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This paper addresses the behavior of three-dimensional multilayered pipe beams with interlayer slip
condition, under general 3-D large displacements, in global riser and pipeline analysis applications. A
new finite element model, considering the Timoshenko beam for each element layer, has been formulated
and implemented. It comprises axial, bending and torsional degrees-of-freedom, all varying along the
length of the element according to discretization using Hermitian functions: constant axial and torsional
loadings, and linear bending moments. Transverse shear strains due to bending are included in the for-
mulation by including two generalized constant degrees-of-freedom. Nonlinear contact conditions,
together with various friction conditions between the element layers, are also considered. These are
accounted in the model through a proper representation of the constitutive relation for the shear stress
behavior in the binding material. The element formulation and its numerical capabilities are evaluated by
some numerical testing results, which are compared to other numerical or analytical solutions available
in the literature. The tests results show that the new element provides a simple yet robust and reliable
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tool for general multilayered piping analyses.
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1. Introduction

Multilayered pipelines have been widely used in the petroleum
industry to transport almost all types of fluids in the oil production
system. Flexible lines are the most common example of this type of
structure, which consists of a tubular arrangement of concentric
metallic and polymeric material layers. Although widely in use,
appropriate representation of flexible lines in numerical simula-
tion still represents a great numerical challenge, mainly due to
their nonlinear dynamic behavior in global riser analysis and to
nonlinearities caused by its multilayered cross section.

An alternative to flexible lines is the use of steel rigid lines,
which also have static (pipelines) and dynamic (risers) applica-
tions. As well as flexible lines, the rigid pipelines often have multi-
layered cross section, due to internal corrosion resistant alloys
(CRA) and external thermal insulation coatings. In both, mechani-
cal design and global riser analyses, the presence of these addi-
tional layers are neglected, mainly due to difficulties of current
available numerical models to adequately represent the behavior
of multilayered pipes.
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In the literature, several analytical and numerical solutions
have been proposed since Newmark et al. [1] first proposed a
two-layered Euler-Bernoulli beam model considering linear
behavior. More recently, Schnabl et al. [2], Foraboschi [3] and
Ecsedi and Baksa [4], proposed analytical solutions for two-layered
laminated beams considering interlayer slip condition, but re-
stricted to small displacements and linear constitutive models for
each layer material. Some of these papers also included transverse
shear deformation in their formulation. Attempts for more general
analytical solutions have been proposed by Girhammar and Gopu
[5] and Girhammar and Pan [6] who presented exact solutions,
for first and second order analysis procedures, allowing estimation
of the magnitude of beam deformation and internal actions be-
tween layers. Chen et al. [7] presented a solution where the com-
bined action of arbitrary transverse and constant axial loadings,
under static conditions, is considered in a non-uniform slip stiff-
ness model. In the same line of investigation, numerical methods
were also proposed by many authors, mainly based on the finite
element method (FEM) approach. A strain-based FEM, based on
the Timoshenko beam theory for each element layer, applicable
to linear static analysis of two-layer planar composite beams, with
interlayer slip, was proposed by Schnabl et al. [8]. Using a similar
approach, Cas et al. [9,10] presented a finite element formulation
that considers non-linear time-dependent constitutive models for
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the element layers and a non-linear relationship between the slip
and the shear stress at the interface. In this formulation, the geo-
metrically non-linear Reissner’s beam theory was used. Krawczyk
and Frey [11,12], proposed a 2D beam element for geometric non-
linear analysis of multilayered beams considering interlayer slip.
The element formulation is based on the co-rotational approach
with Timoshenko’s beam theory assumptions. The element is as-
sumed to undergo large displacements and rotations, but with
small deformations and moderate slip between layers. A 2D model
comparing the FEM solutions with extended Euler-Bernoulli’s for-
mulation and Timoshenko’s beam model of slab beams for various
loadings was presented by Zona and Ranzi [13]. It is shown that
displacement and stress results in composite members are con-
trolled by the interaction between bending and shear (short or long
beams), in each case study. The behavior of general multi-stacked
composite beams with interlayer slip was considered by Sousa Jr.
and Silva [14] for the rectangular section where curvature locking
difficulties were identified. Their model represents the composite
beam as an association of beams and interface elements, providing
an efficient solution for the multilayered beam problem.

Several studies on multilayer beams are now available in the lit-
erature. However most of them have their application limited to
laminated beams under in plane loading only. To the best of
author’s knowledge, an appropriate representation of multilayered
pipes in three-dimensional nonlinear analysis has not yet been ad-
dressed in the literature.

In this work, a multilayered pipe beam formulation, which ac-
counts for axial and bending degrees-of-freedom at each layer is
proposed. It includes classical modes of deformation and nonlinear
interlayer slip (with shear deformation assumed constant through
the interlayer material thickness). In this model, damage at the
interface is accounted by considering a yielding-type function for
the interface material constitutive model, in a nonlinear fashion
of analysis. The FEM formulation considers the nonlinear behavior
of multilayered pipes under general 3-D large displacements. An
updated Lagrangian formulation is employed including large dis-
placements and rotations. The conventional two-node Hermitian
displacement functions [15] are employed to represent the ele-
ment in convected (co-rotated) coordinates. The element combines
Euler-Bernoulli beam solutions, with constant transverse shear
strains along the length, by adding two generalized degrees-
of-freedom to the conventional axial, bending and torsional ones.
The additional shear degrees-of-freedom are statically condensed
throughout the solution procedure. Interface binding conditions,
which have been considered in previous 2-D models, are also in-
cluded in the 3-D element model formulation, and are dealt within
a unique and novel fashion, allowing the element to represent the
behavior of multilayered pipes in non-linear static analysis. A few
representative solutions are presented and compared to other
independently obtained numerical results.

The contributions of this work are: novel nonlinear formulation
for tubular pipes that are used as risers in the offshore industry;
treatment of interfaces in multilayered pipes. While there is a
plenty of literature in laminated and multilayered plates, such is
not the case for multilayered pipes; methodology to couple the
interfaces of multilayered pipe systems. For instance, a new inter-
layer contact model is embedded in a plasticity framework.

2. Multilayered pipe beam element

The multilayered pipe beam FEM presented in this work is based
on the co-rotational formulation, which have been the subject of
various publications [15-17]. It refers to a straight spatial reference
configuration, defined by the updated coordinates of the element
two nodal points. In the multilayered element formulation, it is
assumed that the element is subjected to large displacements and

rotations, but restricted to small strains and small slip condition
between layers. Timoshenko hypothesis is assumed for all element
layers, i.e., initially plane layer cross sections remain plane and
non-deformed in and out of its plane after element deformation,
but not necessarily perpendicular to the beam longitudinal axis.
Under torsion, cross sections remain plane without warping. All ele-
ment layers share the same transverse displacements at element
nodes i.e., no separation between layers is allowed. In the element
formulation, all variables are referred to a co-rotational configura-
tion obtained from geometric transformations, including rigid
body translations and rotations, from an initial non-deformed
configuration. These variables can be identified from three distinct
configurations: initial configuration (Cg;) which is represented by
the element in its non-deformed configuration, at spatial position
t = 0, reference configuration (Cey) that is represented by the config-
uration in which the element has been subjected from its initial
position to rigid body motions only, and deformed configuration
(Caer) that is represented by the element in its current configuration
at time t, after moving with rigid body motions and deformations
due to applied external loads.
Reference systems attached to the beam element at each config-

uration are shown in Fig. 1 and are described as follows

e The global system (XYZ) is a spatial coordinate system
whereby the structure is referred to. This system remains fixed
during the entire beam analysis;
The initial local element system (X'Y'Z’) is a coordinate system
associated to the element at its initial non-deformed configura-
tion (Cjy;). At this configuration, the element is assumed straight
with the X'-axis coinciding with the element longitudinal direc-
tion and the other two Y’ and Z' axes along the cross section
principal directions of inertia;
The local element system (X Y Z) is associated to the reference
configuration (Cey), which is the initial local element system
with rigid body motion. The X-axis lies on the straight line
defined by the two element nodes at the updated position.
The formulation of the co-rotational element is developed based
on this reference system;
The element layer nodal systems (x¥ y¥ z) are the coordinate sys-
tems associated to each node-i, for each layer-k, in the co-rotational
formulation. The nodal systems of each layer are fixed to the
element nodes, following its movements (translation and rotation).

2.1. Basic formulation for large rotations

When dealing with a reference vector in 3-D transformations, an
orthogonal spatial transformation matrix R(0) should be considered

vi =R(0)vo 1)

Fig. 1. Beam element reference configurations.
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X

Fig. 2. Spatial transformation between two vectors.

which is represented in terms of only three independent parame-
ters as shown by Pacoste and Eriksson [18]. This approach results
from the use of a pseudo-vector of rotation, defined as 0 = 0, which
represents a unique rotation with an angle 0 about a fixed axis de-
fined by the unit vector e. (see Fig. 2).

In this case, considering the magnitude of the rotation angle

0=1/02+ H; + 62, the orthogonal rotation matrix (Rodrigues) can
be expressed by [17]

sin 6 1—coso

R=1+725(0) +— 5~ S(0)S(0) )

0

where I is the 3 x 3 identity matrix and S(0) is a skew-symmetric
matrix obtained from the rotation pseudo-vector components 0,
0y and 0,, as follows:

0 -0, 0 Oy
SO =0 0 -0, 06=]0|=0e (3)
0, 6, 0 0,

In the co-rotational formulation used in this work, matrix R as
defined in Eq. (2) is used to update the element reference configu-
ration as well as the nodal reference systems.

Fig. 3. Multilayer element in two successive configurations.

2.2. Kinematics of deformation

Incremental and iterative analysis is considered in the formula-
tion with all element reference systems (see Fig. 1) being updated
after each iteration, i.e., the co-rotational approach is updated at
each iteration. In this way, two neighboring configurations of a
segment of a pipe beam with multiple layers, in two successive
configurations, at instants t and t + At, are as shown in Fig. 3,

where At is the time increment, X and X£“***) are the position
vectors of a point P in layer-k cross section, at instants t and t + At,
respectively; X5 and X549 are layer-k geometric center position
vectors at instants t and t+ At, respectively; point P position in
both configurations is expressed in terms of the coordinates
(x,y,z) in the local reference system r* and the geometric center
position vector (XX), i.e.:

k(t k(t k(t k(t
XKO = XKO | pgko) 4 ko
XI;)(HAt) _ xlé(HAt) i yiJ;(HAr) n zf";“*“)

(4)

The incremental displacement vector at point P is then obtained:

k T
wh= [uf ob wh]
_ x)l;(HAt) o Xll;(t) (5)

_ u’é +y(i,lz<(t+At) _ i,l;([)) + z(i,l?:(t+At) _

~k(t)

;)

where uk is the k-th layer geometric center incremental displace-
ment vector:

ul = XKO80 g0 _ [y )T (6)

Transformations between the local reference system vectors r¥
(i=1,...,3), shown in Fig. 3, at time t and at time t + At are ob-
tained from incremental cross section rotations (0, 0y, 0;). This
transformation is obtained by using a suitable rotation matrix
R((‘)x, 9yv ‘92),

i,i;(zmr) _ Ri.i;(r) (i=2,3) (7)
Substituting Eq. (7) into Eq. (5), one obtains point P incremental dis-

placements as
uf = uf +yR - DY + z(R - D" (8)

An approximation for the rotation matrix presented in Eq. (2) is ob-
tained by considering terms up to second order from the series
expansion of the trigonometric terms. Thus, the Rodrigues formula
results in the following rotation matrix:

02+02 0x0) 040,

I A Oy 07

1 0, +75 Oy +7
= bxy 03402 by0z

R 02+T 1 -~ 3 —()x +T (9)

2 02

_ 0x0, Oy0; _ Hx+Hy

Oy +7%2 O+5 1%

Substituting this second order approximation for the rotation ma-
trix into Eq. (8), one obtains the displacement vector components
of a point P, in a given layer-k, as function of the displacements
and rotations of the layer cross-section, referred to the local refer-
ence system r¥, in the form:

okok ok ok
ub = uk—yos +205 +y=r+z%E

k2, k2 ok gk
y’lg _ v _201; _y()x ;02 z y2z
10)
k nk k2 k2 (
k ) okok 02 4 0"
wE = w+y0} A
Linear Non-Linear

where: u, % and w¥ are the displacements of point P, in the local
reference system r* of layer-k; u*, 0}, 0 and ¢ are axial displace-
ments and rotations measured at the geometric center of each
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layer-k; v and w are the transverse displacements (assumed equal
for all layers); and y and z are the local coordinates of point P, de-
fined within layer-k thickness (r¥ < \/y2 + 22 < %), with r¥ and r¥
being the inner and outer radius, respectively.

The Green-Lagrange strain tensor components, used in the
evaluation of the element strain energy, with the principle of vir-
tual work (PVW) [19], is obtained from the displacements at a
point P of any layer cross section as

Exx = % +1 (81,[1,) +1<%>2+1<%>2
“ ox 2\ ox 2\ ox 2\ ox
- oup 9Ovp Oup Oup  Ovp OVp  OWp OWp
T oy T Taway T oy ok ay (11)
oup Owp Oup dup  Ovp OVp  OWp OWp

Oox 0z ox_0z

Non-Linear(1;;)

Te= 97 ox Tox oz
N —

Linear(e;;)

2.3. Finite element formulation

The multilayered element formulation is obtained considering
the contribution of each layer - associated to linear and nonlinear
strain contributions - and straining at each interface material be-
tween layers. Considering the equilibrium of a single element layer
at time (t + At), the PVW for updated Lagrangian formulation, gives
[19]:

/V S ol dV = RO (12)

where S‘*A‘ is the second Piola-Kirchoff tensor [20]; s‘*“ is the
Green- Lagrange strain tensor [20]; and R’ is the v1rtua1 work
due to external loading (body and surface forces), given by:

Z(/V'fig(wméuid‘/+ /Sf,-SaMU(SUidS) (13)

with f/**9 and f“**" being body and surface force components,
respectively; and du; is the virtual displacement vector component.

Variables in Eq. (12) are accounted from the configuration G
shown in Fig. 1. Linearized incremental equation requires small
displacement increments, therefore, the second Piola-Kirchoff
stress and the Green-Lagrange strain tensor components can be
written in incremental form as

iRH»At _

Sitt =1+ Aty and el =&l + Agy (14)

where j; are known Cauchy stress tensor components; At are the
incremental stress components; &; are the known Cauchy-Green
strain tensor components; and Ae; are the incremental strains,
which are obtained from Eq. (11) by using the incremental displace-
ments. Thus, Eq. (12) can be rewritten as follows:

/V(r,; + ATy)S(ef + Agy)dV = REN (15)

In the reference configuration the element is subjected to rigid body
motions only, i.e., there is no deformation, so d¢j; = 0. Thus, Eq. (15)
turns:

/ AT;oAg; dV + / ThoAg;dV = RN (16)
The incremental stresses (At;) are obtained from the incremental
strains (Ag;) by using a suitable constitutive relation:

A'Ejj = C,‘jklAEk{ (17)

where Gy is the material constitutive tensor.
As shown in Eq. (11), the incremental strains have linear (Ae;)
and nonlinear (Anj) terms, i.e.:

Agij = Aeji + An; (18)

Assuming a linear approximation for the incremental stresses and
strains, one obtains:

AT,‘j = Cijk,Aekl and 5A8ij = 5A€ij (19)

Substituting Egs. (18) and (19) into Eq. (16
ing linearized equation:

), one obtains the follow-

/C1]l<lAekl(3Aede+/T éAnudV

Linear Nonlinear

Tj0Ae;dV (20)
v
| S
Internal Forces

(RHAI

External Forces

In this equation, the left hand side leads to the linear and nonlinear
stiffness matrices and the right hand side leads to the external and
internal force vectors.

2.4. Element displacement field interpolation

For a given layer, displacements within the element are ob-
tained from interpolated nodal displacements using Hermite poly-
nomials [19], which represent straight-beam linear solutions
under constant normal, transverse shear and torsional internal
loadings, under Euler-Bernoulli beam assumptions. Thus, the dis-
placement field at layer-k is:

(1 ——) uk Zuz +%yv1 —%yvz +%zw1 —%zwz
+ 20} — 3205 +(—poy0k +bsy0h))+(1—6¢,)zp; + (166, )yp}

0kz —oky p and & constantsin ¢

v =gavnct oy (15 )tk =520k ) 905 01205 +c - o)t
——— C 2 —— —

Yo

ok
B4
k.
—0kz

¢ ¢ ” ’
—gawn o+ (15 )30k, + 5308, + (0108, + 1205 ) (6 0108
aW oW (1 )y, 4
Wo — Wk
oy "

21

where u§ is the axial displacements of the element centerline at
layer-k; ¢ is the longitudinal coordinate along element; 7y and wq
are transverse displacements at the element centerline; 7% and W*
are transverse displacements along the layer-k centerline due to
the nodal rotations 0% and 0}, respectively; and f; and p5 are shear
strains at planes (¢- y) and (¢-z), respectively (assumed constant
along element length); and ¢; are the standard Hermite polynomials
[19].

Eq. (21) can be extended to element coordinates at layer-k, in
matrix form, as follows:
w(Ey,2)] = H &y 2ut (22)

[uE,y.2) V*(Ey.2)

where uk(¢,y,z) v*(¢,y,z) and w¥(¢,y,z) are the displacements at a
point of local coordinates (¢, y, z), at the element layer-k. The ele-
ment interpolation matrix Hk(g’,y,z) is obtained from Eq. (21) and
is presented explicitly in Appendix B.1. The incremental displace-
ment vector u® (nodal translations and rotations) associated to ele-
ment layer-k results in

kT __ k )k k k k k k )k K k k k k ok
u 7{u1 oowk ok ok ok Uk ok wh of ok ok gt 2}
(23)

Each linear strain component in Eq. (11), obtained from the dis-
placements given by Eq. (21), are defined at any point of layer-k by:
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k koo
pdut duy dw

R R R TR E R R
d¢1 hz - edd" (24)
or
1 6y d¢ 6z d¢o ddy 4 doy g
S 1y 1 aey ok 2
=gt e Wit EgE O yd§0+ u;
6y d¢, 6z d¢, dos dos d¢1
S i AR LS e Al Al el
dd)l k
Similarly, the linear shear strain components e“ and ek, are:
du*  dv
k 77 77
2e,, = dy + dz
dv
— (-Gt -so0st)
dvy do*_ do de,
+ ((15(152(15+<1 8)132 (26)
or
Kk _ Z ok d¢s kK Z ok
2ey, EHXI +< R )021 EGXZ
do, ., d
(o a -t (2-00, -0 @)
and,
du*  dw
Kk et
28, dz = d¢
dw, -
— (-G o (1= Gt
dwe do¥  dw* d(/)7
+ (d_g+ @ +d_é+ (l é)ﬁl (28)
or
2¢k — 7%9’< <¢2 iy ¢5>9" +¥9’<
d
H(d-er e+ (2-00 )8 @9)

Thus, from Egs. (25), (27), and (29), linear strain components results
in the following matrix form
_ | pk k k T _ Rkgqk _ Rk sqqk 30

e=|e, 2e 2e,| =Bu‘ and Jde=Bu (30)
where B’L< is the linear compatibility matrix for layer-k, as defined in
Appendix B.2.

Similarly, for the nonlinear term in Eq. (20) the following matrix
form is used:

Ty0A; = ou¥'BY tBiut (31)
where B’(‘; is the nonlinear (geometric) compatibility matrix for
layer-k, as defined in Appendix B.3, and:

(%, 0 0 %, 0 1% 0]
0 & 0 0 0 0 7t
0 0 t 0 & 0 0
=% 0 0 0 0 0 O (32)
0 0, 0 0 0 O
% 0 0 0 0 0 0
L0 ¥, 0 0 0 0 O]

Stress components, at each element layer-k, in local coordinates, are
obtained from the beam internal forces, at the element nodes, as
indicated below.

Nf = —F
KN M Vi =—F}
T :A—ﬁ,—kz—zﬂ’ .
VE—_F
k 3 .z 3
Txy jk Z +Ak s with : Mk _ 7Fﬁ (33)
X
k p— X Z
sz—,—kw;k M} = F5¢ + Fs
M = —F4¢ + Fg

where F¥ are the layer-k vector of internal forces and moments
components; A¥ is the layer-k cross section area; I¥ is the layer-k
cross section moment of inertia with respect to the axis of symme-
try; J¢ = 2I* is the layer-k cross section polar moment of inertia with
respect to the geometric center; and ¢ is the local coordinate along
element length. Details on the derivations of the geometric compat-
ibility matrix (B’é) and the stress components matrix (t¥) are pre-
sented in Bathe and Bolourchi [15].

2.5. Element layer stiffness matrices

For a given layer-k, the element linear stiffness matrix is ob-
tained by substituting Eq. (30) in the first term of Eq. (20):

¢ oprk o op2m
K = / / / B C*B dgp drde (34)
o Jrk Jo

where B; is the linear compatibility matrix, as defined in Appendix
B.2, using y = rcos ¢ and z = rsin ¢, and

EE 0 0
=0 G o (35)
0 0 G

The geometric stiffness matrix contribution of each layer (K%) is
obtained from Eq. (31) and the second term of Eq. (20) that
results in

¢ ek op2m
K¢ = / / / rB
o Jrk Jo

Appendices B.5 and B.6 present (K}) and (K%) matrices explicitly.

KB dodrde (36)

2.6. Contact conditions

In this section, the model solutions for the interlayer contact
used in the finite element formulation are derived. The longitudi-
nal and circumferential relative displacements between layers re-
sults in shear stresses at the interlayer material, as shown in
Fig. 4. In the model each interface is assumed under constant
(through the thickness) shearing straining as its thickness (h) is
very small when compared to other pipe cross section dimensions.

Thus, shear strain and stress at interface are evaluated using the
following linear approximation:

Au

Y= and r:Gy:EAu:W (37)

h

where G is the interface material shear modulus; k = G/h is the over-
all contact stiffness; and 7= Au is the interlayer relative
displacement.

The idea behind this proposal is to employ material constitutive
relations that may represent the overall physical meaning of con-
tact conditions at the interface material including certain damage
conditions. These attempts are described as follows:
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Layer “b” F
Adhesive \|:|—>
Material ™~ T |:>

4 h
e

P

—_—————

,"i _>_>_>§
I B

Au

Fig. 4. Details of interface straining in a two-layer pipe wall segment.

A. Linear elastic slip

In this case the interlayer material behaves according to the
constitutive relation shown in Fig. 5. Contact stress is proportional
to the layers relative displacement. This constitutive relation is
represented by the linear model solution where total strain energy
in the adhesive is preserved after unloading.

B. Slip with static friction

In this case rupture occurs when shear stress in adhesive mate-
rial reaches a limit value 7,. Thereafter, contact condition between
layers remains through friction (static) forces and the “material
law” follows the bi-linear constitutive relation shown in Fig. 6. In
a cycle loading process, total strain energy at interface material
is not preserved.

C. Slip with kinetic friction

In this case a multi-linear constitutive model is required to rep-
resent material rupture but with kinetic friction between layers.
After reaching a limit value, shear stress drops to a lower value
keeping it constant as in kinetic friction force fashion. Again, as
in the previous case, total potential energy in the adhesive is par-
tially preserved.

D. Rupture

In this case, a multi-linear constitutive model is employed to
represent material rupture with no friction between layers. Thus,
after reaching a limit value, shear stress at interface vanishes. By
this model, in a cycling loading process, the total strain energy
stored during the interface linear behavior is completely lost.

2.7. Interface constitutive model

In this section, the nonlinear constitutive relations shown in
Figs. 6-8 for the interface material, is presented in detail. For sim-
plicity, the models presented above are one-dimensional. How-
ever, in a multi-layered pipe, the relative displacements can
occur in the axial (7;) as circumferential (7, ) directions, as shown
in Fig. 9.

For all contact conditions discussed, stress state at the interface
material must remain within the following domain

D, = {t e R[f(t,a) < 0}

where f(t, ) is the associated yield-type function, expressed in
terms of the contact stresses t and hardening parameter o, with:

(38)

- 1/
= e kp O

'
¥
I

Y

Fig. 5. Linear elastic constitutive relation - slip model representation.

e f
B A
F

7=7+7

Fig. 6. Layer contact with static friction.

> r=k"7
-+

7=r+y’

Fig. 7. Layer contact with kinetic friction.

=k
o TR
U

7= +7 o —

|

Fig. 8. Rupture — multi-linear elastic-perfect plastic model.

T=[T TMT (39)

The choice of an appropriate yield function defines the slip condi-
tion model. Table 1 presents the corresponding yield function used
to represent each of the contact conditions studied in this work, as
discussed in Section 2.6.

where |t| = /12 +72; with 7, and 7, being the contact stresses
in the axial and circumferential directions as shown in Fig. 9; and

T, is the limit contact stress.
According to Simo and Hughes [21], the nonlinear slip model
can be characterized by means of the following set of equations
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Fig. 9. Directions for relative displacements.

Table 1
Slip model conditions.

Slip model

Yielding function H

A. Linear elastic slip

B. Slip in static friction (bi-linear)

C. Slip in kinetic friction (multi-linear)
D. Rupture (multi-linear)

Not applicable -
fl) =l -7 0
flr, o) =|t] — tax)

According to the hardening law

T=7+7"

= k7t = k(7 —7")

. df (40)

dy" = ir=/--
v “dt

doo =2

where ¥, ¥¢ and 7" are the vectors of total, elastic and inelastic slip

measures obtained from relative longitudinal and circumferential

relative displacements between layers; t is the vector of contact

stresses; k is the elastic contact stiffness parameter; o is the harden-

ing parameter; A is the inelastic slip increment to be determined;

and r is a unit vector that indicates the “yield” direction given by:

-4z

Thus, the associated mathematical problem consists in: given
{¥n, ¥, Tn, o} and ¥nyq as a known solution state and new relative
displacements, respectively, obtain ¥, ,, ot;.1 and Tp.1. This problem
is solved in two steps. First, an elastic increment is assumed to ob-
tain the following trial state

T = k(¥ni1 — 7:1'1) = Tn + kAT,

ﬂnil =7 (42)
OC:H»l = Ol

fori =1t =T

From the trial state, it is possible to determine if the increment of
slip is elastic or inelastic according to the criterion

£ {SO => elastic increment =0 (43)
"1 >0 => inelastic increment />0

Assuming an inelastic increment, one obtains the stress t,.; in
terms of the trial stress t;,; and the inelastic slip modulus 2 as:

Tt = k(Yner = Vitir) = k(Fnt =) — k(¥ = ¥0)
=Tp.q — kilnys (44)

Therefore, since / > 0, the actual state is written as

Tni1 = Tpq — KAl

Ain __ wgin

Y1 =Yn + AXn1 (45)
Olpi1 = Oy + 4

Jort =t = T4, =0

Now the above problem is solved explicitly in terms of the trial elas-
tic state by the following procedure:

[Tns1Tns1 = [Tppq [Tryq — kAT (46)
Collecting terms in Eq. (46), one obtains

([Tnit| + kAltn1 = |T5,4 (0, (47)
As /. > 0 and k > 0, the term within brackets in Eq. (47) is necessarily
positive. Therefore it is required that

oyt =Ty (48)
along with the condition

*

[Tni] + k2= |Tn+1 ‘ (49)
From Egs. (45) and (49), the yield criterion f,.; is written as
for1 =T | —kA—T(0n+7)=0 (50)

Depending on the hardening law t,(o, + 4), Eq. (50) can be nonlin-
ear and must be solved numerically for /. The inelastic constitutive
relation is then obtained from the consistency condition (idf = 0),
as described in Simo and Hughes [21]. If 4 > 0O, then

.
df(t,oc)fadt—s-ﬁdocfo (51)
Substituting values for df/dt, df/de, dt and do, one obtains
r'k(dy —ir) —JH=0 (52)

where H = df|da is set for each hardening law, as shown in Table 1.
Solving Eq. (52) for 4, one obtains

_ kr
" k+H

that substituted into the rate form of the elastic relationship given
by the second Eq. (40), yields

(53)
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kH
dt = Kr de (54)
Therefore,
dt = k? dy (55)
where
k ifi=0
ep _

2.8. Interface stiffness matrix

At the interface, adhesive material is assumed under constant
pure shear deformation, throughout the cross-section thickness.
Interface contribution to the element stiffness matrix is obtained
by considering the strain energy associated to the interface mate-
rial due to adjoining layers relative displacements (¥;), which de-
notes the equivalent shear strains. These are due to axial and
torsional displacements between layers (say layers k and k + 1),
and an equivalent strain vector is defined with two components:

=% %) (57)
with

(@) = (W () -
~ 13 k
y’((p = r(OxH - 0)()

k
u'(@)) (58)

where u¥(¢) and ¢ are the longitudinal displacement and torsional
rotation of layer-k cross section, respectively; and ¢ is the angular
coordinate at the interface cross section, as shown in Fig. 10.

For a linearly elastic model, the constitutive relation at the
interface material above layer-k results in

k k Tk mk
T ke O, Tl i) (59)
T(/) 0 kcc y(/) y(/)

where k! is associated to contact stiffness between layers k and
k+1; and t¥ and r’(‘p are contact stress components along the longi-
tudinal and circumferential directions, respectively.

Slip condition between layers is modeled by imposing a limit
value on the shear stress (7,) at the interface material, as described
in Section 2.6. This is obtained by using a suitable constitutive
model, according to one of the yield-type functions presented in
Table 1, in Section 2.7. Thus, the constitutive relation for interface
k results in

T = kT (60)

where t¥ and ¥ are as in Egs. (59) and (57), respectively; and the
nonlinear slip modulus (k%) is obtained from Eq. (56).

Y layer k

layer k+1

Fig. 10. Angular coordinate ¢ at the interface.

Thus, considering the strain energy due to shearing at the inter-
face material, one obtains

m—y [ (61)

Substitution of the expressions for t¥ and ¥* leads to

L 2n
=3 / / KPP =) 20 - 0 ) dpde (62)
0 0

The variation of the interface strain energy is:

¢ 21
57-51; :/; /0 kipr((ukﬂ _ uk)(;(ukﬂ _ uk)
+ (O — 05805 — 0y) dodé (63)

which can be rewritten in the following compact matrix form

4 2n T
omt = ou < / / BY kB dep dcj> u (64)
0 0

The stiffness matrix associated to each interface material between
layers is

l 27 T
K¢ — / / rBY K7BE dop de (65)
0 0

where B! is the interface compatibility matrix, defined in Appendix
B.4. The incremental displacement vector, for element interface k, in
the local element system is given by

k k k k k k k k k+1 pk+1
e {ul Oy, 0, 0 us 0y 0, 0, ui"' o

T kT gkl kel okl gkdl kil ok ok kel ke
Oy, 0z U™ Oy, 0y, 0 By By B b

(66)

z 2

In a linear-elastic slip model, with no damage in the interface mate-
rial, the stiffness matrix is obtained analytically, as shown in
Appendix B.7. However, in models with slip condition between lay-
ers, the stiffness matrix is obtained from the integral form in Eq.
(65), which must be solved numerically.

2.9. Transverse displacement compatibility

At any spatial configuration, all element layers share the same
axis, allowing slip between layers in axial and circumferential
directions only, but requiring compatible transverse displace-
ments. In the present work, this constraint condition is applied
by using the penalty method for simplicity, considering equality
constraints. By this method, two degrees-of-freedom are physically
linked through an elastic member, with the constraint condition
being imposed numerically. The choice of the appropriate value
for the elastic constant relies on a numerical trial procedure. Thus,
if any two degrees-of-freedom (u; and u;) are linked by a spring of
stiffness kP, the strain energy (due to the relative displacement), to
be added to the variational indicator of the problem, is given by

T :%/uk”(uj —u)?du (67)

The choice of the penalty parameter k” is generally left to numerical
investigation. In the present study, this parameter has been taken to
be equal to the largest numerical value amongst all terms in the ele-
ment stiffness matrix.

For the multilayer pipe beam element, the transverse degrees-
of-freedom constraints between any layer (k) and the reference
layer (k = 1) are obtained by using the following penalty matrix

1 0 -1 0
kK o I 0o 1 0 -1
k _ 1,p kP —
K, =k {0 kP} with : kP = 10 1 o0 (68)
0 -1 0 1
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which is associated to the following nodal incremental displace-
ment vector:

up=[o] wl oo owh ool wh ook wh] (69)
Special attention must be given to the transformations applied to
the penalty matrix, as it must be computed in the nodal reference
system. As shown in Fig. 11, for two initially aligned elements, in
the element system, the penalty stiffness at the adjoining node of
adjacent elements “1” and “2” are applied in different directions.
To overcome this difficulty nodal reference system is used and, in
this case, stiffness contributions from both elements are applied
in a unique direction.

2.10. Element stiffness matrix

The multilayered pipe beam element can be considered as “fully
bonded” or “unbonded”, depending on the type of interaction be-
tween layers. For the unbonded element case, the stiffness matrix
(K.) is obtained by the regular FEM assembling process, accounting
for the influence of each layer and interfaces. The element penalty
matrix (K;) is referred to each node reference system and is ob-
tained by using the same procedure. After the assembly process,
the element stiffness matrix (K.) is of order 14nqyers X 14Mgyers. In
the fully bonded condition, there is no contribution of interface
and penalty matrices, and the element matrix is obtained by sim-
ply adding all layer matrices. In this case the element matrix
dimension is 14 x 14. Eq. (70) shows both processes.

”Iayers Kk K
Kiy = A (K} +KE)

nluyers -

1
Kine = A (K¥)
K. = Kioy + Kins;

— unbonded
element reference system
Nigyers

K, = k/:\2 (l(;j); nodal reference system

nluyers
K= > (K + KK
k=1

— fully bonded

(70)

where K, is the element layers stiffness matrix; K, is the element
interfaces stiffness matrix; K, is the element stiffness matrix includ-
ing all layers and interfaces; K, is the element penalty matrix; A
stands for the assembly process.

In both cases, static condensation on the generalized degrees-
of-freedom for shear strains is used to reduce matrix dimension.
In this way, K. matrix is partitioned as

Ko Kuﬁ}

71
K Ky 1)

Kez{

and, by applying static condensation, the element stiffness matrix is
obtained.

kK+k /@

©

Node System

Element System

Fig. 11. Reference systems for penalty method.

3. Implementation of the three-dimensional multilayer
element

The three-dimensional multilayered element has been imple-
mented in a C++ code using object-oriented techniques, such as
proposed by Lages et al. [22]. The program uses some of the algo-
rithms presented by Leon et al. [23], to solve the resulting nonlin-
ear equilibrium equations. Details of this implementation are
presented in the following sections.

3.1. Global equilibrium equation

The present formulation includes large displacements and non-
linear constitutive relations within the interface material. Numer-
ical solutions are obtained using an incremental procedure for
equilibrium. The global dynamic equilibrium equation is presented
in the following matrix form:

K'AU =R"' —F (72)

where K is the structure global stiffness matrix, obtained from the
elements matrices through an assemblage process; AU is the global
incremental displacements vector; R is the global external loading
vector; and F is the structure global unbalanced internal forces
vector.

A step-by-step procedure has been implemented considering

U =U + AU (73)

where U is a known solution at iteration-i.

3.2. Element updating procedure

The nonlinear equilibrium equation, shown in Eq. (72), is solved
by an iterative and incremental algorithm. Thus, at each equilib-
rium iteration, all stiffness matrices and internal force vectors,
for each element, must be updated. In the following sections, the
formulation for large displacements and rotations is presented.
An updating procedure applied to all multilayered pipe beam ele-
ment matrices is also detailed. It uses the element incremental dis-
placements and rotations, obtained in the solution process at each
iteration-i, to update all element reference systems. The procedure
is performed according to the following steps:

1. Nodal positions and direction cosines of the element (straight
axis direction) are updated from the incremental displacements
(Au') obtained in the previous iteration;

2. Element and nodal transformation matrices are updated:

2.1. Nodal rotation matrices (R! and RX), for each layer, are
updated from incremental rotations at each node: nodal
incremental rotation matrices (RX”;, and R, ) are obtained
from the rotation increments using Eq. (2). Previous nodal
rotation matrices are pre-multiplied by each of these matri-

ces, i.e.,
k(i) _ pk() pki-1) k(i) _ pk() pki-1)
Rnl _Rinc1Rn1 and Rn2 _RincanZ (74)

2.2. The element transformation matrix (R)) is obtained from
the straight element axis (defined by current nodal point
positions) and from nodal rotation matrices: the first row
in the element rotation matrix (Ri,) is given by the updated
direction cosines of the element (vector X); the second row
(vector Y) is given by averaging the second rows of the ref-
erence layer nodal matrices R}’ (vectory!) and R}’ (vector
y}); and the third row (vector Z) is obtained from the cross
product between the first and second rows (Z=X x Y);

3. Relative displacements vectors (u! and uL), in the local element
and nodal reference systems, respectively, are then calculated.
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3.1. Relative displacements between layers are obtained as
follows:

3.1.1. First, the relative axial displacement of the reference
layer (innermost layer) is computed subtracting its
updated deformed length (¢) from element non-
deformed length (¢p):

Al =1 — 4, (75)

3.1.2. Then, nodal relative displacements between each
layer (k) and the reference layer (k = 1) are computed
in the global reference system. This must be done
individually for each node:

Aut=ut —ul and Aul=ul—u), k=210 Nygyes (76)
3.1.3. The nodal relative displacements for each layer are
transferred to local element system and also to the

nodal reference systems:

Auk, =RV Au¥ and Auk, =RY' Auk
el e2 % k=210 Nigyers
Auk, _R,11 Au¥ and Aukz_R’ Au

(77)

3.2. Nodal relative rotation between each layer and the
straight axis of element are obtained from the nodal trans-
formation matrices of each layer and from the element
transformation matrix in the reference configuration.
According to Crisfield [17], these rotations can be obtained
from the expressions below

2sin(A0},) = ~Z5Y + yXZ 2sin(A0,) = —Z5Y + yAZ

2sin(A0f,) = —xkZ+ZkX and  2sin(Ad%)) = —x5Z + Z5X
2sin(AdY)) = 2sin(Ad%,) = —yEX + xLY
(78)

3.3. The vector of relative displacements (ul) is assembled on
the local system of the element from the nodal relative
displacements (Auf; and Au},) and rotation vectors (A6}

and AO’Z‘) of each layer. For a given layer-k, vector u¥ is
obtained as:

—y*X + xkY

ufy = Aut . j=1to3

ru+3*A0 j=1to3
Uy = Auky ) + AL (79)
u’r‘wG) = Auby, j=2to3

TN j=1to3

3.4. The vector of relative displacements (u}), used in the cal-
culation of penalty internal forces, is assembled. This vec-
tor refers to relative displacements in two different
reference systems, one for each node, and is assembled
from the nodal displacements vectors of each layer (Auf,

and Auf,). The vector u’p‘, for layer-k, is obtained as follows:

=Aufy;, j=1to3
(80)

= Aufy,), j=1to03

k
Upji) 1)?
4. Each part of the internal force vector is calculated in its corre-

sponding reference systems and then transferred to global coor-

dinate system as follows:

;ay = K]ayllf,
£, = Kipett! (81)
f, = K,u,

4.1. Total internal force vector, in the global reference system,
is thus obtained

ffg = i(ei)( lay T fmt) )f;: (82)

where fluy is the element internal force vector due to defor-
mation at layers; f, is the element internal force vector
due to deformation at interfaces; f' is the element mternal

force vector due to penalty method and RY and RY are
transformation matrices:
RR0O 0O0O R, 0 0 0 0O
OR 000 0 R, 00 0
R=|0 OR 0 O0|andRi=|y o - o o (83)
000 .0 0 0 OR, 0
000 o R 0 0 0 0 R,

5. The element stiffness matrix (K.) and penalty matrix (K;,) are
then assembled in their respective local coordinate systems,
from the matrices of each layer and interface, and then trans-
ferred to the global coordinate system (ng):

l(fg R TI('R +R TI(‘R (84)
4. Numerical tests

The multilayer pipe beam element has been numerically imple-
mented, according to the formulation presented in the previous
sections. A number of representative analyses were carried out,
to verify the element’s performance.

4.1. Two layer pipe beam subjected to axial loading

A two layer straight beam, restrained at one end at the inner
layer and loaded by an axial force F, applied at the free end of the
outer layer, was considered in this example. The beam was modeled
by 15 uniform finite elements, using material and cross section geo-
metrical properties listed in Fig. 12. Each layer Young’s modulus
was set such that the axial stiffness at both layers are equal, i.e.,
EineAine = EoAo, Tesulting in symmetric interlayer shear stress distri-
bution along the length, with respect to beam mid-section. Two
studies considering possible slip conditions between layers were
approached: the linear slip and the slip with static friction. In the
first, a linear elastic constitutive model was used for the interface
material resulting in a typical linear elastic analysis. And, in

¢,
4,=280.0mm  E,=2.07%105%kNm’> |\ b .|
Bpu=260.0mm  E,=2.388x105kN/m? | | Hﬂﬁ !
4= 240.0mm  k~10°kN/m’
i L=50m
F
X
k L A

Fig. 12. The two layer pipe beam under axial loading.
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Fig. 13. Axial displacement distribution at each layer - linear elastic slip analysis.
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Fig. 15. Contact stresses at interface - slip with static friction.
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Fig. 16. Residual contact stresses at interface after unloading - slip with static friction.
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Fig. 17. Applied load vs. relative axial displacement at the beam tip - slip with static friction.

the second the elastic-perfect plastic material model was employed
as in the derivations presented for case B, in Section 2.7.

In the linear elastic analysis an axial force F= 1000 kN was ap-
plied. Figs. 13 and 14 show obtained distribution results for the ax-
ial displacement at each layer of the beam and for the contact shear
stress at the interface between layers, respectively. In these pic-
tures the corresponding analytical solutions are also presented
and a good agreement between the results is observed.

In the nonlinear analysis using the slip with static friction mod-
el, a limit contact shear stress 7, =200.0 kN/m2 was used. One of
the analysis objectives is to evaluate the model solution results un-
der axial loading, up to its theoretical limit F, = 27r;, Lt,. Starting
from the elastic slip limit value F = 490 kN, the applied load history
was set in 45 equal steps up to F = 879.65 kN. In Fig. 15 the contact
stress distribution along the beam, for certain load values, is pre-
sented. From these results one can notice the adhesive material
damage propagation, starting from both ends and towards the cen-
ter of the beam, but still preserving symmetry. Fig. 16 shows the

resulting residual contact stresses obtained after load F=0.95F,
has been applied and then removed. The nonlinear nature of the
numerical response can also be observed in the load-end displace-
ment plots in Fig. 17, for both layers.

4.2. Two-layer cantilever beam

In this example the behavior of a two layer cantilever pipe beam
under pure bending loading, as shown in Fig. 18, is investigated.
Considering an equivalent homogeneous beam, analytical solu-
tions for the cross-section rotation (0), horizontal (u) and vertical
(w) displacements, at the tip of the beam, are given by [24]:

0:%, u:L<sir;)(0)_l> and W:%(l—cos((})) (85)

In the analysis, interlayer contact conditions (linear elastic slip) are
set with stiffness of k.= 10° kN/m® and a bending moment M,, re-
quired to curl the beam into a complete circle (0 = 27), is progres-
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Fig. 18. The two-layer cantilever beam.

sively applied at the beam inner layer free end, in ten equal loading
increments. The equivalent homogeneous beam bending stiffness is
obtained from adding the inner and outer layer bending stiffness,
i.e.: (El)eq = Eil; + El,.. Considering the perfect binding condition be-
tween layers, stress analytical distributions along the pipe thickness
may be obtained from:

4.0E+04
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- EkMyZ
ok = 1E)

(86)
eq

where k is layer index.

Fig. 19 presents bending moment distributions along the beam
length, at each element layer, considering the same material for
both layers, i.e.: E;=E, =200 GPa. In these bending distributions
required equilibrium conditions at each layer as well as the global
beam equilibrium are satisfied.

Considering the mid-section of the beam, where pure bending
moment occurs at each layer, the normal stress presents linear
distribution along the pipe wall, as shown in the numerical results
in Fig. 20. As indicated a good agreement with exact solutions for
perfectly bonded beams, given by Eq. (86), is also observed.

If layers with different materials are considered (i.e.:
E; = 2E, =200 GPa), the bending moment distributions along the
length of beam is as shown in Fig. 21. Considering the mid-section
of the beam, normal stress distributions remain linear but discon-
tinuous at the interface. As shown in Fig. 22 numerical and analyt-
ical solutions are in good agreement.

Fig. 23 shows obtained numerical displacement results as com-
pared to the analytical solutions in Eqgs. (85). A good agreement be-

My (kN.m)
3.5E+04

3.0E+04

2.5E+04 -

2.0E+04 -

1.5E+04 -

1.0E+04 -

5.0E+03

0.0E+00 T T T T

0.0 0.5 1.0 1.5 20

Fig. 19. Bending moment distributions (both layers with same material).
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Fig. 20. Axial stress distributions at beam mid-section (both layers with same material).
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Fig. 22. Axial stress distribution at beam mid-section (layers with different materials).
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tween solutions is observed. It also indicates that the transverse
displacement compatibility at both layers is well represented by
the analysis results, as displacements at the tip of the beam are
the same in both layers.

4.3. Flexible riser in catenary configuration

In this example a 350.0 m long flexible catenary riser is consid-
ered under in-plane analysis. The riser is connected at the top to a
floating unit and at the bottom to a sub-sea tower which is located
at a water depth of 150.0 m and horizontally displaced 150.0 m
from the top connection. The riser is assumed to be fully filled of
seawater. A finite element mesh with 20 elements was used, 16
equal elements with a length of 20.0 m, 2 elements with 10.0 m
and 2 with 5.0 m. The geometrical and material properties used
in this model, as well as the detailed finite element mesh consid-
ered, are shown in Fig. 24. The same riser system has already been
analyzed in various publications [25-27].

In the present study the riser was modeled using three element
layers, with properties shown in Table 2. A flexible riser is a com-
posite construction of interlocked steel and polymeric layers de-
signed to give the structure an axial stiffness approximately five

150m _(

External diameter 0.26 m
Internal diameter 0.20 m
Bending stiffness, El 20.96 kNm?
Axial stiffness, EA 15.38E5 kN

Seawater density, v,, 10.05525 kN/m?

Table 3
Support reactions at top and bottom connections.

Reference Vbottom (KN)  Vigp (KN)  Hpottom (KN)  Hiop (KN)
McNamara et al. (FEM) 35.83 91.45 11.92 11.57
McNamara et al. (cable) 35.77 91.51 12.02 12.02
Yazdchi and Crisfield 35.86 91.61 12.04 12.04
Present work
Inner 12.60 30.34 3.85 3.83
Middle 1.36 3.45 0.45 0.45
Outer 21.88 57.84 7.72 7.74
Sum 35.84 91.63 12.02 12.02

orders of magnitude greater than its bending stiffness. Thus, to
reproduce the stiffness properties presented in Fig. 24, a stiffening
factor (EA/EI) was used for all layers.

A static analysis has been carried out considering self-weight
and buoyancy forces only. Horizontal and vertical reaction forces
at the supporting points are listed in Table 3 and the bending mo-
ment diagram along the length of the riser is shown in Fig. 25.
Solution results for the present model are presented for each indi-
vidual layer and for the total sum, which is in good agreement with

700.0
-+= McNamara et al.
600.0 ; -
— Yazdchi and Crisfield
— -~ Kordkheili et al.
£ 500.0
P4 Present work:
E ——Inner layer
g 400.0 ——Middle layer
g -o-Outer layer
o 300.0 —=Sum
£
©
s
m 200.0
100.0

150.0 200.0 250.0 300.0 350.0
Distance along riser (m)

0.0 50.0 100.0

Fig. 25. Bending moment distribution along multilayered riser.

§ Riser material density, v, | 26.85648 kN/m
(3]
FE Mesh:
|5] 10 | 16 elements of 20m
L 350m
Fig. 24. Flexible riser in catenary configuration.
Table 2
Multilayer riser properties.
Internal diameter, D; 0.20 m
External diameter, D, 0.26 m
Inner layer thickness, t; 0.003 m
Middle layer thickness, t,, 0.024 m
Outer layer thickness, ¢, 0.003 m

Inner layer Young modulus, E;
Middle layer Young modulus, E,
Outer layer Young modulus, E,
Inner layer density, y;

Middle layer density, 7,

Outer layer density, y,
Stiffening factor, (EA/EI)

Contact stiffness, k.

6.76E+05 kN/m?
6.76E+03 kN/m?
6.76E+05 kN/m?
129.12 kN/m*
1.2912 kN/m?
129.12 kN/m3
7.3378E+04
1.0E+06 kN/m>

O

multilayer riser cross section
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the solutions given by McNamara et al. [25] and Yazdchi and Cris-
field [26], what verifies the accuracy of the element model.

5. Concluding remarks

In this paper, a multilayered beam element for large dis-
placement analysis of risers and pipelines has been presented.
Its main features include the possibility of modeling a multilay-
ered pipe cross section in detail and representing the slip con-
dition between layers, including friction. The element allows
representation of both bonded and unbonded pipes. For the
unbonded model, the number of degrees-of-freedom is propor-
tional to the number of element layers. The global results are
in agreement with traditional beam formulations available in
the literature. Additionally, the element provides detailed infor-
mation on local results such as stress distribution and internal
forces at each pipe layer, and also the contact stress distribution
between layers. The new pipe beam formulation provides the
detailed representation of multilayered pipes, yet remains effi-
cient, even with the additional degrees-of-freedom of each layer,
in large displacement analysis of pipelines.

Appendix A. Nomenclature

i vector index; node index; iteration

t time

X,Y,Z local element reference system

x, ¥,z nodal reference system; local coordinates on element
cross section

k element layer index

Nigyers number of layers

0 pseudo-vector of rotation

0x 6y, components of rotations about X, Y and Z axis,

0, respectively
u displacement vector

u, v, w components of displacements in the X, Y and Z
directions, respectively
i Hermitian polynomials
13 element coordinate in the longitudinal (X) direction
L element length
B generalized degree-of-freedom for shear strain
H interpolation matrix
Exx normal strain component
Vs Yxz shear strain components
ejj (i,j) linear strain components
nij (i,j) nonlinear strain components
1-3 67y¢1 & ¢y 0 2, -y ¢ -7
H¢Eyz=| 0 ¢ 0 —(1-92 0  tps 0 ¢
0 0 N (1-%y —t¢s 0O o 0

6
¥ o1
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B; compatibility matrix for linear strains

K; linear stiffness matrix

C linear-elastic constitutive tensor

® angular coordinate at layer or interface cross section

E* layer material Young modulus

Gk layer material shear modulus

A¥ layer cross section area

I layer cross section moment of inertia with respect to
the axis of symmetry

JK layer cross section polar moment of inertia with
respect to the geometric center

K¢ geometric (nonlinear) stiffness matrix

Bc geometric compatibility matrix

T stress components matrix

Tax normal stress component

Ty, Txz  Shear stresses components

¥i interlayer slip vector

Vx longitudinal slip component

Vo circumferential slip component

ke contact stiffness between layers (slip modulus)

ki" nonlinear slip modulus

Ty, Ty  CONtact stresses between layers in longitudinal an
circumferential directions, respectively

K; interface stiffness matrix

kP penalty parameter

K, penalty stiffness matrix

K. element stiffness matrix in the local system

K, element stiffness matrix in the global system

f. element internal forces vector in the local system

f, penalty internal forces vector in the local system

f, element internal forces vector in the global system

K stiffness matrix for the whole structure in the global
system

1) displacement vector for the whole structure in the
global system

R external forces vector in the global system

F internal forces vector for the whole structure in the
global system

R. element rotation matrix

R, nodal rotation matrix

Appendix B. Element matrices
B.1. Element interpolation matrix

From Eq. (21), the element interpolation matrix results in:

-%¢; 0 —z¢3 yp3 (1-6¢1)z (1-6¢,)y
0 f%Z 0 —E¢dq 0 (&E—1¢7)
bs 5y o 0 (E—17) 0 3x14

(B.1)
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B.2. Linear compatibility matrix

The linear compatibility matrix is obtained from Eqgs. (25), (27),
and (29), which results in:

dg,
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S A L & R S -z Ve ~62 6y
Bi=|0 0 0o : 0 % _p, 00 0 -z 0 by — oy — 0 2-6¢, — %2
0 0 0 - ¢t 0 0 0 0 Yooy — s+ 0 2-6¢; — % 0 s
(B.2)
B.3. Nonlinear compatibility matrix
The nonlinear (geometric) compatibility matrix is defined as:
r 6y d d d d 6y d d d d d dgy 7
i SIS S 4 S & i U L s S S
0 % o z 0 (% o0 U 0 -z 0 —¢p— ¢l 0 1- ¢4
dé, d¢ d¢ zdo d¢
) 0 0 R B 0 0 0 T Yoo+ 0 1-0°¢ 0
Be=]o ¢ 0 0 0 —¢, 0 -5 0 0 0 0 1-6 (B.3)
7 (bl (b2 7 ¢] ¢3 d)l
0 0 0 1-¢ 0 0 0 0 0 ¢ 0 0 0 0
0 0 %, 0 ¢ 0 0 0 54 0 —¢ 0 1-6¢;, 0
| 0 0 0 -1 0 0 0 0 0 - 0 0 0 0 1,14
with y =rcos ¢ and z = rsin ¢.
B.4. Interface compatibility matrix
The interface compatibility matrix is defined as:
B _ =1 0 —z¢y ¥ =5 0 zds —yps1-5 0 zdy —ydy 5 0 —2ds Y3 (66— 1)z (6¢;—1)y (1—6¢,)z (1-6¢;)y (B.4)
10 ré6-1) 0 0 0 -r;0 0 0 r1-5 0 0 O0ri 0 0 O 0 0 0 '

2x20




B.5. Linear stiffness matrix
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By solving the integrals in Eq. (34), one rewrites linear stiffness
matrix for element layer-k, as follows:

k gk

(24 o0 0o 0 0 0

12651 GE*I*

B T

1265 1* GE*I*
I3 0 ? 0
k pk
G*y 0 0
4E*

/ 0
4EI*

7

symmetric

where EX and G* are material Young and shear modulus of layer-k,
respectively; A¥, I and J* are cross section area, moment of inertia with
respect to the cross-section axis of symmetry, and polar moment of
inertia with respect to the layer-k geometric center, respectively.

B.6. Geometric stiffness matrix

Accordingly, the stiffness matrix associated to the nonlinear
strain components defined in Eq. (11) is obtained as:

A i
-+ 0 0 0 -
k 2 £l
B I
k I k
-GF 5 GR
i 17
T Tar 6
k
-GF
symmetric

0 0 0 0 0 0 0 1
-Ler g 0 0 s 0 - e
0 —LEf o -—s£L —Ler 0
0 0o -9 9 0 0 0
0 65/‘21‘ 0 25:/‘ 0 6Ej1" 0
e I 0 0o =L 0 s
0 0 0 0 0 0 0

et g 0 0o - 0 e (B:3)

Real 0 0 0 0
w9 0

@ e
REL L GR AN 0

LREL L GF AN |

£ 0 0 2Rk Hopb F Fo
0 CF 0 -E_F 2 _q,Ff 0 C(FF
0 0 CFF  Ff-E  CFF Lol C(FF 0
o - -z 4 -4 S
S S o
LooR % “ L art 5 o

20 0 0 —F;Ti Jo A ~F} (B.6)

-C,Ff 0 FF+ A C,F} 0 ~C,(FF
—CFF E_pf  —CFf -E _CuF} 0

L L LA ) A ) o

~C,F} 0 —C,lF} -4

—C,F} L C,(F}

~CI*FF 0

’ClézFlA,
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with:
6 12 1 6l
G=lsitae ) @0t e )
20 4l ¢ 20k
C3: E 14—( and C4: %—/‘—e

B.7. Interface stiffness matrix

The stiffness matrix for interface-k, considering a linear-elastic
slip model is given by:

0 0 0 £ 0 0 0 -2 0 0 0
2 0 0 0 £ 0 0 0 -2 0 0
2.0 0 0 - 0 0 0 -2 0
= 0 0 0 -% 0 0 0 -
0 0 0 -t 0 0 0
2 0 0 0 -2 0 0
= 0 0 0 L 0
2 0 0 0 =
0 0 0
20 0
K* = k" o 0
5
L_J
15
symmetric
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