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shells, .- is a tricky issue when using standard mesh-based discretization techniques.

Methods: Separated representations allow decoupling the meshes used for
approximating the solution along each coordinate. Thus, in plate or shell geometries 3D
solutions can be obtained from a sequence of 2D and 1D problems allowing fine and
accurate representation of the solution evolution along the thickness coordinate while
keeping the computational complexity characteristic of 2D simulations. In a former
work this technique was considered for addressing the 3D solution of thermoelastic
problems defined in plate geometries. In this work, the technique is extended for
addressing the solution of 3D elastic problems defined in shell geometries.

Results: The capabilities of the proposed approach are illustrated by considering
some numerical examples involving different degrees of complexity, from simple shells
to composite laminates involving stiffeners.

Conclusions: The analyzed examples prove the potentiality and efficiency of the
proposed strategy, where the computational complexity was found evolving as
reported in our former works, proving that 3D solutions can be computed at a 2D cost.
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Background

Plates and shells are very common in nature and thus they inspired engineers that used
both from the very beginning of structural mechanics. Shells offer a diversity of possi-
ble shapes and geometries, some of them with simple curvature and most of them with
double curvature. Many times they are assembled in complex structural systems, in many
applications they contain many stiffeners as in the case of aircraft fuselages.

In general the design of such structural elements requires the calculation of stresses,
strains and displacements for the design loads. Strains and stresses are related by the
so-called constitutive law. The simplest one consists of the linear elasticity. Despite
its simplicity many structures are designed for working precisely within the elastic
domain. Other designs require considering more complex behaviors (e.g. non-linear
elasticity due to material or geometrical non linearities, elastoplastic behaviors usu-
ally encountered in material forming — forging, bending, ... —, or complex multiphysics
behaviors as the ones encountered in composites manufacturing processes implying
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change of phases, crystallization, polymerization, ... coupled with rich thermomechanical
mechanisms).

Design problems always involve the solution of a set of partial differential equations
in the degenerate domain of the plate or the shell with appropriate initial and boundary
conditions. These domains are degenerated because one of its characteristic dimensions
(the thickness in the present case) is much lower that the other characteristic dimensions.
We will understand the consequences of such degeneracy later. When analytical solutions
are neither available nor possible because the geometrical or behavior complexities, the
solution must be calculated by invoking any of the available numerical techniques (finite
elements, finite differences, finite volumes, methods of particles, ...).

In the numerical framework the solution will be only obtained in a discrete number of
points, usually called nodes, distributed in the domain. From the solution at those points,
it can be interpolated at any other point in the domain. In general regular nodal distribu-
tions are preferred because they offer the best accuracy. In the case of degenerated plate
or shell domains one could expect that if the solution evolves significantly in the thickness
direction, a large enough number of nodes must be distributed along the thickness direc-
tion to ensure the accurate representation of the field evolution in that direction. In that
case, a regular nodal distribution in the whole domain will imply the use of an extremely
large number of nodes with the consequent impact on the numerical solution efficiently.

When simple behaviors and domains were considered semi-analytical models can be
considered [1]. For addressing more complex scenarios plate and shell theories were
developed allowing, through the introduction of some hypotheses, reducing the 3D com-
plexity to the 2D related to the problem now formulated by considering the in-plane
coordinates. The use of these theories have been extended gradually for addressing larger
and more complex geometries (anisotropic laminates, ...) and behaviors.

There are thousand of papers concerning the proposal and application of plate and
shell models (the interested reader can refer to the recent reviews [2,3] and the references
therein). Some models are based on the introduction of kinematic hypotheses in the thick-
ness (e.g. [4] among many others). Transverse shear can be also taken into account [5].
Recent zig-zag representations [6,7], layer-wise models [8-10] and solid-shell approaches
[11,12], allow addressing accurately more complex scenarios, by increasing the compu-
tational complexity slightly. Stiffeners require an appropriate coupling of beam and shell
models in order to perform calculations at a moderate computational cost [13].

However, as soon as richer physics are involved in the models and the considered
geometries differ of those ensuring the validity of the different reduction hypotheses, effi-
cient simulations are compromised. For example in composites manufacturing processes
of large parts many reactions and thermal processes inducing significant evolutions on the
thermomechanical fields in the thickness occur. These inhomogeneities are at the origin
of residual stresses and the associated distortion of the formed parts [14].

In these circumstances as just indicated the reduction from the 3D model to a 2D sim-
plified one is not obvious, and 3D simulations appear many times as the only valid route
for addressing such models, that despite the fact of being defined in degenerated geome-
tries (plate or shell) they seem requiring a fully 3D solution. However in order to integrate
such calculations (fully 3D and implying an impressive number of degrees of freedom)
in usual design procedures, a new efficient (fast and accurate) solution procedure is
needed.
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The Saint Venant’s principle was extensively used in the Ladeveze’s works for defining
elegant and efficient 3D simplified models [15]. This technique was then generalized to
dynamics [16]. This technique allowed significant reduction of computational complexity.

Later, a new discretization technique based on the use of separated representations
was proposed for addressing space-time nonlinear models [17] and then it was general-
ized for defining general separated representations of solutions involving conformational
coordinates [18], space and time and even parameters considered as extra-coordinates.
The interested reader can refer to the recent reviews [19-22] and the references
therein.

A direct consequence was the separated representations involving the space coordi-
nates. Thus in plate domains an in-plane-out-of-plane decomposition was proposed for
solving flow problems in laminates [20], then for solving thermal problems in extruded
geometries [23], elasticity problems [24] and coupled multiphycisc problems [25]. In
those cases the 3D solution was obtained from the solution of a sequence of 2D problems
(the ones involving the in-plane coordinates) and 1D problems (the ones involving the
coordinate related to the plate thickness).

It is important emphasizing the fact that these approaches are radically different to
standard plate and shell approaches. We proposed a 3D solver able to compute the dif-
ferent unknown fields without the necessity of introducing any hypothesis. The most
outstanding advantage is that 3D solutions can be obtained with a computational cost
characteristic of standard 2D solutions. Moreover, as noticed in [24] no locking effects
were found, possibly because the fully 3D solution accomplished.

In this work we will generalize the just referred approach considered in the case of
plate domains for calculating the fully 3D solution of the elastic problem in shell domains.
The 3D solution will be calculated again from the solution of a sequence of 2D and 1D
problems thanks to the in-plane-out-of-plane separated representation.

It is important to note that in this paper we are not addressing a new shell modeling,
and by this reason we do not need neither establishing a precise state of the art on shell
theories nor comparing our approach with the solutions obtained by using shell models.
As we are proposing a new procedure for calculating 3D solutions (keeping a computa-
tional complexity characteristic of 2D solution procedures) we will compare our solutions
with the ones obtained by considering the fully 3D elastic solution in the shell geometries
computed with standard 3D solvers (e.g. finite elements).

Before generalizing the technique proposed in [24] for treating elastic problems defined

in shell domains we are summarizing it.

In-plane-out-of-plane separated representation of elastic problems defined in plate
domains

We proposed in [24] and original in-plane-out-of-plane decomposition of the 3D elastic
solution in a plate geometry. The elastic problem was defined in a plate domain & = QxZ
with (x1,%) € , Q2 € R?>andx3 € Z, T =[0, H] C R, being H the plate thickness. The
separated representation of the displacement field u = (i1, uy, u3) reads:

U1 (X1, %2, %3) N[ PiGx1,x2) - Th(x3)
w(er, 22, %3) = | up(wr,x9,43) |~ D | Phxn, x2) - Th(xs) (1)

us(x1, %2, X3) i=1 \ Pi(x1,%2) - Th(x3)
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where P,"(, k = 1,2,3, are functions of the in-plane coordinates (x1,x3) whereas Ti,
k =1, 2,3, are functions involving the thickness coordinate x3. In [24] we compared the
first modes of such separated representations with the kinematic hypotheses usually con-
sidered in plate theories. Similar behavior was noticed in the case of elastic solutions in
shell domains with respect to classical shell theories.

Expression (1) can be written in a more compact form by using the Hadamard product:

u(rr,x9,43) & Y P(x1,x9) 0 T/ (x3) (2)
i=1

where vectors P! and T’ contains functions P}; and T,ﬂ respectively.

Because neither the number of terms in the separated representation of the dis-
placement field nor the dependence on x3 of functions T,i are assumed a priori, the
approximation is flexible enough for representing the fully 3D solution, being obvi-
ously more general than theories assuming particular a priori evolutions in the thickness
direction x3.

Let’s consider a linear elasticity problem on a plate domain & = Q x Z. The weak
formulation reads:

/e(u*)T-I(~e(u)dx:/u*-fddx+/ u* . F;dx, vu* (3)
g g I'n

where K is the generalized 6 x 6 Hooke tensor, f; represents the volumetric body forces
while F; represents the traction applied on the boundary I'y. The separation of vari-
ables introduced in Eq. (1) yields the following expression for the derivatives of the

displacement components u;, i = 1,2, 3:

k= k
8P
~ -TF 4)
k=1 7
forj =1,2;and
k=N k
oT;
3 ©)
from which we can obtain the separated vector form of the strain tensor e:
OPf ik
8xk ’ Tl
Py k
xy T2
N pk. aTk
e mx) ~ ) | 2 T : (6)
A Tk 4 %2 Tk
k=1 aﬁ 1T ox 22
OP3 ik k9T
o) T3 + Py iy
Py k k9T
9xy T3 +P2 " dxs

Depending on the number of non-zero elements in the K matrix, the development of

e(u")T . K- e(u) involves different number of terms, 21 in the case of an isotropic material

and 41 in the case of general anisotropic behaviors.
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The separated representation constructor proceeds by computing a term of the sum at
each iteration. Assuming that the first #—1 modes (terms of the finite sum) of the solution
were already computed, w"~L(x1, %9, x3) with # > 1, the solution enrichment reads:

u” (x1, %, 63) = w1 (x1, %2, 43) + P"(x1, 42) 0 T"(x3) (7)

where both vectors P” and T” containing functions P/ and T} (i = 1,2, 3) depending on
(x1,%2) and x3 respectively, are unknown at the present iteration. The test function u*
readsu* =P* o T" + P” o T*.

The introduction of Eq. (7) into (3) results in a non-linear problem. We proceed by con-
sidering the simplest linearization strategy, an alternated directions fixed point algorithm,
that proceeds by calculating P”* from T’*~1 and then by updating T from the just cal-
culated P where k refers to the step of the non-linear solver. The iteration procedure
continues until convergence, that is, until reaching the fixed point ||P”’k o Tk — pmk=14
T 1| < ¢, that results in the searched functions P — P” and T"* — T”. Then, the
enrichment step continues by looking for the next mode P"*! o T"*!. The enrichment
stops when the model residual becomes small enough.

When T” is assumed known, we consider the test function u* given by P*o T”. By intro-
ducing the trial and test functions into the weak form and then integrating in 7 because all
the functions depending on the thickness coordinate are known, we obtain a 2D weak for-
mulation defined in Q whose discretization (by using a standard discretization strategy,
e.g. finite elements) allows computing P”.

Analogously, when P” is assumed known, the test function u* is given by P” o T*.
By introducing the trial and test functions into the weak form and then integrat-
ing in Q because all the functions depending on the in-plane coordinates (x1,x2)
are at present known, we obtain a 1D weak formulation defined in Z whose dis-
cretization (using any technique for solving standard ODE equations) allows compu-
ting T”.

The problems related to the solution of functions P” and T” are defined in Appendix A.

As discussed in [24] this separated representation allows computing 3D solutions while
keeping a computational complexity characteristic of 2D solution procedures. If we con-
sider a hexahedral domain discretized using a regular structured grid with N, N> and N3
nodes in the x1, xp and x3 directions respectively, usual mesh-based discretization strate-
gies imply a challenging issue because the number of nodes involved in the model scales
with N1 - N - N3, however, by using the separated representation and assuming that the
solution involves N modes, one must solve about N 2D problems related to the functions
involving the in-plane coordinates (x1,x2) and the same number of 1D problems related
to the functions involving the thickness coordinate x3. The computing time related to
the solution of the one-dimensional problems can be neglected with respect to the one
required for solving the two-dimensional ones. Thus, the resulting complexity scales as
N - Nj - N. By comparing both complexities we can notice that as soon as N3 > N
the use of separated representations leads to impressive computing time savings, making
possible the solution of models never until now solved, and even using light computing
platforms.

In [24] we considered the simplest approximations of functions involving the in-plane
coordinates Pf< (x1,%2) by considering bilinear quadrilateral finite elements and piecewise
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linear 1D elements for approximating functions involving the thickness coordinate x3,
T,i (x3). Richer approximations were analyzed in [26].

In the present work we are generalizing the just described separated representation for
solving 3D models defined in shell domains.

Methods

3D elastic problem in a shell domain: Shell representation

The shell domain 95, assumed with constant thickness, can be described from a reference
surface X, that in what follows will be identified to the shell middle surface but that in the
general case could be any other one, parametrized by the coordinates &, n, that is X(§, 1),

where:
Xl (%-7 TI)
X3(&,n)

Being n the unit vector normal to the middle surface, the shell domain Q5 can be

parametrized from:

x&,n)=X¢En+¢-n 9)
The geometrical transformation (£, n, {) — (%1, x2, x3) involves
B 0x 0x i (10)
0 dn

whose expression is given in the Appendix B (Egs. (73) and (74) that involve Egs. (42),
(43) and (49)).

The inverse transformation (x1, x2,x3) — (£, 1, ), described by Flisalso given in the
appendix (Eq. (75)).

3D elastic problem in a shell domain: Weak form
The weak form of the elastic problem defined in the shell domain Q° writes:

/ e@)T . K- em) dx:/ u*-fddx—l—/ u*-Fydx (11)
Qs Qs rs

N

Now we are considering the coordinates transformation introduced in the previous
section and deeply developed in the appendix, mapping x € Q% into (£,7,¢) € E = QxZ,
with (€,7) e Q C R*and¢ € Z C R.

The geometric transformation requires to transform the differential operator as well as
the different volume and surface elements. Knowing that under the small displacements
and strains assumption, the strain tensor consists of the symmetric part of the gradient of
displacement tensor, i.e.

1
cw= - (Vut V') (12)
it can be transformed taking into account the transformation of the gradient differential
operator
V()= V() F (13)

where Vg (-) denotes the gradient in the parametric space.
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The volume element involved in the integral in Q5 writes according to Eq. (70)
dx =dxi -dxy-dxs = Ja-1—2-H-C+K-?) -dé-dn-dC (14)

with a is the determinant of the metric tensor related to the middle surface mapping (46)
and H and K the curvatures given by Egs. (56) and (57) respectively. Finally the integrals
applying on the domain boundary (where tractions apply) are transformed according to
Eq. (68).

3D elastic problem in a shell domain: In-plane-out-of-plane separated representation
With the weak form defined in E = Q2 x Z the situation is quite similar to the one encoun-
tered in the analysis of elastic problems in plate geometries, that was addressed in [24]
and we just summarized in section ‘Background’.

We could perform an in-plane-out-of-plane separated representation of the displace-
ment field, similar to (1) but now involving the coordinates (&, n, ¢)

ur(&,1,2) N Pi(é,n)-T{(C)
w@n o) = wEno |~ | Pen o (15)
uz(&,n,¢) =1\ PiE,n) - T5(%)

or in a more compact form

N
uE,n )~y PUE N o T () (16)
i=1
As explained in section ‘Background’ the construction of such a separated representa-
tion is performed sequentially, thus assuming known the solution at iteration n — 1, the
solution at iteration # is sought as

u'(&,n,0) =" NE, n, 0) + PUE, ) o T(Q) (17)

By introducing (17) in the weak form and using the alternated directions fixed point
algorithm we can calculate P”(£, ) by assuming T”(¢) known and then updated T”(¢)
from the just calculated P"(&, 7). The iteration continues until reaching the convergence
(the fixed point) that determines both functions P”(§, n) and T”(¢).

However, the decomposition in a problem defined in €2 for calculating function P"(§, n),
obtained by integrating the weak form in 7, and in another problem defined in 7 for calcu-
lating function T”(¢), obtained by integrating the weak form in 2, requires the separated
representation of all the operators, variables, coefficients and functions involved in the
weak form.

For the displacement (the trial u and the test u* displacements) we just indicated
the separated in-plane-out-of-plane representation. This representation allows defining
a separated representation of the associated strain tensors e€(u) and e(u*) as illus-
trated in Eq. (6) but for this purpose we must define a separated representation of the
transformation gradient involved in Eq. (13) F L

In the case of small thickness and curvatures F~! can be approximated, according to
(73), from:

FlaI-¢-b,+¢2 b2 -F! (18)

where b, and F only depend on the middle surface parametrization.
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Thus, we can define a direct separated representation of F~1:

i=3
F'=) "Gl noG () (19)
i=1
with
Gl=F1% G{=U;
Gl =b, F LGl =—¢.U; (20)
G =b2-F LGl =¢2.U;

where Us is the 3 x 3 matrix with unit components, that is:

111
Us=]111 (21)
111

When this approximation (small thickness and curvatures) does not apply we should
consider the separated representation of F~! by applying a singular value decompo-
sition —-SVD-.

The elasticity tensor and the applied forces must be also expressed in a separated form.
Most of time this decomposition is direct and in the more complex cases the application
of a singular value decomposition allows such decomposition.

Finally the volume and surface elements must be also written in a separated form. In
the case of the volume element dx expressed by Eq. (14)

dx=+a-1—2-H-C+K-c? -dé-dn-d¢ (22)

the following separated representation can be assumed

i=3
dx ="y AfE Al ©) (23)
i=1
with
AP = /a; AT =1
AY=—2-H-a; A] =¢ (24)

AL =K. a Al =¢2

From Eq. (68) we can expect a similar decomposition of the surface element.

3D elastic problem in a shell domain: Composite laminates

In this section we consider composite laminates composed of P anisotropic (generally
orthotropic) plies of thickness / (for the sake of simplicity and without loss of generality
we assume all the plies with the same thickness).

We consider the mechanical behavior of each ply i expressed by its elasticity tensor K
whose form is quite simple when it is expressed in the basis related to its mechanical
principal directions.

Now, for the sake of simplicity we are also considering a local orthonormal basis defined
at each point on the middle surface (t;, tz, n), where the normal vector n is the one previ-
ously considered, and the tangent vectors t; and t; to the middle surface at the considered
location can be chosen arbitrarily under the constraints: t; -t = 0,t; - n=0,t; - n =0,
[t = 1and [t2f| = 1.

Page 8 of 34
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If we define R as the rotation tensor allowing the expression of the elastic tensor in the
orthonormal local system (t;, t2, n) and Q' the one allowing to express finally its behavior
in the cartesian basis (both expressed using the Voigt notation) it results

K=Q R -K'R.Q (25)
If we assume that the elastic properties of each ply are constant along the ply thickness,

then K’ only depends on the in-plane coordinates. Thus, the laminate elastic tensor can
be written in the separated form

i=P
K& =Y x'@)-KEn (26)
i=1
or using the Hadamard notation
i=P
K& n,0) =) K@) oK n) (27)

i=1
with ki(¢) = x(¢) - Ug (Ug being the 6 x 6 matrix with unit components) and x‘(¢) the
characteristic function related to the i-ply:

lLifce(i—1)-hi-h

(28)
0 elsewhere

x'(¢) =

Results and discussion

Strategy verification

First we verify the solution computed using the proposed strategy by comparing it with
the exact solution of a linear and isotropic elastic problem defined in an infinite tube
subjected to an internal pressure. Figure 1 depicts the tube cross-section. The problem
parameters are given by: a = 2, b = 3, P; = 1, E = 150000 and v = 0.3 (all the units in
the metric system).

Figure 1 Cross-section of a tube of infinite length subjected to an internal pressure.
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We consider the middle surface representation

X1 = R sin(i)

2.
Xy = (29)
Xs = £ cos)

withR = 2.5,& €[0,2- 7 - R] and n €[0, 1] (we are considering an arbitrary tube length
due to the plane state of strain).
The shell geometry is defined by introducing the thickness coordinate ¢ €[ —0.5, 0.5].
The exact elastic solution only involves radial displacements, u,, depending on the
radial coordinate r:

14+v

E- (b2 —a? (30)

a2-b2 -Pi:|
up(r) =

|:(1—2-v)(az-Pi-r)+

In the numerical solution the domain (¢£,7) € Q =[0,2 -7 - R] x[0, 1] is discretized
by using a regular mesh of rectangular bilinear elements whereas the thickness interval
¢ € T =[—-0.5,05] is discretized by using standard one-dimensional linear elements
(the simplest choices, but higher order approximations can be used in € and/or 7). The
displacement is constrained at some appropriate locations in order to avoid rigid body
movements.

A convergence analysis is performed by considering the 3 different meshes reported in
Table 1 where Ng, N, and N; are the number of elements along the angular, axial and
thickness coordinates respectively.

The problem is also solved numerically by using a 3D finite element discretization
operating on the domain E by considering regular meshes of 3D trilinear elements, com-
patible with the description given by the meshes in Table 1 consisting of 32, 128 and 384
3D-elements respectively.

Radial displacements calculated with finite elements and separated representations for
equivalent meshes are compared with the exact solution (30) in Figure 2. A superiority of
the separated representation solution with respect to the standard finite element solution
can be noticed. This superiority can be associated to a better representation of the metrics
and curvature.

Because the solution of the considered problem only involves radial (thickness) dis-
placements depending on the radial coordinate, a 3D elastic solution seems to be
the most appropriate and simplest choice, more natural than using computational
shell theories. This problem can be solved easily with quadratic finite elements or
isogeometric ones by only one element across the thickness. Also with axisymmet-
ric representation only one 8 nodes element gives a nearly perfect solution. However
here we prefer using linear finite elements in order to compare with the linear rep-
resentation of functions involved in the PGD representation here considered, even if
we could use higher order representations within the PGD framework. The objective

Table 1 Meshes considered in the numerical solution

N Ny N,
MESH 1 8 2
MESH 2 16 2

MESH 3 32 2 8
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X107
37
® — % — MESH 1 2D/1D
3.66 \ — % — MESH 2 2D/1D
NN — # — MESH 3 2D/1D
35k N A~ MESH 13D
N N MESH 2 3D
N MESH 33D
34r N Exact solution
3.3F
S
— 32 L
-
3.1r
3 [
29+
2.8+
2.7 1 1 1 1 Il 1 1 1 1 J
2 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9 3
r
Figure 2 Comparison of separated representation, finite elements and exact radial displacements.

here is proving the convergence and comparing the simplest finite elements and PGD

formulations.

As the solution only depends on the radial direction one could expect to capture the

solution with a single mode of the separated representation. This expectation is con-

firmed by the numerical solution that converges with a single term in the decomposition.

Figures 3, 4 and 5 depict the computed mode for each component of the displacement
field (P{(&,7), T1 (), (P3(&, 1), T (¢)) and (P3(€,n), T3(¢)) associated with the decom-
position (15) respectively, all them associated with the finest mesh (MESH 3) reported in

Table 1.

U,@En)

u,En)

Figure 3 Functions related to u; (€, 1, ¢) : PY(&,9) and T1(2).

U,©
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U,En)

08 B

[ -05

Figure 4 Functions related to u>(&, 7, ¢) : Py (&, ) and T3 (¢).

This numerical example served to validate the proposed approach based on the use of
separated representations for solving 3D elastic problems in shell domains. It is impor-
tant to notice that we compute the fully 3D solution with a prescribed accuracy. Thus,
the proposed procedure should be viewed as a 3D solver that due to the separated repre-
sentation of the 3D fields involved in the model allows a reduction of the computational
complexity to the one characteristic of 2D solutions.

Elliptic tube
In order to address a problem whose solution consists of more than a single mode, we
consider in this section a slightly different problem. It concerns a tube of infinite length

but now with an elliptical cross section and again subjected to an internal pressure.

U En) U,(0)

-075 T

Uy

4 L L L L L L L L L
-05 -04 -03 -02 -01 0 01 02 03 04 05

Figure 5 Functions related to u3(&, 7, ¢) : P3(§,7) and T3(¢).
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The surface representation in given by:

T

X2 =1 (31)
X3 =111 cos(i)

T

X1 =09,% sin(%)

where R = 2.5,& €[0,2- 7 - R] and n €[0, 1] (we are considering an arbitrary tube length
due to the plane strain assumption). The tube thickness is defined from ¢ €[ —0.5,0.5].
Material parameters are the same than in the previous test.

We consider the same discretization than in the previous example, bilinear rectangles
in © and standard one-dimensional linear elements in the thickness (again the simplest
choice).

The problem solution is depicted in Figure 6 and the most significant associated modes
in Figures 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17 and 18.

Tube with finite length

Now in order to remove the plane strain hypothesis we consider a circular tube of finite
length (L = 10) with R = 5 and unit thickness, clamped at both ends and again sub-
jected to an internal pressure. The most significant modes in the present case are depicted
inFigures 19, 20, 21 and 22 and the 3D solution in Figure 23.

Twisted tourus

In this section we consider a quarter of a twisted torus of thickness # = 0.2 depicted
in Figure 24. Again we consider the linear and isotropic elastic problem related to an
internal unit pressure and we constraint the displacement of both bases with respect to
their normal directions. Again the displacement is constrained at some points for avoiding
rigid body displacements.

Displacement Magnitude
0.0012
0.001
0.0008

- 0.0006

0.0004
0.00036

Figure 6 Undeformed (black) and deformed configuration.
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Figure 7 Functions related to u (§,7,¢) : P} (§,7) and T1(¢).

We consider the middle surface representation

Xi=(@F+R-cos(§+2-n)+e-cos(6-&))cos(n)
Xo=(r+R-cos(§ +2-n)+e-cos6-E&))sin(n) (32)
X3s=R-sin(€+2-n)+e-sin6-§)

where R = 2,7 = 4 and e = 0.15.
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Figure 8 Functions related to u3(&, 7, ¢) : P3(€,7) and T3(¢).
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Figure 9 Functions related to u; (€, 1, ¢) : P2(§,n) and T2(¢).

The parametric space consists of E = Q x Z, with Z =[ —h/2, h/2]. The 2D domain
Q is discretized by using a regular mesh consisting of 64 x 30 2D bilinear finite elements
whereas the thickness interval 7 is discretized from 50 one-dimensional linear elements
(again higher order approximation are possible). Figure 25 depicts the first component of
the strain €17.

Figure 26 depicts the components of the displacement along the normal direction at
the different locations shown in Figure 25. It can be noticed that the solution evolves
significantly from one point to other. The separated representation captures this rich
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Figure 10 Functions related to u3 (£, 7, ¢) : P2(§, ) and T%(¢).
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Figure 11 Functions related to u; (¢, ,¢) : P3(&, 1) and T3(2).

evolution justifying the interest of performing a fully 3D solution as soon as the compu-
tational complexity can be reduced to the one characteristic of 2D solutions.

Scordelis-Lo roof

In this section we address a critical scenario to check convergence and locking issues: the
Scordelis-Lo roof depicted in Figure 27. Other than the symmetry conditions indicated
in that figure we constraint the first and third components of the displacement, i.e. u; =
uz = 0 on the end sections (in particular BC in the domain of calculation).
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Figure 12 Functions related to u3 (£, 7, ¢) : P3(§, 1) and T3(¢).
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Figure 13 Functions related to u; (§,1,¢) : P{(&, 1) and T5(2).

The problem material and geometrical parameters are the following E = 3 10°%, v = 0,
a = 600, r = 300, e = 3 and « = 7/3. The shell is subjected to a surface load of 0.625
that induces a vertical displacement of 3.6288 at position A in Figure 27 [27].

The computed results obtained by using the in-plane-out-of-plane separated repre-
sentations are again compared to the ones obtained by using standard 3D linear finite
elements (better choices related to higher order approximations exist, but here again we
focus in the simplest choice). The comparison is depicted in Figure 28.
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Figure 14 Functions related to u3(§,7,¢) : P4(§, ) and T3(¢).
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Figure 15 Functions related to u; (¢, ,¢) : P5 (&, 1) and T5(2).

From this comparison we can conclude that our approach based on a separated repre-
sentation converges and that it exhibits similar convergence behavior than standard linear
3D finite elements.

Multilayered tube
We consider now a composite tubular part composed of P = 8 plies of thickness 0.125 mm
with a stacking sequence [ 90, 45, 0, —45]; in the local orthonormal basis (tj, t, n), with
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Figure 16 Functions related to u3 (£, 7, ¢) : P(£, %) and T5(¢).
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Figure 17 Functions related to u1 (£, 1, ¢) : PS(&,7) and T$(¢).

t1, tp and n defining the axial, the circumferential and the thickness direction respectively
as depicted in Figure 29.

We solved the same elastic problem than in section ‘Strategy verification’, being the
only difference the one related to the material mechanical behavior. The in-plane dis-
cretization of Q2 was performed by considering a regular mesh composed of 40 x 2 2D
bilinear finite elements, whereas 80 one-dimensional linear elements were considered for
discretizing the thickness interval Z. Thus each ply is represented by 10 elements ensur-
ing a rich description (perhaps too rich in the case of elastic behaviors but that could be

PoEN) T30)
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PSEM)

To(0)
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Figure 18 Functions related to u3(§, 7, ¢) : P$(§, ) and TS(¢).
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Figure 19 Tube of finite length: Mode 1.
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compulsory for addressing more complex mechanical behaviors). In this work we would
like emphasizing that the proposed strategy allows very rich descriptions of the thickness
coordinate without a significant impact on the numerical efficiency.

The displacement field depicted in Figure 30 remains close to the one obtained in
section ‘Strategy verification’ with some slight differences. On the other hand, the radial

component of the strain represented in Figure 31 results, as expected, discontinuous
across the interplies.

Analysis of large composite structural parts
In this section we address the elastic analysis of a large composite structural part similar
to the ones involved in aircraft fuselages. The whole part, 5 m of diameter, and a detail of it
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Figure 20 Tube of finite length: Mode 2.
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Figure 21 Tube of finite length: Mode 3.

are depicted in Figures 32 and 33 respectively. In both figures can be noticed the presence
of stiffeners distributed on the laminate surface, all them reinforced along their longitudi-
nal direction.The structure was subjected to a unit internal pressure and an elastic analysis
was carried out by assuming the separated representations described in this paper.
The laminate is composed of 12 plies, each 0.125 mm thick and involving an unidirec-
tional reinforcement. The stacking sequence is [ 0, 45, 0, —45]3s.
The 3D solution was obtained by using an in-plane-out-of-plane separated representa-
tion of the elastic fields. The approximation of functions involving the thickness direction
was performed by considering 10 elements per ply. An equivalent finite element mesh of

the whole part would have implied 7 - 107 elements with 2 - 108 nodes, each one involving
3 degrees of freedom.
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Figure 22 Tube of finite length: Mode 4.
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Figure 23 Tube deformation.

Figure 34 depicts the magnitude of the normal displacement () on the deformed
configuration. Even if we considered a laminate consisting of 12 plies, we could consider
hundreds of plies without degrading the computing time thanks to the in-plane-out-of-
plane separated representation. In fact the mesh considered in the thickness direction
only affects the one-dimensional problems defined in that direction that are decoupled of
the ones involving the in-plane coordinates. The ones involving the in-plane coordinates
being 2D determine the computational complexity of the whole solution procedure.

The main advantage of the procedure that we propose does not concern the possibil-
ity of addressing laminates involving several plies, because when elastic behaviors are
considered they exist advanced shell elements able to address efficiently such configura-
tions. However, our technique allows considering in an unified description the laminates
and the stiffeners placed on it, by using the same in-plane-out-of-plane representation, as
was widely discussed in [24]. The consideration of all these stiffeners within a standard
shell theory requires special treatments, however in our fully 3D approach, both the shell
laminate and the stiffeners are integrated in an unified hypotheses-free description.

Figure 24 Twisted torus shell geometry.
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Figure 25 First strain component €1;.

Conclusions

We proposed in our former works a procedure based on the separated representation of
the displacement field involved in elastic problems defined in plate domains that allowed
calculating fully 3D elastic solutions by solving a sequence of 2D and 1D problems, the
former ones define in the plane and the last ones in the thickness. Thus, we calculated 3D
solutions with a computational cost characteristic of 2D problems, as the ones related to
standard plate theories, however here, as we compute directly the 3D solution, we do not
need introducing any hypothesis or correction.

In the present paper we extended that methodology for solving elastic linear problems
defined in shell geometries. For that purpose we proposed to use a standard mapping of
the real geometry to a plate-type parametric domain in which the procedure proposed in
our former works was applied. However, the main difficulty when using this procedure
concerns the necessity of performing a separated representation of displacement and

—4.5

=5.51-

-7+

L L L L L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

4

Figure 26 Evolution in the thickness direction of the first component of the displacement at the four
locations indicated in Figure 25.
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Figure 27 Scordelis-Lo roof.

strain fields, loads, material behavior (elasticity tensor), the differential operators as well
as the surface and volume elements. This decomposition is for some problems quite direct
and in all cases it can be performed by invoking the singular value decomposition.

The analyzed examples prove the potentiality and efficiency of the proposed strategy;,
where the computational complexity was found evolving as reported in [24], proving that
3D solutions can be computed at a 2D cost. On the other hand the fact of solving fully 3D
models avoids the locking issue that was never found in our analysis.

The extension of this strategy for addressing more complex scenarios involving material
or geometrical non-linearities or for considering more complex geometries in which the
domain thickness could vary from one point to other represent some of the works in progress.

Reference solution
—&— PGD 2D/1D separated representation (linear elements)
—— 3D fem model (linear elements)

Normalized deflexion

0 L L L
10 20 30 40 50 60 70 80
Number of in plane elements in axial and orthoradial direction

Figure 28 Normalized displacement at position A.
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Figure 29 Local orthonormal basis at the nodes on the middle surface.

Appendix A
In-plane and out-of-plane problems
The problem related to the solution of P" is given by

/ efP*oT" -K-e(P"oT" dx =

=)

—/ TP oT") K- e" 1) dx+/(P*oT")-fddx+ (P* o T") - F; dx
g E I'n

(33)

x 10
1.7 T T T T T

U@

1 Il L 1 1 1 L L 1 1
2 21 2.2 2.3 24 25 2.6 2.7 2.8 29 3

Figure 30 Radial displacement along the radius.
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Figure 31 Evolution of the radial component of the strain along the radial direction.

Figure 32 Large composite structural part involving many stiffeners placed on its surface.
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Figure 33 Detail exhibiting the stiffeners geometry.
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Figure 34 Normal component of the elastic displacement.
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and

K1 Kip K13 0 0 Kig
Kip Kypp Ko3 0 0 Ky
K
K= Ki3 K33 K33 0 0 Ksg (36)
0 0 0 Ky Kg5 O
0 0 0 Ky Kss O

Kig Ky K36 0 0 Kgg
By integrating Eq. (37) along the coordinate x3 we obtain a discrete system from which
results P”.
By considering now

/ efP" 0T - K-e(P"oT") dx =

=

—/ elP" 0T -K-e@ ) dx+/(P”oT*)-fddx+/ (P" o T*) - F; dx

) ) I'n
(37)
with
-
3x}1 1
3P2 . T*
dxo %
n 973
n *\ 3 Oxg
@ ot =\ Uy (38)
gf’% ' o 8T%
3 n 013
3x}11 T3 +Pl 8x§
aP3 n 0I5
xy T3 +P2 T 0x3

and by integrating in it results the linear problem from with it results T”.

Appendix B
Elements of differential geometry
Consider a shell domain E whose middle surface is parametrized by the coordinates (&, 1),

that is X(&, n)

X1(8,m)
X(E m =] X286, (39)
X3(5,m)
as depicted in Figure 35.

X .
X
n t 3i><2
T_. Z %1
Parametric space Physical space
Figure 35 Definition of the mapping.
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From this mapping we can define the covariant basis a; and ap, both vectors being

tangent to the middle surface:

a; = X
% (40)
a) = an

The unit normal vector to the middle surface can be defined from the cross product of
a; and ap according to:
a; X a
n— 1 2 (41)
a1 xaz ||

Now, we define tensor F containing the Cartesian components of the covariant basis:

F = [a; a3 n] (42)
We can also define the contravariant basis by considering:

FT= [al a’ n] (43)

Figures 36 and 37 show the covariant and the contravariant basis respectively on a torus.

Surface fundamental forms
The length ds defines the first fundamental form I from

d
I=(ds)> =dX-dX = (a; dé +ay dn) - (a; d§ +ay dn) = (dE dn) -a - (;) (44)
n
where a is the metric tensor defined from
az(a1~a1 a1~a2> (45)
az -a; az - ay
We denote by a the metric tensor determinant, i.e.:
a = det(a) (46)

The surface element dA writes:

dA =a  dé xaydn=|a; xay||-d& -dn-n (47)

0 0

Figure 36 Representation of the covariant basis on a torus.
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Figure 37 Representation of the contravariant basis on a torus.

and using the cross product property [la; x az||? = ||a1]|? - [az[|> — (a; - ap)? it results:
dA = ./a-dt -dn-n (48)

In the case of a developable surface, the metric is constant. Figures 38 and 39 depicts
a on two surfaces, a developable one in which the metric tensor is constant and another

having double curvature.

1.2
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0.4

0.2

1.5

Figure 38 Value of a on a cylindrical surface.
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Figure 39 Value of the a on a spherical surface.

25

The second fundamental form I7 is defined by the projection on the normal direction

of the second derivative of the mapping:

dn

. dag _ dap
11=n-dZX=(dsdn)-<n e o af’fz)'(dé)ﬂdf”’”)'b'(f) ®9)
n. 0o n

an an

Being n - dX = 0, it results:
0=dn-dX)=dn-dX+n d’X=dn dX+1I
from which it results
II = —dn-dX

and by developing we can identify

on
b=—<gﬁ)'(ala2)
an

or:

al _ g'g al
oo () = (5) e (3)

that taking into account that a; - @ = §;; it results

With b given by
b=b-a!
we can define the mean curvature H:
H= ; - trace(b)
and the Gaussian curvature K:

K = det(b)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)
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Finally, the third fundamental form is defined by:

III:dn-dn:(dédn)-c-(dé) (58)
dn

with
on
¢ on 0
c= gg o on =b-al.b (59)
a‘r; 0 dan

Shell description
We consider now a generic point of the shell x, whose position can be given from:

xE nd)=XEn+¢-n (60)

that establishes a mapping between (&, n, ¢) and (x1, x2, x3).
The covariant basis results now:

W= fmae -
52: g’; =a+¢- g‘];
The differential element in a point of the shell writes:
dx=dX+¢-dn+n-di =a;-dé +ay-dn+n-d¢ (62)
from which the first fundamental form I = dx - dx involves the metric tensor a:
a;j-a;a;-ap 0
a=|a-a;ap-a 0 (63)

0 0 1

where it is easy to verify that

(51-51 51-%:12>:a—2.¢.b+;2.c (64)

ap-a; az-ap
Now we define
a=det@ =det@—2-¢-b+¢>- ¢ (65)
that taking into account (55) it results
G=a-detd—2-¢-b+¢2-b-b)=a- (det(l—;-b)>2 (66)

where, by developping the determinant and by using the definition of both the mean and
the Gaussian curvatures previously defined, it results:

detd—¢-b)=1-2-H-t +K-¢? (67)
The area element dA oriented in the normal direction writes:
dA = ||a; x ay| - d& - dn = ~a- dg - dn (68)
being the volume element dv:
dv=dA-d¢ (69)
that taking into account the previous developments results in:

dv=ya-1—-2-H-{+K-¢% -dt-dn-dc (70)
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Finally the transformation gradient F results

F=[ajan]=F+¢ - F, (71)
where:
on 9
E, =" (72)
9§ oan
that can be rewritten as:
F=F - (I+¢-b,) (73)
with
al- glgl al . g‘);
b,=F'-F,= a2.gga2.g;;o (74)
0 0 0

The gradient of the inverse transformation is given by F~1. In the case of small thickness

and curvatures F~! can be approximated from (73) according to

Fla(@—¢-b,+%-b2)-F1 (75)

When this approximation fails we should consider the full inverse of F.
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