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Explicit solutions for the modeling of laminated composite plates

with arbitrary stacking sequences
P. Vidal *, L. Gallimard, O. Polit

Laboratoire Energétique, Mécanique, Electromagnétisme - EA4416, Université Paris Ouest Nanterre-La Défense, 50 rue de Sévres, 92410 Ville d’Avray, France

ABSTRACT

In this paper, a method to compute explicit solutions for laminated plate with arbitrary stacking
sequences is presented. This technique is based on the construction of an a posteriori Reduced-Order
Model using the so-called Proper Generalized Decomposition. The displacement field is approximated
as a sum of separated functions of the in-plane coordinates x, y, the transverse coordinate z and the ori-
entation of each ply 6;. This choice yields to an iterative process that consists of solving a 2D and some 1D
problems successively at each iteration. In the thickness direction, a fourth-order expansion in each layer
is considered. For the in-plane description, classical Finite Element method is used. The functions of 6; are
discretized with linear interpolations. Mechanical tests with different numbers of layers are performed to

show the accuracy of the method.

1. Introduction

Composite and sandwich structures are widely used in the
industrial field due to their excellent mechanical properties, espe-
cially their high specific stiffness and strength. In this context,
they can be subjected to severe mechanical loads. For laminated
composite design, accurate knowledge of displacements and
stresses is required. Moreover, the choice of the stacking se-
quences has an important influence on the behavior of the struc-
tures. The classical way consists in performing different
computations with a fixed value of each orientation of the plies.
The present approach based on the Proper Generalized Decompo-
sition (PGD) aims at building the explicit solutions with respect to
any stacking sequences avoiding the computational cost of
numerous computations.

According to published research, various theories in mechanics
for the modeling of composite structures have been developed. On
the one hand, the Equivalent Single Layer approach (ESL) in which
the number of unknowns is independent of the number of layers, is
used. But, the transverse shear and normal stresses continuity on
the interfaces between layers are often violated. We can distin-
guish the classical laminate theory [1] (unsuitable for composites
and moderately thick plates), the first order shear deformation
theory [2], and higher order theories with displacement [3-10]
and mixed [11,12] approaches. On the other hand, the Layerwise
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approach (LW) aims at overcoming the restriction of the ESL con-
cerning the discontinuity of out-of-plane stresses on the interface
layers and taking into account the specificity of layered structure.
But, the number of degrees of freedom (dofs) depends on the num-
ber of layers. We can mention the folllowing contributions [13-17]
within a displacement based approach and [18,11,19] within a
mixed formulation. As an alternative, refined models have been
developed in order to improve the accuracy of ESL models avoiding
the additional computational cost of LW approach. So, a family of
models, denoted zig-zag models, was derived in [20-22] from
the studies described in [23,24]. Note also the refined approach
based on the Sinus model [25-27]. This above literature deals with
only some aspects of the broad research activity about models for
layered structures and corresponding finite element formulations.
An extensive assessment of different approaches has been made in
[28-32].

Over the past years, the so-called Proper Generalized Decompo-
sition (PGD) [33] has shown interesting features in the reduction
model framework. A separated representation of variables called
radial approximation was also introduced in the context of the LA-
TIN method [34] for reducing computational costs and used to
solve parametric problems [35]. For the scope of our study, the
PGD has been successfully applied for the modeling of composite
beams and plates [36-38]. The principle of the method consists
in using separated representation of the unknown fields to build
an approximate solution of the partial differential equations. A first
attempt to obtain analytical solutions for composite plate based on
a Navier-type solution with a separation of variables can also be
found in [39].



This work aims at modeling composite plate structures regard-
less of the stacking sequences. For this purpose, the present
approach is based on the separation representation where the dis-
placements are written under the form of a sum of products of (i)
bidimensional polynomials of (x, ¥), (ii) unidimensional polynomi-
als of z and (iii) unidimensional polynomials of the orientations of
the plies 0;. As in [38], a piecewise fourth-order Lagrange polyno-
mial of z is chosen as it is particularly suitable to model composite
structures. As far as the variation with respect to the in-plane coor-
dinates is concerned, a 2D eight-node quadrilateral Finite Element
(FE) is employed. The functions of the orientations of each ply are
piecewise linear. Finally, the deduced non-linear problem implies
the resolution of NC + 2 linear problems alternatively (NC is the
number of layers). This process yields to a 2D and 1D problems
in which the number of unknowns is smaller than in a Layerwise
approach. Finally, the solution depends explicitly on the fibers ori-
entation of each ply.

We now outline the remainder of this article. First, the reference
mechanical formulation is recalled. Then, the resolution of the
parametrized problem by the PGD is described. The particular
assumption on the displacements yields a non-linear problem
which is solved by an iterative process. Then, the FE approxima-
tions are described. Finally, numerical tests are performed. A
one-layer case is first considered to assess and illustrate the
behavior of the method. The influence of the discretization of the
functions depending on the orientation of the plies is shown.
Two-layer and four-layer configurations are also addressed. The
accuracy of the results is evaluated by comparison with reference
solutions issued from PGD solutions with different fixed stacking
sequences using the work developed in [38].

2. Reference problem description
2.1. The governing equations

Let us consider a plate occupying the domain V= Q x Q,
bounded by 0Q with Q, = [-4,1] in a Cartesian coordinate system
(x,y,2). The plate is defined by an arbitrary region €, in the (x,y)
plane, located at the midplane z = 0, and by a constant thickness

h. See Fig. 1.

2.1.1. Constitutive relation

The plate can be made of NC perfectly bonded orthotropic layers
of the same material. Using matrix notation, the three dimensional
constitutive law in the material coordinate is given by:

6m = Cép (1)

where the stress vector o, the strain vector &, and C are written in
the material coordinate. C is defined as:

Y

o~

.

Fig. 1. Geometry of the plate and orientation of the fibers of the laminated plate.
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The stiffness coefficients fij are not reported for brevity reason
(see [40] for more details). For each layer (k), a rotation matrix R%
is defined to obtain the constitutive law in the global coordinate
system. So, we have:
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We denote the stress vector ¢, the strain vector &¢®, the fibers
orientation 0, (Fig. 1) and CEJ.") the three-dimensional stiffness coef-
ficients of the layer (k) in the global coordinate system.

2.1.2. The classical weak form of the boundary value problem

The plate is submitted to a surface force density t defined over a
subset I'y of the boundary and a body force density b defined in Q.
We assume that a prescribed displacement u = u, is imposed on
I'p=0Q—TIy.

The classical formulation of the elastic problem is recalled: find
a displacement field u and a stress field ¢ defined in V which
verify:

o the kinematic constraints:
ueu (5)
o the equilibrium equations:

6cSandvVu* cU*

—/a:s(u*)dv+/b.u*dv+/ tudl'=0 ®)
v y Iy

o the constitutive relation:

o =C¢(u) (7)

U={ulueH' (V))3;u =ug on I'p} is the space in which the
displacement field is being sought, S = £2[V]° the space of the
stresses, and g(u) denotes the linearized strain associated with
the displacement.

3. Application of the Proper Generalized Decomposition to plate
with any stacking sequences

The Proper Generalized Decomposition (PGD) was introduced in
[33] and is based on an a priori construction of separated variables



representation of the solution. The following sections are dedicated
to the introduction of the PGD to build a parametric solution for
composite plate with any stacking sequences. An illustration is pro-
posed in [37]. We consider the problem defined by Eqgs. (5)-(7) as a
parametrized problem where the orientation of each ply 0, is in a
bounded interval Z, = [6%; 65]. The solution of Egs. (5)-(7) for a
point M of the structure depends on the values of these angles and
is denoted u(M, 01, 0, . . . Onc), and the stress is linked with the strain
by a parametrized constitutive law C*(0y).

3.1. The parametrized problem

The displacement solution u is constructed as the sum of N
products of separated functions (N € N is the order of the
representation)

N . 4
u(x,y,2,01,02,...0nc) = Y _g1(01)85(02) .. g (Onc) £1(2) 0 V' (X, )
i=1
(8)

where gi(0,), f'(z) and vi(x,y) are unknown functions which must
be computed during the resolution process. gi(6), f'(z) and

vi(x,y) are defined on Z,, Q, and Q respectively. The “o” operator
in Eq. (8) is Hadamard’s element-wise product. We have:

S fi@) v (x,y) ‘ vy [fi@
fovi=viof = |flz)vh(x,y) | withv' = | sh(x,y) |f' = | fi2)
f@)vi(x,y) v5(x,y) fi(@)

9)

Note that the in-plane coordinates and the transverse coordi-
nate are separated in the expression of the displacements as in
[38].

For sake of clarity, the body forces are neglected in the develop-
ments and the new problem to be solved is written as follows: find
u € U (space of admissible displacements) such that

a(u,u*) = b(u*) vu* e U* (10)

with

a(u,u*) :/ Ce(u) : &(u*)dQdQ,do; ...donc
QxQyxT1 xXTy..XINc
(11)
b(u') = / twdrdo .. doye
I'NXT1xIy..xINc

where Q x Q, x T1 x I, ... x Inc is the integration space associated
with the geometric space domain Q x Q, and the parameters do-
main of the laminae orientation Z; x Z, ... x Zyc. For the present
work, I'y is considered as the top or bottom surfaces of the plate,
that is z = zr with zr = £h/2.

The strain derived from Eq. (8) is

[ fi U%,] i
fi ”g,z
g v
i i i 3) U3
eu) =) g1(01)85(02)...8ncOnc) | ,.0s . o
Z e M) B+ f,
() v+ fi 05,
Lfi Z/il,2 +fivh, |

where the prime stands for the classical derivative (ﬁ = %) and (),
for the partial derivative. The dependance with respect to the space
coordinates is omitted.

3.2. decomposition of the parametrized problem

We assume that a sum of n < N products of separated functions
have been already computed. Therefore, we have:

U(X,Y.2,00, 05, Onc) = > _g1(01)8h(0) ... 8 (OnOF (2) 0 Vi(X.Y)

i=1

(13)

and the solution at step n+ 1 is sought as the sum of u" and a
product

(008 (02) .. gh (One) £ (2) o v (x,y)  of
functions. So, ™! can be written as

unknown

u"(x,y,2,01,0,,...08) = U'(X,y,2,01,0,...0nc)

+EM(01)88 1 (02) ... g5 (One) £ (2) o v (%, )
(14)

Let us denote by g™*! the set of functions (g7, g3*!, ..
7;(g) and m(g) the two following products

.ghely and by

NC NC
mi(g) = [ [ and n(g) = [ [&; (15)
i1 j=1

j#AI

The test functions are derived from Eq. (14)

NC
u = Zni(gnﬂ g £l oyt 4 g ) vt o f
i=1
+n(gn+1) fn+1 oV (16)

Introducing the trial function u defined by Eq. (14) and the test
functions u* defined by Eq. (16) into the weak form (Eq. (10)) leads
to the NC + 2 following equations, where the unknown functions
gr(0:), g, " (2), v (x,y) are denoted g;, g, f, v for sake of
clarity:

o for the test functions g, i € {1,...,NC}

a(mi(g)gifov. mi(g)g fov)
= b(m(g)fovg) - a(u", m(g)g; fov) Vg (17)

o for the test function f*

a(n(g) vof, m(g) vof") =b(n(g) vof)
—a(u", (g) vof’) VI (18)

o for the test function v*

a(r(g) fov,m(g) fov") =b(n(g) fov)
—au, (g fov) W' (19)

As these equations define a coupled non-linear system, a non-
linear resolution strategy has to be used. The fixed point method
is used. Starting from an initial solution (g, f©, v(), we construct
a sequence (g0>)j>1,(f0‘>)j>1 and (v9);_, which satisfy Egs. (17)-
(19) respectively. For each problem involving one unknown func-
tion, the two other ones are supposed to be known and come from
the previous step of the fixed point strategy. So, the PGD leads to
the algorithm given in Table 1.

In practice, only few iterations of the fixed point algorithm are
necessary to reach a good approximation (f0,v0 gi) of
(F"1 v+l gn+1) (see [41] for more details).



Table 1
Proper Generalized Decomposition algorithm.

o for n =1 to Nyqy
Initialize £©, ¥© and g foric {1,...NC}
forj =1 t0 jna
fori=1to NC
Compute g from Eq. (17), 8 (p < i), g5 " (p > i), £-) and v0-1)
being known
end for
Compute f0) from Eq. (18), g9 and vU~1) being known
Compute v from Eq. (19), g and f9 being known
Check for convergence
end for
Set f"1 = f0), v+1 = v0) and g™+ = gi)
Set utt! = u" 4 w(ght )" o vt
Check for convergence
e end for

3.3. discretization

To compute the solution of Eqs. (17)-(19), a discrete represen-
tation of the functions (f,v, g, ...gyc) must be introduced. We use
a classical finite element approximation in 2, and a polynomial
expansion in @, for v and f respectively. The elementary vector
of degrees of freedom (dof) associated with one element ., of
the mesh in Q is denoted q?. The vector of dofs associated with
the polynomial expansion in €, is denoted ¢. The displacement
fields and the strain fields are determined from the values of q/

and ¢ by

ve=Nyq’, & =Byq’, f=Nq and & =B, (20)
The matrices N,,, By, N, B, contain the interpolation functions,
their derivatives and the jacobian components. &, and &; are de-
fined in Appendices A and B, respectively.

As far as the functions g, . .., gy are concerned, a piecewise lin-

ear interpolation is considered in (Zx);pcnc

8k(0k) = Ng, (01)q* 1)

where Ng, is the matrix of the interpolation functions, qé are the
degree of freedom.

3.3.1. Finite element problem to be solved on 7,
For the sake of simplicity, the functions f0-V v0-1 and

(g, 1<i<NC, i # k

f, v and g = (8));i-nc i - 1 and the function g to be computed
will be denoted g;.
The variational problem defined on Z; from Eq. (17) is

which are assumed to be known, will be denoted

/ 81Ky (&£ V)2, 00, = / 8oy (81 £.9)d0, / 0@ f. V.U, (22)
Iy Iy Iy

~ - . NC
Kioyz (&1 F.¥) = / e(fov) Cafov) [] 82| ddzdo, ...doxc (23)

QxQyxT i1

ik

~ = = T ~
tioge B £ ¥) = / [(fov) tnk(gﬂ dQdo; ...doxc (24)
Jaxzy, ez
Guoe@rc £ V0 = [ [a(fov)Co’) mu(®)] ddzdo...dowe (25)
QxQxT

WithI\k:I1 XTy...XZTp1xXZTgq...xXTInc

Note that the domain of integration in Eqgs. (23)-(25) can be
splitted into the parameters domains and the geometric space
domain.

The introduction of the finite element approximation Eq. (21) in
the variational Eq. (22) leads to the linear system

Ky (81, £, V)q% = Ry, (81, f, V,u") (26)

where

e @ is the vector of dofs associated with the expansion in 7y,
o Ky (8, f, V) is the stiffness matrix obtained by

Kinye (&, £, V) = / N Ko (8 F, ¥)Ng, 6
Tk

o Ry, (g\k,f,v, u") is the equilibrium residual obtained by
Rey (@£ 0.07) = [ N bl £, 910
Tk

- /Zk Ngkgkxyz(g\k,i‘}-,un)d()k

3.3.2. Finite element problem to be solved on Q and Q,

The Finite Element problems on Q and Q, are a straightforward
extension of the formulation given in [38] to the parametrized
problem involving 0,. However, for the sake of completeness, their
formulations are given in Appendices A and B.

4. Numerical results

In this section, an eight-node quadrilateral FE based on the
classical Serendipity interpolation functions [10] is used for the un-
knowns depending on the in-plane coordinates. A Gaussian numer-
ical integration with 3 x 3 points is used to evaluate the
elementary matrices. A fourth-order Layerwise z-expansion is also
considered. Concerning the functions associated to the orientations
of the plies 0y, a piecewise linear function is chosen. An analytical
integration of the functions with respect to 0, and the transverse
coordinate is performed. In the following, the plate is discretized
with Ny x N, elements. The total number of numerical layer is
denoted N,. The numbers of dofs are also precised for the three
problems associated to (gj”)KKNC, v" and f". They are denoted

Ndofy;, Ndofy, and Ndof, respectively.

First, a one-layer plate is considered to show the accuracy of the
method. The influence of the discretization of the function g, (0;) is
studied. Then, the method is assessed on two and four-layer plate
configurations. The results are compared with reference results
issued from PGD computations without introducing the laminae
orientations as parameters. Indeed, the performance of this latter

10°

107"}

Local error indicator

1072
10

10
n

Fig. 2. Local error indicator with respect to the PGD iterations - S=4 - 1 layer -
01 € [-90,90].
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has been shown in [38] and can be considered as a reference
solution.

All the following tests involve a simply-supported plate submit-
ted to a sinusoidal pressure. They are described below:

mesh: N, = N, = 16 and the whole plate is meshed.
number of dofs: Ndof,, = 2499 and Ndof, = 3(4 x NC + 1).
results: The results are made non-dimensional using:

_ Er _ 100E;
geometry: rectangular composite plate with b = 3a. All layers =u(0,b/2,2) thS3 » W=us(a/2,b/2,2) S4hq0
have the same thickness S = { = 4.
boundary conditions: cylindrical bending of a plate submitted = 0u(a/2,b/2,2) , = 012(0,0,2)
to a sinusoidal pressure q(x,y) = qq Sin . ' qoS’ 7 oS’
material properties: E; = 25 GPa, Er = 1 GPa, G;r = 0.2 GPa,

Grr = 0.5 GPa, vir = vyt = 0.25 where L refers to the fiber direc- 3= 913(0.5/2,2) , Op= M
tion, T refers to the transverse direction. qoS o
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Fig. 8. Distribution of 7,3 (left) and a3 (right) along the thickness - S=4 - 2 layers - [0°/90°], [30°/80°], [-30°/30°] and [90°/0°] - 0; € [-90,90], 0, € [-90,90].

4.1. One-layered plate

The approach is first assessed on a one-layered plate where the
orientation of the ply belongs to the interval 7; = [-90°,90°]. It
allows us to consider the most general case. For a fixed value of
61, a local error indicator between a reference solution u™ and a
separated variables solution u" of order n is introduced as

aerr(u” _ uref7 u" — uref)
€p =
Qerr (uref7 uref)

(27)
Ce(u) : g(v)dQdQ,

QxQ,

with @ (u,v) =

The variation of this error indicator with respect to the number of
PGD iterations is represented on Fig. 2 for 0, = 0°,45°,68°,90°.
The trend of these four configurations is rather similar. For further
investigations, Fig. 3 shows the error rate on the maximum values
of displacements and stresses along with the number of couples
for different orientations. These errors are computed with respect
to the PGD results using the fixed value of 6; [38]. Only few couples
allow to decrease significantly the error rate for the three values of
0. Then, the convergence rate is slower. Nevertheless, the accuracy
of the results is very satisfactory. For n = 40 couples, the error rate
is less than 2.5% for both displacements and stresses. We also notice
that the convergence rate is higher for the stiffest case (i.e. 6; = 0°).
Moreover, it can be inferred from this figure that the estimation of
the transverse shear stress is the most expensive, while only 10
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couples are needed to recover displacements with an error of less
than 2.8%.

Once the computation is completed, the approach gives directly
the explicit solution with respect to the orientation of the ply. Fig. 4
presents the variation of the in-plane, transverse displacements,
the in-plane and transverse shear stresses with respect to this
parameter 0; on the interval [-90°,90°] for different values of
Ndofy,. Due to the symmetry, only the interval [0°,90°] is presented
in Fig. 4. The results are compared with the reference solution [38]
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using eight fixed values of 0, (circle symbols on Fig. 4). On the one
hand, this figure illustrates the accuracy and the interest of the
present approach. On the other hand, the influence of the discret-
isation of the function g, is shown. From Fig. 4, Ndof,, = 150 seems
to be sufficient to approximate the solution on the whole interval
[—90°,90°] and to recover the extrema. Only Ndofy, = 30 is needed
if the quantity of interest is the displacement.

Finally, we show that the parametrized solution obtained from
the PGD algorithm allows us to represent the variation of displace-
ments and stresses for a wide range of 0. We can deduce for in-
stance that the minimal value of the transverse shear stress
occurs for a value of 0; of around 68° for this case.

4.2. 2-layered plate

A two-layered case is carried out with Z; = [-90°,90°], i =1, 2,
which allow us to consider all stacking sequences. For illustration,
the sixteen first functions g;(6;), i = 1,2 are given in Fig. 5. All the
displacements and stresses are presented in Figs. 6-8. Four differ-
ent stacking sequences are shown and the results issued from the
PGD are compared with reference solution, denoted Ref ([0, 6,]. 50
couples are needed to obtain the solution. We notice that the re-
sults are rather accurate with respect to the reference regardless
of the configurations. For the transverse shear stress, the maximum
value is well-estimated. The distribution of the transverse normal
stress which is the most difficult to compute is rather correct.

Owing to the explicit solution, the influence of the orientation
of the two plies on the transverse displacement can be easily
shown (Cf. Fig. 9). The stiffest and the most flexible configurations
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Fig. 11. Distribution of u; (left) and i1 (right) along the thickness - S=4 - 4 layers - 6; € [-90,90).
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——— can be deduced. A ratio of five between these ones can be
051 L a0 0000 " T P estimated.
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0.2 H x Ref [60°/ — 80°/70°/ — 45°] 1 A 4-layered plate is now considered to increase the number of
0.4 L 1oos900 00790 | layers and assess the present approach. Fig. 10 illustrates the con-
O Ret [0°/90°/0°/90°] vergence of the PGD algorithm for four stacking sequences with the
or 1 local error indicator introduced in Eq. (27). 92 couples are built to
01} | compute the solution. For further assessment, the distributions of
the in-plane and transverse displacements, the in-plane, transverse
02y ] shear and normal stresses are shown in Figs. 11-14. It can again be
-0.3} 1 inferred from these figures that the results are in good agreement
—oal | with the reference solution. In particular, the distribution of the
) transverse shear stress which can be completely different for var-
B YR | 02 04 o8 o8 p 12 ious stacking sequences is rather well estimated. It is recalled that
. it is computed from the constitutive equation.
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From the couples built by the PGD algorithm, we are able to
represent explicitly the influence of the orientation of the plies
on the transverse displacements for instance. Fig. 15 shows the
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Fig. 14. Distribution of 645 along the thickness - S=4 - 4 layers - 6; € [-90,90].
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variation of this displacement with respect to 6, and 605 for a fixed
value of 6; and 604. As expected, the [0°/0°/0°/0°] structure is the
stiffest one.

5. Conclusion

In this work, the PGD is applied to derive an explicit solution for
the modeling of composite plate structures with any stacking se-
quences. Indeed, the displacements are expressed as functions of
separated variables which involves NC functions depending on
the orientation of each ply, and two functions depending on the
space coordinates. The construction of these functions is based
on greedy type algorithm.

The approach is assessed on various configurations and the re-
sults are rather accurate. Moreover, the solution allows us to study
directly the influence of the stacking sequences without any addi-
tional computational cost, because it does not require the compu-
tations of many configurations with fixed laminae orientations. So,
the approach can be advantageously used for parametric problems
such as optimization, inverse problems and reliability. In fact,
these problems require numerous evaluations of the solution as
in Monte-Carlo approach. Moreover, the sensitivity of the solution
with respect to the angle parameters can be calculated explicitly
using the present approach. The added computational cost is neg-
ligible. It is the subject of future investigations.

Appendix A. Finite element problem to be solved on

The functions which are assumed to be known, are denoted g
and f while the function to be computed is denoted v. The strain
from Eq. (12) is defined in matrix notations as

gfov)=x,(f)€, (A1)
with
[0 fi 0O 0 0 0 0 0 O]
000 0 OTf O0O0OTUO
. 000 0O OTFf, 0O
L (f) = ; ’ . (A2)
0 00 f, 00 0 0 fs
fb, 0 0 0 0 0 0 f; O
L0 O f; 0 f, 0 O O O]

T
E,=[vi vi1 vip vy Va1 Va3 U3 U3y Usp]

S=4 -4 layers - 0, =0°, 04 =0°.

The variational problem defined on 2 from Eq. (19) is

/ £k (8, £)€,d0 — / vt (8, £)dQ
Q Q

- [ elougfuraa (A3)
Q
with
Kk, (& f) / [ .(f) "cx,(f Hg]}dzdm done  (A4)
Q;xT1 xTy..XxINc j=1
t.(&.f) / fotn(g)] do; ... doyc (A5)
I1xZy..xINc Z=Zf

60.(& fu") = / [zz(f)TCs(u")n(g)} dzdo;...doyc  (A6)

JQxT1xTy..xInc

The introduction of the finite element approximation Eq. (20) in
the variational Eq. (A.3) leads to the linear system

Ki(8,0)q" = R, (g f,u")

where

(A7)

e 7 is the vector of the nodal displacements associated with the
finite element mesh in Q,

o Ki,(g,f) is the stiffness matrix obtained by summing the ele-
ments’ stiffness matrices K¢, (g, f) fg B k(,Z ,£)By, dQ,

o R,(& f,u") is the equilibrium re51dua1 obtamed by summing
the elements’ residual load vectors Ri(g f,u")=
Jo. Ny tiz(8,£)dQ. — [, B 60.(& f,u")dQ,

Appendix B. Finite element problem to be solved on ,
In this section, the functions which are assumed to be known,

are denoted g and v while the function to be computed is denoted
f. The strain from Eq. (12) is defined in matrix notations as

eV of) = Ty (V)& (B.1)
with
7y 0 0O O 0 O fi
0 0 i, 0 0 0 7
i 0 0 0 0 0 i b
2 = - and & = B.2
i (V) 0 0 0 vV, U3 0 ! 2/ ( )
0 Z~/1 0 0 V31 0 f3
72 0 17 O 0 0 1



The variational problem defined on Q, from Eq. (18) is

& ko8 2z = £ Ty @)

z=z
- /Q £70,/(8 v, 0")dz (B.3)
with
Koy (8, V) = [zxy D) CEy (¥ ng} do; ... dOycdQ (B.4)
QXTI xTy..xInc
oy (8, V) = [Votm(g) do; ... .doncdQ (B.5)
QxTyxIy..xInc
6y(EV,U") = / (2o ()" Cow") (@) dos ... donc d2 (B.6)
QXTy xTy..xInc

The introduction of the finite element discretization Eq. (20) in
the variational Eq. (B.3) leads to the linear system

KOxy(g7 ﬁ)qf = ’R'f(ga‘?> un) (B7)

where ¢ is the vector of degree of freedom associated with the

polynomial expansion in Q,, Ky (g, V) is a stiffness matrix defined

by Eq. (B.8) and Ry(g,Vv,u") an equilibrium residual defined by

Eq. (B.9)

Kiy(8:¥) = | Bll (8, V)Budz (B8)
Q

B]6, (8, V,u")dz (B.9)

z=zF Q,

Rf(ga {', un) = N;-t()xy(ga i”)
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