ANISOTROPIC MIXED FINITE ELEMENTS FOR
ELASTICITY
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ABSTRACT. In the present paper, we present a family of mixed
finite elements which are suitable for the discretization of slim do-
mains. The displacement space is chosen as Nédélec’s space of
tangential continuous elements, while the stress is approximated
by normal-normal continuous symmetric tensor-valued finite ele-
ments. We show stability of the system on a slim domain dis-
cretized by a tensor product mesh, where the constant of stability
does not depend on the aspect ratio of the discretization. We give
interpolation operators for the finite element spaces, and thereby
obtain optimal order a-priori error estimates for the approximate
solution. All estimates are independent of the aspect ratio of the
finite elements.

1. INTRODUCTION

In this paper, we are concerned with finite element simulations for
anisotropic structures such as thin plates or shells. For regular do-
mains, there are many methods available to discretize and solve the
problem of linearized elasticity, for example Galerkin formulations us-
ing continuous finite elements [11], or more involved mixed formulations
2, 4, 3]. However, when the aspect ratio of the computational domain
deteriorates, severe problems arise when using standard methods for
elasticity. The stability of these methods depends on Korn’s inequality
26, 17], where the constant is proportional to the aspect ratio of the
domain. Thus, the method suffers from locking, which results in poor
approximation properties.

To overcome these problems, beam, plate or shell models were in-
troduced. Examples are the Kirchhoff [36] and Reissner-Mindlin plate
model [27, 21]. A widely used technique for shells is the Koiter model
[19]. A main drawback of conventional plate or shell elements is the
fact that they include not only displacement- and stress-related degrees
of freedom, but also rotational quantities. Thus, coupling to standard
finite elements in well-shaped parts of the domain becomes difficult,
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and is often done by brute-force constraints which destroy convergence
properties of the respective methods. Also iterative solution techniques
have to be handled with care in the presence of rotational degrees of
freedom.

A basic concept in order to derive suitable models for thin structures
is the idea of hierarchical modeling. There, the behavior of stresses and
displacements is taken polynomial in the thickness variable. One ob-
tains a hierarchy of discretizations by increasing the order of the poly-
nomial ansatz, which is related to the p-version of a three-dimensional
finite element method. Such models were first introduced in variational
form by [37]. An overview over different discretization techniques for
anisotropic structures within a unified framework is provided in [20].
Analysis for the hierarchical approach can be found in [1, 10, 15], a-
posteriori error estimates in [5, 29, 32].

In [33, 31], we first introduced a mixed, Hellinger-Reissner type
method, where the stresses are considered as separate unknowns. We
searched for the displacement in H (curl), using tangential-continuous
Nédélec finite elements. For the stresses, we proposed the space H (div div),
discretized by symmetric tensor-valued elements with continuous nor-
mal component of the normal stress vector. The degrees of freedom for
these elements are then tangential component of the displacement and
normal component of the normal stress vector, which shall be abbre-
viated by normal-normal stress. In the present paper, we apply this
approach to a prismatic, tensor-product mesh. We see that these ele-
ments do not suffer from shear locking: In the discrete setting, we can
use a “broken norm” of piecewise strains for the displacement. Employ-
ing appropriate transformations of the finite element shape functions
from the reference element to an element in the mesh, we overcome
the difficulties arising from Korn’s inequality. We provide anisotropic
interpolation operators for the stress and displacement spaces with re-
spect to the broken norms. There we make use of the tensor product
structure and Clément-type interpolators [14, 30] which satisfy a com-
muting diagram property.

1.1. Basic notations. For some Hilbert space X, let (.,.)x be the
inner product, and ||.||x the induced norm. By angles (., .)x, we denote
the duality product between the dual space X* and X. For some
sufficiently regular domain 2 C R?, let L?(Q) be the Lebesgue space.
As a short hand for the L? norm ||.||2(q), we also use ||.||o. By H*(2),
integer k > 0 we denote the standard Sobolev space, with semi-norm
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||+ () and norm ||.{| gx (o) defined via

|U|Hk(sz) = HkaHLQ(Q), ||U||§{k-(§z) = ||U||%2(Q) + |U|§1k(9)-

Let HY() be the subspace satisfying homogenous boundary conditions
for the function and its first k— 1 derivatives. Then H *(Q) := H}(Q)*
is its dual space. We use the spaces

H(curl,Q) = {v e [L*(Q)): curlv € [L*(Q)]*},
H(div,Q) = {qe[L*(Q)]®:divqg e L*(Q)}.
There the operators curl, div are defined via
curlv :=V x v, divv=V v

and always understood in weak sense. For a tensor-valued function o,
the divergence operator is defined by row-wise application. We call the
tensor symmetric, if it is equal to its transpose, o = oZ. We abbreviate
the space of symmetric tensor-valued L*-fields on Q by L, (). Sim-

ilarly, Hgym(div, Q) = [H(div,Q)]* N L2 () contains the symmetric

sym
tensor fields with divergence in [L?(Q)]? in the weak sense. Finally, let
C(©2) and C(Q) be the space of continuous functions on the open respec-
tively closed domains 2 and €2. On a union of domains O = J,; €, all
above spaces are defined piecewise without any continuity assumptions.
If clear from the context, the domain {2 can also be omitted.

Let now I' C Q be an oriented, bounded, sufficiently smooth two-
dimensional manifold, and G = (J;.;I'i a union of such manifolds.
We again need the Lebesgue spaces L*(T'), L?*(G). Let nr denote the
unique unit normal of I', and let ng be the outward unit normal on the
boundary 0f2. For better readability, we will drop the subscripts €2, T’
whenever possible. On such a manifold with normal n, we define the
normal and tangential component v, v, of a vector valued function v
by

V= U,N + Uy, Up =V N.
A tensor field o has a normal vector o, := on. The normal and tan-
gential parts o,,, 0, of this vector are defined by

. T
Op = OppM + Opry Onpn := N 0N.

Figure 1 displays these normal and tangential components. For a two-
dimensional vector v = (v,,,v,,)T € R2, its normal is defined by vt :=
(—Vaz Ve )T

Let now I' be the common interface of two domains 2, {2, without
loss of generality we assume its normal n to be directed outward of
1, n = np = ng,. For a sketch of the setting, see Figure 2. On
I', the brackets [.Jr shall denote the jump of a discontinuous function
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FiGURE 1. Normal and tangential components of a vec-
tor v and normal tensor component o, with respect to
the manifold T".

F1GURE 2. Two domains €2, 25 with common interface
I'. The normal nr is directed outward of €.

across this interface. We denote the jump in normal direction by [.],,
precisely

[[v]]F = U|Ql - U’Qw [[U]]n = Ung, |Ql + Ung, |Q2 = [[Un]]F'

Again, I' can be omitted as an index.

In this work, we consider a flat, three-dimensional domain € = €2, x
Q.. There the cross section €, C R? is assumed to be a connected
Lipschitz domain with polygonal boundary. For Q, = (0,d,), we call
d, the thickness of {2, which is usually considerably smaller than d, :=
diam(€2,). To emphasize the different qualities of the in-plane and
transversal direction, we use coordinates (x,z) = (1,x9,2). For a
vector-valued function u, we refer to its components by (ug,u,) =
(Ugy s Ugy, U,). A symmetric tensor o can be divided into the diagonal
sub-blocks o, 0, and the off-diagonal block o,,. We use | - | to denote
the absolute value of a scalar, as well as the Euclidean norm of a vector
and the Frobenius norm of a tensor.

Throughout this paper, by a < b we mean that there exists a
(generic) constant C', independent of the aspect ratio of the domain
) or underlying anisotropic mesh sizes, such that a < C'b. Similarly,
a > b stands for a > Cb, and a ~ b abbreviates a < b and b < a.
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1.2. Linear elasticity. The equations of linearized elasticity are given
by Hooke’s law (1) and the equilibrium equation (2)

(1) Ao = e(u) in €,
(2) dive = —f in .

Here the vector field u is the unknown displacement, e(u) := 3(Vu +
(Vu)T) is the strain, o represents the symmetric stress tensor, and A is
the compliance tensor. The boundary 0€2 consists of a non-trivial part
I'p C 09, where displacement boundary conditions are posed, and the
remaining part I'y = OOQ\I'p, where traction boundary conditions are
prescribed. We assume that the displacement u is given on I'p, and
surface tractions o, are prescribed on I'y. For simplicity, let all data
be homogenous,

(3) u=0onTp, o,=0o0nT7.

Otherwise, all data enter naturally into the solution spaces and varia-
tional formulations considered below.

As the compliance tensor A is invertible, the stresses can be elim-
inated, which yields a primal formulation for the displacements only.
Then one basically searches for u € Vyima = {v € [HY(Q)]? : v =
0 on I'p}, such that

(4) /Q(Ale(u)) ce(v)de = /Qf cvdr YU € Virimal-

One may then use standard nodal finite elements to approximate the
displacement u. For more detail, see e.g. [11]. The method suffers from
shear locking, as the aspect ratio of the domain and the underlying
finite element discretization deteriorates.

In [28], mixed formulations for elasticity were introduced. The Hellinger-
Reissner formulation of elasticity is to find u € Viized, 0 € Zimizeq SUch
that

(5) /(Aa) cTdr + / divr-udr = 0 VT € Ynived,
Q Q
(6) /diva-vdx: —/f-vdx Yo € Viized-
Q Q
There, the solution spaces are
Vinized = [LQ(Q)]Sa
Yomized = {7 € Hyyp(div) : 7, =0 on I'p}.

In this formulation, all smoothness assumptions are put onto the stress
field, the displacement u € [L*(Q2)]® is left totally discontinuous. In
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order to have a conforming finite element method, one needs to ap-
proximate o by symmetric, normal continuous finite elements. This is
possible, but only at high computational cost: in [2, 3, 6], simplicial
finite elements for two- and three-dimensional mixed elasticity were
constructed. The local dimensions of the respective lowest-order fi-
nite elements for the stress space is 24 in two, and 162 in three space
dimensions.

In [33], we derived a finite element method which lies in between
these two concepts. There,

(7) V:={ve H(curl) :v, =0o0nI'p}

is chosen as displacement space. This implies to search for the stresses
in the tensor-valued space

Y :={r e H(divdiv) : 7,, =0 on I'7},
where H(divdiv,Q) := {7 € L? . (Q) : divdivr € H'(Q)}. Here, the

sym

first divergence operator is understood row-wise, while the second one
is the standard operator acting on a vector-valued function. In [7, 8],
it was shown that functions in H(curl) have a tangential trace, which

implies that V' is well-defined in equation (7). The tangential trace lies

in the space H11/2(CU_1"13Q, 0Q), for details see [8]. In [31], we showed
that functions from H(divdiv) have a normal-normal trace, such that
for ¢ € H(divdiv), o,, is well defined. The proper trace space is

H,Y ?(692), for an exact definition of this space see [31, Theorem 3.34].
Physically, this normal-normal trace can be understood as the normal
component of the surface stress vector.
One finally obtains a variational problem of the standard form
(8) a(o,7) + b(r,u) = 0 V1 e 3,
b(o,v) = —(f,v) YoeV.

There, the bilinear forms are defined via

alo,7) = /(Aa) T dz,
Q
b(r,v) = (divT,v)mcur)-

One can then show (see [31]), that the infinite dimensional variational
problem (8) is well posed, and there holds the stability estimate

o] £ div div) < CED| f ] #(curn)*-

Let now 7 be a triangulation of €2, and let £, F denote the sets of
element edges/interfaces, respectively. In two space dimensions, these
sets coincide. A piecewise smooth function lies in H (curl), if and only if
its tangential component is continuous across interfaces and on edges.
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Therefore, Nédélec elements [24, 25] are the appropriate choice for the
discretization. In [31] we showed that it is then necessary to have
the stress field normal-normal continuous. We showed, that for 7 €
H(divdiv), v € H(curl) piecewise smooth on 7, the duality product
b(7,v) = (div T, V) g(eur1) can be evaluated by

(9) b(r,v) = Z {/TdiVT'UdI—/aTTnT'UTdS}

TeT),

(10) = Z {—/TTze(v)dx—i-/aTTnnvnds}.

TeT,

Indeed, this characterization holds, as long as the integrals can be
understood in the sense of duality products. The equivalence of the
integral representations (9), (10) can be shown by integration by parts.

In [31], we provided finite element spaces Y, V) of arbitrary order
k on a simplicial mesh. For these spaces, we saw that the Galerkin
approximation of (8) yields a stable system. Moreover, we obtained an
optimal order of convergence as the mesh size tended towards zero. In
the present paper, we are concerned with finding a similar method for
a prismatic, tensor product mesh. We lay special emphasis on the fact
that all estimates and constants are independent of the aspect ratio of
the finite elements.

This paper is organized as follows: In Section 2, we provide finite
element spaces of arbitrary order on a prismatic mesh, which are well-
suited to approximate equation (8). Section 3 is devoted to the stability
analysis of the discrete problem, where special care is taken to avoid
any dependence on the aspect ratio of the finite elements. Interpolation
operators, which lead to a-priori error estimates with respect to the
anisotropic mesh-sizes, are presented in Section 4. Finally, Section 5
contains numerical results.

2. DISCRETIZATION

In this section, we find a discretization for the infinite dimensional
problem (8). We first specify a tensor product mesh, by choosing shape
regular triangulations with respect to the « and z directions separately.
On this mesh, we construct a finite element space, exploiting the tensor
product structure of the volume discretization.

2.1. Anisotropic triangulation. Let 7% := {T™} be a shape-regular
triangulation of the cross section €2, and let h, denote the correspond-
ing mesh size. Moreover, let 77 := {T*} be a subdivision of €, into
segments of maximum length h.. For both triangulations, we can define
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a set of element interfaces, which we denote by F* and F* respectively.
There F* := {F®} corresponds to all triangle edges in the plane. In
vertical direction, F?# := {F*} is the set of points defining the subdivi-
sion. From this, we derive the tensor product mesh

T ={T=T*xT": T* € T*, T* € T},

which consists of prismatic elements of diameter h, and height h,. The
set of element interfaces or facets can be divided into an in-plane and
a vertical part, addressed by JFj, F |, respectively

F = f'“U]:L
= {I*"xF*: T*eT® FP e FFYU{F*xT*: F* e F* T € T*}.

In-plane facets F) € F| are triangular, whereas vertical facets I, € F
are quadrilaterals.

For an element 7', A7 denotes the union of all neighboring elements,
i.e. elements sharing at least one vertex with 7. For a facet F', Ap =
Ty U T, is the union of the two adjacent elements. In case F' is a
boundary facet, Ar contains only one adjacent element. Define hp =
(|Ar])/(2|F|) to be the average height of these neighboring elements
perpendicular to F. For a boundary facet set instead hp = (|Afg|)/|F].
For an in-plane facet Fj, this means the height of the adjacent prismatic
elements, which implies iy ~ h,. For a facet F'; perpendicular to the
cross section, we have hp, =~ hy.

2.2. Finite element spaces. In this section, we define anisotropic
finite element spaces V} for the displacement space V' and X for the
stress space Y for arbitrary polynomial order k.

In order to simplify the notation in the sequel, we agree on a special
convention: For an arbitrary vector o € R? of dimension d = 1,2
or 3, let T® denote a simplex of dimension d. Then P¥(T%) shall
be the usual polynomial space in variables « of total degree up to
k. For a; € R" oy, € R, and two simplices T, T2 of dimensions
di,dy, let T = T x T be the tensor product domain. We define
Qivk (T) := PF(T*)® P2 (T2) as the space of polynomials of mixed
order. On a union 7 of such domains, all spaces are defined piecewise,
without any continuity conditions. As an example for clarifying the
meaning of this notation, we first set « = z. Then d = 1, and T7 is
the unit segment. PF(T%) is the usual polynomial space in z of order
up to k. For a = © = (7, 72) and T® the unit triangle, PX(T®) is the
polynomial space of total order k& on the triangle in variables x, zs.
The tensor product space QF:F(T® x T7) is the standard polynomial
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space of degree k; with respect to @ and degree ks with respect to z
on the prism 7% x T~.

To derive suitable elements for the volume discretization, we need
corresponding elements for the in-plane as well as for the transversal
directions. They naturally define tensor-product elements for prisms.

We construct all shape functions on the reference element. We use
tangential components of the displacement and normal-normal com-
ponents of the stress tensor as degrees of freedom. Then, we map
the shape functions to an element 7" in the mesh using transforma-
tions which preserve these quantities. For the exact definition of these
transformations we refer to Section 2.3. In the global finite element
space, they are continuous across interfaces. In [31], it was shown
that such a finite element space Y, is appropriate for the discretiza-
tion of ¥ = H(divdiv). Although it is not a strictly conforming space,
Y ¢ X, its use was rectified by means of an extensive finite element
analysis. It was shown that the pair of spaces allows for optimal order
approximation properties when appropriate discrete norms are used.

In the following, we specify the prismatic reference element T. The
hat will denote that the respective quantity is associated to the ref-
erence element. For example, we use the local reference coordinates
x,z, while for a finite element space (), Q is the space spanned by
the shape functions on T. Let 7% be the reference segment (0,1)
with vertices V1 =0, V2 = 1. The reference triangle T® has vertices
Vi* = (1,0), V5 = (0,1) and Vi = (0,0). We introduce barycentric

coordinates A7, AZ with respect to these elements,

A(Z) = 1-2 A5(2) = 2,

(@) = i, MNo(&) = By,  AF(@) = 1 -3 — 2o

8>

Then 7' = 7= x T is the reference prism. Figure 3 shows a sketch of
the respective elements.

2.2.1. In-plane and transversal finite element spaces. We need the fol-
lowing finite element spaces of order k on the cross section €2,

£k = {we PYT®): w continuous},
NE = {ve [PYT™)?: v, continuous},
ko= {re [Pﬁ(’]’m)ﬁ;,i : Tnn continuous},

PE o= PRT®).
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F1GURE 3. Triangular and prismatic reference element

In z direction, we use continuous and non-continuous finite element
spaces

cko= vF = {we PYT?) : wcont.},

PrF = NF.=PNT?).
Most of the spaces defined above are well known: £, £F = Y% are the
Lagrange spaces of piecewise polynomial, continuous functions in the
plane or on the line, respectively. Also P¥ Pk = NF are the standard
L?-conforming spaces of piecewise polynomial functions. Moreover, A’¥
is the Nédélec type II space as introduced in [25]. In our analysis and
computations, we use the hierarchical basis provided in [35, 38].

We now give an explicit basis for the in-plane space f)fz on the ref-
erence triangle 7®. Let ¢; : [—1,1] — R be the Legendre polyno-
mial of order 7. Moreover, we define the scaled Legendre polynomial
05(2,1) = f’ﬁz(f) Using these, we define families of polynomials on
the unit segment and triangle, which span different polynomial spaces.
There, we use 7, j as indices denoting the order of the respective poly-
nomials, whereas m shall correspond to a vertex or edge number. Thus,

quantities involving m are always to be seen modulo 3, whereas poly-
nomial orders 7, j are assumed to be non-negative.

viE) = (-2,

J

uf(®) = T = A5 AT+ A9)G(1 - 223),

ij

v () = gl‘s()\:l—i-l — A2 A T AT2), m=1,2,3.

Then the family {vj : 0 < j < k} spans PE(T7), and {uf, 0 <i+j <k}
spans P¥(T). The scaled Legendre polynomials {v®™ : 0 < i < k},
restricted to edge %, are a basis for P¥(EF®), which is extended into
the interior of the triangle T*. We now construct symmetric tensor

valued basis functions which correspond to the degrees of freedom for
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the normal-normal stress along an element edge. From a direct cal-
culation, one can see that the tensor 4,,(2) = sym[VA%, @ VA%,
has a vanishing normal-normal component on two edges, whereas it is
constant on the edge an opposite vertex m. Thus, we can define shape
functions corresponding to this edge by multiplying §,, by polynomials
spanning Pf(ﬁg) We define the family of edge basis functions

(11) O = {5 =P8, 0<j< kY, m=1,2,3

The normal-normal trace of @5% spans PE(E®).

Multiplying s, with Z;fl = A?  we obtain an element bubble. This
function has vanishing normal-normal trace on all edges of the triangle
T. The family

Oy = {80 = ul 028, 0<i+j<k-1m=123}
spans the bubble space of order k, and is linearly independent [31]. We
use the following local space on the reference element

3 A
)T = span (U 7 U @Zm> .
m=1
It is a full polynomial space, X¥ = PF (T‘")

2.2.2. A tensor product finite element space. We propose to use

Vi == {velL’(Q) v, e Ng @ LI v, € LT @QNF, v, =0o0nT'p},
DITRES {T € Lzym(Q) Tp € X @PH 1, € PEePE, 1, € PHlgYE

Ton = 0 On FT}.

The displacement space defined above coincides with the standard
Nédélec space on a tensor product mesh, see e.g. [22, 16]. We concen-
trate on the construction of basis functions for the stress space on the
reference element 7.

Using the constant, in-plane tensors §,,, we can construct tensor
fields ng satisfying Sz — () on all prism faces but the quadrilateral

m,nn
opposite vertex m. By multiplication with 0¥ = A¥  we obtain an

m?

element bubble with vanishing normal-normal trace

ox §m 0 HT . px O o
Sm._< : 0), BE =18 =123

For the upper and lower triangular face, the unit normal is n = +e,,
and therefore 7,,,, = 7.. The tensor field S* defined below has a constant
normal-normal component on those two faces, whereas it vanishes on
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the quadrilateral faces. We get a bubble function by multiplication

with 0% := A{\3
Sz o 0 0 Hz . 120z
s._<01), B = b5,

To span the space of piecewise constant symmetric tensor fields, we
need two additional functions Sr°. These have vanishing normal-

normal components on all facets, and are therefore bubble functions
(we set b** = 1)

S = ( 7 o ) BT = ST =5 m=1,2,
Tm

For convenience, we use {Bm,m € Jp} and {8, m € Js} for the

respective unions of B , B7, sz and S”” Sz, S *z whenever we do not

care about the spemal type of the respectlve tensgr field.

We can now introduce finite element spaces ¥ consisting of shape
functions associated to each facet F. This is done multiplying the “facet
basis tensors” S, by families of polynomials. In case of a triangular
facet F,,, this space is

B m

AL span{ufj(:%)gz)\fn(ﬁ) c0<i+j5<k+1}.
For a quadrilateral F ' m Opposite edge m, we use

SELm z,m, z Qe .
X = span{v;""viS

JTm

0<i<k 0<I<k+1}.

In Section 2.3, we provide a map from the reference element to an
element 7" in the mesh, which preserves normal-normal continuity of
the stress tensor. Using this map, it is possible to define the local finite
element space X1 associated to each facet F' € F. Restricted to facet
F, the normal-normal components of ¥I" span a full polynomial space:
PrFL(F) it F el
: Fy [
{O-nn’F RS Ek} - { Qkk-i—l( ) 1fF€.7-l
The union of these spaces spans the facet space » = @ Fer »F

Finally, we propose a basis for the local bubble space >2. We define

I span<{u 0B im=1,2,3, 0<itj<k-1, 0<I<k+1}U
uEv? B 0<1+7,l<Ek}U
i vl
{ugoi B s m=1,2, 0<itj < h+1, 0<I<k-1}).



ANISOTROPIC MIXED FINITE ELEMENTS FOR ELASTICITY 13

The two subspaces together build the local finite element space, Sy =
Z£ + X%, The respective components 64, 64.,5, of & € 3, span poly-
nomial spaces,

~

Sio= {6 € [LX()D 60 € QUL G0 € QLY 6. € QLT

sym x,z x,2)

2.3. Finite element transformations. In the previous section, we
provided bases for the finite elements on the reference element T. We
still need to transform these functions to an element 7' by a conforming
transformation, which we describe in detail in the following. First,
let &7 : T — T be the mapping from the reference element to an
element T" € 7. By Fr, we denote its Jacobian, and by Jr the Jacobi
determinant. Similarly, for a facet F' or an edge E, by Jr, Jg we mean
the transformation of measures of the facet transformation F — For
the edge transformation £ — FE, respectively. Tangential and normal
vectors can be computed from the corresponding reference quantities
using the covariant and contravariant or Piola transforms: The unit
tangential vector 7 of an edge E' is related to the unit tangent 74 of
the reference edge E via Tp = TpFr/JE. For the unit normal np of a
facet F', we have np = JTFETTAL}%/JF.

The transformation ®r is linear in (x, z), the Jacobian Fr is constant.
Moreover, as we use a tensor product mesh, the Jacobian is block

diagonal
Fr= 0
Fr= .

The sub-blocks stem from shape-regular triangulations, thus there holds

|Fre |7t o~ |Frd|s o~ Y, |Fp- |7t~ |Fpt]s ~ bt

Here, |A|s denotes the spectral norm of the matrix A.
For (z,2) € T let (x,z) = ®r(x, 2) be the corresponding point in
T. Functions v € V;, and o € ¥, are transformed like

- v(z,2) = Flo(z, 2),
(12) o(xz) ﬁ(FT& x,2)F})

For the strain of a vector-valued function v € V, one can easily see

e(v)(xz) = Fr'é(0) (2, 2) P
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Note that the following integral values are preserved for v € Vi, 0 € 3.
and each polynomial ¢,

J
/quds_/@F‘IFT%q—Edéz/@%qd&
JE E
J2
/Umquds—/—ATM Jqus—/&ﬁﬁng.
F

We will use these quantities to define degrees of freedom for the re-
spective spaces later on. For the global finite element spaces Vi, >
continuity of these degrees of freedom across inter-element interfaces is
required only.

Using the transformations (12), and transforming the shape func-
tions derived before, we obtain finite element spaces Vi, Y. For the
respective traces on element faces, we observe the following: The tan-
gential component of a displacement v € Vj, spans [P¥]? on a triangular
face, and Q&A1 x QETMF on a rectangular face. Similarly, the normal-
normal component of o € ¥ spans P% on triangular, as well as Q& +!
on quadrilateral faces. From the construction of the finite element
bases, it is obvious that Y, can be split into a facet and a bubble part,
Y = Zi + X% also globally. There E£ matches the facet-based space
f]i on the reference element, as well as 2 matches 2.

The discrete problem is to find v € Vj, 0 € ¥} such that

a(o,7) + b(r,u) = 0 VT € Xy,
(13) b(o ) Vi

3. DISCRETE STABILITY

In this section, we will see that the discrete mixed problem (13) is
well posed, there exists a unique solution, which is bounded by the right
hand side. For the analysis of the discrete problem, we do not use the
natural norms of H(curl) and H(divdiv) as in the continuous setting.
This is due to the fact that the finite element space ¥ is not strictly
conforming for ¥ = H(divdiv), as shown in [31]. Thus, the natural
H(divdiv) norm does not necessarily exist for the discrete solution.
Instead, we use a broken H'-type norm for the displacements, as well
as the L? norm for the stresses. Precisely, they are given by

lollf, = D le@F+ > ha'llvlallz,
TeT FeF
I7lls, = lI7l
Note that we do not use piecewise gradients for the displacements,
as commonly done for a broken H' norm. Instead, we take piecewise
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strains only. This way we are able to avoid the use of Korn’s inequality;,
which will finally lead to results independent of the aspect ratio of the
finite elements. We state that in the scope of this paper, no claims on
stability or convergence with respect to the polynomial degree k are
made.

The following lemma states a discrete trace inequality for X, on the
element level.

Lemma 1. Let T € T be an element with facets Fr = {F € F : F' C
oT'}.
(1) For o € %, there holds the trace inequality

FeFr

(2) Let g be in the normal-normal trace space on 0T of X, i. e.
g € PyTH(F)) for a triangular facet Fy, g € QEEH(FL) for a
quadrilateral facet F|. Then there exists an extension o € Y,
such that o, = g on T, and

(15) lollF = > hellgll-
FeFr
In both estimates, the constant may depend on the polynomial degree
k.
Proof.

(1) As described in Section 2.3, we decompose the finite element
space X into a facet and a bubble part, ¥ = Zi + Xt For
o € Y, this implies a splitting o = o/ + ¢®, where

Jf:ZUF and o e or.
FeF

Due to the linear independence of the basis functions, on the
finite dimensional space there holds

(16) lollz = o’llz + o”llz > llo” 7.

Let o be corresponding to face F'. For an in-plane facet Fy, ol
is of the special form ¥l = (q/J2) FrS*FL, where q is a scalar-
valued, piecewise polynomial function. Therefore, all entries

F .
but o, are zero. On the reference element, we have, using the
tensor product structure of the element transformation,

|Pro IV FE? = [aP|FrSTFE 1P o |ql*| Fp. |3 = hilal® ~ b 6717,
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Recall, that | - | denotes the Frobenius norm, whereas | - |5 is
the spectral norm of a tensor. On a quadrilateral facet F,
we obtain similarly for a shape function o+ = (q/J2) FpS*FE
that

|Fro™ L = |qP|FrSTEL P = [ql*| Fra s = halal® = A, |67 2.

Using these equivalences and the fact that, on the reference
element, |67 and ||6% || are equivalent norms due to the

finite dimension of the space E , we obtain

lo7]|2 = / fd:c—/—\FTa FL?Jrdi
T

T
~ N Uy 3h4/|AF|2d9c
FeFr
~ Zj3h4/| REXE
FeFr
_ 1
= > th‘}/ J;éya,fnﬁj—ds.
FeFr F F

Inserting hp ~ Jr/Jr into the estimate above, we get

lo? 117 = > hellogli= Y helowl?.

FeFr FeFr
Together with (16), this implies the discrete trace inequality
(14).
(2) Let o/ be the unique extension of g to the space ¥/ (T). Due
to the equivalence

o113 =~ D hellof I =D hellgll
FeF FreF

shown in part (1), we have found the required extension in o/.
|

Lemma 2. The bilinear form b : Xy x Vi — R is inf-sup stable, there
exists a positive constant 3 > 0 such that

b(o,v) ~

(17) inf sup > 3.

veVi gex, [lolls, llvllv,
The constant B may depend on the polynomial degree k, but we ex-

plicitely state that 3 is independent of the anisotropic mesh sizes hg, h,
and their ratio.
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Proof. Let v € V} be given, we want to find o € ¥, such that
b(o,v) = Bllo|s,|vlv-

We construct o as a combination ao’ + Bo?, where of € E£ , ot e X,
and the constants a, 3 € R are to be specified later.
Due to the matching polynomial degrees, we can choose o/ such that

ol |r=—hz'[v]nr VE € F.

From the proof of Lemma 1, we immediately see that there exists a
constant ¢y > 0 such that

(18) o115, <& Y helloda )i = Y hptlil]allz
FreF FeF

For the definition of ¢®, we need to introduce the block tensor

~ hele, 0

FT'—( 0 hzlz)’
where I, I, denote the identity sub-blocks of the 3 x 3 identity matrix
I. Due to the tensor product structure of the Jacobian Fr, and the
shape-regularity of the in-plane and transversal meshes, we have that

|Fr|s ~ |FT|8 independent of the aspect ratio hg/h.. We choose o®
such that, on the reference element

6 = T3> (8(0): Fp TS Fr ) B By

meJB

Obviously, 6 is a bubble function, i.e. 6%, =0 on 7. Computing the
respective polynomial degrees of its sub-blocks, one verifies 6° € Sk
The tensor field ¢® is obtained by transformation to element 7.

We need the following two inequalities

(19) lo%l1%, < e Y lle()ll7

TeT
(20) /Tab:es(v)dx > e

The upper bound (19) for ||o®||s, can be shown by a straightforward
transformation to the reference element, where one uses the definition
of o and the similarity |Fp|, ~ |Fr|,.We now concentrate on estimate
(20). Using that {S®, S%, $%} form a basis for the piecewise constant
symmetric tensor fields, that the bubble functions {E,‘%, B, B;ff} are
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linearly independent, and the spectral equivalence of Fr and Fr, we
obtain

1
/ab:a(v)d:c = Aﬁ&b:é(fa)JTdi*
T T YT
— / > () By S P ) By By Byt c £() Jy di
TmEJB

/ ‘ﬁf E(v T’ Jrdi
= [ PR [ di = -
We can now show the following lower bound for b(o,v), where we

use the estimates from above, as well as Young’s inequality in the last
line

b(o,v) = Z/ de—Z/Um

TeT FeF
:Z/ :(ao! + po® dx—Z/oza
TeT FeF
(20),(18) f L 9
>3 [Balle@)E - allo lzlle@lr] + D bz [l
TeT FeF
(18) 1/2 —1 2
> > [Balle@lf = 3 acshplllalele@)le] + 3 ahgt I Telall}
TeT Fcor FeF
04027 — C2
> 3 (B = SN+ D ahi (1= 55) [lallF
TeT FeF v

Setting v2 = ¢, = 1,3 = (1 + ¢3)/(2¢c1), the estimate above together
with (18), (19) yields the required result.

O
We can now prove stability of the discrete problem (13).

Theorem 3. The discrete, mized system (13) is well-posed. There
exists a unique solution (ug,o) € Vi X Xg. It satisfies the a-priori
error estimate

|u — uglly, + llo —orlls, <c <vig€k lu — villv, +Tkig£k o — Tk||zk)7
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where (u, o) denotes the exact solution to the underlying elasticity prob-
lem (8). The constant ¢ > 0 is independent of the anisotropic mesh
sizes hg, h, and their ratio hy/h,, but may depend on the polynomial
degree k.

Proof.  Following [9, Proposition 2.6, Proposition 2.7], we need
boundedness of the bilinear forms a(-,-), b(-,-) with respect to the dis-
crete norms, coercivity of a(+,-) and an inf-sup condition on the finite
element spaces for b(-, -). Continuity and coercivity for a(-, -) can easily
be shown, as we use the L? norm for 3;. Boundedness of b(-, ) follows
from Lemma 1, (1). Together with Lemma 2 ensuring inf-sup stability,
we obtain the required result.

|

4. INTERPOLATION OPERATORS AND ERROR ESTIMATES

In this section, we propose interpolation operators I,?/ for the dis-
placement space Vi, and I for the stress space Y. Using standard
theory for mixed problems, as can be found in [9], interpolation er-
ror estimates directly lead to a-priori estimates for the approximation
errors ||u — uyl|y, and |0 — o4||y,. For a sufficiently smooth solution
(u, o) to problem (8), we achieve the error bound

lo = oulls, + lu = wnllve = 5z (1950 sy + IV (W)l 20 ) +

W2 (1970l + 1262w ).

where the constant hidden in “<” is independent of h,, h, and the ratio
he/h.,.

We will see that it is necessary to have the interpolation operator
IV for the stress space well-defined for L? functions, and bounded with
respect to the L? norm. This goal is achieved using quasi-interpolation
operators first introduced in [30]. To construct the interpolation oper-
ator I”, we introduce degrees of freedom for ;. These nodal values
naturally lead to a nodal interpolation operator. To ensure that all

degrees of freedom can be evaluated, we set
Sri={ocel? (Q): o, € L*F) cont.}.

sym

4.1. In-plane and transversal interpolation. For o € {x, z}, we
need interpolation operators

15, 1L (Q,) — LF, I, L () — NE,
12 S7e — 3k, 17, :L*(Qs) — PL.
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The last one of these operators, [ZZIW is an element-wise L? projec-
tion onto the space of piecewise polynomials. For the stress space,
we will introduce the nodal interpolation operator IO%,C in the end of
Section 4.1. The spaces L LF = YF are Lagrange spaces of piece-
wise polynomial, continuous functions. A first idea is to use the nodal
Lagrange interpolation operator there (see e.g. [13]). However, this
operator is not well defined on L?(€2,), as it needs point evaluation.
Similarly, the nodal Nédélec interpolation operator (e.g. provided in
[22]) is not well defined on L?*(€,) or even H(curl, €,), as it needs to
evaluate line integrals along edges of the form [ 5 Urds.

In the H' setting, local averaging operators have been introduced
in [14, 34] to overcome these difficulties. In [30], quasi-interpolation
operators based on the idea of the Clément operator were developed
for H', H(curl), H(div) and L?. We will use these for I%, and I}
Note that in [30], they are only provided for the lowest order case. In
[31], we showed that all ideas can be transferred directly to operators
of arbitrary order. They satisfy standard approximation properties on
a shape regular mesh. Let [,m be integers, [ = 0,1 and [ <m < k41,
then we have for sufficiently smooth functions u, v, q

(21) lw — IS gullgrerey = W ulmm(aga),s
(22) v — Ié\,[kUHHl(Ta) = h?‘llv\mmm
(23) Hq - [;D,k:QHHl(Ta) = hg%l‘q‘Hm(ATar

We note that the interpolation operators above keep the degrees of
freedom of the respective spaces for polynomial functions. In the next
lemma we show that the strain is approximated by the Nédélec inter-
polation operator.

Lemma 4. Let T be a shape-reqular triangulation for ., with o €
{x, 2}, and let us fir an element T* € T*. For uw € H™ ' (Ara) with
1 < m < k, the Nédélec interpolation operator with respect to a satisfies

(24) lea(u = L) lre = g Va'ea(u) | aga-

Proof. As [, ;;V . breserves polynomials up to order k, we have, abbre-
viating P* = [P*(Aga)]dim@)

lealu = Iu) e = inf lea((id = 1)) (u = q))ll7.
qEP¥
The rigid body motions are reproduced by Iﬁ’/ w- This, and the fact

that P* contains the piecewise rigid body motions, ensures that we
may employ an inverse inequality for the strain tensor, which relies on
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Korn’s inequality on an element of the shape-regular triangulation 7.

Together with the L? continuity of I é\f x> We may estimate

leatu = Iwllre < inf (lea(u = @)llre + llea(T(u = @) =)
= iof (h e = allre + G 2 (= @)llre)
qEP¥
: -1
= nfh, [ = gll g

A Bramble-Hilbert argument, see e.g. [18] gives, for 0 < m < k
lea(u = ) lre = REF VI | e

In case of @ = @, one can show [|[V7e,(u)|am =~ [|VEul|a,. for
m > 1 by a direct evaluation of the respective terms. For a = z,
the strain and gradient operator coincide. Putting these estimates
together, we obtain

lea(u = Luw)llre = hy | Viea(w)]laga-

O

A main achievement of [30] was the statement that the interpolation
operators for the Lagrange and Nédélec spaces satisfy a commuting
diagram property,

(25) Va](f,kﬂ = ](.i\j’kva’

This property will be a crucial tool in the analysis of the approxima-
tion properties of the tensor product interpolation operator constructed
later.

So far, we provided quasi-interpolation operators for all spaces except
for the stress space XX, In the sequel, we propose a nodal interpolation
operator for XX Tt is well defined for tensor-valued symmetric L? func-
tions with their normal-normal component continuous across interfaces
F,and in L*(F). Note that all estimates are done on the shape regular
triangulation 7*.

To construct a nodal interpolation operator, we need degrees of free-
dom for ¥¥. We propose a unisolvent set of degrees of freedom, which
are preserved by the H(divdiv) conforming transformation (12). For
F* e F* and T® € T™ they are given by

(2

U (0g) = / Jpz0 g unli dSg, 0<i<k,

Ul (05) 1= /TJTM,B (PR S P ufde, 0<i+j<k—1 m=123.
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Note that b 5,,,m = 1,2,3 are the in-plane bubble functions defined
in Section 2.2. In [31], it was shown that these functionals are linearly
independent.

Thus there exists a unique local polynomial nodal basis ®7° :=
Ureerire {of"}U{o]; }, which matches these degrees of freedom and
spans P;;‘(T‘“).

span(®7") = PH(T™).
We can now define the nodal interpolator by

k
D 2 Mool D D Wailow)dny

FreF=z =0 TEcT® 0<m<3,
0<itj<h1

The interpolation operator preserves polynomials up to order k. Note
that it naturally commutes with the finite element transformation from
Section 2.3. By a Bramble-Hilbert argument on the uniform triangu-
lation, we obtain for sufficiently smooth o, that

low — T240alle < H2IVEOalage: 0<m<k+1.

4.2. Tensor product interpolation operators. We can now define
an interpolation operator for the displacement space V. on the tensor
product domain,

(26) = eIf <15, ® I,

The in-plane deformation u, is interpolated by the Nédélec operator
in plane, and continuously in the thickness-direction, the transversal
displacement wu, is interpolated vice versa.

For the stress space, we define, denoting the symmetry of the tensor,

sy e Il)oe (10, ®10)04
27) (o) := ( ! 2 e, ) .

From the definition of the quasi-interpolation operators it is clear
that interpolation and differentiation with respect to different direc-
tions commute, i.e. for a, 5 € {x, 2}, a #

Vol =15V,  Vali, =)\ V.

In the following, we provide two lemmas, that result in an interpo-

lation error estimate for I} with respect to the broken norm ||.||y; .

Lemma 5. Let T € T, and for integer m < k let the function u €
H(curl) additionally satisfy v € H™(Ar). Then the product space
interpolation operator I,va defined via (26) satisfies the local anisotropic
error estimate for m < k

(28)  lle(u— Rw)llr < hg | Vae(llar + 2 IVEe(w)]| ag-
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Proof. For u € [H™(T)]?, we bound the three different blocks
ex(u), €,(u), €q4.(u) of the strain tensor separately. The bounds on
the diagonal blocks e, (u), e, (u) follow straightforwardly and along the
same line, we show the estimate for the x-block

sllealu — LIS i < 116 = I )ea(w) I+ 115 ea(u — L) |7
< B2V, + lealu — IGu)lA,
= BTV ea(u)ll, +him||V7£6m( )| A,
In the off-diagonal block e,,(u), we rely on the commuting diagram
property (25) of the quasi-interpolators
%H€EZ<U_ Iff“)”% = %va(uz [NIEk+1UZ> + V. (ug — [ I£k+1um)HT

= §lGd -1, zk)nguz + V.ug) 17
—ZEmZ(u)

I(id — L)z (u)lI7 + [ (id — I )ews (W) |17
ha" || Vi s (u )HAT+h3mHVT€mz( )| A,

LA IA

a

Lemma 6. Let o € {x,z}, and F € F such that its normal lies in
direction «, i.e. n = (0,0,1) for o« = z and n = (ng,,ny,,0) for a = x.
Let u € H(curl) be in H™ ™ (Ar) for all T € Ap. The tensor product
interpolation operator I,ﬁ:\[ satisfies the local anisotropic error estimate

(29) [[u— 2], 5= S B2 Ve (ua) |4,
TeEAR

Proof. Let g € {x, 2z}, B # a be the orthogonal direction to a.. Due
to the choice of F', we have hp ~ h,. From the definition of I,ﬁv , We see

(II{:\/) —] kjﬂk-HUa

As the jump in normal direction depends only on the a component, we
get by the triangle inequality

[ = 1]l < Mua = BidGamua] |
|| [(id - Iﬁ,k+1 “a]‘ ||F + H Wﬁﬁ,kﬂ(id - Ié\,/k)“a}] HF

Due to the linearity of [ gk 41 it commutes with the jump operator
for any piecewise smooth function v, i.e. 1%, [v] = [I5, 4v]. As u
is supposed to be continuous on Ap, it is continuous across F', and
thereby

1Td =I5 )ua] [ = -
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We now concentrate on the second term in the estimate above. Again,
using linearity and boundedness in L? of [ g k41, We obtain

17551 = Il |l < (|10 = I3 ual |-

In [31], we provided a Korn-type inequality in the spirit of [23, Theo-
rem 3.1] and the preceding work [12]. It states that, provided a shape
regular, simplicial triangulation 7¢, on a facet F'* € F*

(30) ITGid = B)ua] fpe < ha Y llealua)lFe.

TeeApa

By the hierarchical definition of the Nédélec interpolation operator, we
have

NI g = Nu,  and  e(Igu,) = 0.

«,
When using higher order interpolation operators, one can thus deduce
easily

(31) [[[d— Eua] o = e Y llealta — Iua) |2

TeeApa

(32) < R Z ”Vgnga(ua)HzATaa

TYEApa

where we have to use Lemma 4 to obtain estimate (32).

The facet F is the tensor product of a simplicial element T and
a facet F'“. As all functions are supposed to be piecewise smooth,
Fubini’s theorem is applicable, and integration with respect to «, (3
may be done independently. Using this and the bound (32), we may
estimate

(LR ATA [ A I AR [
< oy //A lea(ua)|? dad

TeceAR
< RN lleaua)llA,
TeEAR

which concludes our proof.
O

Corollary 7. For m < k and u € [H™(Q)]¢, there holds the inter-
polation error estimate

lu — Rullyy, = W3 Vae(u)lly + A2V 2e(u) |
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Lemma 8. The interpolation operator I defined in (27) satisfies the
approximation property

lo = Iiollz < hZ IV olla, + h2 Vo,
form <k+1ando € H"(Ar) on an element T € T.

Proof. The result follows directly by bounding the respective sub-
blocks of o — I’o. We will do the calculations for the x-block, the
estimate for the other two sub-blocks follows the same line.

(0 = 1E0) |l = lloe = Lxllioell;
< Nlow = 0|l + | i1 (02 — Toroa) |, -

By the approximation properties of the two interpolation operators I f K
and I7, , and the L? continuity of the latter one, we obtain

(o 10), % 12 IV20ul, + K21V o
O

4.3. Anisotropic error estimates. We provide an error estimate for
the finite element solution on the tensor product domain. In Theo-
rem 3 we employed standard theory for mixed problems to bound the
discretization error by the best-approximation error. Now, estimating
this quantity by the interpolation errors from Corollary 7 and Lemma 8,
we arrive at the following theorem.

Theorem 9. Let (u,0) be the solution to the continuous problem (8)
and (up,op) € Vi X Xy be the approzimation determined by (13). Let
T be a tensor-product mesh for 2 as defined above. If u € H™(Q)
and o € H™(Q)),

lo = onlls, + lu—unllv, = h’;‘(HV;”UHLz(m+\|V;”€<u>|\m<m)+

w2 (1970l ooy + V7@ 2.

We emphasize that the constant hidden in “X7 is independent of the
anisotropic mesh sizes hg, h, and their ratio hy/h.,.

5. NUMERICAL EXAMPLES

As a first example, we consider a plate, where the cross section is
the unit square, Qg = [0, 1] x [0, 1]. We use a coarse triangular mesh of
mesh size h, >~ 0.4. We assume the material to be homogenous and
isotropic, and set Young’s modulus £ = 1, Poisson ratio v = 0.4. We
apply a volume force in vertical direction f = (0,0, d.)” in Q.
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We discretize the domain using a coarse tensor-product mesh. The
in-plane triangulation 7% consists of 16 elements, in thickness direc-
tion we use one to four elements. This implies that the mesh size in
thickness direction varies from h, = d, to h, = 0.25-d,. We first
do all computations for d, = 0.1, so the aspect ratio of the domain is
1/10. We use adaptive refinement in x-direction, but keep the mesh
size fixed in z-direction. We use finite element spaces of orders one
and two. In Figure 4, we plot the error against the number of degrees
of freedom. The different curves correspond to different discretizations
with respect to the z-direction using one, two and four elements in
thickness direction. As expected, a linear or quadratic rate of conver-
gence is achieved in the first refinement steps, indicated by the slope
of the error curve almost parallel to the given reference slopes. For the
different discretizations with respect to z-direction, the error curve sat-
urates at different points. This saturation happens as soon as the total
error is dominated by the error due to the mesh size h,.In Figure 5, we
used a plate of thickness d, = 0.01, and one element in thickness direc-
tion. Again, we plot the error using adaptive refinement in a-direction,
and find the almost optimal order of convergence. Moreover, we ap-
ply the p-version of the finite element method. We use the same coarse
mesh as for the h-version, but perform one level of geometric refinement
towards the sides of the plate. We keep this mesh fixed, and do calcu-
lations for increasing polynomial order, namely k = 1,...4. We see the
exponential convergence one generally expects for high-order methods,
although exponential convergence with respect to the polynomial de-
gree was not shown rigorously in the current work. The stability proofs
in Section 3 may thus be not optimal.

Our next example is a cylindrical shell of thickness d, = 0.01. We
discretize the shell by prismatic, curved elements, where the order of the
element mapping is equal to the order of the underlying finite element
spaces. Note that curved elements are not covered by the theory in the
previous sections. We used both our mixed finite elements, as well as a
standard primal H! conforming discretization. For the standard primal
method, we choose elements of polynomial order k£ = 5, while for the
new mixed method elements of order £k = 3 are used. The standard
discretization leads to 49722 coupling degrees of freedom, while for
the proposed mixed methods, 42451 coupling degrees of freedom arise.
In Figure 6, we plot the absolute value of the stress |o|. Clearly, the
mixed method leads to better results even though the polynomial order
is chosen lower than for the standard method.
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FIGURE 4. Estimated error vs. degrees of freedom for
a square plate of thickness d, = 0.1, with one, two and
four elements in transverse direction (h, = 0.1, 0.05 and
0.025), top order k = 1, bottom order k = 2.
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