
(6.13) therefore, with F=0 ,

L,= L|p,= 0.745L;= 0.96L, and

ET (6.34)
P,= Plp,= 47.027?= 63%P,;

u

|V

where Pqi=80.76EI/L2=3.962(Elq/vm)’} denotes the idealised buckling force value’
(LELu, vmsvom) whilst the corresponding curvature and upheaval temperature

T, can be respectively expressed as
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2 2 2
gL gLj gL
(Vi soelo) u= (Vi soekmax) = —0-106 EI”: -0.0588 Elf= -0.0979 EI"
1 Lq
T,= -3.53-L_, = 1.57 |0.078 =L |=2
AEe " Vi, oo AEa| v,
(6.35)

Equations (6.34) and (6.35) are quite distinct from the upheaval values obtained

13,49

in previous isolated prop models and this factor requires particular

consideration.

As noted in Section 6.2, the above are explicitly based upon the familiar
moment-curvature expression given by eqn (6.5) which incorporates initial

imperfection curvature v effects. Equation (5.7) is taken to prescribe a

1’Xx
stress-free-when-initially-deformed datum state, ie eqn (5.12) is suppressed. If

the internal stressing of eqn (5.12) were to be incorporated within eqn (6.1)

apriori with M;| =Elv;, . , the idealised’ solutions
ET
P,=80.76 = =Py;|;.;, (6.36)
Ly
and
1/4
VerBEL
Lu=4.5147( om” ) =L|, (6.37)
q a

would ensue as eqns (5.7), (5.8) and (5.12) represent the deformed state solution
of a problem in which the (previous hypothetical) datum state was stress-free-
when-straight. This is effectively implemented in previous isolated prop mo-
delsl3’49 ie a stress-free-when-straight pipeline has been subjected to displace-
ment v, under inertial loading g and then compressed by P. These are therefore

equivalent to idealised studies’ in which the pipeline has been ‘disturbed’ or

propelled into the idealised buckling mode at amplitude vaPqiEVomqui°
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(Regarding overall system modelling, thermal values may be only approximately
idealised therein due to the employment of simplified compatibility assump-

tionsg.)

Summarising, justification for the proposed prop model's conservative
philosophy which results in the 37% loss in upheaval buckling resistance
identified by comparing eqns (6.34) and (6.36) is provided twofold. First, in the
absence of comprehensive as-laid residual stress data, it is a high‘risk assumption
to be definitive about only that component which nullifies imperfect behaviour
and is based upon a historically non-existent or fictitious state. Second, whilst
the previous in-service considerations are not to be taken to suggest that
complete relieving of all residual stress components is thereby provided20’48,
there is surely little doubt that the precise and component-only elastic
interpretation given by eqn (5.12) fails, non-conservatively, to replicate a duly
definitive in-service imperfect datum state. Should definitive residual stress data

41,48

become available , this could be readily accommodated within the present

model by suitable modification of eqn (6.1) and thereafter.

Finally, it should be noted that given the imperfect force-deformation

relationship of eqn (6.13)

F

FI-':(-V’XXXIO)—(—Vi'mlO) (6.38)

then for F=0, there is the implicit kinematic requirement

V’xxx|0=Vi'xxx|0 (F=O) (6.39)
such that, from eqn (5.7),
L : (6.40)

v, JOCX|0=— 3FT
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This is true?? for upheaval and beyond as described in the following.

6.5 Post-Upheaval Buckling (L, <L<L;)

Upon upheaval the tightening-up of the wavelength is reversed with L now
growing as buckling ensues with further rise in temperature. As indicated in Fig
6.1, mathematical modelling of post-upheaval buckling again requires a

two-phase structure, first with L<L; and second with L>L; (see below).

Figure 6.3 illustrates the initial post-upheaval stage with Fig 6.3 (a)

detailing the crucial flexural region, boundary conditions taking the form

VIL/2=V' xIL/2=V’ xlo=V" xle/z=0 (6.41)
with
V]o=vp (6.42)

Noting that egns (6.5) and (6.40) remain valid, equilibrium affords for 0<x<L/2,

2
M =EI(v, -V, ) =P(V,-V) - q;‘ +N (6.43)

where v;,. .

is given by eqn (5.10).

The general solution to eqn (6.43) takes the form

aL; . _gx? (6.44)
3n2ET n2ET

v=C,cosnx+C,sinnx+k,s+

where C3 and C, are the constant of integration and k,5 can be expressed as

kps=vyt

2
g (i _L__) N (6.45)
n2 24

n2EI\ n? n2ET

Manipulation of eqns (6.43), (5.10) and boundary condition and v,,.[;. /2=0 gives

2
Pv,- qé' +N=-EIV,s oelrjp==— (3L-Ly) (L4-L) (6.46)
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which affords ko5 of eqn (6.45) to be expressed as

k25=_.q ._2_—__LLi+_‘L_2 (6.47)
n2Er\ n? 6 4

- The employment of boundary condition V|L /2=0 of eqn (6.41), noting eqn

(6.47), affords the first relationship between C3 and C,4 to be established as

nL . nL 2q
— +C.,s 4+ ——=2Z _=0 .
C,cos > C,sin > " (6.48)

and similarly, condition v,,|; /=0 provides

L.
—nc3sin_n_I_'+nC'4cos nL, 9 gL (6.49)
2 2 3n?ET n2ET

Solution to eqns (6.48) and (6.49) allows two constants C3 and C4 to be written

as
L  nL, L; ._ nL
C=—9d | -2c0s B+ 3L (21 _3)ginPBE (6.50)
3 n“E’I( 2 73 () 2)
and
-—g . .nL _nL  L; nL (6.51)
= -2 n——---—(—-3)cos— .
C, n4EI( sin—=-=2 ( 3 ) 2)

Alternatively, further employment of boundary condition v,x|0=0 in conjunction

with eqn (6.44) gives

- 3qf;I (6.52)
n

4

Equating eqns (6.51) and (6.52) yields the characteristic equation of buckle

force as

. nL [ nL; nL nL; (6.53)
2sin—+ -nL|cos— ———==0 .
03 ( 3 ) 2 3

Equation (6.53) is evaluated for nL for given values of L;/L - recall the

treatment of eqn (6.16) - and key values are given in Table 6.1.
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Having evaluated ky5, C5 and C4 then the deflection v of eqn (6.44) finally

becomes
nrL, .
v= q4(—2cosn(%—x)+( 31—nL)s1nn(%—x)
Eln (6.54)
(nL)? L; nzLiX 2,2
22— (223 -n
12 ( L )+ 3 %

for 0<x<L/2 ; the buckle amplitude v, is determined from eqn (6.54), noting eqn
(6.42).

' 4
V=KL (6.55)

where

L; 2 .
K3=———1 —2cos-BE 4 a i_nr)sin®Liz- (nL) (ZE—B) (6.56)
(nL)* 2 3 2 12 L

Bending moment N at the crown can be found by employing eqn (6.46) together

with eqns (6.55) and (6.56)

2
AL AL —nL)sinn—L+.ﬂ_2) (6.57)

N= g 2cos
2 3 2 24

‘n?
and similar to eqn (6.22) the maximum stress o, is given by

P ND
== 42V 6.58
On=Z* 5T ( )

That the present modelling smoothly interfaces, as required, with the
pre-upheaval flexure modelling previously discussed at the upheaval state is
available from Table 6.1, the respective and alternative statements for upheaval
being v,=v,, [ie eqns (6.42) and (6.54)] and F=0 [ie eqns (6.13) and (6.40)]; note

0.745=(1.3421)"L.

Having related buckling force P to amplitude v, and wavelength L it is
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again necessary to relate P to the temperature rise T(Po). Noting the system
topology shown in Fig 6.3 (b) together with the axial force distribution shown in

Fig 6.3 (c), then eqns (6.24), with F=0, and (6.25) are again employed with
L/2 L /2
u, = 1[ ,X)de-lf % (v, ) 2dx

1/ g\¢ 1| n 2
= — == L;-3L nL+sinnL nnlL
2(EI) n(36( )2 ) +nL-si

nL;
3

n n3L
-—(L;-3L) cosnL+
3 (L; ) 18

(L{-3LL;+3L?)

(6.59)

nL

nL -1) -2 sin—z— +nL]

4 L (cos—=—=
+[3( 2

nL; nL nL
L -3L S n——-2c0s—+2
5 )[ —3 sing 2 "

ag \2 LZ
( E’I) 967680

Figure 6.3 indicates that fully activated slip lengths are tacitly assumed
although should the pre-upheaval flexure stage have resulted in this not being the
case, equations (6.31) and (6.32) are employed subject to F=0 in place of eqns

(6.24) and 6.25).

6.6 Post-Upheaval Buckling (L2L;)

The key features of this stage of buckling are illustrated in Fig 6.4.
Similar to the previously discussed Blister model that the transverse deflection
v=f(x,L) is not everywhere attended by the continuous imperfection v;=g(x,L;),
the flexural region of the buckled pipe shown in Fig 6.4(a), therefore, still needs
to be split into two separate zones 0<x<L;/2 and L;/2<x<L/2 for the analysis to

be valid. However, the analytical procedure is similar to those discussed in
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Section 5.5, that is, the characteristic equation of the buckle force and the
equations of the deflected curve, typified by eqns (5.57) and (5.58) - (5.59)
respectively, are still valid for the Isoprop model. In addition, the longitudinal
equilibrium and compatibility expressions, typified by eqns (5.33) and (5.34) with
further support from the zero fully mobilised slip length consideration of eqn
(5.38) together with the flexural end-shortening u; expressions of eqns (5.64) -

(5.67), again still apply here.

6.7 Standard Model Case Studies

The parametric data of Table 3.3 is again employed and resulting data is
given in Table 6.2 together with graphical presentation in Figs 6.5(a)-(d). The
same six magnitudes of imperfection v, have been employed - refer to Sections
4.6 and 5.6 - to distinguish between stable and unstable responses. Note that
from eqn (5.8) the initial imperfection lengths L; ranging from 26.618m 41.66m

correspond with v, ranging from 50mm to 300mm.

The overall impression is considered to be consistent with system
responses obeying the idealised envelope within the defined range of applicabil-
ity, being downgraded from the idealised case due to the presence of the prop
imperfections. As previously, the smaller the imperfection (v, ), the more likely
the occurrence of (undesirable) snap buckling with designers preferably
maintaining operating temperatures/pressures below the upheaval values for the
snap cases at least. In this respect, unlike the previously discussed contact
undulation models in Sections 4.6 and 5.6, one of the most interesting features
of the isolated prop model is that the maximum temperature state, if occurs, is

coincident with the upheaval state; ie the smooth transitional zone of the
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Vom L1 Max After Min. First Max
(mm) (m) Upheaval | Temp. | snap Temp. | Yield slope
State State State State State O.1rad
T 57.59 5759 | (57.59) | (32.95) | (33.25) (34.14)
50 | 26618 | v, 50 50 4480. 916.3 698.1 1348.1
L 19.833 19.833 | 63.118 | 41.618 | 38.618 46.00
f 161.3 161.3 757.3 387.6 350. 4479
T 41.26 41.26 | (41.26) | (32.32) | (32.33) (34.06)
100 | 31655 | v, 100. 100. 2436 759.6 751.4 1344.7
L 23.586 23.586 | 53.447 | 38.655 | 38.533 45.45
f 136.4 136.4 582.7 351.7 350. 450.6
T 34.23 34.23 | (34.23) | (31.22) | (31.56) (33.77)
150 | 35.032 | v, 150. 150. 1418.6 578. 832. 1337.9
L 26.102 26.102 | 45.547 | 35.032 | 39.032 44.80
f 129.7 129.7 455.5 287.6 350. 443.3
T 30.17 30.17 | (30.17) | (29.74) | (31.02) (33.38)
200 | 37644 | v, 200. 200. 705. 490.9 909. 1332.0
L 28.049 28.049 | 36.895 | 34.049 | 39.541 44.25
f 128.1 128.1 299.7 238.2 350. 432.0
T 27.51 30.68 (32.92)
250 | 39.804 | v, 250. N/A N/A N/A 989.4 1324.0
L 29.658 40.117 43.75
f 128.7 350. 418.9
T 25.63 30.48 (32.33)
300 | 41.660 | v, 300. N/A N/A N/A | 1066.6 13155
L 31.041 40.911 43.30
f 130.5 350 402.0
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
* v - Buckle amplitude (mm)
*L - Buckle length (m)
* f - Maximum stress (N/mm?)
Table 6.2  Fully Mobilised Standard Isolated Prop (/soprop) Model

Parametric Studies
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Empathetic and Blister models is replaced by a sharp, distinct cusp.

From theoretical comparison with the analysis results of the contact
undulation models recalling Tables 4.1 and 5.2, it can be seen that the Isoprop
model generates proportionately less stable data cases such that the stable
response only occurs at larger imperfections, ie v ,,>250mm, whilst the Blister
and Empathetic model exhibit the same phenomenon at smaller imperfections,
ie vy,2200 and 150mm respectively. With respect to the snap cases, the
operating temperatures are to be restricted to either T, or T .. as previously;
however, for the stable cases employing the data of Table 3.3, whilst the Isoprop
and Blister models are subject to either T, or T| ayld’ the Empathetic model is

restricted to T, or T|g qr.

Noting Fig 6.5(c), all Isoprop imperfection studies generate maximum
buckle force states as for the contact undulation studies. However, in the Isoprop
studies, involving cusp maxima, these states coincide with maximum temperature

rise and/or upheaval states; note Fig 6.5(a).

6.8 Updated Physical Considerations

The foregoing model is applicable to a basic seabed lie topology subject
to the obviation of lateral mode buckling. Advances in offshore practice
including, in particular, the use of trenching and burial, continuous or discrete,
together with the employment of fixed anchorages26 have already been discussed
in Chapters 4 and 5. The following considerations serve to expand the applicabil-

ity of the present isolated prop imperfection model accordingly.
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6.8.1 Trenching

Recalling the discussion of the Blister model with respect to trenching in
Section 5.7.1, the corresponding development of the Isoprop model, being also
physically based, requires similar treatment. The trenching characteristics shown

in Fig 4.3 and typified by eqn (4.22) are again used.

First, for the basic trenching model with m replacing q in all related

equations, vertical buckling would predominate as previously.

Second, for the refined trenching model with the assumption, similar to
that used in both contact undulation models, that the slip length resistance
should employ q rather than m, use is made of eqns (4.24)-(4.30) with appropriate
values of u; from eqns (6.59) and (5.64) for the post-upheaval stages with L<L;
and L>L; respectively. However, for the pre-upheaval stage, recalling the zero
slip length consideration of Section 4.2 being implemented by eqn (6.35) - (6.37),

then L is to be found from the following modified equation,

_¢AL*(mL*_F)+uf=O (6.60)
2AF 2 .

where u; is given by eqn (6.30).

For L<L*, u=0 and

po=p+¢A(m7L —F) (6.61)

For L>L*, ug is given by
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/2 1/2 2
a gL?
u = -—( (‘21’25') .L [¢A —¢A( nL _p) %wuf] )

L - (24E(-u) )1/2 (6.62)
s .9

P = P+¢ mTL—F)H})AqLS

Table 6.3 displays the thermal response characteristics of the refined
trenching model for the two imperfections v,,,=100 and 250mm, employing the
pipe data of Table 3.3. For each imperfection, two different trench angles of 20°
and 30° were again employed; the corresponding standard model (m=q throughout)
is also included for comparison. In terms of upheaval temperatures, this
particular model offers average increases in T, of 2.3% and 7% for 0=20° and

30° respectively - these are similar to their Empathetic and Blister equivalents.

Third, the rigorous trenching model employs similar principles to those
used for the derivation of Table 5.5. The Isoprop model requires a separate
consideration of the pre- and the post-upheaval states; however, the Isoprop
model is subject to the same mathematical formulation as the corresponding
Blister model for post-upheaval beyond L;. Herein reported is the three stage
analysis of the rigorous trenching model corresponding to the initial imperfection

amplitude of v, given by eqn (5.7).

For the pre-upheaval flexure stage, the imperfect moment-curvature
relationship of eqn (6.5) is modified to become

2
M =EI(v, ~V;, ) =P(V_,-V) +N+F. —’"XT (6.63)

i’ xx

where v:, _ is given by eqn (5.10). Solution of eqn (6.63) in conjunction with the

1’XX
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Trench Max. After Min. First Max
Vom L, angle Upheaval | Temp. |snap Temp. | Yield slope
(mm) (m) 0 State State State State State | 0.1rad
(degrees)
T 41.26 41.26 | (41.26) | (32.32) | (32.33) | (34.06)
31.655 | Standard v, 100 100 2436 759.6 7514 1344.7
model L 23586 | 23.586 | 53.447 | 38.655 | 38.533 | 45.45
f 126.4 1264 582.7 351.7 350. 450.6
T 42.21 4221 | (42.21) | (32.91) | (32.96) | (34.49)
100 | 31295 20 v, 100 100 . | 2496 765.0 7138 | 1325.1
L 23.318 | 23.318 | 53.186 | 38.295 | 37.528 | 44.75
f 139.6 1396 | 602.6 361. 350. 458.1
T 44.23 44.23 | (44.23) | (34.15) | (34.39) | (35.38)
30.571 30 v, 100 100 26245 | 776.6 643.1 | 1280.6
L 22.778 22778 | 52.658 | 37.571 | 35.571 43.30
f 146.3 146.3 645.6 380.8 350. 473.0
T 27.51 2751 30.68 | (32.92)
39.804 | Standard | v, 250 250 N/A N/A 989.4 | 1324.0
model L 29.658 | 29.658 40.117 | 43.75
f 128.7 128.7 350. 418.9
T 28.13 28.13 31.00 | (33.24)
o5p | 39.351 20 v, 250 250 N/A N/A | 954.6 | 1303.1
L 29.321 | 29.321 39.269 | 43.05
f 131.7 131.7 350. 423.7
T 29.44 29.44 31.68 | (34.01)
38.441 30 A 250. 250. N/A N/A | 8886 | 1261.2
L 28.642 | 28.642 37.776 | 41.65
f 138.0 138.0 350. 435.6
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
*{ - Maximum stress (N/mm?)
Table 6.3 Fully Mobilised Isolated Prop (/soprop) Model with Refined Trenching

Parametric Studies.
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boundary conditions of eqn (6.2) affords the crown shear force F to be expressed

as
L= (V) = (Vi)
B EIn(l—coi(nL/z)) qc;mSingL_vn:fi (6.64)
+(n§'i—nL q;;")cos%l'

with the characteristic equation of the buckle force taking the form

(nL)? nL ,_nL (nL) 2 =
4- cos—+2nLsin -4 - 4
_L_i_ _ 5.8259 ( 4 ) 2 2 4 qg+m
L nL cosE -1 2q
2
(6.65)

Table 6.4 represents typical values of nL in terms of L;/L for two
different trench angles of 20° and 30°. For m=q, equation (6.65) regains the
original form of eqn (6.16) of the standard model. Further manipulation of eqn

(6.63) allows the vertical deflection v of the buckle curve to be written as

= a g+m L . 1
v — (-2 _—cosn(=-x)+k,.sinn(=-x)
n4EI( g 2 26 2 (6.66)
+Im
where
k, = DL Li_ygmy, oF
26 3 L 2q q
k,, = k,,+nL (6.67)
(nL;)*  g+m nL . nL
k28 = 11512 + qq COST—kzssln7
and the bending moment N at x=0 to be evaluated as
4
N= [ -gm, (BL)°_ (aL,) ) (6.68)
n2\"?® g 24 1152
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with Rigorous Trenching.
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Trench angle = 20° | Trench angle = 30° Remarks.
L,/L nL L,/L nL
1.201776 1.5 1.216578 1.5 P » O
1.206264 2.0 1.221123 2.0
1.212169 2.5 1.227102 2.5
Pre- 1.219571 3.0 1.234594 3.0 l
Upheaval | 1.228597 3.5 1.243732 3.5
L<L, 1.239408 4.0 1.254675 4.
1.267272 5.0 1.282883 5.0
1.305618 6.0 1.321700 6.0
1.353566 | 6.918436 | 1.377821 | 7.039450 Upheaval F=0 |
1.353566 | 6.918436 | 1.377821 | 7.039450 | Upheaval (v, =v)
Post- 1.3 7.072919 1.3 7.237694
Upheaval 1.2 7.331415 1.2 7.464739
L<L, 1.1 7.557802 1.1 7.666082
1.0 7.758224 1.0 7.846226 L=L,
1.0 7.758224 1.0 7.846226 L=L;
0.9 8.073327 0.9 8.140455
0.8 8.352258 0.8 8.400658
Post- 0.6 8.763677 0.6 8.782250
Upheaval 0.5 8.882601 0.5 8.891583
L>L, 0.4 8.948561 0.4 8.951931
0.2 8.985455 0.2 8.985577
0.1 8.986775 0.1 8.986779
0.01 8.9868 0.01 8.9868 P » 80.76 EI/L?
(I>L)
Table 6.4 Typical Buckle Force Solution for Isoprop Model



The temperature rise T(P,) can still be evaluated from eqns (6.24) - (6.28)
whereby the peel point reaction ¢,(qL/2-F) of eqn (6.24) is to be replaced by

¢ A(mL/2-F), and the flexural end shortening of eqn (6.27) takes the form
L/2
[ vesaxs

gimy, (nL)® 1 2 _, g+myzy .z
+( 2q) < +4(k26 ( g )2)sin nL

)2 (( ( q;-m)2+k2 ) £€'_+H_L (kg +n Z-Z‘H)kze

-k,s (cos nL-1) grm

2 q+m[(k26+HL gty (1 -cos L) + (25inBL —pr) L0
q 2 2 2g

+2k26[(2 2cos£l-'-) q+én—(k25+nL My g3pn 28 nzL] )

(6.69)
where k¢ is given by eqn (6.67).

The zero slip length considerations given previously regarding eqns (6.60)-

(6.62) are still valid provided ug is determined from eqns (6.26), (6.28) and (6.69).

For the post-upheaval buckling (L <L<L;) stage, the moment curvature

relationship of (6.60) becomes,

mx? (6.70)

M =EI(V, = Vi) =P(Vy-V) -

where v is given by eqn (5.10). With the employment of the boundary

1’XX

conditions, typified by eqns (6.41) and (6.42), the solution of eqn (6.70) affords

the characteristic equation of buckle force to be expressed as

sin
3 2g 2 3

q;m - nzL+(ﬂLi_nLq+m)cosnL_nLi=0 (6.71)

Equation (6.71) is evaluated for nL for given values of L;/L; Table 6.4 shows key
values for two different trench angles of 20° and 30°. Comments are as

previously given regarding Table 5.4. Furthermore, the deflection v of the buckle
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curve becomes, for 0<x<L/2,

V= L( q+mcosn(L—2)+( Lqm)Slnn(—-X)
EIn*\ g 3 2q (6.72)

n®L;x
L,.gtm_ (nL)? (2 _3.gtmy iX 22 GHM
q 12 2q 3 2

and the bending moment N at the crown (x=0) takes the form

2
N=_Z| g s BL_ nLy ~nr Ly g5n AL, (AL;)° _ g+m (6.73)
PY 2 3 2q 2 24 q

Again as per the previously discussed pre-upheaval case, the temperature
rise T(P,) again can be evaluated from eqns (6.24) and (6.25) whereby the peel
point reaction (¢,qL/2-F) of eqn (6.24) is to be replaced by ¢,mL/2 and the

flexural end shortening of eqn (6.26) is now replaced by

u, = 1f"’2 ,x)?-dx-lf“/2 ) 2dx

l’x

= i(_q) i(—(L -3L)2(nL+sin nL) +nL-sin nL

2\ ET 36
nL
S — g(Li—BL) cos nL
n3L[,2 g+m s, gtm, 2
L;-3LL,; 3L4, (=——
I |pi-an (Lo var2. () (6.74)
+4 Ly (cos— nL -1) +(—ZSinn—L+nL) q+m]
2 2 2q
n nL g+m
28 (L,-3L)|- )
2g
q \? L]
(EI) 967680

For the post-upheaval buckling (L>L;) stage, the analysis of the rigorous

trenching model of Section 5.6.1.2 of the Blister model can still be used here.
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Table 6.5 and Fig 6.6 present the results of parametric studies of the
rigorous trenching model for two different trench angles of 20° and 30° regarding
imperfections v, of 100 and 250mm and employing the pipe data of Table 3.3;
comparative standard Isoprop (m=q throughout) data are also included. The
results of Table 6.5 indicate that the rigorous analysis generates an average
improvement of 3.5% and 11% in upheaval temperature for 6=20° and 30°
respectively whilst slightly lower than their Blister equivalents, they do relate
to higher base cases. As for the Blister studies, the rigorous model continues the
progression of increasing upheaval temperatures as the trench modelling becomes
more sophisticated. Theoretically, the standard case vertical modelling remains
critical with particular respect to upheaval. Although nominally related to
contact undulation imperfections, an Empathetic data run is included in Fig 6.6
for comparative purposes upon the basis that its mathematical derivation relates

to the worst case scenario.

6.8.2 Burial (Continuous)

Similar to the discussions in Sections 4.7.2 and 5.7.2, and again employing
the pipe data of Table 3.3 and Fig 3.11, the Isoprop model with continuous burial
is also considered for three different cover depths of h=0 (seabed mounted), 1.5D
and 3D, together with the associated axial friction coefficients of 0.53, 0.58 and
0.68 respectively. The fully mobilised analysis results are shown in Table 6.6 for
imperfection amplitude v, ,=100mm with regard to burial type (a) of Fig 3.1 with
q replaced by q+q' throughout the analysis. Similar to the Empathetic and Blister
models, the developed Isoprop model generates an enhancement in upheaval
temperature of 96.6% and 191.8% for h=1.5D and 3D respectively. Further

upheaval enhancement is compromised as the yielding limit state occurs prior to
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Trench Max. After Min. First Max
Vom L, angle Uphea- | Temp. shap Temp. Yield slope
(mm) (m) 0 val State State State State 0.1rad
(degrees) State
T 41.26 41.26 (41.26) | (32.32) | (32.33) | (34.06)
31.655 | Standard Vi 100 100 2436 759.6 7514 1344.7
model L 23.586 | 23.586 | 53.447 | 38.655 | 38.533 | 45.45
f 136.4 136.4 582.7 351.7 350. 450.6
T 42.72 4272 | (42.72) | (32.89) | (32.92) | (35.38)
100 | 31.655 20 A 100 100 2578.2 | 788.8 720.2 1495.6
L | 23.386 | 23.386 | 53.654 | 38.655 | 37.655 | 46.277
f 1414 1414 610.8 364.9 350. 481.7
T 45.82 45.82 | (45.82) | (34.10) | (34.30) | (36.83)
31.655 30 A 100 100 2813.8 | 777.9 656.4 1562.8
L | 22975 | 22975 | 53.654 | 37.655 | 35.8568 | 45.777
f 152.2 152.2 664.3 377.9 350. 512.9
T 2751 30.68 | (32.92)
39.804 | Standard v, 250 N/A N/A N/A 989.4 1324.0
model L 29.658 40.117 43.75
f 128.7 350. 4189
T 28.46 31.0 (34.17)
o50 | 39.804 20 A 250 N/A N/A N/A 960.8 14415
L | 29.407 39.593 | 44.379
f 133.6 350. 446.9
T 30.49 31.76 | (35.83)
39.804 30 A 250 N/A N/A N/A 904.2 1493.0
L | 28.889 38.322 | 43.879
f 144.0 350. 4743
Notes : * N/A - denotes 'stable’ buckling path
*T - Temperature rise (°C)
*v_ - Buckle amplitude (mm)
*L - Buckle length (m)
*f - Maximum stress (N/mm?)

Table 6.5 Fully Mobilised Isolated Prop (/soprop) Model with Rigorous Trenching
Parametric Studies.
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Uphea- Max. | After Min. First Max
Vom L, q+q' val Temp. snap Temp. Yield slope
(mm) (m) (N/mm) State State State State State | 0.1rad
[4)]
T 41.26 4126 | (41.26) | (32.32) | (32.33) | (34.06)
31.655 1.144 v, 100 100 2436 759.6 7514 1344.7
[0.53] L 23.586 | 23.586 | 53.447 | 38.655 | 38.533 | 4545
f 136.4 136.4 582.7 3517 350. 450.6
T 81.1 81.1 (81.1) | (67.75) | (75.86) | (78.67)
100 | 22619 4.388 v, 100 100 1741 586.5 182.5 1598
.[0.58] L | 16.854 | 16.854 | 34.866 | 25.619 | 19.152 | 34.056
f 267.2 267.2 985.9 6134 350. 950
T [(120.43) | (120.43) | (120.43) | (105.83) | 86.66 | (116.6)
18.588 9.622 v, 100 100 1279 543.6 100 1145
[0.68] L | 13.850 | 13.850 | 26.307 | 20.588 | 3.600 25512
f 395.7 3957 | 1278.2 | 877.1 350. 1152.3
Notes : * N/A - denotes ‘stable’ buckling path
*T - Temperature rise (°C)
*v, - Buckle amplitude (mm)
*L - Buckle length (m)
* f - Maximum stress (N/mm?)
Table 6.6 Fully Mobilised Isolated Prop (/soprop) Mode! with Continuous Burial

Parametric Studies.

173




the upheaval state.

6.8.3 Discrete Dumping or Intermittent Burial

The topology of intermittent burial is illustrated in Fig 6.7 (a) whilst Fig
6.7 (b) shows the axial force distribution applicable upon full activation of the
peel point friction reaction ¢, qL/2 and of the slip length L, distributed friction
force. (Prior to this stage, analysis proceeds as previously discussed for the
standard topology unless the overburden slip length Ly, is activated for L<L;
whilst checks must also be made upon the pre-upheaval flexure analysis to

ascertain as to whether the overburden is also therein involved.)

The mechanics of the system are only modified with respect to the
longitudinal equilibrium and compatibility expressions which are similar to those
typified by eqns (5.80) and (5.81) respectively. Note that for L<L;, the flexural
end shortening u; of eqn (5.81) can be evaluated from eqn (6.59) whilst for
pre-upheaval studies u; is determined from eqns (6.26) - (6.28). It is assumed,

given the purpose of intermittent burial, that L<Lp and L;<Lp,.

There are a variety of particular slip length configurations to consider
when analysing these systems depending upon when the overburden slip length is

activated; a program suite is strictly required for this purpose.

The results of the fully mobilised Isoprop model with discrete dumping are
tabulated in Table 6.7 and graphically presented in Fig 6.8, the effects of varying
dumping intervals and/or varying overburden having been investigated for

imperfection amplitude v_..=100mm employing the pipe data of Table 3.3. The
om
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