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Executive summary

Preface

This report is a slightly revised version of a paper presented at the OMAE 1998 Conference in
Lisbon. The paper had not been included in the conference proceedings (since it had not been
ready on time), but hardcopies where distributed at the time of the presentation in Lisbon. Since
the findings and conclusions of this paper remain valid, and largely not been superseded, this
report serves as an accessible record of the paper.

Abstract

In the North Sea flowlines are often buried to protect them from fishing gear. In such
constrained pipes, significant axial compressive forces develop due to thermal and pressure loads,
and these can lead to upheaval buckling. Indeed there have been a number of upheaval buckles in
recent years, and this has prompted some further study into this phenomenon to determine
whether existing design procedures are adequate. This paper addresses primarily the influence of
reeling of the pipeline on upheaval buckling, although other sources that may affect the buckling
response, such as lack of infill under the pipe, are also considered. Reeling affects the properties
of the pipe in four potentially significant ways: (1) The plastic deformations due to reeling will
leave residual stresses locked in the pipe. As a result, upon subsequent loading due to
temperature and pressure, yielding will occur at a lower level of load. (i) Prior plastic
deformation due to reeling essentially reduces the yield stress for subsequent loading (Baushinger
effect). Consequently, a reeled pipe will start yielding at lower bending moment and/or axial
force. (iii) Some reduction in the flexural resistance also occurs due to ovalisation of the cross
section. (iv) The pipe may not have been propetly straightened after reeling, due to variability in
pipe properties, or some other reason.

To address how these effects of reeling influence the pipe response, the moment-curvature
relationship is firstly examined. Then the entire process of reeling followed by laying of the pipe,
covering it, and applying the temperature and pressure loads is simulated by the finite element
method, using a constitutive relation for the steel that properly models the Baushinger effect.
The effect of improper straightening is also considered. The results indicate that although reeling
causes a softening effect on the moment curvature relationship, this is largely compensated for by
a corresponding softening of the axial force-deformation characteristics of the pipe, by which the
driving forces for upheaval buckling are reduced. Thus in the cases considered, reeling does not
appear to significantly affect the upheaval buckling temperature. Infill of any gaps under the pipe
is found have more influence, as without such infill large local curvatures may develop which
significantly reduce the buckling temperature. The finite element results also show that the
maximum uplift resistance force in the soil is developed only over a relatively short length to
each side of the crest of the imperfection. As a result analytical formulae based on the
assumption that the maximum hold down force is developed over a longer length of pipe yield
unconservative predictions. On the other hand simple formulae presented here, based on
locating inflection points on the pipe profile give generally good agreement with the finite
element results computed in this paper.



SR.12.12579 - 1T -

Table of contents

Executive summary

8.
9.

N oA e

Introduction

Loading History due to Reeling
Finite Element Formulation for Upheaval Buckling
Example Problem

Loading History

Results

Accuracy of Simplified Methods

7.1. Prop without infill

7.2. Prop with infill before covering
7.3.  Updated Design Curve
Conclusions

Acknowledgements

References

Bibliographic information

Report distribution

Unrestricted

O N Ut LN -

10
10
11
12
13
14
15
22
23



SR.12.12579

List of figures
Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

-1V - Unrestricted
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of the pipe at room temperature. Parameters for Dafalias model [1] fit
shown inside figure. (These are the material parameters used for the
analyses).

Moment-curvature relationship during reeling for a grade X65 carbon steel
pipe with stress-strain behaviour shown in Figure 2 and an outer diameter
to thickness ratio of D/t=20. [Beam model results do not include
ovalisation and are independent of D/t.]

Moment-curvature relationship for an as-laid grade X065 carbon steel pipe
with stress-strain behaviour shown in Figure 2 and D/t=20. [After reeling
the pipe is kept straight while being subjected to internal pressure
generating a hoop stress of 72% of the specified minimum yield stress
(SMYS), and an axial load equivalent to that which would develop in an
axially constrained elastic pipe under internal pressure plus a temperature
rise of 1000C. The bending deformations are then applied under constant
pressure and axial load].

Comparison of upheaval buckling temperatures for reeled pipes
(continuous lines) to those for virgin pipe (dotted lines) under various
conditions. [ID=200mm, D/t=15, Prop Height = 0.3m, grade X65 catbon
steel as in Figure 2, No residual curvatures).

Effect of residual curvature on the upheaval buckling temperature of reeled
pipe. The residual curvature corresponds to a bending strain of 0.05%
(convex upwards), and is present over a length of 5m to each side of the
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carbon steel as in Figure 2, Reeled Pipe for all cases].
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Figure 11: Comparison of upheaval buckling temperatures for case when any gaps

under the pipe are filled in with soil before covering. [ID=200mm,

OD/t=15, Prop Height=0.3, X65 Carbon steel as in Figure 2]. 21
Figure 12: Updated design curve for the dimensionless required uplift resistance @,

(Eq. 4) as a function of the dimensionless wavelength of the imperfection
@, (Eq. 5b), and comparison with results from finite element analyses. 21
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1. Introduction

Reeling has proven to be a cost effective installation method for flowlines. Essentially the pipe
string is fabricated on-shore, and then spooled onto a large reel on board a vessel. As a result, no
offshore welding is required. To install the pipe offshore it is simply unspooled, straightened and
laid. In the process the pipe is subjected to bending strains around 10 times the yield strain. This
can affect the subsequent behaviour of the pipe in the following ways:

(i) Typical residual stresses in the as-laid line caused by reeling to 10 times the yield strain in an
elastic perfectly plastic pipe are shown in Figure 1. As a result, if the pipe on the sea-bed is
bent in the reeling direction, it will start yielding at 74% of the yield moment of a virgin pipe.
Under axial loads it will start yielding at 22% of the axial yield load of a virgin pipe. This
clearly has consequences for upheaval buckling where one depends to some extent on the
bending resistance of the pipe.

(i) Real pipe materials are not elastic-perfectly plastic. A typical stress-strain relation is shown in
Figure 2. It indicates that although upon first loading the material behaviour is indeed well
approximated by the elastic-perfectly plastic idealisation, upon reversal of the load the
nonlinear material behaviour begins at much lower stresses. This is the so-called Baushinger
effect. Indeed for the test of Figure 2, nonlinearity is already apparent during unloading,
before reverse loading starts. (The measured tangent modulus at zero stress is about 70% of
the initial value). Clearly this will have an effect, since both the flexural stiffness as well as
flexural strength of the pipe play a role in upheaval buckling.

(iti) Plastic bending and straightening of the pipe will typically lead to some ovalisation of the
cross section. Typically, however, this ovalisation is not more than 2%. This will lead to
about 4% reduction in the elastic flexural stiffness, and 2% reduction in the fully plastic
bending capacity. Thus the effect of ovality appears to be small compared to the above two
effects.

(iv) After reeling the pipe should be straight when it is not subjected to any bending moment.
Any out-of-straightness (OOS) that remains after reeling at zero bending moment may be
referred to as inherent pipe OOS. This is more detrimental than OOS that arises due to an
uneven seabed profile. Even if the laybarge is equipped with a perfectly rigid straightener by
which true curvature control on the pipe can be achieved, inherent pipe OOS can still arise

due to variations in the pipe properties. For instance a change in the yield stress Ao, will

lead to inherent pipe OOS corresponding to a bending strain of about AO'y / E ,where E is

Young’s Modulus. Larger pipe OOS will result from changes in yield stress if curvature
control is not achieved in the straightener. On this basis an inherent pipe OOS corresponding
to a bending strain of 0.05% (or 0.05% inherent pipe OOS, for short) will be taken as a

reference value.

To study the above effects, the influence on the moment-curvature diagram is firstly considered.
Then the entire reeling process followed by laying, backfilling, and applying the pressure and
temperature loads is simulated.

As an example, a grade X065 carbon steel pipe is considered, with an inner diameter of 200mm,
and an outer diameter to thickness ratio of D/t=15. To represent the stress-strain behaviour the
Dafalias Model [1] with the Mhroz direction of strain hardening is used. Figure 2 shows how the
results from this model match the uniaxial coupon test results. Unless otherwise noted all results
given are for this reference case.
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2. Loading History due to Reeling

As a typical value, a 2% bending strain on the reel is assumed. Also for simplicity the same
bending strain is assumed for the aligner. The curvature history due to reeling thus involves (1)
bending to 2% strain, (ii) straightening to 0% strain, (iii) rebending over the aligner to 2% strain,
(iv) passing the pipe through the straightener which imposes a -0.322% bending strain' (i.e.
reverse bending), such that the bending strain is zero when (v) the straightening moment is
released. The axial forces are typically small during this process and are therefore neglected.

Two types of model are used to simulate reeling. The first is a slice model based on a two-
dimensional discretisation of the cross section of the pipe using generalised plane strain elements.
This is essentially an exact model for a pipe under uniform bending, involving no approximations
such as those of a beam or shell theory. It also includes the effect of ovalisation of the cross
section, which is determined as part of the slice model analysis. A much simpler analysis is
performed using a beam model. This is based on conventional beam bending theory, and does
not account for ovalisation. For this model, the stresses are calculated at 20 evenly spaced
integration points around the cross section of the pipe, and integrated to obtain the bending
moment and axial force at the cross section. The effect of internal pressure is also included in the
beam model, by including a hoop stress of p(D-t)/(2t) in the stress calculation at every

integration point, where p is the net internal pressure, D is the outer diameter, and t the wall
thickness.

The moment curvature history during reeling is shown in Figure 3 for both the slice and the
beam models. Clearly the beam model provides a good approximation, confirming that the
effect of ovality is small.

Also of interest is the moment-curvature relation in the presence of the pressure and axial loads
that will be present in the in-service condition. Figure 4 shows the moment curvature relations
for a pipe pressurised to 50% of the yield pressure’, and with an axial load equivalent to that
which a fully constrained pipe would experience if it remained elastic under the combined action
of the internal pressure and a temperature rise of 100°C. The bending response for both the
virgin pipe, as well as for pipe that has been subjected to the prior reeling deformations are
plotted. This illustrates the effect of reeling: not only does it produce a significant reduction in
flexural resistance, but also a nonzero moment is found at zero curvature for the reeled pipe.
This means that under applied pressure and axial load a reeled pipe will develop a bending
moment if it is kept straight.

Conversely, this implies that a reeled pipe will bend under internal pressure and axial load only
with no bending moment applied.

In all cases it is found that the beam model provides a good approximation to the more complete
slice model. Therefore the beam model is used in simulating upheaval buckling as it has the
advantage of much greater simplicity. This is important as the simulation of upheaval buckling
requires simultaneous consideration of quite a number of cross sections of the pipe along its
length that are subjected to different bending and axial load histories.

1 These quoted bending strains are nominal bending strains defined as the curvature of the pipe times one half the outer
diameter. Positive bending strains imply the pipe is convex on the upper side.

2 Here the yield ptessute is taken as p= 2 SMYS t / D, where SMYS is the specified minimum yield strength of 65ksi (448
MPa).
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3. Finite Element Formulation for Upheaval Buckling

The formulation used is based on moderate deflection beam theory in which the effect of the
hoop stress due to internal pressure on the axial stress-strain relationship is included. Thus the
axial strain at any point on the cross section of the pipe is taken to be

e=u+w/2 - w2z
where u and w are the axial and vertical displacements, respectively, z is the change in elevation

from the centre of the pipe to the point under consideration, and a prime denotes differentiation
with respect the axial coordinate.

The discretisation is based on linear interpolation of both the displacements are rotations
between nodal points, and integration of the virtual work at a single cross section in the middle
of each element, using 20 integration points around the circumference to integrate the virtual
work associated with axial stresses. Shear deformations are included in this formulation, but not
expected to be important. Therefore, for the sake of simplicity, the shear resistance is based on
the assumption of elastic behaviour and uncoupled from axial and bending effects on the cross
section. For the integration across the wall thickness a single point at the midsurface is used.
This amounts essentially to a thin-walled shell approximation for the pipe. The hoop stress is
also based on this thin walled shell approximation, using the diameter to the midsurface.

The convergence of this finite element formulation as the number of elements increased was
found to be essentially as good as for the more complicated cubic hermitian elements, which can
become quite ill conditioned for short elements because shear flexibility is not included in the
cubic hermitian formulation. For a number of test cases involving both elastic, and elastic-
perfectly plastic behaviour of the pipe, it was found that the formulation lead to upheaval
buckling temperatures (at loss of stability) within 1°C of those from an existing code [2], [3].

To account for the Baushinger effect, the material model of Dafalias [1] is used. This model is
based on a yield surface that can translate in stress space (as for kinematic hardening), and a
bounding surface, that is used to define the incremental moduli during plastic loading. This
Dafalias material model has been used quite extensively by Kyriakides [4], [5] in comparisons
with experimental data and has proven capable of matching the experimental data under a variety
of cylic loading conditions. It must be borne in mind, however, that over time the material may
recover from the Baushinger effect, especially at higher temperatures, a phenomenon that is
thought to be to associated with diffusion of certain elements (such and nitrogen) into
dislocation sites, and thereby inhibiting further propagation of the dislocation.

Reeling is simulated by imposing initial bending strains while keeping the pipe straight, but axially
unrestrained. That way the history of axial stresses and strains during reeling is reproduced,
without having to model the contact problem of the pipe coming onto and off the reel, aligner
and straightener.

The solil resistance is modelled in a standard manner [2], [3] by using springs that remain linearly
elastic until a mobilisation displacement is reached, beyond which the uplift resistance remains
essentially constant (except for small adjustments to allow for changes in the cover height based
on the assumption that the elevation of the top of the cover does not change). For the
cohesionless cover model used here the weight of the soil directly above the pipe exerts an
essentially constant downward force, of Yy H D, where 7 is the effective weight of the soil, D is
the outer diameter of the pipe including any coatings, and H is the current cover height measured
from the top of the pipe to the top of the cover. Additional hold-down force is mobilised as a
linear function of the upward displacement increment after backfilling, up to maximum amount
of y H (D + f H), where f is the friction factor for uplift resistance provided by the cover.
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Details of the formulation of the cover and foundation springs are given in [2], [3]. Here a
capability was also included to fill any gaps under the pipe in with soil at any specified time. The
foundation with infill is taken to have the same stiffness as without infill.
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4. Example Problem

As an example, a carbon steel pipe with material properties shown in Figure 2 is considered,
which is laid onto a flat foundation with a “sharp” 0.3m high prop imperfection. The internal
pressure is taken to be 29.87 MPa, which is 50% of the yield pressure as calculated based on the
outer diameter of the pipe using the specified minimum yield stress of X65 carbon steel. The
following parameters are fixed:

Inner Diameter 200mm
Outer Diameter to Wall Thickness Ratio (D/t) 15

Coating Thickness 37mm
Coating Density 757 kg/m’
Steel Density 7790 kg/m’
Pipe Contents Density 1000 kg/m’
Seawater Density 1025 kg/m’
Young’s Modulus 210 GPa
Poisson’s Ratio 0.3
Coefficient of Thermal Expansion 0.117% per 100°C
Lay Tension None.
Height of Prop Imperfection 0.3m
Cohesionless Cover Submerged Weight 9.5 kN/m’
Friction Factor f for cover uplift resistance [2,3] 0.5
Mobilisation displacement for uplift resistance 15mm

Friction factor for axial soil force (cover & foundation) 0.5
Mobilisation displacement for axial friction force 5mm
Foundation Stiffness (for downward forces) 25 MN/m’

The parameters varied to investigate their effect are described below:

1) Pipe imperfections in the form of residual curvature are considered as follows: (a) no residual
curvature and (b) a convex upward residual curvature corresponding to 0.05% bending strain
in that part of the pipe within 5m of the prop imperfection, and no residual curvatures
elsewhere.

2) Both (a) virgin pipe and (b) reeled pipe are considered. The reeled pipe has been reeled to
2% strain, straightened to zero bending strain, re-bent to 2% strain on the aligner, and
straightened by reverse bending to -0.322% strain. It is assumed that the pipe is spooled
onto the top of the reel, so that the bending deformations during spooling involve tension at
the 12 o’clock position of the pipe cross section. Furthermore it is assumed that there is no
twisting of the pipe, so that a point on the pipe that is in the 12 o’clock position during
spooling will also be in the 12 o’clock position when the pipe is lying on the seafloor.

3) In all cases the foundation consists of a 0.3m-high sharp prop on an otherwise flat seabed.
However three different assumptions are considered regarding the gaps under the pipe that
exits to each side of the prop: (a) the gaps under the pipe are filled in by soil before the pipe
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is covered, (b) the gaps remain during covering of the pipe’, but are then filled in before
application of temperature and pressure loads, and () the gaps are never filled in. In all cases
the foundation with fill material is assumed to have the same stiffness of 25 MN/m? as the
original foundation.

4) Cover heights ranging from 0.75m to 2.5m are considered. The cover heights quoted are
from the top of the pipe to the top of the cover over those portions of the pipe that are not
affected by the foundation prop (the cover height at the prop is less by about 0.3m).

The finite element discretisation is based on 0.5m-long 2-noded elements from the prop (x=0)
to a distance of x=50 m from the prop. The next 1km of the pipeline (from x=50m to
x=1050m) does not upheave, but it does provide some feed in by axial displacements of the pipe
partially restrained by axial soil friction. For this feed-in length, 20 elements with lengths varying
uniformly from 2.25m at x=50m to 92.75m at x=1050m are used. The rotations throughout this
feed-in length of the pipe are set to zero, and, to further reduce the number of degrees of
freedom, the vertical displacements are assumed to be constant throughout all feed-in elements*
so that only one vertical displacement degree of freedom needs to be used for this 1km-long
portion of the pipeline. The end of this feed-in length (at x=1050m) is assumed to be
unrestrained in the axial direction. It is far enough away to have no influence on upheaval at the
prop imperfection (x=0)".

3 As in the UPBUCK2 formulation, the downward load due to covering of the pipe is taken to be the submerged weight of the
column of soil of width equal to the outer diameter of the pipe (including coating) above the pipe.

4 This assumption is justified here because the amount of cover and the foundation conditions are constant over the whole
feed-in length. If this were not so, the assumption of constant vertical displacements along the feed-in portion of the line
should not be used.

5 Indeed analyses with different levels of force applied at the end, ranging from zero to the fully restrained force that develops
under elastic conditions showed no appreciable difference in upheaval buckling temperature.



SR.12.12579 -7- Unrestricted

5.

Loading History

The loading is specified as a function of a load parameter denoted here by t. This parameter may
be thought of as a time parameter. Of course, since the model used here does not involve any

viscosity, inertia, or other time dependent effects, any time parameter could be used to describe

the various events in the loading history. These events are as follows:

1)

2)

3)

4

5)

0)
7)

Initially, at t=0, the pipe is taken to be straight, and at an elevation of y=0.3m, so that it just
touches the highest point on the foundation. There are no loads and the pipe is held in place
by artificial springs, which are to be subsequently removed.

The curvature history due to reeling and straightening of the pipe is simulated by applying a
time-varying initial curvature. The boundary conditions are such that the transverse
displacements and nodal rotations remain zero throughout this process, as does the axial
force. Nevertheless the axial stresses and mechanical strains are those of the reeling and
straightening process. This process is complete at time t=4.2, and it includes spooling (till
t=1), unspooling (till t=2), re-bending over the aligner (till t=3), straightening (till t=4), and
removing the straightening curvature (till t=4.2). Small steps involving an increment in the
load parameter t of 0.002 per step are used throughout to ensure accurate results despite the
explicit forward difference approach used for the integration of the Dafalias constitutive
equations [1].

Laying of the pipe is simulated by gradually removing the artificial springs that initially
support it. 'This is done by reducing their stiffness gradually to zero®. At the same time the
submerged weight of the pipe is applied, which here is taken be the flooded weight. During
this process the axial friction coefficient for the foundation is set to zero, to avoid axial forces
being generated in the pipe. Laying tension may then be applied at the end, although in the
analyses presented here, zero laying force is used. Once the laying is complete, the axial
friction of the foundation is activated, allowing axial forces to be generated during the next
step. Laying occurs between t=4.2 and t=4.7.

If there is to be any residual curvature in the pipe, this is introduced at the beginning of the
laying process (between t=4.2 and t=4.4) by introducing an initial curvature into the
appropriate pipe elements (i.e. first 10 pipe elements starting from the prop). The initial
curvature in this case involves the pipe becoming convex on the upper side within 5m from
the prop imperfection.

Covering of the pipe involves applying an additional vertical load due to the weight of cover
resting directly above the pipe. This occurs between t=4.7 and t=4.8. Upon completion of
covering, the profile of the pipe is stored, and it is the subsequent changes in vertical
displacement from that time that determine how much cover force is mobilised [2], [3]. Also,
the cover component of the axial friction force can begin to be mobilised at this time. Filling
of any gaps under the pipe is done either at the beginning of the covering operation (at
t=4.7), or at the end (t=4.8). To achieve this, the coordinates of the foundation profile are
modified, so that they match those of the pipe at the appropriate time and locations’.
Pressurisation of the pipe takes place between t=4.8 and t=5.0.

Finally the thermal strains are applied. In order that converged solutions can be obtained up
to and beyond the point where stability is lost an arclength method generally attributed to
Riks [6], [7] is used. This means that instead of specifying an increment in the load parameter

6

The stiffness is taken to be a function of time in such a way that during laying it reduces first exponentially and then lineatly
to zero, when laying is complete.

Infill only affects the foundation coordinates where there are gaps under the pipe, i.e. where the pipe is above the original
foundation profile. There are no changes where there has already been some penetration.
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t for every step in the analysis, one specifies an increment in arclength on a generalised load-
displacement plot of the solution path. The approach adopted not only allows converged
solutions up to and beyond the point of loss of stability to be obtained, but moreover it
allows the solution to be found even if the buckle forms at an unexpected location or if more
than one buckle forms.
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6. Results

In almost all cases considered, the pipe would first begin to uplift as indicated by loss of contact
with the prop imperfection. The temperature at which this occurs is referred to as the incipient
uplift temperature. However a further increase in the temperature of the line is still possible
without loss of stability. Then a limit point instability is encountered, beyond which the pipe
“jumps” to a new equilibrium configuration in an upheaved state. This limit point occurs at the
upheaval buckling temperature.

Both the incipient uplift temperature and the upheaval buckling temperatures are shown in
Figure 5 to Figure 8 for a selection of values of the problem parameters. This includes an
examination of the effect of reeling (with perfect straightening) in Figure 5 and Figure 7, and of
the effect of imperfect straightening of a reeled pipe in Figure 6 and Figure 8.

From Figure 5 it is clear that the infill conditions have much more of an effect on the upheaval
buckling temperature than does reeling of the line. Also, for sufficiently high amounts of cover
(from 1.5 metres for the case of no infill to 2 metres for the case of infill before covering), reeling
results in higher upheaval buckling temperatures. A possible explanation for this is that the loss
in flexural resistance is less important for higher amounts of cover, since then one relies more on
the cover resistance than on the flexural resistance of the pipe to resist upheaval buckling. On
the other hand the loss of the axial driving force due to reeling is independent of the amount of
cover. The loss of axial driving force in a fully constrained (and straight) line is shown in Figure
9. Clearly the virgin pipe remains elastic up to temperatures over 160°C. For reeled pipe
however, yielding begins much earlier due to the residual stresses and the Baushinger effect.
Indeed the application of the pressure alone already causes some yielding, so that even before any
temperature changes are applied, the axial force in the reeled line is only about 80% of that in the
virgin line. Further yielding occurs in the reeled line as the temperature is increased.

The benefits of soil infill under the pipe are clearly demonstrated by the upheaval buckling
temperatures in Figure 5 and Figure 6. For all cases the upheaval buckling temperatures plotted
there are higher when infill is present. However for the incipient uplift temperatures of Figure 7
and Figure 8, the situation is different: infill can actually result in a lower incipient uplift
temperature, especially for lower amounts of cover and pipe with initial OOS. This occurs
because the upward forces the infill exerts upon the pipe can promote eatlier incipient uplift at
the prop. However, with a small amount of uplift at the prop this effect disappears so that in
regard to loss of stability (upheaval buckling) infill has a beneficial effect for all cases considered.
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7. Accuracy of Simplified Methods

In this section the finite element results presented are compared to those from simplified
methods for sharp props with or without infill after laying.

7.1.  Prop without infill

For a sharp prop on a flat seabed (or trench bottom) and no infill, Hobbs [8] derived the

following expressions for the required uplift resistance w and the maximum bending moment
M,.,, using elastic beam theory:

2
W=O.O6AEI1, M, = 036 P A (1a,b)

max

where

A = height of prop imperfection

P = effective axial driving force

EI = flexural rigidity of pipe
However, Eq. 1 is not recommended for design, because it is based on a uniformly distributed
uplift resistance force, whereas finite element analyses indicate that the maximum uplift resistance
force is only developed near the prop. In reality the length of pipe that is held up by the prop
imperfection decreases with increasing axial load, so that much of the buckled portion of the pipe

is moving downward rather than upwards as the temperature is increased. To assume that uplift
resistance acts where the pipe is moving downward is not realistic.

An alternative method to calculate the required uplift resistance focuses on the inflection points

to each side of the prop imperfection, where the curvature changes from hogging to sagging.

The inflection points have been found to play an important role by Richards [9]. Building on this

approach, the following assumptions are adopted herein to derive the required upheaval

resistance:

1) The elevation of the inflection point remains constant during thermal loading.

2) At upheaval buckling, the pipe profile is sinusoidal between inflection points.

3) The distribution of uplift resistance force is also sinusoidal, varying from zero at the
inflection points to a maximum at the prop.

4) The worst possible location of the inflection point along the length of the pipe is assumed.

In this manner a required uplift resistance force over the prop of
AP’
EIl

is calculated. The same result is obtained from an analytical solution similar to that of Hobbs,
but assuming that the constant uplift resistance force acts only over the 30% of the uplifted
portion of the pipe next to the prop, and the vertical force over the remaining 70% is zero.

w= 0.10

2

A comparison of the analytical results from Eq. 2 with those from the finite element simulation is
shown in Figure 10. For this comparison, w is taken to be the required uplift resistance at the
prop imperfection®. For lower temperatures, Eq. 2 is seen to provide a conservative estimate of
the required cover. At higher temperatures, however, Eq. 2 underestimates the cover

8 This is relevant because the amount of cover material on the pipe is less at the prop than at other locations along the pipe.
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requirement. This might be expected, because Eq. 2 is based on linearly elastic pipe behaviour,
and at higher temperatures some yielding of the pipe occurs.

To verify the range of validity of Eq. 2, the stresses due to the bending moment of Eq. 1 are
combined with those due to axial load and internal pressure to obtain a maximum Von Mises
equivalent stress. The point at which this maximum equivalent stress reaches the actual yield
stress of 508 MPa is shown in Figure 10 by a solid black triangle identified as the “yield point™.”
The assumption of linear elastic behaviour breaks down at temperatures and cover heights
beyond this yield point. Throughout the region below the yield point Eq. 2 is seen to provide a

reasonable and conservative estimate of the cover requirement.

7.2.  Prop with infill before covering

For the case of infill before covering, the foundation imperfection is not sharp, but rather has a
wavelength that is determined from the geometry of the pipe as it is laid over the prop
imperfection. Assuming the axial forces before covering (due to lay tension) are negligible and
using elastic beam theory, this wavelength (from inflection point to inflection point) is found to

be

SELH|
[ = |BREH 3)

Wy

where
H = 11 A/ 27 is the difference in elevation from inflection point to the prop,
w, = submerged weight of flooded pipe,

p

and the other symbols are as defined for Eq. 1. To derive the required uplift resistance, the same
assumptions regarding the sinusoidal pipe profile and distribution of uplift resistance between
inflection points are made, except that, instead of assuming the worst possible case for the
wavelength between inflection points, the wavelength is obtained from Eq. 3. That is it is
assumed that the wavelength remains unchanged during application of the thermal and pressure
loads. On this basis the required uplift resistance is found to be:

H P’
w=0 4
¢ g 4)
where
2 4 P
o == -| 2|, ®,=L,|— (5a,b)
‘o, D, EI

Eq. 4is intended to be used for buckling wavelengths ®, > 444 (in which case w is a decreasing
function of @,). For shorter wavelengths (i.e. ®, <4.44), the uplift resistance should be
calculated using a critical buckling wavelength @, =4.44. For this latter case, the solution is the
same as that provided by Eq. 1.

9 The actual yield stress rather than the somewhat lower minimum specified yield stress of 448MPa is used here because the
intent is to compare the results from the simple analytical formulae to the finite element results, and the latter are also based
on actual material properties (given in Figure 2) rather than minimum specified values.
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The results of this analytical model are compared in Figure 11 to those from the finite element
calculations. To establish the “yield point” of Figure 11 the bending moment is calculated from"

M=13.1El H/ I’ ©)

Again there is reasonable agreement between the finite element and simplified analytical results
below the “yield point”, although in this case the simplified analytical approach is not always
conservative.

An alternative even simpler analytical approach gives rise to the “as laid curvature” result in
Figure 11. For this, the required uplift resistance is simply taken to be the as laid curvature of the
pipe at the prop multiplied by the effective axial force. This results in

w=13.1 PH/ I’ 7

For pipes that remain elastic, this is seen to give a conservative result because it does not account
for the bending resistance of the pipe.

7.3. Updated Design Curve

The above simplified analytical results for the required cover resistance can be expressed in terms
of a design curve, which provides the dimensionless required uplift resistance @ , s a function

of the dimensionless wavelength of the imperfection @, . This design curve is shown in Figure
12 as the “new curve”, together with a number of points representing the results of finite element
analyses, and the design curve in [10] which is labelled as the “old curve”. Itis clear that the new
curve (based on infection points) provides a better basis for design, since the old curve may be
unconservative for short wavelengths of the foundation imperfection. The use of inflection
points is not new. Richards [9] also used them. However here the use of inflection points goes
further by using the concept used to derive simple formulae for the required uplift resistance.

10 The highest bending moment is given here, and it occurs as a result of the as-laid curvature before application of the
temperature and pressure induced axial loads. The bending moment associated with the sinusoidal pipe profile and uplift
resistance force is about 30% smaller.
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8. Conclusions

Reeling significantly alters the moment-curvature relation for a pipe, mainly due to residual
stresses induced and the Baushinger effect. More specifically there is a decrease in flexural
resistance of the pipe, especially for bending in the spooling direction (i.e. for bending in the
same direction the pipe is bent when spooled onto the reel). Whereas this decrease in effective
bending stiffness has a detrimental effect on upheaval buckling, the residual stresses and
Baushinger effect also have a compensatory effect in that they reduce the axial force that
develops the line. Indeed the reeled pipe considered already starts to yield under the internal
pressure alone. It will also bend under internal pressure alone with no bending moment applied.
For the example problem considered, the effective axial force in the reeled pipe under pressure
alone is about 20% lower than for the corresponding virgin pipe. The difference increases to
30% at 170°C. In view of the compensatory effects of flexural and axial plastic deformations, the
net effect of residual stresses and the Baushinger effect is small, and this effect may be beneficial
or detrimental, depending on the conditions considered.

It is conceivable that with time elapsed after reeling of the pipe the residual stresses and the
Baushinger effect may diminish as the material “heals”. If that happens, their net effect should be
even less than that predicted by these analyses.

Reeling-induced inherent pipe out-of-straightness remains a concern. Especially the combination
of assuming infill of gaps under the pipe with material capable of resisting downward motion,
and no inherent pipe out-of-straightness, can lead to unconservative design. Furthermore,
whereas out-of-straightness can be detected by an on-bottom survey of the pipe, such a survey
cannot distinguish between out-of-straightness that is inherent to the pipe, and that which arises
due to the foundation profile. Of these two types the inherent pipe out-of-straightness is worse.

The results in this paper highlight the importance of infilling under the pipe. If gaps or weak
material exists under the pipe the profile will tend to change for the worse under the action of the
thermal loads. As a result the wavelength (from inflection point to inflection point) decreases
and the upheaval driving curvature increases. Indeed for the case of a prop with no infill, the
finite element (FE) results are well matched by simple analytical formulae based on assuming the
worst possible wavelength. With infill on the other hand, by assuming that the wavelength
remains unchanged during thermal loading, the FE solution and the analytical model are in good
agreement. With or without infill, the analytical model relies on the assumptions that the
inflection points remain at the same elevation during loading, and the uplift resistance force
varies sinusoidally from zero at the inflection point to a maximum value at the prop.

Given these concerns on imperfections and infill, evidence of achieving minimal pipe out-of-
straightness and full sea-bed contact should be provided, or the less favourable case should be
assumed in design. Preferably inherent pipe out-of-straightness should be expressed in terms of
curvature or the corresponding bending strain, rather than deviation from a straight line over a
limited length of pipe.
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Figure 1: Distribution of axial residual stresses in a pipe reeled to a bending strain of 10
times the yield strain, based on beam theory for elastic-perfectly plastic material
behaviour.
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Figure 2: Typical cyclic stress-strain relation from a seamless grade X65 carbon steel pipe.

Results are from a coupon test involving loading in the axial direction of the pipe
at room temperature. Parameters for Dafalias model [1] fit shown inside figure.
(These are the material parameters used for the analyses).
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Figure 3: Moment-curvature relationship during reeling for a grade X65 carbon steel pipe
with stress-strain behaviour shown in Figure 2 and an outer diameter to thickness
ratio of D/t=20. [Beam model results do not include ovalisation and are
independent of D /t.]
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Figure 4: Moment-curvature relationship for an as-laid grade X65 carbon steel pipe with
stress-strain behaviour shown in Figure 2 and D/t=20. [After reeling the pipe is
kept straight while being subjected to internal pressure generating a hoop stress
of 72% of the specified minimum yield stress (SMYS), and an axial load
equivalent to that which would develop in an axially constrained elastic pipe
under internal pressure plus a temperature rise of 1000C. The bending
deformations are then applied under constant pressure and axial load].
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Figure 5: Comparison of upheaval buckling temperatures for reeled pipes (continuous

lines) to those for virgin pipe (dotted lines) under various conditions.
[ID=200mm, D/t=15, Prop Height = 0.3m, grade X65 carbon steel as in Figure 2,
No residual curvatures].

25
E
2 15+
2
)
I . .
GLJ - ’ —O0— No Pipe OOS, No Infill
3 — -0 - 0.05% Pipe OOS, No Infill
O —2&— No Pipe OOS, Infilled after Covering
05 — -& - 0.05% Pipe OOS, Infilled after Covering
' —x—No Pipe OOS, Infilled before Covering
— X~ - 0.05% Pipe 00S, Infilled before Covering
0 : : : : : : : |
0 20 40 60 80 100 120 140 160
Buckling Temperature (degC)
Figure 6: Effect of residual curvature on the upheaval buckling temperature of reeled pipe.

The residual curvature corresponds to a bending strain of 0.05% (convex
upwards), and is present over a length of 5m to each side of the prop
imperfection. [ID=200mm, OD/t=15, Prop Height=0.3m, X65 carbon steel as in
Figure 2, Reeled Pipe for all cases].
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Figure 7: Comparison of incipient uplift temperatures for reeled pipes (continuous line) to
those for virgin pipe (dotted lines) under various conditions. The incipient uplift
temperature is defined as the temperature at which the pipe first loses contact
from the prop foundation imperfection. [ID=200mm, OD/t=15, Prop Height =
0.3m, X65 carbon steel as in Figure 2, No residual curvatures].
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Figure 8: Effect of residual curvature on the incipient uplift temperature of reeled pipe. The

residual curvature corresponds to a bending strain of 0.05% (convex upwards),
and is present over a length of 5m to each side of the prop imperfection.
[ID=200mm, OD/t=15, Prop Height=0.3m, X65 carbon steel as in Figure 2,
Reeled Pipe for all cases].
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Comparison of upheaval buckling temperatures for case of no infill. [ID=200mm,

OD/t=15, Prop Height=0.3, X65 Carbon steel as in Figure 2].
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Figure 11: Comparison of upheaval buckling temperatures for case when any gaps under the

pipe are filled in with soil before covering. [ID=200mm, OD/t=15, Prop

Height=0.3, X65 Carbon steel as in Figure 2].
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Figure 12: Updated design cutve for the dimensionless required uplift resistance @ , (Eq.4)

as a function of the dimensionless wavelength of the imperfection @, (Eq. 5b),

and comparison with results from finite element analyses.
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