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Abstract

A nonlinear analysis of an elastic tube subjected to gravity forces and buoyancy pressure is
carried out. An update lagrangian formulation is used. The structural analysis efficiency in
terms of computer time and accuracy, has been improved when load stiffness matrices have
been introduced. In this way the follower forces characteristics such as their intensity and
direction changes can be well represented. A sensitivity study of different involved variables
on the final deformed pipeline shape is carried out.

Keywords: Geometrically nonlinear structures, large displacements, follower forces, hydro-
static actions

1. Introduction

It is considered a pipeline of total length L = N L. For analysis purpose the pipeline is
divided into N segments of equal length L. Each element ¢ with ¢ = 1,2,..., N is limited
by two nodes, 1 and 2, using local numbering and n — 1 e n in global numbering in which n
varies from 0 to N. The two extreme nodes 0 and /N correspond to two lids of weight Pr,,,
with & = 0 and o = 1 as it is shown in figure la.

The circular constant section of the pipeline has an external radius R. The weight of
the tube is represented by a uniform distributed load of intensity p per unit of length. In
addition, the tube is floating on the sea and therefore it is subjected to an upward hydrostatic
pressure. The sea density is 7,,. Waves and current forces does not exist. Therefore, it is
assumed inertia forces are negligible. The tube elasto-mechanics characteristics are: Young
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Figure 1: Pipeline discretizacion

modulus F, flexural inertia I, and area 2. All loads are modeled in a first approximation as
concentrated at extreme nodes of each pipeline segment.

The objective of this paper is to find the final equilibrated deformed position of the
pipeline subjected to the former loads.

The following system of coordinate axes is adopted: General axes Oxy for load definition,
in which the origin O s the intersection of the vertical at initial pipeline section and the
horizontal corresponding to the still water level (SWL). The axis Oz is horizontal and the
axis Oy is upwards vertical (figure 1b). Ii is assumed that inertial forces due to the waves and
sea current does not exist. Finally, a local coordinate system s, n is introduced to define the
stress-resultants for each pipeline element 12. The origin of these local axes is at node 1 and
the axis s is the straight line joining the node 1 and 2. The axis n is normal to the axis s. The
axes s, n rotated in such a way that their directions became parallel to horizontal and vertical,
i.e. to the general axes Ozy are designated by 7, §.

The stress-resultant and displacement analysis will be carried out within a geometrically
nonlinear elastic in large displacements framework and an updated Lagrangian formulation.
Standard notation will be used in the nonlinear analysis of the structures [3]. The occurrence
od a variable in the configuration C1, ¢ = 1,2, will be designated by a superscript ¢ to the
left. The axes of reference of the occurrence of a variable are defined by a left subscript.
The subscripts and superscript to the right have either the usual meaning of components
of a matrix or a vector or they are used to distinguish the element and section dependence
of similar matrices and vectors. The initial position of equilibrium of the tube is achieved
assuming that the loads, self weight and hydrostatic pressure on the pipeline caps are null and
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therefore only the distributed loading is acting, i.e. the pipeline weight and the Archimedes
uplift pressure. In figure 2 the horizontal position of equilibrium of the pipeline is shown.
The tube is subjected in this position to its weight balanced by the Archimedes uplift. The
remaining loads, the lids weight and the hydrostatic pressure on them, are multiplied by
a factor A = 0 i.e. they are not acting on the pipeline yet. From this initial position of
equilibrium the loading on the extreme sections of the pipeline are increasing continuously
by varying the factor A\ from its initial value A = 0 to the final one A = 1. An incremental
analysis technique is used starting at current configuration of equilibrium C of the deformed
tube, that it corresponds to a value 0 < A < 1. From this position the lids forces are increasing
by the factor A+ dA and it is attempting to find the new target configuration of equilibrium Cs
corresponding to these incremental loads. It should be noted that the weight of the pipeline
remains constant, both in intensity as in direction, along the length of the tube. Moreover,
the Archimedes pressure along the pipeline is not affected by this factor increment d), but
due to its follower characteristic attached to the structure, according the classification given
in [2], its intensity and direction vary because they are dependent of the deformed geometry
of the pipeline. These follower loads not only change its direction due to the incremental
rotations occurring at the tube sections along the pipeline, but also its intensity caused by the
incremental displacements produced along the pipeline.

Sealevel 0O

s

Figure 2: Initial configuracion Cj of the tube in equilibrium

This paper is structured as follows. First, it is studied the hydrostatic pressure on a
pipeline slice and its incremental changes when the slice undergoes a differential rotation
df and a differential displacement dvy. Next, for a pipeline element the incremental equilib-
rium equations between the configurations C; and CY are set up by applying the principle of
virtual work. All variables involved in these equilibrium equations are expressed in axes of
the known configuration C'y. In this way the equivalent loads at element nodes are obtained
and the stiffness and load matrices are computed as well. The load matrices are caused by the
follower forces, i.e. loads whose intensity and direction are depending on element displace-
ments. Once the FE discretization of the whole pipeline has been performed the linearized
incremental equilibrium equations can be found. The equilibrium equations can be solved
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iteratively until a final equilibrium position at the end of step load A + d is reached. In these
equations the appearance of load stiffness matrices due to the follower loads. By an incre-
mental procedure or a step by step technique the final equilibrium position of the pipeline, i.e.
the pipeline position corresponding to the final value of the load factor A = 1 can be found.
It was found that the inclusion in the analysis of these load matrices allows greater computa-
tional efficiency and a better accuracy in the results. Several application examples are shown
and in some of them a sensitivity analysis of some key variables illustrate the computational
techniques developed. Finally the paper is closed with some general conclusions.

2. Distribution and resultant of the pressure loading on a
tube slice

It is assumed a pipeline slice inclined respect to horizontal an angle 6. In figure 3 the hydro-
static pressure distribution on a semi-submerged cross-section of the pipeline is shown. This
pressure p(ye, 0, ) is function of following variables: the ordinate y. of the center of the cir-
cle, the slope 6 of the section respect to the vertical plane and the position of the application
point of the pressure defined by the angle . The resultant force, py, (y., 8)ds, of this pressure
distribution on a pipeline slice of thickness ds is contained in its middle plane.

Pipeline cross section

Figure 3: Pressure distribution on a circular section
In the following the expressions of the pressure distribution p(y., 0, ¢) and its resultant

Pr(ye, 0)ds as function of the position of the tube center measured by the ordinate y. are
given:
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e Slice in the air y. > Rcosf

(Y, 0, ¢) =0 1)
Ph(Ye,0) =0 )

e Semi-submerged slice Rcosf > y. > —Rcosf

P(Ye, 0, p) = Yo [Rcos O cos p — y,] (3)

with . > ¢ > —p. and . = arctan ( Ye )
Rcos6

@e
Ph(Ye, 0) = 2/ P(Ye, 0, ) cos pRdp =
0
Ye Ye Yo \2
arceos(RcosG) Rcosf 1 (Rcos&)] “)

e Submerged slice —Rcosf > y,

Yo R?

P(Ye, 0, ¢) =Y (RcosBcosp —y.) with —m>p>7 ®)

Pr(Ye,0) = 2/ P(Ye, 0, ) cos pRdp = 'waRQ cos? 0 (6)
0

The variation of the pressure resultant caused by a modification of the position of the grav-
ity center of the slice defined by an infinitesimal vertical displacement vy and an infinitesimal
rotation 6 are found by the expression:

B aph(ycﬁ)v n Opn(ye,0)

dpe(ye,0) = . 0 20 0o

Ipn(ye,9)

9pn (Ye,0)
00

in which and

are defined according to the pipeline slice position as fol-
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lows:

Slice in the air y. > Rcosf
6ph(ycv 9)

=0 7
0, (7
aph (ym 9)
— 8
20 0 3)
Semi-submerged slice R cosf > y. > —Rcosf
Opn(Ye, 0) Ye \2
ZPhiJen 7). 9 1 —
Y. Yultcos? ( Rcosf ) ©)
Opn(ye, 0) 2 . Ye
20 = —27,R* cos fsin @ arccos (R p— 9) (10)
Submerged slice— R cos 0 > y.
aph(ycae) -0 (11)
Y
W = —2v,mR?cosfsinb (12)

3. [Equivalent loads at element nodes

3..1. Analysis procedure

The analysis of the pipeline structure is carried out according to an incremental procedure,
eventually iterative within load steps. That means, the final position of the pipeline is reached
by successive finite increments of the load d\, starting at the value A = 0 and increasing
until the final load value A = 1. The analysis is described according to an updated lagrangian
formulation (UL), in which in each load step the equilibrate configuration C1 is known and
the adopted local coordinate axis for reference s and n are attached to the known configuration
C as it is shown in figure 4. The axis s joints nodes 1 and 2 of element and the normal axis
n corresponds to an anticlockwise rotation of 3 of the axis s.

3..2. Displacement independent loads

The load of this type acting on the pipeline is the weight and it is assumed this constant
load is applied to a beam element of length L inclined an angle « respect to horizontal.
The equivalent nodal forces to the weight loading are p = (py1, Py1, M21, Da2, Py2s mao)T
at nodes 1 and 2 and they can be approximately expressed in axes z,y by means of this
formulae:

Pai =P COSQ — Ppisina=0 ¢=1,2 (13)
L

py,-,:ptisma+pmcosa:% i=1,2 (14)

My =My & =1,2 (15)
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in which
L
pn:/ Njpds, i=1,2 (16)
0
L L
Dot = / N3pds, mm = / Nipds (17)
0 0
L L
Pz — / Nipds, mng = / Npds (18)
0 0

In the former expressions the interpolation linear functions have been designed by N! =
N}(s)withi = 1,2 and N? = N3 (s) with i = 1,2, 3,4 are the cubic interpolation functions
of Hermite. They are defined by the expressions:

Ni=1-¢, Ny =¢ (19)
NP =1-3¢2 +2¢%, N3 =362 — 263 (20)
N =1Lg(1-¢)?, Nj="L(& - &) @n

s
with § = —

The formulae (16)-(18) are valid only in a linear analysis, however their use in a nonlinear
analysis can be acceptable if the beam element length L is small in comparison to the total
pipeline length. In the contrary case, the distributed loading on the beam element should be
taken into account in the expression of the nonlinear stiffness matrix of the element. Then the
expression (72) of this matrix, given later, should be modified and to include terms related to
the the distributed force p.

3..3. Follower forces

In the case of follower forces the deformed structure should be taken into account in the
analysis. This fact leads to the concept of load stiffness matrix. To this end it is assumed,
according to an updated lagrangian formulation, that the equilibrated configuration is known
C1. From this known configuration it is arrived to configuration C' when unknown displace-
ments u(s), v(s) and 6(s) are produced due to a load increment. These displacements are
expressed in the local coordinates of the element s and n.

The geometry of the deformed tube element in the configuration C referred to the local
exes can be written if the rotations 16; and 16, at nodes 1 and 2 are known, as follows:

. S
n(€) = N3(€)'01 + Ni(9) 02 with &= 17 22)
where 'L = \/(Tzo — 121)2 + (Tyo — 191)2.
The rotation variation along the deformed beam element is
1 3 3
lon(g) _ d yn(g) _ dN2 (6) 181 4 dN4 (5)102 (23)
ds ds ds
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Figure 4: Large displacements in a beam element

If (*z;, y;), with i = 1,2, are the general coordinates of the element nodes then the deformed
element C' in referred to the general axes is:

Yy(€) =ty + 'LEsinta + Ly, (&) costa,  1O(E) =10,(6) +a 24)
with Lo = arctan(tys — 1y1)(toy — tay) 7L
The resultant pressure 'py,(€) on the slice &, noting y.(£) = y(&), can be expressed
according to section 2.:

"pn(€) = "pnl'ye(€), 10(8)] = o'y (8), 10(8)] (25)
and the local components of this pressure referred to axes s and n are
"Pha(€) = —"pa(§)sin ' and pun(§) = "pn(€)cos 'O (26)

The displacements w,,(£), v, (§) and 6,,(£) of the former slice leads this slice from the con-
figuration C to the configuration C5. These displacements expressed in local axes s and n
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are:

= 3 uuNi(E) @
1=1,2

= > valNHO + Y 0uNE(E) %)
i=1,3 1=2,4

dN dN}
0,06 = 3 v R E g, N ©9)

i=1,3 i=2,4

where uy,;, v,; and 0,,; are the unknown displacements of node ¢ referred to the element local
axes in configuration C'.

The equations of the deformed tube element in the configuration C expressed in local
coordinates, s and n, are:

2mn(f) = un(§), 2yn(§) = 1yn +v,(§), and 2971(5) = lan(g) + 0,(8) (30)

which referred to the general axes became:

22(&) = "2(&) + un(§) cos o — ', (&) sintar = '2(€) + u(é) (31)
(&) ="y(&) + un (&) sin' o + v, (&) cos ' = Ty(€) + v(€) (32)
0(8) =10(8) + 0 (&) (33)

The hydrostatic pressure resultant 2py, (¢) on the slice £ in the configuration C5 is now modi-
fied to the following value:

“pu(€) = 'pul*2(€), *y(€), 20(6)] = "pr[Px(€)] (34)

with x(&) = [2z(€),2y(€),20(€)]. These pressure components 2pj,s(€) and 2py,,, (€) referred
to local axes s and n are respectively:

“pns(€) = —"pu[P2(€), y(€), 20(&)] sin*0,, (€)
= = pu[*X(&)] sin[' 0 (€) + 0 (&)] (35)
2phn(é) = 'pn[Px(€), *y(€),%0
= —"pu[*x(§)] cos['0n (&) + O (€)] (36)
In order to find the resultant pressure, p, (), variation in the slice £ produced when the slice
changes from configuration C; to Cs is necessary to compute the difference 2py, (€) — 'pp, (€).

This difference can be expressed in a Taylor expansion in the neighborhood *py, (¢). Taking
into account (31), (32) and (33) the following expression is obtained:

alph
00

*pr*x(€)] = "pu["x(£)] + A(€) + B(¢) 37)

Y
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where
) =sin'a > wpuN}(€) +eosta | Y vuiNG_1(6) + Y OniNGi(€)
i=1,2 i=1,2 i=1,2
dN. dN3
B(E) _ Z Vs 2L 22 1 Z gnz 21
i=1,2 i=1,2

and therefore resultant pressure components in local exes are:
2p1a(€) =~ puPX(©)] (10, +0,) = ~pu Px(]in 6, — i PX(E)B, cos s,

o (] s 0, [4© G2 + O] o x€1B6)

201, (6) = (O] cos('0, + 0.) = ' PX(E)) o, — 'y Px(E)}0 sin 0,

1 1
= o x(E)] + <050, [4©) G 4 BO T | + o Pxc@lEe)

The load increments 2py, (€) —py, (€) caused by the element displacement from configura-
tion Cy to Cs are substituted by the following equivalent nodal forces p = (Prsi, Phnis Phimi)
at element nodes ¢ = 1, 2, according to the following expressions in local axes:

1
Mg:%/JWmeﬂmgﬁ with i=1,2 (38)
0
1

1
Phn1 = 1L/ Nf [Qphn ! phn] df, Phm1 = 1L N phn ! phn] df (39)
0 0
1

1
%/WWMJWM&MMzw N} Ppnn —' pra) d€ (40)
0 0

Phn2

3..4. Load stiffness matrices

The follower forces produce equivalent nodal forces that can be represented as stiffness ma-
trices. In the following the variation of the follower forces from configuration C; to C5 is
expressed in this more convenient way. With this purpose the functions A(£) and B(§) are
written in matrix form

A(g) =a(8)dn, B(E) =b(&)dy, (41)

where d,, = (d,,1,d,,2)7 is a vector of dimension 6 x 1 partitioned in the submatrices d,,; =
(Uni, Uni, Oni) T of dimension 3 x 1 with (i = 1,2) and

a() = [a1(¢),a2(8)], a;(§) = [sinlozN-1 coslaNg’Fl,coslaNSi]

dNZ 1 dNQSi
b(f) = [bl(§)7b2<£)]7 bz(&) = [07 de ) d¢ ]
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The components of the unbalanced resultant total pressure Apy, (€) = 2pp, (€) — tpp(€) at
section £ can be written as follows

2 1 1 9" pn 9" pn 1 1
Phs — Phs = —sin "6, |a(§) +b(§) d, — "pycos 6,b(&)d, 42)
Y. 00
ot ot
2phn — 'phn = cos 10, {a(f) 85h +b(§) ;;h] d,, — 'ppsin'é,b(&)d, (43)

These components unbalanced forces Apps(€) = 2prs(€) — pns(€) and App,(€) =
2Dhn (€) — Yppn(€) are replaced by the equivalent nodal forces ppsi, Phni and Ppoy,; at nodes
i, (1 = 1,2) of the pipeline element, that are referred to the local axes and their values are
computed according to the expressions (39), (38) and (40). The final results are then'

1
Dhsi = 1L/ N!Apps(€)dé =kp1jd, +krojd, with i=1,2 44)
0
where j=1ifi=1; j=4ifi=2
1
poni =L [ NP Apn(©d¢ = ki +kid, with =13 (5)
0
where j =2ifi=1; j=5if1=3
1
DPhmi = 1L/ N} Appn(€)dé =kpy;d, +Kkrod, with i=24 (46)
0
where j =3ifi=2; j=6ifi1=4
47)

The first row vectors Kp,; are coming from the integration of terms of the following type

1 .1 1 1
R (1,3) ( sin*6, J" pn o pn
ke =22 [ V00 () [a G2 v 20 e ey

and they correspond to the variation of the intensity of the follower forces. The second row
vectors Kz o; are obtained as a consequences of the integration terms

1 . 1
kpoj = +'L / Nfl’”lph< sin. 0 )b(é)d& (49)
0

cos 16,

and in this case they correspond to the variation of the direction of the follower force.
The load stiffness matrices kr,; and Ky relate the force vectors at nodes to the corre-
sponding displacements and they can written

P, = klen + kL2dn = den (50)

't is usual to distinguish between the load matrices of de dimension 6 X 6 the matrices k1 generated by an
increment of differential vertical displacement y. and the matrices ko produced by un angle change 6 of the section
of application of the load pressure. The former load matrices k,1 and k.5 are partitioned in row matrices j, kr,1;
and k L2j-

499



Proceedings of the International Association for Shell and Spatial Structures (IASS) Symposium 2009, Valencia
Evolution and Trends in Design, Analysis and Construction of Shell and Spatial Structures

where
Ky 1
Ky o
P, = [ P },dn— [ g”l },ij_ tiji (j=1,2)
Krjs5
Krj6

where la matriz kj, is partitioned as follows

P | _ | kzuin ki dpn
P2 Kro1  Kpoo dpo
Finally, the expressions of these matrices in general axes are modified by means of suit-
able axes transformations. In this way the following final expressions are found

. P, Krii Kiio D,
P—K,D, ic. - 51
L2 1e [ P, ] { Kro1 Kpo } [ D, } D

where
P, = (Dui, Pyismzi) ', Di = (dyiydyi, 020)"

These vectors are related to the former vectors expressed in local axes by the transformation
formulae

Pi=Tp,;, Di=T"dy Kras=TkrasT"

where
coslaw —sinla 0
T=| sin'a coslaa 0
0 0 1

(From a computational point of view it is convenient to use the matrices as functions of the
type krp =Kk (ycla Ye2, la) and pP= p(ycl, Ye2, la)~

4. Pressure resultante on the pipeline lids

Similarly to the section 2. the loads on the two extreme sections or lids of the pipeline are
studied. En particular the force and moment resultants of the pressure distribution on each of
these extreme sections are obtained.

The force resultant, py; and the moment mj; of the pressure distribution acting at ex-
treme sections represented in figure 5 at the center of gravity of the section, are computed as
follows. For each lid of the pipeline (¢ = 0 and @ = 1) i.e. according to section z = 0
and x = L of the initial pipeline position respectively, the computation of these forces and
moments, as well as their derivatives respect to to the ordinate y.r, and to the inclination
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Figure 5: Pressure distribution on the end section of the pipeline

angle 6, of the tube, are carried out. This inclination angle respect to the horizontal or slope
at each tube end section is in general different to each end pipeline section a.

The following results for the force pj; and the moment mj; pressure resultants on the
pipeline end section a:

where

Section in the air  Y.rq > Reyt cOSOrq (52)
Phr =0
myy, =0
Semi-submerged section Ryt coSOra > YeLa = —Rewt COsOp4 (53)

o YecLo . ™ Rezt COSB Pa
Dhr = sQ’waim C2 o + sin @, cos o + 5] 3

3

N YeLa €OS” 0o Regt .
ms; =2y, R3,, | -2 3 S fg (2 — 8In 2¢,, cO8 204, + T)
Submerged section  Y.pq < —Regt cOSOr (54)
ng = sﬁywﬂ-sztycLa
miy = £y R,

. o YcLa _ o
sing, =——=—"—-——— and e=(-1) (55)

React Cos oLoz

The occurrence of small variations, vy and 6, of the depth .1, and rotation 6y, respec-
tively, of section «, the increment of the resultant pressure force pj; and its moment mg,
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are given by the formulae

ops ops
Apa _ phL,U + phLao

omy " omy 8,
YeLa 890[

56
aycLa 00« ( )

[ Z—
and Amf; =

. - opf,  Omg
The expressions of the derivatives 5 AL, il
O0YcLa’ OYeLa

obtained as follows:

de pj; and my; respect t0 Yoro are

Section in the air  Yerq > Rezt COSOp (57
8 (e%
Phr _

aycLaz

omy _

aycLoz

Semi-submerged section  Rey¢ oS 0ra > Yera > —Rewt 08 0La (58)
8])“ 1 . ™

ayﬁ = gzwagzt 3 ((pa =+ sin @, COS Yo, + 5) +

0pa
(tha C082 Pa + Rezt COS2 Pa sin Qﬁa) L
8ycLa
om¢ . cos? o . Ipa
ML _ £2v,R3, _ L0 Pa + (YeLa COS% g SN Qg 4 Reg sin? @, cos? cpa)iso
8ycLa 3 aycLa
Submerged section  y.rq < —Regt cOsOpq (59)
a9 2
=evmRZ,

aychu K !

omy,

aycLa

where 5
o 1 1
Po __ (60)

aycLoc Remt COos eLa V31— SiIl2 Pa
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. . Op% omy .
The derivatives aSZL’ 075:“ de Opf; and Omj; respect to 01 are respectively:

Section in the air  Yerq > Rezt cOSOpq (61)
a (e}

phL =0
0014
8 «

ML _

aeLa
Semi-submerged section Ryt cosOra > Yera = —Regt OS01 (62)
op? Opa
8522 =27, R%, | (Yera €08% ©o + Reps c08% @ Sin @4 aéa]
omy Opaq
IMhL _ EQA/wRSm (YeLa €082 Yo SN Qo + Rege sin? @q cos? Va) Ld
80La aoLa
Submerged section  Yera < —Reyt coS0rq (63)
8 (0%

Phr _
0014
8 [e])

Mhr _
69L0(

where
89004 YeLa
= — in 6 64
aaLa Rea:t cos? GLQ S VLa ( )

The two groups of former expressions of the derivatives of the pressure follower forces on
the lids of the pipeline represent two elastic springs attached to the pipeline extreme sections
a. One of them elastically restrained the end section displacement and the another the end
section rotation. From the computational point of view it is convenient to express the analysis
in general coordinates by means the following transformation formulae:

op¥ op?
Apyr. = Apyp cosbr, = (a;)h;vo + 85?%) cosOrqa (65)
. opy ops .
Apyry, = Appsinblr, = (athL vy + 8§ZL 90> sinfp4 (66)
oms oms
Amjp, = Amjyy, = ayii vo+ a0 (67)
These equations can be written in the compact form
oy i1
0 cos 0., cos 01,4,
%ycLa v g‘gLa r
Apy, =kppdyy, with Ky, = 1| 0 a;“ sin 1,4 8§hL sin 01, (68)
cLa La
omy, omy,
8ycL(x 00a
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and where the force and displacement vector at pipeline end sections @ = 0, 1 are defined as
follows:
Ang - [Ap%Lam Ap%Lyv Am%z}T and d;zlL = [da dy HQ]T

x Yy

Similarly the load vector acting at pipeline end section « is defined as

o « [e% a 1T
Prr = [phLmaphLymem]

5. Stiffness matrix of an element

In addition to the the load stiffness matrices obtained in the previous section the nonlinear
stiffness matrix of each beam element of pipeline should be computed. With this objective
the incremental equilibrium equations between configurations C; and C5 are formulated and
they are discretized by means of the FE method. The obtained results assuming all loads,
F, = (Fmi,Fyi,Mzi)T, (i = 1,2), are applied at end nodes 4, ¢ = 1,2, can be written
according to [3], [1], en forma matricial como sigue:

'k + 'k d =2F—'f (69)

with k; and Kk, the linear and the geometric stiffness matrix of a 2-D beam element respec-
tively. The displacement increments produced by the change of configuration from C; to Cy
caused by the the increasing of the external loads, 2f — f, are collected in the vector

k
d= d, and the forces are  "f = kfl (70)
d2 f2
with d; = (dgi,dy;, 6;) the displacement increments of node ¢ (¢ = 1,2). The applied
external loads are *f; = (*F,;, " F,;, *M,;)T with k = 1,2 and i = 1,2
The expression of the linear stiffness matrix is:

£9 0 o -Z2 0 0

0 122 6ZF 0 128 6EE

0 6EIZ 4& 0 76EIZ 2EIZ

k; = EQ v v EQ L S (71)

-2 0 0 £2 0 0

EI, El. El. El.

0 128 -6 0 128 —6%%

0 62 2B 0 6% 4EC

with € the area of the resistant cross-section of the beam and I, is the moment of inertial of
the cross-section about the axis z.
The geometric stiffness matrix is

ks11 Kgi2
k. — g g 72
g [ kgo1  Kgoo } (72)
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where
B FzZ 0 _ijzl
L (QL2 1) F (QLL2 601.)
_ 6 Fa2 +101. 1 Fa2 +601,
kg1 = 0 5 QL3 10 QL2 (73)
M., 1 Fa2(QL?4601.) o Fuo(QL’+301I.)
L 7L 10 QL2 15 QL
r _Fzz 0 _J\szz
_ 6 Fu2(QL?+101.) 1 Fao(QL?+601.) T
Kg12 = 0 5 QL3 10 QL? — %g21 (74)
M., 1 Fe2(QL?+601.) | Fapo(—QL’+601I.)
L L 10 QL2 30 QL
r Fuo Mo
i ( : ) (Lz >+601)
_ 6 Fuz(QL?+101, 1 Fu2(QL2+601,
Kg2o = 0 5 QL3 ~10 QL2 (75)
M.o 1 Fe2(QL?+601.) o Faz(QL*4301.)
L L 10 QL2 15 QL

It is noticed that the former stiffness matrices, k; and k,, are symmetric as correspond to a
conservative (adjoint) problem.

In the former results is was assumed that the only loads applied on the element are the
ones acting at its end nodes, i.e. F; = (Fy;, Fy,, M_.)T, (i = 1,2). Then the stress-resultants
at section & of the element produced by the loads acting directly on the element span (weight
and hydrostatic pressure) must be added the stress-resultants corresponding to the loads F;:

le + Mz2

F, = Fy = —Fo, Fy:_ I

5 Mz = _le(l - E) + Mz2€ (76)
The equations (76) represent the stress-resultants at section & as function of the reactions of
the beam element at its end nodes. They have been obtained using the static equilibrium of
the beam element.

6. Incremental equilibrium equations of the pipeline

The initial configuration C of the pipeline without initial stresses corresponds to the tube
subjected only to the uniforme distributed loads of weight p and uplift hydrostatic pressure
Pr(Ye, 0). The equilibrium position corresponds to the pipeline floating horizontally, § = 0,
at depth y,. defined as the solution of the equation py(y.,6 = 0) = p. The loads due to
the horizontal pressure on lids p;,;, and to the weight Py, of the pipeline extreme section, i.e.
to the lids, are monotonically introduced from this equilibrium position by means a factor A
varying from O up to 1.

In a load step it it is assumed known at configuration C1 all the applied loads, the equiv-
alent nodal forces at element nodes 7 of each element j, the variation of deflections and
rotations along the pipeline span and the stress-resultants as well, i.e. the following functions
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are known

Loading: p, 'pni(€)(i=1,2,...,N), APr.(a=0,1), \p%, (77)

Equivalent nodal forces: 1Fg, (i=12)(j=1,2,...,N) (78)
deflections and rotations: lzf, 1yg, 10?, i=1,2)(=12,...,N) (79)
Stres-resultants: ' FJ(¢), 'FJ(¢), 'MI(¢), (j =1,2,...,N) (80)

If the following load increments, dAPr,, and dA\'p®,, are introduced on the end sections of
the pipeline, & = 0, 1, then the pipeline experiments the displacements d] at nodes ¢ = 1,2
of all elements j. The matrix equation of equilibrium can be written

KD = P (81)

where

K= Z[ l +k2‘ — kg, — k%z]D‘F A Z K, djy, = dA Z [PhL "‘PLu]
a a=0,1 a=0,1

and Py, = Pr,[0,—1,0]7 is the vector of gravitational loads concentrated at section cv. The
summations correspond to boolean sums or assembly of all element matrices and vectors of
the structural elements. In this way the whole global structure matrices and vector can be
built.

The solution of the system of simultaneous linear equations represented by the matrix
equation (81) can be carried our by a direct numerical solution method and the displacement
vector D expressed in global exes is obtained. It is possible to increase the solution accuracy
by iterative procedure within the current load step.

Once the displacements are know in the load step it is possible to define all the variables
of interest for the configuration Cs. These variables should be changed by transforming them
to the new coordinate system defined by the achieved configuration C5, i.e. a coordinate
transformation should be performed in order to change the already known configuration Cs
into the new configuration C; for the new load step.

7. Examples

7..1. Symmetric pipeline

In order to illustrate the described analysis a simple example will be presented. The following
data of a symmetric pipeline, i.e. with equal lids will be considered: Length: 18 m, Inner
radius: 0,945 m, External radius: 1 m

Young modulus: 2 x 10° kN/m2, Specific weight: 77 kN/m3, Water specific weight: 10,29
kN/m3

The two pipeline lids are equal with thickness 6 cm and weight 14,516 kN each. The total
tube weight, lids no included, is: 465,85 kN

The pipeline is discretized in 48 elements.
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Pipeline floating equilibrium Process: L= 18 m
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Figure 6: Symmetric pipeline

In figure 6 the deformed pipeline obtained by a linear analysis is shown. Also the de-
formed pipeline found according to a more elaborated analysis, namely, a nonlinear analysis
using an incremental and iterative procedure is presented in the figure. It can be observed that
the first order analysis produces larger displacements than the nonlinear analysis.

The initial equilibrated position of the tube (tube weight without lids and uplift Archimedes
pressure) is reached for a axis pipeline position of -0,4929 meters.

7..2. Nonsymmetric pipeline

The tube used in this example corresponds to the previous tube but with different lid thick-
nesses. One lid has 6 cm of thickness and the other 9 cm. The results are shown in figure
7

8. Conclusions

Analysis of this type of pipeline of elements represent an interesting example of the applica-
tion of nonlinear large displacement methodology. A better understanding of the structural
behavior of these structures can permit to obtain improved models for the laying process of
submarine emissaries.
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Pipeline floating equilibrium Process: L=18 m
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Figure 7: Nonsymmetric pipeline
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