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Summary. We present a method to solve simultaneously all Reissner—Mindlin shells which
are embedded in a three-dimensional bulk domain. The shells are described by level sets of a
level-set function, hence, a coordinate-free formulation of the shell model which is valid for an
implicit geometry definition is required. The presented finite element method (FEM) is a hybrid
between the classical FEM and a fictitious domain method. Therefore, it was previously coined
Bulk Trace FEM. Numerical results confirm higher-order convergence rates.

1 INTRODUCTION

Shells are common structures in nature and engineering. Usually, one specific shell geometry
is analysed in the design process, i.e., the geometry of this shell is described and the mechanical
quantities, e.g., deformations, stresses, and energies are computed. Mostly, the analysis is based
on a geometry description and formulation of differential operators in curvilinear coordinates
and, therefore, a parametrization of the geometry is required [I, 2]. Furthermore, the shell
model can be stated in a coordinate-free formulation which is valid for geometries that are given
explicitly, e.g., by a parametrization or implicitly, e.g., by a level set of a level-set function. In
[3] the Kirchhoff-Love shell model has been reformulated in a coordinate free-formulation and
the Reissner-Mindlin shell model in [4]. Analogously, such coordinate-free formulations can be
obtained for beams, e.g., [0, [6] and for geometrically non-linear ropes and membranes, c.f., [7].
Differential operators in these models are formulated using the Tangential Differential Calculus
(TDC), c.f., [8]. If one single shell geometry is given implicitly, the Trace FEM can be used for
the analysis, e.g., [9] for Reissner-Mindlin shells.

In this work, we present a mechanical model and finite element method for the simultaneous
solution of all Reissner—-Mindlin shells which are embedded in a three-dimensional bulk domain.
The individual middle surfaces of the shells are level sets I'¢ of a level-set function ¢, hence, the
geometry of the shell is described implicitly and a coordinate-free formulation of the governing
equations, c.f., [4] is required. Furthermore, the co-area formula is used to formulate the weak
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Figure 1: Different FEM approaches for PDEs on manifolds.

form. Applications for this approach might be in the design process to find certain geometries
with desired target properties in a family of possible geometries or to use shells as reinforce-
ment structures in new anisotropic material models. For more detailed discussions, we refer
to our previous publication [10]. For the lower-dimensional case, i.e., when a one-dimensional
structure is embedded in a two-dimensional bulk domain, an analogous model for Timoshenko
beams follows, c.f., [ITI]. In the context of transport problems, the simultaneous solution for
all embedded d-dimensional structures in a (d + 1)-dimensional space is shown, e.g., in [12} 13].
For the simultaneous solution of geometrically non-linear ropes and membranes, we refer to our
works in [14] 15] [16].

Different approaches may be distinguished to solve PDEs on manifolds using the finite element
method. In the context of Reissner—Mindlin shells, as in this paper, the manifold is the shell’s
middle surface but generally the manifold may be some curved surface or line on which some
physical process occurs. One possibility is to approximate the solution for one geometry by
the classical Surface FEM based on a parametrization of the manifold. Then, the geometry of
interest is represented by a conforming mesh composed by curved (surface or line) elements.
Furthermore, fictitious domain methods, e.g., the Trace FEM, might be used. Therein, one
manifold of interest with dimension d is embedded in a (d + 1)-dimensional background mesh.
For the numerical analysis, only the elements which are cut by the manifold are considered.
This often requires special attention, e.g., in the context of stabilization and the enforcement
of (essential) boundary conditions because the boundary is usually no longer conforming. The
approach used in this paper, previously labelled Bulk Trace FEM in [14], can be seen as a hybrid
between the Surface FEM and the Trace FEM for the simultaneous analysis of many geometries
at once. The mesh is by no means aligned to the level sets which are embedded in the bulk
domain but the boundary is conforming. Therefore, no stabilization is required and boundary
conditions are enforced strongly as in the surface FEM. Fig. [1| compares these three different
FEM approaches.

The remainder of this paper is as follows: In Section [2] the definition of the geometric setup
and the required differential operators are introduced. The mechanical model is derived in
Section [3] and posed in the weak form, to be used in the finite element method as described
in Section 4] Numerical results to verify the new methodology follow in Section [5} The paper
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Figure 2: Some bulk domain €2, level-set function ¢ (x), and implied level sets I'°. (a) and (b)
show the situation for shells, (c) and (d) for beams.

closes in Section [6] including an outlook to further research.

2 GEOMETRY REPRESENTATION AND DIFFERENTIAL OPERATORS

The shell is modelled by its middle surface which is a manifold of co-dimension 1 and implicitly
described as the level set I'® of a scalar level set function ¢(x) : @ — R where ¢ is a constant
level-set value. € is the bulk domain, i.e., Q C R? for shells and 2 C R? for beams. Within the
bulk domain, a minimum value ¢™" = inf ¢ and a maximum value ¢™* = sup ¢ of the level-set
function is defined. Furthermore, the bulk domain can be specified by prescribed values for ¢™"
and ¢™#*. In the following, all level sets, i.e., shells, which are embedded in the bulk domain
are considered simultaneously. These are

I ={xcQ:d(x)=cecR},o™" < c< M, (1)

Fig. 2| shows the situation for shells and beams. For a more detailed discussion, including
requirements for valid combinations of bulk domains and level-set functions, the reader is referred
to [111 [14].

To formulate the differential operators and divergence theorems used in the formulation of
the strong and weak form of the governing equations, some vector fields are required:

e Normal vectors to the boundary of the bulk domain: m(x), z € 0f2. The definition
of these vectors depends on how the bulk domain is described (explicitly or implicitly).
However, it is a standard task in the FEM to obtain such normal vectors based on existing
meshes (here: of the bulk domain), therefore, these are not further specified here.

n*

In*|

e Normal vectors: n(x) = | with n* = V¢(x), x € Q.
e Tangential vectors: t = m X n.

e Co-normal vectors: g(x) = ﬁ with ¢* =n x t.

These vectors are visualized for one selected manifold in Fig. [3] With the normal vector and
the (d x d)-identity matrix, the projector onto the tangent space is defined as

P=I-non=1-Q. (2)
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Figure 3: Normal vector field n living on the manifold I'® and along the boundary 9I' depicted
in blue, vector fields ¢ depicted in grey and q depicted in green on the boundary of the manifold
oT'¢, and normal vector field m to the boundary of the bulk domain 9f). Note that for clarity,
only one surface is shown but the situation applies to every embedded level set I' in €.

Furthermore, tangential or surface differential operators are defined. These are used in the
formulation of the governing equations. Ve is the classical gradient w.r.t. the bulk domain, i.e.,
the three-dimensional space R3 for shells. Then, for the tangential gradient of a scalar function
f follows

Vrf=P-Vf. (3)

For the surface gradient of a vector-valued function v a directional and a covariant surface
gradient have to be distinguished. These are defined as

V%irv =Vv-Pand VE"v =P - Vl(iir” =P -Vov-P. (4)

Note that Vl‘iir'v is generally not in the tangent space of the manifold while Vv is. The

divergence of a vector-valued function is given by
divpo = tr(Vite) = tr(V¥v) = Vp - v (5)
and, for a second-order tensor function T, the divergence is determined by

divp (T1, T2, T13)
diVF T = diVF (Tgl, T22, T23) = VF -T. (6)
divp (31, T32, T33)

Another important quantity is curvature. In the context of the TDC, it is defined based on
the Weingarten map, that is _
H = Vi'n = V{n, (7)

The mean curvature is defined as

» = tr(H) = divpn. (8)
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The divergence theorem for a vector-valued function v and for a second-order tensor-valued
function T on a single surface I'°, defined by one constant value for ¢, is [3]

/v-diverF—— vilirv:TdF+/ %-U-(T-n)dF+/ v-(T-q)dar, (9)

are

c

Te

For the simultaneous solution of all embedded shells, the co-area formula [13, 12} [14] is required.
It is defined as

¢11’]’dx
/ farde= [ Vo] do (10)
min Te (9]
in the domain and at the boundary as
¢max
Lo [ raaorac= [ rq-a-m)- o] avn. ()

With Egs. and the divergence theorem in Eq. @D is extended to
/ v-divp T - ||V d2 = —/ Vidry : T - ||V dQ +/ x-v-(T-n)-[|Vo| dQ (12)
Q Q Q
+ [ ve(ra)-(g-m)- Vo] don.

Note that the term with the mean curvature ¢ vanishes for in-plane tensors.

3 MECHANICAL MODEL

The coordinate-free definition of the governing equations and their derivation for the case of
one shell geometry is given in detail in [3] and further in [4, 10]. Therefore, we summarize it in
this paper in a short and concise manner and refer to the aforementioned literature for further
details. Fig. [ shows the situation of the kinematic relations for many embedded Reissner—
Mindlin shells and for the situation of one single shell. The displacement is defined as

ug. (@) = ug.(2r, () = u(er) + (w(er), (13)

with the displacement of the mid-surface u(zr) and the difference vector w(axr) which describes
the rotation of the shell director (normal), + is the transverse shear deformation, and ¢ < |%|
describes the shell thickness. The membrane, bending, and transverse shear strain tensors are
defined as

1 [ cov cov
eF vemb (W) = 5 [VEu + (Vi7w)"] (14)
1 ) . \T
E:ll::,Bend('l‘l” w) = 5 H- V%Iru + (v%‘lru) -H+ %va + (v%ovw)T] ’ (15)
S 1] di dir, \
ep(u,w) = 5 Q- Vi'u + (Vﬁ%) Q+nwt+wen|, (16)

The constitutive law for a linear elastic material with Lamé constants A and u for plane stress
leads to the stress tensor
or(x) = 2uer(x) + Atrer(x)| I (17)
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Figure 4: The shell kinematics for (a) some shells embedded in the bulk doman and (b) a single
shell.

For the bending moment tensor mr, the effective normal force tensor nr and the transverse
shear force tensor qr follows:

t/2 3
mr = / (P-or-Pd¢= Ealf“) (EIE,Bend) ) (18)
—t/2
t/2
1711" = / P P. or - P dC = to'? (EIE,Memb) ’ (19)
—t
t/2
ar= [ Qo tor Qi = o () = 2t (20

Note that for qr, a shear correction factor oy is considered and that the real normal force tensor
is defined as nl”Feal =nr+H- -mr.

With Egs. to , there follows the Reissner—-Mindlin shell model in strong form as

divrnf* + Q- divrqr + H- (ar - n) = — f, (21)
P-divrmr —qr-n=—c (22)

f is the applied load vector per area and c is the applied moment vector. The boundary value
problem (BVP) is completed by sufficient boundary conditions. Note that in this BVP quantities
with index I' are tensors, e.g., the shear force tensor qr, while the quantities without the index
are vectors, e.g., the co-normal vector q. Furthermore, note that for Timoshenko beams, the
governing equations have formally a very similar structure. This is because the Timoshenko
beam model is a dimensional reduction of the Reissner-Mindlin shell model. The differences are
the dimensions and the definition of the tensors of the internal moment and forces, see, e.g.,

[11].
4 WEAK FORM AND NUMERICAL ANALYSIS

To obtain the weak form of the governing equations, which are required for the FEM analysis,
Eq. is multiplied with the test functions v, and Eq. is multiplied with the test functions
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V. Then, the divergence theorem, Eq. @, is applied which leads to domain integrals frc odl
and boundary integrals | sre ® - @dOT'. An integration over all level sets embedded in the bulk
domain leads to [ [..edl'dc and [ [;..e-qddl'dc. Finally the co-area formulas, Eqs.
and , are applied, respectively. This leads to the continuous weak form, formulated over the
bulk domain. Only first derivatives occur and, therefore, standard Lagrange-type finite elements
can be used. For more details about the continuous weak form and the corresponding function
spaces, we refer to [10].

The discrete weak form is obtained by discretizing the bulk domain with C°-continuous
Lagrange-type elements. It should again be emphasized that the mesh does by no means have
to align with the level sets in the bulk domain. The difference vector is an in-plane quantity. In
the FEM, this can be enforced by the tangentiality constraint w” -m = 0, used with a Lagrange
multiplier or by projecting the difference vector onto the tangent space as w” = P - w". & is
a (general) vector, defined in R?, i.e., it is not (necessarily) tangential to the manifold. The
second variant is used in this paper. Therefore, also the test functlon U =P w must be
projected and the penalty term p,, (Qbh n) (vﬁ, ) is added in Eq. (2 . The penalty parameter
is py = E-t, with Young’s modulus F and the shell’s thickness ¢. Further discussions about the
tangentiality constraint of the difference vector and how it can be considered in the FEM, are
found in [10, 4] @]. Finally, the discrete weak form reads: With the given material parameters
E € R*, v €10,0.5), body forces f € R? on ', tractions pyp on 81“1‘3\17“, findu € Sy, and w € Sy,
such that for all v, € V,, and for all v, € V,,, there holds

/Qh [ler h np-l-( ler h) ;mr+(Q ler h) qF] HV¢hH 40 —

[ohs|wot s [ ohportam)-|[ver] aon (23)
Qh o0k .,

[ (il ot vl ap ot g (o) (o) ) - [7 a0 -

/ vfu.c.HnghH dQ +/ vl rmar - (g -m) HnghH dos. (24)
Qh 89

The discrete function spaces Sy, Vi, Sw, and V,,, respectively, are defined as usual in the FEM.
The reader is referred to [10] for further details.

5 NUMERICAL RESULTS

Before the presentation of some numerical test cases, error measures are introduced. The
residual errors are obtained for the force equilibrium, e, and for the moment equilibrium, ey,
respectively. The approximated solutions u” and w" are inserted in Egs. and . Provided
that the solution is sufficiently smooth, the errors are computed as

= Z / o (uh o) e (ul o) V) A0 (25)

Nel

€2 = Z/e” h) i <uh,wh> V|| de. (26)
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The residuals of force and moment equilibrium are defined as

tp (uh, 'wh) = divp ni¢! (uh, wh> + Q- divpaqr (uh,'wh) (27)
+H- (ar(u,w") -n) + f (@),
M (uh, 'wh) = P .divpmr (uh,wh> —qr (uh,wh> ‘n+c(x). (28)

A further error measurement used in this section is the stored energy error, obtained by

Ee = ‘e (u) —e (uh’)‘ , (29)
with the stored (elastic) energy of the Reissner—Mindlin shell defined as

1

¢ (u> = 2/&2 [EIE,Memb(u) cop + €IE,Bend(u’7,lU) rmr + E%(’U,, w) : qF} ’ HV¢H dQ. (30)

This stored energy error is not to be mixed up with the classical energy error norm, see [14. [17].

5.1 Trigonometric shell geometry with Navier support

The geometry of this test case is from Section 5.5 in [10], but the mechanical quantities used
here are different. The shell geometry is described by the level sets of the level-set function
o(x) =2z—2-sin (% Sx - y) and the spherical bulk domain is defined with a prescribed interval
of pas Q= {xeR®: ¢(x)=|z|—1<0and — % < ¢(x) < 2}. The thickness of each shell
is t = 0.1, Young’s modulus is £ = 2.1 - 107, and the applied force is f, = —1000 (acting
downwards). All other applied force components, i.e., f; = f, = 0, and the moment vector are
zero. The whole boundary is considered as Navier supports. Fig. [5| shows the geometric setup
and results for this test case. The ansatz functions for the displacement test and trial functions
is one order higher than those of the difference vector. This is identified as a mized approach,
while we say that an isoparametric approach is used when the same order is applied for all
test and trial functions for displacements and the difference vector, respectively. Figs. (c) an
(d) show optimal higher-order convergence rates for the residual errors of the force and slightly
sub-optimal ones of the moment equilibrium. We refer to [10] for more details.

5.2 Cupola with Navier support

The geometry, material parameters, and loading for this test case is from section 5.7 in
[10]. Herein, the spherical shells (cupolas) are supported by Navier supports instead of clamped
supports as in [I0] and the isoparametric approach is used. This example shows how the simul-
taneous solution can be used in a design value search. The solution is obtained for all embedded
shells. As a post-processing step, the geometry for which a sought target value (uy) is reached,
is evaluated. Herein, the radius for the cupola with a maximum displacement of u;y = 0.045m
at the apex is ry = 9.018 m. For a more detailed description of the design value search and
comparison with a clamped support of the cupolas, we refer to [10]. Also for this example,
higher-order convergence rates are obtained in the residual errors but not shown for brevity.
Fig. [6] shows the geometric setup and the solution of the design value search.
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Figure 5: (a) shows the geometry with a possible discretization and some level-sets in yellow,
(b) shows the Euclidean norm of the displacements, (c) the results of the convergence study for
the residual error of the force equilibrium, and (d) of the moment equilibrium.

5.3 Influence of curvature

Numerical tests for Reissner—Mindlin shells and Timoshenko beams show that for relatively
flat geometries or geometries which contain relatively flat parts, i.e., where the mean curvature
goes to zero, problems occur when the isoparametric approach is used. In contrast, when the
mixed approach is applied instead, the convergence rates in the stored energy error are as
expected. This behaviour is illustrated in Fig. [7] The left column shows the test case of Section
with clamped support instead of Navier support: In Fig. El(a), the mean curvature and then
the higher-order convergence rates in the stored energy error ¢, for the isoparametric approach,
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Figure 6: (a) The geometric setup of the cupola with some level sets and the curved surface
which generates the boundary in dark blue. (b) Result of the design value search shown on one
half of the geometry. The blue surface is the found cupula corresponding to the sought target
value.

in Fig. [7|(c), and for the mixed approach, in Fig. [7|e), are shown. Analogously, the right column
shows the results for the test case discussed in Section 5.6 in [I0]. This comparison shows that
for the case of spherical shells (right column) the mixed and the isoparametric approach lead to
optimal convergence, while for the case where the mean curvature vanishes in parts of the shell,
only the mixed approach converges optimal.

6 Conclusions and outlook

A mechanical model and finite element method for the simultaneous analysis of Reissner—
Mindlin shells is presented. The shells are modelled by level sets of a level-set function which
are embedded in a three-dimensional bulk domain. For the formulation of the weak form, the
co-area formula is applied. The concept can easily be adopted to curved Timoshenko beams
which is a dimensional reduction by 1 of the shell counterpart.

Further research is the application of this approach in the design value search, as already
outlined in one of the presented numerical test cases for a simple example, and the application
in anisotropic material models reinforced with shells.
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