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ABSTRACT

ARTICLE HISTORY

Subsea pipeline is the critical component in the offshore systems for transporting oil and gas from resource sites to ports.
Its structural failure will be a disaster of heavily polluting the environment leading to unpredictable losses. The mediums
inside subsea pipelines are conventionally heated in service for easier transporting after increasing fluidity, resulting in
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accumulative thermal expansion of the pipeline to induce thermal expansion, triggering upheaval buckling. It is crucial

when designing subsea pipelines but always challenging to evaluate rigorously because of the complexities in such consid-
eration. A pipeline might length for miles, while the numerical analysis model using conventional solid finite elements is
huge in computational expense, making the successful analysis very time-consuming. This research innovatively develops
a new line element, namely the pipeline element, featuring the explicit considerations of soil-pipe interactions and thermal
expansion. This element is numerically efficient by eliminating modeling buried soils. The element derivation procedure is
elaborated with details, while a Newton-Raphson typed numerical analysis procedure is proposed for nonlinear analysis of
pipelines subjected to thermal expansion. An Updated-Lagrangian description is employed for facilitating large deflections.
Three groups of examples are provided to demonstrate the numerical robustness of the proposed method. Finally, a case
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study is given to identify the vital influential factors to the thermal upheaval buckling of pipelines.

Copyright © 2021 by The Hong Kong Institute of Steel Construction. All rights reserved.

1. Introduction

Subsea pipelines are usually buried by shallow soils to avoid environmental
damages in terms of water scouring, corrections and ocean sea creatures attack-
ing etc[1, 2]. However, it is more likely to accumulate heats along with the
lengthening of the pipeline when it is buried by soils that may cause the cumu-
lative thermal expansion to trigger buckling [3]. This phenomenon is named
upheaval buckling [4-6], as illustrated in Fig. 1, which is critical for designing
subsea buried pipelines. Nevertheless, such design consideration is sometimes
difficult because it is significantly affected by several crucial factors, including
the initial out-of-plumpness of pipelines, the depth of buried soils, and the tight-
ness of seabed etc., leading to the rigorous analysis of upheaval buckling diffi-
cult. This topic has gained continuous attentions and studied by several re-
searchers for a decade [7-11], which is still popular up to date.
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Fig. 1 Upheaval buckling of a buried pipeline by the cumulative thermal expansion

Experiments on studying subsea buried pipeline buckling have been initi-
ated in the mid-1990s. For example, Maltby and Calladin [12, 13] constructed
a small-sized model for investigating upheaval buckling of buried pipelines and
proposed a refined Gurson-Tvergaard-Needleman (GTN) model for theoretical
analysis. Slightly later, Taylor and Tran [14] investigated the isolated prop and
contact undulation imperfection topologies for determining their influences on
in-service buckling of buried pipelines. Armaghani et al. [15] studied the buck-
ling of pipelines affected by the soil reinforcement on resisting the uplift of bur-
ied pipelines. Schaminee [16] carried out full-size physical tests on buried pipe-
lines to reveal the mechanisms of pipeline upheaval buckling. Karampour and
Albermani [17] examined the propagation buckling, pure bending and buckle
interaction in subsea buried pipelines. Recently, VVazouras et al. [18] executed a
parametric physical test on studying the influential factors that affect buckling
of sea pipelines in service. Through these experimental investigations, the dom-
inant factors affecting upheaval buckling of buried pipelines due to thermal ex-
pansion are identified: embedment depths, pipeline geometries, and relative
densities and stiffnesses of buried soils.

Besides conducting physical tests using the scaled-down models, several

simplified computational methods are proposed based on the idealized assump-
tions. Hobbs [19] adopted an elastic Euler-Bernoulli beam to study lateral and
upheaval buckling due to environmental temperature change and the tube pres-
sure and provided an analytical solution. Shortly after, Taylor and Gan [20] pro-
posed a calculation method to study the upheaval buckling behavior of subma-
rine pipelines with structural imperfections and deformation-dependent axial
friction resistance, providing more rational predictions than the previous math-
ematical methods using idealized pipelines. Ju and Kyriakides [21] investigated
the upheaval buckling due to thermal expansion by including a rigid foundation
with small, initial geometric imperfections through their derived formulations.
Ballet and Hobbs [22] conducted studies for the asymmetric buckling of pipe-
lines due to thermal expansion by solving the partial differential equations. Re-
cently, by establishing mathematical models, Wang et al. [23] studied the up-
heaval buckling behavior of submarine pipelines with a free span. These meth-
ods are based on empirical assumptions with certain limitations for practical use,
leading to the design of pipelines usually over-conservative.

Although the pipeline’s structural form is simple, the accurate analysis for
its upheaval buckling is usually complicated. The full length of a pipeline is
difficult to be included in the analysis model to reflect the cumulative thermal
expansion. Thereby, some semi-empirical design methods have been proposed,
such as Palmer et al. [24] and Friedmann and Debouvry [25], to simplify the
analysis problems, where the buckling length is empirically defined via the ex-
perimental tests. This design method has been extensively used up to date, but
it is sometimes difficult to be executed since the buckling length is hard to be
assumed accurately. Therefore, the advanced Finite-Element Analysis (FEA)
method using sophisticated shell and solid elements [26-28] is employed to
tackle such an analysis problem of accurately identifying the upheaval buckling
of pipelines to thermal expansion.

FEA method using shell and solid elements is generally considered one of
the most accurate approaches to analyze upheaval buckling of buried subsea
pipelines. Pipeline and its surrounding soils are modeled by fine-meshed solid
and shell elements, as shown in Fig. 2 (a). Several researchers have used this
method to study upheaval buckling of buried subsea pipelines. For example,
Klever et al. [29] proposed dedicated FE models for analyzing the upheaval
buckling response of submarine pipelines. Zhang et al. [30] studied the upheaval
buckling behaviors of pipeline segments with different Out-of-Straight (OOS)
and different imperfection shapes. Robert and Thusyanthan [31] introduced a
well-constructed FE model for investigating the uplift mobilization of buried
pipelines in sands. Xu and Lin [32] established a sophisticated solid element
model for exploring the initial stress influences on the upheaval buckling. Chen
et al. [33] constructed a FE model to study the thermal upheaval buckling of
pipelines considering topographic step imperfections. Liang et al. [34] em-
ployed the FEA method to study the upheaval behavior of surface-laid subsea
pipelines on a sunken seabed. Their studies indicate the difficulties when using
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the FEA method for practical design because the enormous computational ex-
pense makes the FEA methods mainly limited to research applications. Moreo-
ver, the number of cases is usually enormous considering the complicated com-
bination of environmental loads in the engineering application, which is similar
as the mooring design (Stanisic et al. [35]). Therefore, it brings an urgent need
to develop an efficient FEA method applicable to design large scale pipeline
systems in offshore engineering.
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Fig. 2 Two different finite element modeling methods

Against the background, this research derives a pipeline element (see Fig.
2 (b)), featuring by the explicit consideration of soil-pipe interactions and con-
sidering thermal expansion at the evaluated temperatures, which is numerically
efficient by eliminating sophisticatedly modeling buried soils and pipe sections.
The element derivation procedure is elaborated with details, while a Newton-
Raphson typed analysis procedure is proposed for nonlinear simulation of a
pipeline subjected to thermal expansion. An Updated-Lagrangian description is
employed for determining the equilibrium conditions according to the last
known status for facilitating large deflections. Three groups of examples are
presented for demonstrating the analysis accuracy and robustness of the pro-
posed method. Finally, case studies are given to examine the influential factors
that affect the upheaval buckling of pipelines.

2. Assumptions and definitions

Based on the Euler-Bernoulli assumption, a pipeline element is derived by
considering soil stiffness and thermal expansions. The following assumptions
are made in the present study, which should not certainly be limited to its prac-
tical application. These assumptions are given by: (1) conservative loads are
assumed; (2) strain is small, but the deflection can be arbitrarily large using the
Updated-Lagrangian (UL) description; (3) surrounding soils are represented by
the Winkler-typed springs without the interactions among soil springs; (4) ther-
mal expansion is considered accumulatively; (5) the equilibrium conditions are
determined based on the deformed shape; and (6) planar analysis is executed for
considering buckling at one-direction, while the spatial analysis method will be
presented in the coming research.
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Fig. 3 Forces and degree of freedoms within a pipeline element
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3. Line element formulation

Line element formulation is efficient in numerical analysis by condensing
a three-dimensional entity into a one-dimensional model that reflects the struc-
tural behaviors along the member length. Conventional line element only sim-
ulates structural member that needs to be improved for properly analyzing a
subsea buried pipeline, where the soil stiffness and thermal expansions are to be
considered. This paper adopts the Euler-Bernoulli assumption and formulates a
new line element, namely the pipeline element, for representing the structural
properties of a subsea buried pipeline by integrating the continuous soil springs
along the member length in the element formulations, as illustrated in Fig. 3.
The corresponding element formulations are derived with details and presented
in this section.

3.1. Element forces and deformations

The pipeline element’s axial and lateral deformations along the element
length can be described by the following interpolating polynomials,

u(x o 0 0 o6, 0 O
) = : {u1 Vi g U, v, Hz}T ()
v(X) 0 6 o 0 o 4

in which, u(X) and V(X) denote the displacements along the element’s x- and
y- axes, respectively; u, and u, represent the nodal translations along the x-axis;
v, and v, describe the nodal movements along the y- axis; 6, and ¢, are nodal ro-
tations at the element ends; and the coefficients g, to J, are expressed as,

51:1_% @
5=F ®)
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in which, L represents the length of an element and x is the coordinate in the x-
axis.

The strain tensors can be expressed according to the Green-Lagrangian
strain description, and given as,

u(x)  0v(x) 1(a\l(x)]2+aAt ®)

L N
E =&, e tE,= ox -y 6)(2 +E o

oot au(x) 6\/(x)+xazv(x) ov(x) ©
W2 x x 2 Xt X

in which, the superscripts L and N are representing the linear and nonlinear por-
tions, respectively; &, is the normal strain; and &, is the shear strain in the x-y
plane. o denotes the thermal expansion coefficient; while, At is the temperature
difference.

The following relation is expressed by introducing Hooke’s material law
and given by,

o, =Eg, (10)
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in which E is the Young’s modulus.
Besides the nodal forces and moments, the stresses on the cross-section
along the element length, i.e. o, and 7, , can be expressed as,

o =N, Ml(l_ﬁ)—Mzﬁ Y Eant 1)
A L Ll
V. M +M,
_V_M+M, 12
WTATT AL -

where, N denotes the axial load; M, and M, describe the bending moments at
the left and the right ends, respectively; | is the moment of inertia; and, A is the
cross-section area.

3.2. Formulation of total potential energy

The total potential energy is formulated and written by,
II=U, +Ug +U; -W (13)

in which, IT denotes the total potential energy; U is the element strain energy;
U, is the energy induced by surrounding soil; U; is the energy due to thermal
expansion; and W is the work conducted by the external loads.

The element strain energy is calculated by the formulation below,

U zlj'v(E(ng)2+20Xg:' +7 gN)dv

- % LLZEA[aUa(XX)]Z +EI [ai;/x(zx)jzdx %j: P(ava(xx)jz dx (14)
_ L![au(x)f"'(x)de
oAl ax o

The energy taken by the surrounding soils can be computed by,

1

U, = IOL LV P (v)dvdx = jOL J‘OV _|.0v k (v)dvdvax = E.LL k (v)v2dx (15)

in which P(V) is the soil resisting force by referring to the specified vertical
deflection (Fig. 4); v is the vertical deflection; k(v) is the tangential value on
the soil-pipeline interaction curve by referring to specified vertical deflection.

As shown in Fig. 4, the soil-pipeline interaction curve is highly nonlinear
and difficult to be described by an analytical expression. Therefore, the Gauss-
Legendre method is used in this paper to calculate the energy absorbed by the
soil, and its analytical expression is as follow,
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Fig. 4 Soil-pipeline interaction curve

where A is the weight factors of the i" Gaussian point; v; is the vertical displace-
ment of the i" Gaussian point; n represents the number of Gaussian points,
which is taken as 4 in this paper.

Thermal energy, also referred to as internal energy of subsea pipeline, is
given by:
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U; = .[v Ee, aAtdv 17)
The work conducted by the external forces is given as follow,
6
W= Z Fiui (18)

where u; is the i" degree of freedom; and F, is the i" corresponding nodal force.
According to the minimum potential energy principal, the following equa-
tion can be obtained,

_oll oIl ok _

sll=
f ou; OF ou

(19)

To eliminate the errors accumulated in the incremental-iterative numerical
procedure, the secant relations, obtained by the minimum potential energy
method, are used for computing element resisting forces.

3.3. Secant relations

The secant relations can be derived to calculate the resisting forces resulting
from both subsea pipeline and its surrounding soils to predict the equilibrium
conditions in the numerical procedure. The resisting forces are given by the fol-
lowing equations,

(R = [Re}+ 7 @

AR (21)

(R°}={o v M 0 Vv, MJ} (22)

in which, F, and F,, are the axial resisting forces at the element ends; M and
M denote the bending resistances from the element; M.’ and M are the bend-
ing resistances resulting from the external soil pressures at the element ends;
VS and V; are the shear force resistances from the elements’ ends; V,* and
andV,’ are the external shear force resistances from the soils.

The element forces are calculated by the first variation of the total potential

energy given as,

EA MF+MS

Fa =T(u1—u2)+(1|_722)(—v1+v2) (23)
EA M5 +M;
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The axial force N can be calculated by including the thermal expansion
force as,

1

N :—E(Fxl—Fx2)+EAaAt (29)
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Fig. 5 Element end forces caused by surrounding soil

Fig. 5 shows the bending moments and shear forces at the end of the ele-
ment induced by the surrounding soil, which can be expressed as follows,

2 . (30)
=[,A(1-2) R(AL)LdA~ Y /P (x)
M =] (LR ()
1 . (31)
=—[ A (1-2)R (AL)LdA~-L"Y AP, (x)
L(3x L-x x Y
V=] | = |1 | R(x)dx
(o
=[[(24+1)(1-2)' R, (AL)LdA =LY %P, (x)
st:_ [£+M] i 2P\/(x)dx
blo= [Lj )

= _'[:(3—2/1)/123 (AL)LdA~ —Li}/ﬂ(x.)

where the four coefficients o, , £, z,, and y, are given in Table 1.
3.4. Tangent stiffness matrices
The element stiffness matrices are formulated by the second variation of

the total potential equation to predict the incremental nodal deformations, which
are given by,

11,
5= L Su,éu; 34
fl oupu, ! (34
The element stiffness matrix [ke] can be re-written into four parts as,
[kE]:[kL]+[kG]+[kS]+[kTh] (35)

where [k.] is the linear stiffness part; [ke] is the geometric stiffness part; [k] is
the soil stiffness matrix; and, [km] is the thermal expansion matrix.
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The linear and geometric stiffness matrices can be written as,

oo o -B 0 o
L L
12El  6El 12El  6EI
T v ° °¢ ©°¢
4El _GEI 2Bl
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[kL] = EA (36)
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L
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" 481
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The soil stiffness matrix is given by,
[0 0 0 0 0 0 ]
4 4 4 4
Z/'Lli kL z e o Zﬂsikvi L UKy L2
i=1 i=1 i=1 i=1
4 4 4
Z gk, 0 Z ek, L Z Ky L
k — i=1 i=1 i=1
[k]=| ¢ o o 0 (38)
4 4
Y. Z/‘sikvil- Z/ugikvi L
i=1 i=1
4
M. HagiKy L
L i1 |
where the coefficients z, to 14 are given in Table 2.
The thermal matrix can be written as,
EAaAt 0 0 _ EAoAt 0 0
L L
6EAaAt  EAaAt _ BEAqAL EAaAt
5L 10 5L 10
2EALaAt 0 _EAoAt  EALaAt
[km] = 15 10 30
S. 0 0 0
y 6EA2At  EAcAt
' 5L 10
M. 2EALaAt
L 15
(39)

4. Updated-lagrangian method

4.1. Transformation matrices

Since the subsea buried pipelines could exhibit large deformations under
the ultimate limit state, especially for simulating the upheaval buckling, the
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equilibrium condition through the Updated Lagrangian (UL) description is es-
tablished and illustrated in Fig. 6.
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Fig. 6 Updated-Lagrangian (UL) method for large deflections

Table 1
Coefficients o, /4, 7, and , in the secant relations

Gaussian point ID

Location x/L 1 2 3 4
0.06943 0.33001 0.66999 0.93057
a 0.01046 0.04830 0.02379 0.00078
g 0.00078 0.02379 0.04830 0.01046
X 0.17153 0.24298 0.08310 0.00240
7 0.00240 0.08310 0.24298 0.17153
Table 2

Coefficients z4; to 24, in the soil stiffness [ks]

Gaussian point ID

Location x/L 1 2 3 4

0.06943 0.33001 0.66999 0.93057
1 0.16916 0.18106 0.02118 0.00003
y7a 0.01031 0.03599 0.00606 0.00001
y7a 0.00237 0.06192 0.06192 0.00237
Hy -0.00077 -0.01773 -0.01231 -0.00014
M 0.00063 0.00716 0.00174 0.00000
M 0.00014 0.01231 0.01773 0.00077
y7s -0.00005 -0.00352 -0.00352 -0.00005
J7A 0.00003 0.02118 0.18106 0.16916
y7a -0.00001 -0.00606 -0.03599 -0.01031
Mo 0.00000 0.00174 0.00716 0.00063

The Updated-Lagrangian (UL) method is achieved by updating the trans-
formation relations between the local and global coordinate system with the lat-
est configuration. The transformation matrix [L]i is written as,

[L] =[L].[AL] (40)

The transformation matrix [L]o is determined by,

[L], {M" [L.]j (41)

in which
[ %02 ~ X041 _ Yoz ~ Yos 0_
L, L,
f Yoz~ You Xo2 %01
L], === =2 0 42
0 0 1
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L= (=) (35 Yo (43)

where the first subscript 0 denotes the original position; and, the second sub-
scripts 1 and 2 represent the element nodes.
The updated transformation matrix A[L]i is updated by,

[aL] - {[AL ! " ']} (a4)
where

(AL = (45)
L =\/(LH+Aui2 _Aui‘l)z *(AVLZ _Avivl)z (46)

in which Au;, and Au, , are the incremental nodal axial deformation; and, Av,,
and Av, , are the |ncremental nodal vertical displacements.

4.2. Formulation of the global tangent stiffness matrix

After obtaining the element stiffness matrix, the global stiffness matrix is
assembled by summing up the element stiffness matrix given as,

[K]= Z( L ([ J+ k] + [+ n ) [T ) (@7)

where [K] denote the global tangent stiffness matrix; while NELE is the element
number.

4.3. Newton-Raphson typed numerical procedure

A Newton-Raphson method, using the incremental-iterative solution pro-
cedure, is adopted by updating the tangent stiffness matrix during the iteration.
The incremental nodal displacements can be calculated as,

{AU}={AF}[KT" (48)

in which, {AU} denote the incremental nodal displacements; while {AF} rep-
resents the unbalanced forces.
The element nodal displacement can be calculated by,

{Au}=[L] {AU} (49)

in which, {Au} is the element nodal displacement vector.

The resisting forces in this analysis at each load-increment can be obtained
at the i position according to the last-known status at the (i —1)" position. The
global resisting force can be summed up by,

(R) =R}, + L (L] {ar} (50)

where {R}i1 denote the global resisting force vector at the (i —1)" step; while,
{Ar} describes the element resisting force vector.

An incremental-iterative analysis procedure, via the Newton-Raphson
typed numerical method, is developed, which is schematically presented in Fig.
7. The Newton-Raphson procedure is to divide the nonlinear problem into a
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series of linear solutions. One or more times of iterations are required at each
load increment to minimize the numerical errors, which can be measured by the
norm of the unbalanced force vector AF,

{AF}={F},-{R}, (1)

The expression of convergence criterion with respect to the residual forces
and displacements are introduced,

y<TOLx{U}" {U} (52)

(AU} {AU

}<TOLx{R}" {R} (53)

(AF)T{AF

in which TOL is the convergence tolerance.

Load
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Ry

j j j
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ul Ui’;l Uij Displacement

Fig. 7 Newton-Raphson typed numerical procedure

5. Numerical analysis procedure

The numerical analysis procedure is proposed to determine the critical tem-
perature to trigger the upheaval buckling of pipelines, illustrated in Fig. 8. As
can be seen from the flowchart, the analysis procedure contains two steps. The
first analysis step is to determine initial deformation and stress within the pipe-
line, while the second step is to apply the cumulative temperature to the pipeline
until triggering the buckling.

‘ Start
Read input parameters
.
* Gradually apply external load
Start Newton-Raphson
incremental-iterative procedure

‘ Get element stiffness matrix

Transfer the element stiffness
matrix to the global system

.
Add to the global stiffness matrix

Apply boundary condition

Solve the ']\Yl‘l| stiffcss matrix |
for incremental displacement

or nodal coordinates

Calculate th resistance

‘ Update the global geometry
‘ and unbalanced forces

Calculate initial resistance

No _— Check
h al new femperature

_convergence? —

Change mechanical properties

No _— Load eycle at the evaluated temperature
h complete? _— No®
Yes = Thermal .
~ compete? __—
Yes
.
[ stop |

At the normal temperature At the evaluated temperature

Fig. 8 An incremental-iterative analysis procedure
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6. Verification examples

Three groups of examples are provided for examining the analysis accuracy
and numerical robustness of the proposed numerical algorithms in capturing
buckling behaviors of pipelines due to thermal expansion.

6.1. Example 1-Upheaval buckling of pipelines in soft soil due to thermal ex-
pansion

In this example, the upheaval buckling behaviors of a series of pipelines in
soft soil (see Fig. 9) due to thermal expansion are computed by the analytical
solutions. The results will be used as benchmarks for validating the proposed
numerical algorithms. The analytical solution derived by Li et al. [36] to com-
pute the buckling strength of a buried pipeline under thermal expansion can be
written as,

El L.’
P, = EAaAt, +k, g (54)

"R

where, Ater is the critical temperature to trigger the upheaval buckling; o is the
thermal expansion coefficient; E is the Young’s modulus; A is the section area;
1 is the moment of inertia; ksp is the stiffness of soil springs; and Ler is the critical
buckling length.

This equation can be rewritten as follow for determining the critical tem-
perature onset of triggering the upheaval buckling,

2
A, = [”LCE' K, J—éA (55)
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Fig. 9 Upheaval buckling of a buried pipe with both ends pinned
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Fig. 10 Soil-pipeline interaction curve of a buried pipe with both ends pinned

Six pipelines are studied for investigating their upheaval buckling behav-
iors under thermal expansion, and they are all using the circular hollow section
with the diameter and the wall thickness as 200mm and 30mm, respectively.
The material is steel, and the Young’s modulus, the Possion’s ratio and the ther-
mal expansion coefficients are 205GPa, 0.3 and 1.2x10°m/m- “C, respec-
tively. The lengths of the pipelines are varied with different values, given as 6m,
7m, 8m, 10m, 15m and 20m. The pipelines are embedded in trench backfill with
the soil stiffness as 10kN/m?* . The soil-pipeline interaction curve in this example
is shown in Fig. 10.

The buckling length is critical for assessing the buckling of pipelines. For
simplicity, these pipelines are pinned at both ends (as shown in Fig. 9), and the
buckling lengths are their member lengths. The buckling analyses for these
pipelines are performed by the proposed numerical method, where two cases of
using 2 and 4 elements to model a pipeline are studied. It is observed from Table
3 that, the proposed method is with high analysis accuracy and the error of using
4 elements to model a long pipeline is less than 0.08%. The nonlinear buckling
analysis is conducted for these pipelines, and the load versus deflection curves
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are plotted in Fig. 11. The present study confirms the analysis accuracy of the
proposed method in determining the critical load of triggering the upheaval
buckling of a pipeline.

Table 3
Critical temperatures to trigger buckling of the pipelines
Theoretical Present Study
Length (m) Solution 2Elements  Difference 4 Elements  Difference
Atcer ('C) Ater ('C) (%) Ater ('C) (%)
6 86.03 86.69 0.773 86.10 0.080
7 63.78 64.27 0.766 63.83 0.079
8 49.52 49.89 0.755 49.55 0.078
10 33.21 33.45 0.718 33.23 0.074
15 19.40 19.50 0.537 19.41 0.033
20 17.94 17.99 0.296 17.95 0.020
Mean (%) 0.641 0.061
SD (%) 0.427 0.060
450 T T —
4001 —a— Pipeline Length =6 m

—a— Pipeline Length =7 m
—e—Pipeline Length =8 m
—e—Pipeline Length = 10 m
—+—Pipeline Length = 15 m
—v— Pipeline Length =20 m
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Fig. 11 Buckling behaviors of the pipelines due to thermal expansions

6.2. Example 2-Thermal upheaval buckling of long buried sea pipelines
This example investigates the upheaval buckling behavior of buried pipe-

lines with different out-of-straightness and different initial imperfection shapes.
The analysis problem is illustrated in Fig. 12.

Seabed level I

} ¢ =1.5kN/m

Trench backfill Monitoring point
Thermal expansion _..:=

.. Thermal expansion
Fixed | _—= S

+— | Fixed

'Imperfection shape
Imperfection length Li= 100 m
200 m

Trench bottom

1
Total length 1.

Fig. 12 Pipeline model resting on the semi-rigid seabed

The pipelines are made by steel and the Young’s modulus, the Poisson’s
ratio, and the thermal coefficient are 207 GPa, 0.3, and 1.17x10°m/m - <C, re-
spectively. Six pipelines are studied for investigating their upheaval buckling
behaviors under thermal expansion, and they are all using the circular hollow
section with the diameter and the wall thickness as 457mm and 14.3mm, respec-
tively. The total length of these pipelines is 200m, and the initial imperfection
length is 100m. In the proposed pipeline element method, one element per 2

meters is used to simulate the pipeline, and the two ends of the pipeline are fixed.

Assuming that the pipeline is placed on a semi-rigid seabed and the sum of
the trench backfill and the pipeline’s self-weight is 1.5kN/m, the soil-pipeline
interaction curve is shown in Fig. 13. So if the downward displacement of the
pipeline is 1X10°° m, the resistance of the seabed is 2000kN/m, which is a rel-
ative large value that can satisfy the rigid seabed assumption.
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Fig. 13 Soil-pipeline interaction curve of buried pipeline with both ends fixed

Two out-of-straightness are employed in this example, such as 1/100 and
1/200, to investigate the pipelines’ upheaval buckling behavior. For each value
of out-of-straightness, the pipeline has three initial imperfection shapes, which
the following equations can determine:

Imperfection Shape Type 1,

VO[S[ZXJ +32X+1](1—2X} O<x<h
slL) L L 2

1

V()= (56)

2 3
v, 82 a2 |1+2] —Lcy<o
sln) L L) 2

Imperfection Shape Type 2,

vV, 27X L '
V2(x)==2|1+cos| =22 ——L<x<—
'()2[ (uj]z 2 0
Imperfection Shape Type 3,
4
Vv, 4§+1 2x_ ,ngsh
, L L 2
V3 (x)= (58)

4
v, a2 1| 2] “hav<o
L L 2

The whole analysis process is divided into two steps. In the first step, the
unit submerged weight is applied, and then the temperature is gradually in-
creased to the target temperature, which is set to 100<C in this example.

This example’s analytical results will be compared with those of Zeng et al.
[37] using the commercial finite element software ABAQUS. The FEA model
of Zeng et al. simulates the pipeline using the Timoshenko beam element
(PIPE21) and the rigid element (R2D2) to simulate the rigid seabed and the
contact between the pipeline and the seabed was simulated by surface-to-surface
contact. The comparison results of temperature-displacement curves at the mon-
itoring point are shown in Fig. 14 and Fig. 15. The results show that the pro-
posed pipeline element method using one element per two meters can accurately
capture the pipeline’s upheaval buckling behavior.

6.3. Example 3-Thermal upheaval buckling of unburied sea pipelines with free
span

Due to the complex seabed conditions, pipelines’ free span is inevitable,
which may result in upheaval buckling failure of a pipeline under service con-
ditions. In this example, a submarine pipeline with a 32m long free span is se-
lected to study the deformation of the whole process of pipeline heating. The
analytical model is shown in Fig. 16.

The pipeline material is steel with Young’s modulus of 207GPa, Poisson’s
ratio of 0.3, and a thermal expansion coefficient of 1.1x10°m/m- ‘C. The tube
diameter is 381mm, and the thickness is 12mm. The length of the free span is
32m, and the total length of the pipeline is 50 times the length of the free span.
One element per 2 meters is used to model the pipeline in the proposed pipeline
element method. Since the pipeline is not buried by the backfill in this example,
it is assumed that the pipeline is pinned at both ends. Except for the free span,
the rest of the pipeline is placed on the semi-rigid seabed, and the soil-pipeline
interaction curve is shown in Fig. 17. The unit self-weight of the pipeline is
1.0kN/m.

The whole analysis process is divided into two steps. Firstly, the self-weight
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of the pipeline is applied to produce the initial deformation. Then, the tempera-
ture is gradually increased to the target temperature of 100 <C.

This example’s analytical results will be compared with those of Chen et
al. [38] using the commercial finite element software ABAQUS. Chen et al.
simulate the pipeline with a beam element (B21), and the rigid contact surface
(R2D2) simulates the rigid seabed. The temperature versus displacement of the
pipeline for the whole heating process is shown in Fig. 18. Since the pipeline
deformation far from the free span is minimal, only 200m lengths in the middle
span are taken to show the results. It can be seen from Fig. 18 that the overall

26 T T T T T 25 T T T
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results are in good agreement with those of Chen et al. However, the position of
the free span part of the pipeline obtained by the proposed method is slightly
below than that observed from Chen et al. This is probably because Chen et al.
used the fully restrained boundary condition in the numerical simulation, while
the seabed condition modeled in the proposed method is semi-rigid. In general,
the results obtained from the proposed pipeline element method show in good
agreement with that of using discrete spring element model, which verifies the
accuracy of the proposed method.

—— Pipeline Element Model (Present Study)

a0d " 4 - Discrete Spring Element Model (Zeng et. al, 2014)
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Fig. 17 Soil-pipeline interaction curve of pipeline with free span

7. Case studies

In this section, a case study investigating the influential factors related to

the upheaval buckling of the pipeline due to thermal expansion is expected. Four
variables are defined, i.e., the unit submerged weight, the tube diameter, the
imperfection length, and the imperfection amplitude. Accordingly, eleven pipe-
lines are modeled to reflect the variations of these four influential factors, whose
analysis properties are tabulated in Table 4.

Table 4

The variables in the parametric study for thermal upheaval buckling

- Unit submerged . Imperfection  Imperfection

Pipeline Diameter
Variables weight length amplitude
No.
q (kN/m) D (mm) L (m) V, (m)
PL-1 Unit 15 273 20 0.1
PL-2 submerged 2.0 273 20 0.1
PL-3 weight 2.5 273 20 0.1
PL-4 15 323 20 0.1
PL-5 Diameter 15 355 20 0.1
PL-6 15 381 20 0.1
PL-7 . 15 381 40 0.3
Imperfection
PL-8 15 381 60 0.3
length

PL-9 15 381 70 0.3
PL-10  Imperfection 15 381 70 0.4
PL-11 amplitude 15 381 70 0.6
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These pipelines are 160m long with both fixed end conditions and made by
steel tubes with the Young’s modulus, the Poisson’s ratio and the thermal ex-
pansion coefficient are 207GPa, 0.3 and 1.17x10°m/m- °C, respectively.
These pipelines are all using a circular hollow section with a wall thickness of
12mm. They are located on the semi-rigid foundation and modeled by the pro-
posed pipeline elements, where the element length is 2 meters. There is an initial
imperfection amplitude V, (x) in the middle region of the pipeline model, which
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can be defined as the following equation,
V,(X) =V, (cos(2zx/ L)+1) /2 (59)

where V, is the maximum amplitude of imperfection; L, is the imperfection
length; x is the distance from the middle point of the pipeline model (Fig. 19).
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Fig. 18 Displacement of pipeline under different temperature
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Fig. 19 Pipeline model with initial imperfection

Each pipeline segment is loaded by downward line force g to model the unit
submerged weight. Meanwhile, each pipeline segment is loaded by thermal ex-
pansion till the temperature difference reaches up to 100°C, and the temperature
versus displacement curve of the middle point of each pipeline is obtained.

The parametric study results for these eleven pipelines are plotted in Fig.
20, from where the following observations are given:

(1) As shown in Fig. 20 (a), the critical temperature affects by the unit
submerged weight, while the increment of the unit submerged weight
will increase the critical temperature dramatically. Before the temper-
ature reaches the critical temperature, the vertical displacement at the
pipelines’ middle point changes very little as the temperature in-
creases. However, when the temperature reaches the critical temper-
ature, the vertical displacement at the pipelines’ middle point in-
creases rapidly until a new equilibrium condition is reached. Then, as
the temperature rises, the displacement at the pipelines’ middle point
increases slowly again. After the pipeline’s buckling occurs, the
larger the unit submerged weight is at the same temperature, the
smaller the pipeline’s vertical displacement.

(2) Itcan be seen from Fig. 20 (b) that the increment of tube diameter can
effectively raise the critical temperature of the upheaval buckling of
pipelines. Unlike the influence of unit submerged weight on pipe up-
heaval buckling, after the pipeline’s buckling occurs, the larger the
tube diameter, the larger the displacement at the pipeline’s middle
point at the same temperature.

(3) For agiven initial imperfection amplitude (V, = 0.3m) of pipeline, as
shown in Fig. 20 (c), when the imperfection length is small (Li =40m),
the vertical displacement at the middle point of the pipeline is slowly
developed with the temperature increase. When the imperfection
length is longer (Li = 70m), there is a critical temperature at which the
displacement in the pipeline’s middle span increases sharply.

(4) As illustrated in Fig. 20 (d), for a given initial imperfection length (Li
= 70m) when the imperfection amplitude is small (V, = 0.3m), a crit-
ical temperature will appear during the process of heating the pipeline,
and the vertical displacement at the middle point of the pipeline will
increase sharply at this temperature. When the imperfection ampli-
tude is larger (V, = 0.6m), the pipeline’s vertical displacement will not
increase sharply but will increase slowly with temperature.

8. Conclusion

In this paper, considering the nonlinear soil-structure interaction responses,
a newline element, namely pipeline element, is proposed for efficient analysis
of the upheaval buckling for pipelines due to thermal expansion. The buried
soils are modeled by the springs distributed continuously along with the element
and are directly integrated into the element formulations. The element tangent
stiffness matrix and secant relations are formulated with the details provided.
Another distinct feature is the direct simulation of thermal expansion acting to
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the pipeline via the thermal stiffness matrix, whose derivation is elaborated.
Three groups of examples are given to examine the proposed method. Finally,
a case study is given to identify the influential factors to the upheaval buckling.
The conclusions drawn from this paper are summarized as following:

. A new line element, named pipeline element, is developed and verified by
three groups of examples. A case study is given to investigate the influ-
ence of several factors such as the unit submerged weight, the tube diam-
eter, the imperfection length, and the imperfection amplitude.

*  The unit submerged weight influences the critical temperature dramati-
cally, and an increase in the unit submerged weight increases the critical
temperature.
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. As the tube diameter increases, the pipeline’s critical temperature will in-
crease, and the critical displacement will become larger.

. The out-of-straightness and imperfection shape of the pipeline have a big
influence on the upheaval buckling behavior. When the out-of-straight-
ness is small, or the imperfection shape is not compacted, the jump buck-
ling will occur. When the out-of-straightness is large or the imperfection
shape is compacted, there is no critical temperature but the first lift-off
temperature.

This research improves the numerical efficiency for analyzing the pipe-
line’s upheaval buckling due to thermal expansion significantly. With the avail-
ability of this method, the stability design of the subsea buried pipelines for
preventing the upheaval buckling, due to thermal expansion, could be more re-
liable and effective.
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Fig. 20 Displacement of middle point changing with the temperature considering different factors
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