IN-SERVICE BUCKLING OF HEATED PIPELINES

By Roger E. Hobbs'
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AsstRacT: Compressive forces may be induced in pipelines by the restraint of
axial extensions due to temperature changes or other causes. These forces may
cause vertical or lateral buckling of the pipeline. These two a_.._a&bm modes,
which both involve an overall column-type response without gross distortion
of the pipeline cross-section, are analyzed on the basis of related work on rail-
road track. For normal coefficients of friction, the lateral mode occurs at a lower
axial load than the vertical mode and is dominant in pipelines unless the line
is trenched or buried. The theoretical solutions are illustrated by numerical re-
sults for a typical pipeline and some design implications reviewed.

INTRODUCTION

The economic importance of submarine pipelines has increased greatly
in recent years with the development of offshore oil and gas fields in
many parts of the world. The cost in terms of lost production of a failure
in such a line is so high that considerable interest has been focused on
the stresses caused during the laying (12,16) and modification or repair
(5) of submarine pipelines. Similar arguments on a somewhat lower scale
of expense apply to pipelines on dry land. However, comparatively little
attention has been paid to problems occurring in lines during routine
service. This paper addresses one such problem, the assessment of com-
pressive axial forces in the pipeline and their consequences.

The magnitude of the axial load in the pipe depends on many factors.
As well as the mechanical properties of the line and its weight coat, the
axial force is a function of the initial tension at the seabed just after lay-
ing, the pressure difference across the pipe wall and temperature vari-
ations due to hot oil passing through the line. These factors interact with
seabed geometry and frictional or trench backfill effects, or both, as well
as the influence of end restraints in shorter lines: Akten (1) has treated
some effects of partial end restraint at a platform tie-in and Yen et al.
(17) have described some analogous phenomena in land based pipelines.
Finally, the previous loading history and time dependent changes due
to scour, currents and tides are also relevant.

Thus it is extremely difficult to say with any certainty what axial force
exists at any point in a given pipeline at a given time. Nonetheless, two
major causes of compressive forces can be identified, arising from the
restraint of the strains associated with thermal and internal pressure
loadings. With oil and gas temperatures potentially up to 180° F (100° C)
above water temperature and operating pressures over 1,450 Ib/in.? (10
N/mm?) these effects can produce very significant forces indeed in a
long line where the necessary frictional force can develop between pipe

1Sr. Lecturer, Dept. of Civ. Engrg., Imperial College, London, U.K.

Note.—Discussion open until August 1, 1984. To extend the closing date one
month, a written request must be filed with the ASCE Manager of Technical and
Professional Publications. The manuscript for this paper was submitted for re-
view and possible mnuu:nmmou on January 31, 1983. uﬂ;m paper is part of the Jour-
nal of Transportation Engineering, Vol. 110, No. 2, March, 1984. ©ASCE, ISSN
0733-947X/84,/0002-0175/$01.00. Paper No. 18691.

175




and seabed, or in shorter lines with effective end restraints. Denoting
the cross-gectional area of the pipe by A, Young’s Modulus by E, the
coefficient of lihear thermal expansion by a and the temperature change
by T, the force P, created by full restraint of thermal expansion is, simply,
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The free axial strain, €, due to a positive pressure difference p between
the oil and the sea is given in terms of the well-known thin wall axial
and hoop stresses in the pipe by
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in which v is Poisson’s ratio, and t and r are the pipe wall thickness and
radius respectively. Then, if € is completely restrained, the axial com-
pressive force generated and available to participate in buckling is
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This paper addresses two possible responses to the compressive force
generated. Both involve significant bending of the initially straight pipe-
line, similar to the bending deformation occurring in the elastic (Euler)
buckling of an axially loaded column as its critical load is approached.
As in a long column fabricated from a circular hollow section, the cross
section of the pipe remains circular, at least in the initial stages of buck-
ling, although the responses discussed here may well lead to pipe over-
stress and local failure by yielding and ovalization. The initial absence
of gross cross-sectional distortion may be contrasted with the situation
in a propagating buckle triggered by excessive bending and external
pressurization during laying operations (13). The first buckling mode (Fig.
1(a)) addressed here involves part of the line lifting itself vertically from
the seabed, while the second (Fig. 1(b)) results in various snaking lateral
movements in the horizontal plane against frictional resistance. Both of
these modes can be demonstrated in a very simple model employing,
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FIG. 1.—Vertical and Lateral Buckling Modes
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for example, rubber strips resting on a horizontal machined surface and
loaded by a small screw jack, and both have been recorded in pipelines
in practice.

AnALYSIS—VERTICAL MODE

This mode of buckling has attracted a great deal of attention over the
years from railway engineers concerned with an analogous problem, the
buckling of continuously welded railroad track. Kerr S has presented
a review paper with nearly 50 references to this problem, while Marek
and Daniels (10) have described an apparently independent analysis of
the vertical buckling of crane rails. Their work (as corrected in discussion
by Granstrom (3)) agrees in all respects with the theory first developed
in 1936 by Martinet (11). Accordingly, it seems appropriate merely to
summarize the method and results for the vertical mode at this point.
The first step is to solve the linear differential equation for the deflected
shape of the buckled part of the pipeline, which is treated as a beam
column under uniform lateral load equal to the selfweight. It is assumed
that the bending moment at the lift-off point is zero. This assumption
has been examined elsewhere (4), and it should also be noted that the
use of the linear equation relies on the usual column buckling assump-
tion of small slopes, a point to be borne in mind later when assessing
the results. In the notation of Fig. 2(a),
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in which a prime denotes differentiation of the displacement y with re-
spect to the longitudinal coordinate x, the selfweight is w per unit length,
and the second moment of area of the pipe is I. m = w/El and n* = P/
El, and the buckle length is L. Eq. 4 has the solution
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The unknown length of buckle L is then determined from the condition
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FIG. 2.—Details of Vertical Buckle
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