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SUMMARY

The first super-convergent hybridisable discontinuous Galerkin (HDG) method for linear elastic problems
capable of using the same degree of approximation for both the primal and mixed variables is presented.
The key feature of the method is the strong imposition of the symmetry of the stress tensor by means of the
well-known and extensively used Voigt notation, circumventing the use of complex mathematical concepts
to enforce the symmetry of the stress tensor either weakly or strongly. A novel procedure to construct
element-by-element a super-convergent post-processed displacement is proposed. Contrary to other HDG
formulations, the methodology proposed here is able to produce a super-convergent displacement field for
low order approximations. The resulting method is robust and locking-free in the nearly incompressible
limit. An extensive set of numerical examples is utilised to provide evidence of the optimality of the method
and its super-convergent properties in two and three dimensions and for different element types.
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1. INTRODUCTION

The numerical approximation of the linear elasticity equation presents several difficulties as
highlighted by the extensive literature available on the topic (cf. e.g. [1, 2]). In particular, locking
phenomena in nearly incompressible and incompressible materials, construction of stable pairs of
finite elements and strong enforcement of the symmetry of the stress tensor in mixed formulations,
accurate computation of the stresses (classically recovered from the displacement field via numerical
differentiation) and post-process procedures to improve the quality of the approximate displacement
fields are some of the subjects that have attracted the attention of the scientific community over the
last 40 years.

It is well-known that an accurate approximation of the linear elastic problem for nearly
incompressible materials requires the discrete space in which the solution is sought to be rich enough
to describe nontrivial divergence-free vector fields. Within this context, the primal formulation
where the displacement field is the sole unknown fails to provide a locking-free approximation
using low-order conforming Lagrangian finite element functions. In fact, Brenner and Sung [3]
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proposed a possible remedy by means of the nonconforming Crouzeix-Raviart element [4]. In order
to circumvent this issue, two main approaches have been proposed in the literature. On the one hand,
mixed formulations in which both the displacement field and the stress tensor act as unknowns of a
saddle point problem [5]. On the other hand, discontinuous Galerkin (DG) discretisations in which
the approximate displacement field is sought in a bigger space and the variational formulation of the
problem is modified to account for the jumps of the discrete displacement field across the element
interfaces [6, 7].

Starting from the seminal paper by Reissner [5], mixed variational formulations of the linear
elasticity equation have known a great success in the scientific community. The solution of the
resulting saddle point problem provides an approximation of both the displacement field and
the stress tensor that is not retrieved as a post-processed quantity (with a consequent loss of
precision) as in the primal formulation [8]. A major drawback of the mixed formulation lies in
the difficulty of constructing a pair of finite element spaces that fulfil the requirements of Brezzi’s
theory [9] to guarantee the stability of the method. More precisely, concurrently imposing the
balance of momentum by seeking a stress tensor in H(div) (i.e. a square-integrable tensor with
square-integrable row-wise divergence) and the balance of angular momentum by enforcing its
symmetry proved to be an extremely difficult task [10]. Stemming from the pioneering work by
Fraejis de Veubeke [11], a first approach discussed in the literature relies on maintaining the
H (div)-conformity of the stress tensor while its symmetry is relaxed (cf. e.g. [12-14]). Among the
most successful approaches, the so-called PEERS element by Arnold, Brezzi and Douglas Jr. [15]
introduced a Lagrange multiplier as extra variable to account for the symmetry constraint, see
also [16-21]. In 2002, the first stable pair of finite element spaces for the discretisation of the mixed
formulation of the linear elasticity equation with H (div)-conforming strongly enforced symmetric
stress tensor in two dimensions was proposed by Arnold and Winther [22]. The corresponding three
dimensional case is discussed in [23,24]. Nevertheless, the construction of these finite element pairs
is based on nontrivial techniques of exterior calculus [25] and results in a large number of degrees
of freedom per element (the lowest-order approximation of the stress tensor features 24 degrees of
freedom on a triangle and 162 on a tetrahedron) making their application to complex problems
unfeasible. More recently, an alternative mixed formulation featuring a tangential-continuous
displacement field and a normal-normal continuous symmetric stress tensor has been proposed by
Pechstein and Schoberl [26]. For a detailed discussion on mixed methods, the interested reader is
referred to [27].

An alternative approach to the discretisation of the linear elastic problem focuses on relaxing the
H (div)-conformity of the stress tensor while strongly enforcing its pointwise symmetry. This results
in nonconforming discretisations (cf. e.g. [28—30]). Moreover, owing to the fact that these methods
use polynomial basis functions but no degrees of freedom is located in the vertices of the elements,
Gopalakrishnan and Guzman [31] show that the resulting nonconforming approximation may be
efficiently implemented via hybridisation. Nevertheless, the convergence rate of the stress tensor is
sub-optimal when using this nonconforming discretisation. Among nonconforming discretisations,
the DG method has experienced a great success in recent years. The interest in DG methods for the
linear elastic problem is motivated by their high-order convergence properties and their flexibility in
performing local h- and p-adaptivity. Beside the aforementioned works by Hansbo and Larson [6,7],
see also [32,33]. The ability of DG methods to efficiently construct a locking-free approximation in
nearly incompressible materials has been recently analysed in [34] also for the case of heterogeneous
media. In [35], a discontinuous Petrov-Galerkin (DPG) formulation is proposed to simultaneously
approximate the displacement field and the symmetric stress tensor and is shown to be hp-optimal.

More recently, novel discretisation techniques inspired by the previously discussed ones have
been proposed. The local discontinuous Galerkin (LDG) method [36] is based on a mixed
discontinuous Galerkin formulation and provides an exactly incompressible approximation of the
displacement field, that is a displacement field which is normal-continuous across inter-element
boundaries and pointwise incompressible inside each element. The method converges optimally
for the displacement field whereas the strain tensor and the pressure results are sub-optimal by
one order. Moreover, contrary to the framework discussed by Gopalakrishnan and Guzman [31],



the method cannot be hybridised, thus resulting in a considerable number of degrees of freedom
for high-order approximations. Stemming from the work on LDG, Cockburn and co-workers have
proposed the hybridisable discontinuous Galerkin (HDG) method whose analysis for the linear
elasticity equation is available in [37, 38]. HDG is based on a mixed discontinuous Galerkin
formulation with hybridisation and provides an optimally convergent displacement field with order
k + 1 whereas the strain and stress tensor converge sub-optimally with order k£ + 1/2. The optimal
approximation of the stress tensor may be retrieved by adding matrix bubble functions to the discrete
space as discussed in [39]. The alternative HDG formulation by Qiu et al. [40] exploits polynomials
of different degrees for the approximation of the displacement field (order k + 1), its trace (order k)
and the strain tensor (order k). By introducing a modified definition of the numerical trace, optimal
convergence of order k + 1 for all the unknowns is retrieved.

In [41], Di Pietro and Ern discuss the hybrid high-order (HHO) method which features a
nonconforming discretisation based on a pure displacement formulation of the linear elastic
problem. The method leads to a locking-free displacement field and a strongly symmetric strain
tensor, both converging with optimal order. Similarly to the hybridisation in HDG, the definition
of the unknowns on the faces reduces the computational cost associated with the solution of the
problem, making HHO suitable for high-order approximations. It is worth noting that in [42],
Cockburn, Di Pietro and Ern re-interpreted the HHO method for scalar diffusion problems within
the HDG framework originally discussed in the seminal contribution [43]. In a similar fashion,
HHO for linear elastic problems [41] is a close relative of the HDG method by Cockburn and co-
workers [37,38] and, consequently, to the HDG formulation based on Voigt notation discussed in
the present work. Nonetheless, as the authors remark, HHO differs from HDG in the choice of a
novel set of local discretisation spaces and in the definition of the numerical trace of the flux. On the
contrary, the present work maintains the classical HDG mixed formulation with the corresponding
numerical trace of the flux proposed in [37, 38] and reduces the space of the mixed variable to
vector-valued functions accounting solely for the non-redundant terms owing to Voigt notation.

Eventually, other high-order formulations based on a description of the displacement field by
means of a hybrid variable and a strong enforcement of the symmetry of the stress tensor have been
discussed in the literature [44—46]. For a comprehensive presentation of the dual hybrid approaches
known as equilibrium formulations, the interested reader is referred to the monograph [47]. Inspired
by the works of Arnold and Brezzi [48] and Stenberg [18] on mixed methods, Cockburn and
co-workers have investigated several procedures to construct a super-convergent post-processed
solution by exploiting both the optimally convergent primal and mixed variables. Nevertheless,
as shown in [37], the case of linear elasticity experiences a sub-optimal convergence of the
strain tensor and consequently a loss of super-convergence for the post-processed displacement
field. A great effort within the HDG community is currently devoted to investigating techniques
to remedy this issue and retrieve the super-convergence of the post-processed variable even for
low-order approximations (i.e. k£ = 1,2). More precisely, Cockburn and co-workers have recently
introduced the concept of M-decomposition [49, 50] to construct discrete spaces suitable to
retrieve the aforementioned super-convergence property. This elegant theory guarantees that an
HDG approximation for which the local space admits an M-decomposition provides a locking-
free approximate displacement field, an optimally convergent approximate stress tensor and a
super-convergent post-processed displacement field obtained via an element-by-element procedure.
Nevertheless, the construction of such spaces is nontrivial and their implementation in existing HDG
library is not straightforward.

This work proposes an extremely simple alternative to remedy the loss of optimality of the mixed
variable in the HDG formulation of the linear elastic problem for £ > 1 by strongly enforcing its
symmetry with classical nodal-based discrete interpolation spaces. Special attention is given to low-
order approximations, namely linear and quadratic polynomials, which especially tend to experience
sub-optimal behaviour using the classical HDG formulation. First, the Voigt notation for symmetric
tensors is recalled and the linear elasticity equation is rewritten strongly enforcing the symmetry
of stress tensor (Section 2). In Section 3, the HDG framework discussed by Soon et al.in [37] is
considered and discrete spaces featuring equal order interpolation for all the variables are employed.



By exploiting the retrieved optimal convergence rate of order £ + 1 of the mixed variable (i.e. the
stress tensor) a novel procedure to derive a super-convergent post-processed displacement field is
introduced (Section 4). The displacement field being identified up to rigid motions (three in 2D and
six in 3D), an additional set of constraints is required for the displacement field to be unique and
different solutions are discussed. Extensive numerical tests in both two and three dimensions are
presented in Section 5 to validate the convergence rates of the primal, mixed and post-processed
variables, using different types of elements commonly implemented in commercial finite element
solvers. Special attention is given to the nearly incompressible limit case in which the novel
formulation confirms to be locking-free and the optimal convergence rates are preserved. Section 6
summarises the discussed results whereas the implementation details are provided in Appendix A.

2. PROBLEM STATEMENT

In this section, the governing equations that describe the mechanical behaviour of a deformable
solid within the infinitesimal strain theory are introduced and the corresponding formulation using
the Voigt notation for symmetric tensors is recalled. For a complete introduction to this subject, the
interested reader is referred to [51-53].

2.1. Strong form of the linear elastic problem

Let Q2 C R be an open bounded domain in ns4 spatial dimensions with boundary 92 = TpuUuTy,
I'p NTy = @ and T'p featuring positive (ngy — 1)-dimensional Hausdorff measure. The mechanical
behaviour of a deformable solid 2 within the infinitesimal strain theory is the described by

—-V.o=f in Q,
oc=0c" inQ,
(D

U =uUp OHFD,

n-oc=g onl'y,

where u is the displacement field and o is the Cauchy stress tensor. The elastic structure {2 under
analysis is thus subject to a volume force f, a tension g on the surface I'y and an imposed
displacement uwp on I'p.

Equation (1) is the strong form of the linear elastic problem and states two conservation
laws, namely the balance of momentum and the balance of angular momentum. Remark that
the latter implies the symmetry of the stress tensor, that is o belongs to the space S"s¢ of
nsg X ngq symmetric matrices. The full set of equations is closed by a material law that describes
the relationship among the variables at play and depends on the type of solid under analysis.
In particular, a linear elastic material is considered. Within this context, the so-called Hooke’s
law establishes a linear dependency between the stress tensor o and the linearised strain tensor
e(u) := (Vu + VuT) /2 via the fourth-order tensor A : ) — S"=¢ known as the elasticity tensor.
In this work, only homogeneous isotropic materials are considered, whence the elasticity tensor A
depends neither on the spatial coordinate x nor on the direction of the main strains. The mechanical
properties of a linear elastic homogeneous isotropic material are determined by the pair (E,v),
respectively known as Young’s modulus and Poisson’s ratio (cf. e.g. [52]). Within the range of
physically admissible values of these constants (i.e. v € (—1,0.5)), the relationship between the
stress tensor and the linearised strain tensor reads

E FEv

e A (7 (=7

tr(e(w))L.,, )

where I,,_, is the nsq X ngq identity matrix and tr(-) :=-:I,_, is the trace operator, being : the
Frobenius product, also known as double contraction. For the purpose of the current work, only
nonauxetic materials are considered, that is the Poisson’s ratio v is assumed to be nonnegative.



By plugging (2) into (1), the stress tensor may be expressed in terms of the displacement field and
the pure displacement formulation of the linear elastic problem is retrieved:

-V - (4e(u))=f inQ,
u=up Oon FD, (3)
n-(Ae(u))=g onTy.

Remark 1

The elasticity tensor exists and is invertible as long as v < 0.5. It is straightforward to observe that
when v — 0.5, the divergence of the displacement field in (2) has to vanish, that is, the material
under analysis is incompressible.

This case cannot be properly handled by the pure displacement formulation since the elasticity
tensor deteriorates and A fails to exist in the incompressible limit, thus preventing the stress tensor
to be expressed in terms of the displacement field. A possible remedy is represented by mixed
formulations in which both the displacement field and the stress tensor act as unknown of the
problem. The associated first-order problem is thus obtained by considering the following system
of equations:

—-V.o=f in Q,
o=0" in €,
o= Ae(u) inQ, “4)
U =1up onI'p,
n-o=g onI'y.

2.2. Strong enforcement of the symmetry of the stress tensor

Consider the classical theory of linear elasticity [54]. Let w := [ul]T e€R"™e 4=1,...,nsq be
the vector field describing the displacement. The strain tensor may be divided into its diagonal
components (namely, the extensional strains €;;) and its off-diagonal terms -;; known as shear
strains

aui o 8711' auj
833/ Vij = 8$j + 8.%‘1"

Owing to its symmetry, only three components in 2D (two extensional and one shear strains) and
six components in 3D (three extensional and three shear strains) need to be stored. More precisely,
according to the so-called Voigt notation, the components of the strain may be arranged as a column
vector in R™ as follows:

e, €22 2 in 2D,
ey = T .
€11, €22, €33, M2, Y13, V23] in3D,

Eii ‘= fori,j: 1,...,1’15d. (5)

]T

(6)

where mgq = ngq(nsq + 1)/2. Here the components are ordered following the rationale proposed
by Fish and Belytschko [54].

Remark 2
The linearised strain tensor e(u) € S™= differs from its Voigt counterpart e, € R™ by a factor 1/2
in the shear components, that is:

[ P
€11 712/ in 2D,
M2/2 €2
e(u) := 11 M2/2 ms/2 )

Y12/2 €22 7a3/2| in3D.
_’Y13/2 Y23/2 €33




Following the framework described by Fish and Belytschko in [54], the matrix Vg € RMsa*nsd
accounting for the symmetric gradient operator is introduced:

- T
8/8x1 0 a/axg in 2D
0 d/0xy 0/0xy ’
Vsi=19 [0/0z1 0 0 8/ows 8)ows 0 ] 8)
0 9/dws O 9oz O  9/dws| in3D.

Thus, the components of ey may be expressed in terms of the displacements « by means of a single
matrix equation ey = Vgu.

In a similar fashion, within the stress tensor o two normal components o;; and one shear
component 7;; in 2D (respectively, three and three in 3D) may be identified owing to the symmetry
arising form the balance of angular momentum (cf. equation (4)). Thus, according to Voigt notation,
the stress tensor may be written as the following column vector in R™s4:

T .
oy = {[011, 022, 7’12] in 2D, ©

T .
[0117 022, 033, T12, T13, 7'23} in 3D.

2.3. The linear elastic problem using Voigt notation

In this section, the previously introduced Voigt notation is exploited to rewrite the linear elastic
problem (4) by strongly enforcing the symmetry of the stress tensor. The second equation in (4) is
thus verified in a straightforward manner. The balance of momentum may be rewritten as a matrix
equation by exploiting the notation introduced in (8) for the symmetric gradient operator:

—V8ie, =7 (10)

Moreover, the constitutive equation (2) may be expressed as oy = Dey, where D is an mggq X mgq
symmetric positive definite matrix describing the generalised Hooke’s law.

Remark 3

In two dimensions, the structure of the matrix D depends on the assumption made to simplify the
three dimensional model. On the one hand, according to the plane strain model, the body is thick
with respect to the plane z; x5 and consequently the extensional strain along x3 and the shear strains
v:i3,© = 1,2 vanish. On the other hand, the plane stress model is based on the assumption that the
body is thin relative to the dimensions in the x; x5 plane. Thus, no loads are applied along the x5
direction and the component o33 of the stress tensor is assumed to vanish.

B 1—v v 0

(1+v)(1—2v) v 1-v 0 in 2D (plane strain),
0 0 (1-2v)/2
B 1 v 0
D=21_.2|" 1 0 in 2D (plane stress), (11
0 0 (1-v)/2
1—v v v

= voomr Ons in 3D.

(1+V)(1—2I/) v v 1—v
.., (1—2)/21,.,



Following the same rationale discussed above, an mg4q X ngg matrix accounting for the normal
direction to the boundary is introduced:

- T
n 0 m in 2D,
0 ng  Nq
- r T
N:= ni 0 0 ne ng 0 (12)

0 ng 0 m 0 ng in 3D,

0 0 n3y 0 ny ng

and the matrix counterpart of the traction boundary conditions is imposed on I, thatis N” oy = g.
Hence, the linear elastic problem (4) using Voigt notation reads as follows:

—V8ie,=f inQ,
Oy = DEV in Q,

13
u=up OHFD, ( )

NTqy =g onI'y.

2.4. Generalised Gauss’s and Stokes’ theorems

In order to state the variational formulation of Equation (13), a counterpart of the classical Gauss’s
theorem using the Voigt matrices introduced in the previous sections is required. The following
result holds:

Lemma 1 (Generalised Gauss’s theorem)
Consider a vector v € R and a symmetric tensor ¢ € S™=¢ whose counterpart in Voigt notation is
Gv. It holds:

/ (N'¢y) -vdl = / Sy (Vsv)dQ+ / (Vi) - vdq. (14)

1) Q Q

Proof
Rewrite each term in (14) in terms of the operators associated with the matrices introduced by the
Voigt notation:

/ (N"sy) ~vdI‘:/ (n-g)-vdl, (15a)

o0 o0

/ sv- (Vsv) dQ = / c:e(v) dQ, (15b)
Q Q

/ (Visy) - vdQ :/ (V-5)-vd. (15¢)
Q Q

By summing the right hand sides of (15), the classical statement of Gauss’s theorem is retrieved and
consequently (14) holds. O

The aforementioned result allows to derive the formulation of the HDG method which will be
discussed in Section 3. Moreover, in Section 4, a novel post-process procedure of the HDG solution
which relies on a condition on the curl operator will be introduced. In order to properly state
the aforementioned results, first consider the infinitesimal rotation of a vector field using Voigt
notation. Consider R € R"==*"s4_with n,, the number of rigid body rotations in the space (one in
2D and three in 3D). Within this rationale, curl(u) := V x u may be written as the matrix equation
curly(u) = Ru, where

[—8/81'27 8/61‘1} in 2D,
R .= 0 —8/81‘3 8/8.’1)2 . (16)
9/0; 0 —9/0xy| in3D.

*3/81‘2 6/6581 0



Remark 4
Recall that the curl of a vector field v € R? exists solely as a scalar quantity, namely
(9112 81}1
v =— - —. 17
xv 8x1 (91'2 ( )

Nevertheless, by embedding v in R? and setting its third component equal to zero, the curl may be
interpreted as a vector pointing entirely in the direction z3 with magnitude given by Rw, that is, the
value on the right hand side of Equation (17).

Moreover, consider the following matrix T € R"==*"s¢ describing the tangent direction to the
boundary of (2 C R"s¢, that is a tangent line in 2D and a tangent surface in 3D:

|:—1’L27 ’nl] ln 2D,
T.— 0 =m maf (18)
ns 0 -—m in 3D.
—MNg9 ny 0

As previously done for the Gauss’s theorem, a generalised Stokes’ theorem using the Voigt matrices
is stated:

Lemma 2 (Generalised Stokes’ theorem)
Consider a vector v € R"¢, It holds:

/Rv dQ) :/ Tov dl. (19)
Q o0
Proof
Following the same rationale used in Lemma 1, each term in (19) may be rewritten as follows:
/Rde:/vadQ, (20a)
Q Q
/ TvdF:/ v-tdl, (20b)
o0 aQ
where t is the tangential direction to the boundary 0f). By plugging (20) into (19), the classical
statement of Stokes’ theorem is retrieved and consequently (19) holds. O

3. HYBRIDISABLE DISCONTINUOUS GALERKIN FORMULATION

Consider a partition of the domain 2 in n.; disjoint subdomains {2, with boundaries 0f2.. The
internal interface I is defined as

r= lU GQe] \ 9. Q1)
e=1

The second-order elliptic problem of Equation (13) can be written in mixed form, in the so-called
broken computational domain, as a system of first-order equations, namely
L+D1/2Vsu:0 in Q.,and fore =1,...,ne1,

Vng/QL:f in Q.,and fore =1,...,nc1,
u=up Oon FD,
N'D'?2L = —g onTy,
[uen]=0 onT,
[INTDY2L] =0 onT,

(22)




where [-] denotes the jump operator, defined along each portion of the interface according to [55]
as the sum of the values from the element on the right and left, say 2. and €;:

[0] = Ge + G (23)

Therefore, the last two equations in (22) enforce the continuity of respectively the primal variable -
i.e. the displacement field - and the normal trace of the stress across the interface I'.

3.1. Strong form of the local and global problems

The HDG formulation solves the problem of Equation (22) in two stages [43, 56—60]. First a local
pure Dirichlet problem is defined to compute (L., u.) element-by-element in terms of the unknown
hybrid variable u, namely

L.+D'Y?’Viu.=0 inQ.
vVIDY2L,=f inQ.

u, =up ondQ.NIp,

u.=u ond \Ip,

(24)

fore=1,...,n¢;.
Second, the global problem is defined to determine the hybrid variable (i.e. the trace of the
displacement field on the mesh skeleton I' U I' ), namely

[u®n]=0 onT,
INTDY2L]=0 onT, (25)
N'DY?L =—-g onTy.

As usual in an HDG context, the first equation in (25) is automatically satisfied due to the unique
definition of the hybrid variable u on each face and the Dirichlet boundary condition u, = u
imposed in the local problems.

3.2. Weak form of the local and global problems

Following the notation in [61], the discrete functional spaces
VHQ) = {v € L2(Q) 1 v]g, € PH(Q) Ve, e=1,...,001 }, (26a)
VI(S) = {b € L2(S) : Olr, € PHIy) VI, € S CT U}, (26b)

are introduced, where P*({).) and P*(T;) are the spaces of polynomial functions of complete
degree at most k in 2, and on I'; respectively. In addition, the classical internal products of vector
functions in £5(.) and Lo(T';)

(P, g)a. :=/ p - q df, (P, Q)oq. =
Q.

> [ peqar @)

are considered.
For each element ., e =1,...,n.1, the discrete weak formulation of (24) reads as follows:
given up on T'p and @ on T U Ty, find (L, ul) € V()] x [V(€2)] = that satisfies

— (v, LMq. + (VIDY20,ul)q. = (NIDY?v,up)oo.nr, + (NIDV20, 4" p0.r,, (282)
— (Vsw,DY2LM)q, + (w,NIDV2L") 50, = (w, f)a., (28b)

for all (v, w) € [VP(Q)]"s x [VR(Q,)]7=.
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Integrating by parts Equation (28b) and introducing the following definition of the trace of the
numerical stress featuring a stabilisation parameter 7.

— NTDY2Lh 4 7 (ul — 0. NTp,
NIDU2L = d e 2 Z+7' (uz 11}[:) on D 29)
N;D'"?L} + 1.(u} —u") elsewhere,
leads to the symmetric form of the discrete weak local problem: for e = 1,...,n.;, given up on

Tpand@on T UTy, find (L" ul) € [VP(Q.)]" x [VH(Q.)]" that satisfies

e

- (’U, LZL)QQ + (VEDI/QIU’ uZ)Q = <NZD1/2'Ua uD>BQC|’TI‘D + <NzD1/2’U7ah>BQe\FD7 (303)

e

(w, VIDY2L!M o, + (w, Tul)oq, = (w, flo. + (w, Teup)oa.nrp, + <w77eﬁh>aﬂe\rm
(30b)

for all (v, w) € [V"(Qe)]™ x [V(Qe)]s.
Similarly, the discrete weak form of the global problem that accounts for the transmission
conditions and the Neumann boundary condition is: find a" e []>h(F U T n)]"= such that

Ne1 Ne1
> {(@ NIDYV2 L 0 \r,, + (0, T wl)oo,vrp — (@, 7o @ a0r, b = = D (@, Qonry
e=1 e=1

. 31
forall w € V(T UT y)] .
3.3. Spatial discretisation

The discretisation of the weak form of the local problem given by Equation (30) using an
isoparametric formulation for the primal and mixed variables leads to a linear system with the

following structure
Arr Apu| JLe £, Apa| -
= e 32
P RS TR N .
fore=1,...,n¢1.

Similarly, using an isoparametric formulation for the hybrid variable produce the following
system of equations

S {af, Az, {ﬁj} Al ) =Y I6L 33)

e=1 i=e

The expressions of the matrices and vectors appearing in Equation (32)-(33) are detailed in
Appendix A.

After replacing the solution of the local problem of Equation (32) in Equation (33), the global
problem becomes

Ko =1, (34)
with
-1
~ Nel A A A il
_ T T LL Lu Li B
K= Ae:l [ALﬁ Auﬁ} e |:A€u Auu:| . |:Au11:| . + [Auu]e (353.)
and

-1
f=AC ) - [AT, AlLl, [2? iiﬂ {E} : (35b)

€
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3.4. A remark on the Ly convergence rates for the primal and mixed variables

Differently from the classical results for HDG [43, 56-60], the best convergence rates proved by
Cockburn and co-workers for the linear elasticity equation [38] only achieve a convergence of order
k for the gradient of the displacement field. The convergence rate of both the strain and stress tensors
achieves order k + 1/2 but remains sub-optimal with respect to the one of the displacement field
(order k + 1). This issue vanishes when moving to high-order approximations in which the optimal
convergence of the gradient of the displacement field is retrieved. Nevertheless, the aforementioned
limitation represents a major drawback for the application of the classical HDG formulation using
polynomials of degree less than 3.

The formulation based on Voigt notation discussed in this article outperforms the convergence
rates proved in [38] by always achieving order k + 1 for all the variables (cf. Section 5). The
possibility of deriving a sharper a priori bound for the mixed variable exploiting the rationale
introduced by the Voigt notation will be investigated in a future work. In next Section, the optimal
numerical convergence of the mixed variable is exploited to construct a post-processed displacement
field which super-converges with order k + 2.

4. SUPER-CONVERGENT POST-PROCESS OF THE DISPLACEMENT FIELD

As previously mentioned, a known feature of the HDG method is the possibility to exploit the
accuracy granted by the convergence of order k + 1 of the mixed variable (i.e. the stress tensor) to
perform a local post-process of the primal variable and construct element-by-element a displacement
field u* superconverging with order k + 2. Nevertheless, for the linear elastic problem under
analysis the classical approach in [37] shows some issues resulting in a loss of super-convergence
of the post-processed solution for low-order approximations. Following [61], in this section a novel
post-process procedure is discussed and the super-convergence of u* is retrieved.

Introduce the space V! (£2) of the polynomials of complete degree at most k + 1 on each element
Qe:

V) = {v € L2(Q) 1 v|g, € PP (Q) Ve, e=1,...,n01 }. (36)
For each element 2., e =1, ..., n.1, consider the definition of the mixed variable in (24):
L.+ DY?*Vsu, = 0. (37)

The post-processed solution w* is sought in the richer space [Vﬁ(Q)]nSd and fulfils the following
element-by-element problem:

{VZDI/QVSug ~VvIL, inQ. e=1,... n., .

NT'DY?V ur = —NTL. on 0Q..

Remark 5

The solution of Equation (38) is not uniquely identified in [V ()] "1 More precisely, it is unique
excluding rigid motions, that is up to a family of functions v* such that Vsv* = 0. From a practical
point of view, u* is identified up to three (respectively, six) constants in two (respectively, three)
dimensions. Each constant is associated with one rigid motion, namely two translations and one
rotation (respectively, three and three) in 2D (respectively, 3D).

In order to remove the above mentioned underdetermination, three additional constraints in 2D
and six in 3D are required. Moreover, these conditions have to converge with a sufficiently high
degree of accuracy as will be detailed below (cf. Remarks 6 and 7). First, consider the classical
super-convergent solvability constraint added in the HDG literature to close Equation (38):

/ ul dQ = / ul dQ. (39)
Qe Q

e
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Remark 6

For the post-processed variable u* to converge with order k + 2 in the £2(2) norm, the mean value
of w inside the element €2, in Equation (39) has to converge with order at least £ + 2 as discussed
by Cockburn and co-workers [56, 62, 63].

It is straightforward to observe that condition (39) removes the underdetermination related to the
translational modes. Nonetheless, one additional constraint is required in 2D and three in 3D to
remove the rotational modes. A first strategy proposed by Soon et al. [37] relies on decomposing
the post-processed solution in two components, the first one arising from the projection of the HDG
solution onto the space of rigid motion displacements and the second one from the solution of (38) in
the space of polynomials with no rigid motion. This post-process technique is inspired by the work
of Stenberg [18] on mixed finite elements and allows to retrieve the uniqueness of the post-processed
solution but the super-convergence is lost for low-order approximations. Alternatively, in recent
years [50], the extremely elegant, but rather complicated, framework of the M -decomposition has
been extensively studied to devise the proper discrete spaces to obtain optimal convergence and
super-convergence of the post-processed solution.

In the following section, three different approaches to account for the rotational modes will be
numerically compared. First, the previously mentioned idea by Soon ef al. [37] is re-interpreted
constraining Equations (38)-(39) by means of the following condition accounting for the rigid
rotation of the displacement field with respect to the barycentre of the element:

/ (m—mb)xu;dﬂz/ (& — ) x ul dQ, (40)
Qe Qe

where x is the position vector and x; is the barycentre of the element 2. under analysis. Second,
a novel constraint which has not been previously considered in the literature is proposed to
substitute (40). More precisely, a constraint on the mean value of the curl inside the element €,
is introduced

/qu;dﬂz/ V x ul dQ. (41)
QE QE

By applying the Stokes’ theorem to the right-hand side of (41), an alternative formulation which
exploits the hybrid variable w is obtained

/ qu;dﬂz/ a" -t dr, (42)
Qe 0Qe

where t. is the tangential direction to the boundary 0f2..

Remark 7

Similarly to the observation in Remark 6, for the post-processed variable u* to converge with order
k + 2 in the £2(€2) norm, the mean value of its curl on the left hand side of Equations (41) and
(42) has to converge with order at least k£ + 1. According to Equation (41), it follows that the mean
value of the curl of the solution u inside the element €2, has to converge with order at least k + 1,
whereas owing to (42) the average of the tangential component of a" along the boundary 02, has
to converge with order at least k + 3/2.

By exploiting the Voigt notation introduced in Section 2.4, (41)-(42) may be written as

/ RuZ d)  according to (41),
/ Ru} dQ = { 7§ (43)
Qe T@" dU'  according to (42).
09,

An alternative physical interpretation of conditions (41)-(42) is given in [64], exploiting the
definition of the vorticity of a fluid as the curl of its velocity field. For additional details on the post-
process procedures inspired by the velocity-pressure-vorticity formulation of the Stokes equation,
the interested reader is referred to [65, 66].
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(a) Quadrilateral mesh 1 (b) Quadrilateral mesh 2 (c) Triangular mesh 1 (d) Triangular mesh 2

Figure 1. Two dimensional meshes of 2 = [0, 1]2 for the mesh convergence study.
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Figure 2. Two dimensional problem: HDG approximation of the displacement field and the Von Mises stress
using the third triangular mesh and k& = 2.

5. NUMERICAL EXAMPLES

5.1. Optimal order of convergence

This section considers two examples, in two and three dimensions, with known analytical solution
to test the optimal convergence properties of the error of the primal and mixed variables, u and L
respectively, measured in the £5(€2) norm and for different types of elements.

5.1.1. Two dimensional example The first example considers a plane stress model for the problem
of Equation (1) in the domain Q = [0, 1]%. The external load is selected so that the analytical solution

18
1

ul®) = 150
Neumann boundary conditions, corresponding to the analytical normal stress, are imposed on
I'n = {(z1,22) € Q| 2 = 0} and Dirichlet boundary conditions, corresponding to the analytical
solution, are imposed on I'p = 90 \ T' . The Young’s modulus is taken as £ = 1 and the Poisson’s
ratio is v = 0.25.

Uniform meshes of quadrilateral and triangular elements are considered to perform an h-
convergence study. The first two quadrilateral and triangular meshes are shown in Figure 1.

The displacement field and the Von Mises stress computed on the third triangular mesh and using
a quadratic degree of approximation are depicted in Figure 2.

The convergence of the error of the primal and mixed variables w and L, measured in the
L5(€2) norm, as a function of the characteristic element size h is represented in Figure 3 for both
quadrilateral and triangular elements and for a degree of approximation ranging from k = 1 up to
k = 3. It can be observed that the optimal rate of convergence h**! is obtained for all the element
types and degrees of approximation considered. It is worth noting that for the same characteristic
element size, the triangular meshes have four times more internal faces than the quadrilateral mesh

(1‘2 sin(mzy), xS+ cos(ch)). (44)
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Figure 3. Two dimensional problem: h-convergence of the error of the primal and mixed variables, « and L
in the £2(£2) norm for quadrilateral and triangular meshes with different orders of approximation.

(a) Hexahedral mesh 3 (b) Tetrahedral mesh 3 (c) Prismatic mesh 3 (d) Pyramidal mesh 3

Figure 4. Three dimensional meshes of 2 = [0, 1]3 for the mesh convergence study.

with the same element size. Therefore, despite the results in Figure 3 indicate that for the same
element size triangular elements provide more accurate results, when a comparison in terms of the
number of degrees of freedom is performed both elements provide similar accuracy.

5.1.2. Three dimensional example The next example considers the model problem of Equation (1)
in the domain Q = [0, 1]3. The external load is selected so that the analytical solution is

1
u(x) = 100 (1:1 sin(27mxe) + 9 cos(2mwxs3), xosin(2wws) + x5 cos(2mway),
x3sin(2rx1) + 1 cos(27rx2)). (45)

Neumann boundary conditions, corresponding to the analytical normal stress, are imposed on I'y =
{(z1,22,23) € Q| x5 =0} and Dirichlet boundary conditions, corresponding to the analytical
solution, are imposed on I'p = 90 \ T' . The Young’s modulus is taken as £ = 1 and the Poisson’s
ratio is v = 0.25.

Uniform meshes of hexahedral, tetrahedral, prismatic and pyramidal elements are considered to
perform an h-convergence study. A cut through the meshes of the domain for the third level of
refinement considered is represented in Figure 4 for all the element types.

The displacement field and the Von Mises stress computed on the fourth hexahedral mesh and
using a cubic degree of approximation are depicted in Figure 5.

Analogously to the previous example, the convergence of the error of the primal and mixed
variables w and L, measured in the £5({2) norm, as a function of the characteristic element size
h is represented in Figure 6 for all the element types and for a degree of approximation ranging
from k = 1 up to k = 3. It can be observed that a near optimal rate of convergence h**1 is obtained
for all the element types and degrees of approximation considered.
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Figure 5. Three dimensional problem: HDG approximation of the displacement field and the Von Mises
stress using the fourth hexahedral mesh and & = 3.
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Figure 6. Three dimensional problem: h-convergence of the error of the primal and mixed variables, u and
L in the £2(€2) norm for hexahedral, tetrahedral, prismatic and pyramidal meshes with different orders of
approximation.

5.2. Super-convergence of the displacement field

In this section, the three post-process procedures described in Section 4 are tested using numerical
examples. It is worth recalling that the three post-process options differ in the condition used to
remove the indeterminacy related to the rigid rotational modes.

5.2.1. Two dimensional example The different post-process techniques are applied to the two
dimensional example of Section 5.1.1.

The first post-process considers the condition of Equation (40). The convergence of the error of
the post-processed variable u*, measured in the £2(€2) norm, as a function of the characteristic
element size h is represented in Figure 7 for both quadrilateral and triangular elements and for a
degree of approximation ranging from k£ = 1 up to k = 3. The results indicate that, as other HDG
methods for linear elasticity [37], super-convergence of the post-processed solution is obtained
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Figure 7. Two dimensional problem: h-convergence of the error of the post-processed solution in the L2(€2)
norm for quadrilateral and triangular meshes with different orders of approximation using the post-process
technique of Equation (40).
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Figure 8. Two dimensional problem: h-convergence of the error of the post-processed solution in the L2 (2)
norm for quadrilateral and triangular meshes with different orders of approximation using the post-process
technique of Equation (41).

for kK > 2. When a linear approximation is used, quadrilateral elements show almost optimal
convergence but for triangular elements a sub-optimal rate of 2.4 is observed.

Comparing the errors of the post-processed solution to the errors of the HDG solution in Figure 3,
it is apparent that, despite no super-convergent results are provided by the first post-process
technique, the post-processed solution is substantially more accurate than the HDG solution for
both quadrilateral and triangular elements. It is worth noting that this post-process was utilised in
a different HDG formulation of the linear elastic problem for linear triangles [37] and sub-optimal
convergence was also observed.

Next, the post-process that considers the condition of Equation (41) is tested. Figure 8 shows the
convergence study for the error of the post-processed variable u* measured in the £5(€2) norm. The
results for quadrilateral elements are almost identical to the results obtained with the first technique,
whereas, for triangles, a sub-optimal order k£ + 1 is observed for all degrees of approximation.

Comparing the errors of the post-processed solution with triangles to the errors of the HDG
solution in Figure 3, it is apparent that little gain in accuracy is obtained with the post-processed
solution. This is crucial when the super-convergent solution is sought to devise automatic degree
adaptive processes [67,68] and suggests that the post-process provided by the second option cannot
be used to produce an accurate error estimator with triangles.

The last post-process technique proposed in this paper is considered, consisting of imposing
the condition of Equation (42). The convergence of the error of the post-processed variable u*,
measured in the £5(2) norm, as a function of the characteristic element size h is represented
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Figure 9. Two dimensional problem: h-convergence of the error of the post-processed solution in the L2(€2)
norm for quadrilateral and triangular meshes with different orders of approximation using the post-process
technique of Equation (42).

in Figure 9. The results reveal that almost the optimal rate of convergence is attained for both
quadrilateral and triangular elements and for all degrees of approximation. This indicates that the
average of the hybrid variable on the boundary leads to super-convergent results. It is worth noting
that the error of the post-processed solution obtained with the third post-process technique, proposed
here, is not only showing the optimal rate but it also provides an extra gain in accuracy when
compared to the first post-process technique, previously used in an HDG context.

5.2.2. Three dimensional example The different post-process techniques are considered in the three
dimensional example of Section 5.1.2.

The convergence of the error of the post-processed variable u*, measured in the £2(£2) norm,
as a function of the characteristic element size h is represented in Figure 10 when using the post-
process technique of Equation (40). The results reveal that super-convergent results are obtained
with & > 2 whereas with linear elements sub-optimal convergence is attained. It is worth noting that
in the two dimensional example almost super-convergent results where obtained with quadrilateral
elements whereas in three dimensions sub-optimal convergence of order k£ + 1 is observed for all
the different element types considered.

Next, the post-process that considers the condition of Equation (41) is tested. Figure 11 shows the
convergence study for the error of the post-processed variable u* measured in the £5(€2) norm. Only
the results for hexahedral and tetrahedral elements are reported in Figure 11 because, analogously to
the two dimensional example, this post-process leads to a sub-optimal rate k£ + 1 for all the different
elements types and degrees of approximation.

Finally, the last post-process technique proposed in this paper is considered. The convergence
of the error of the post-processed variable u*, measured in the £2(€2) norm, as a function of the
characteristic element size h is represented in Figure 12. The results show that almost the optimal
rate of convergence is attained for all the element types and for all degrees of approximation
considered. The numerical experiments performed in two and three dimensions confirm that the
post-process technique proposed in this paper for the first time lead to optimal super-convergent
results of the primal variable.

As in the two dimensional example, the error of the post-processed solution obtained with the
third technique, proposed here, is not only showing the optimal rate but it also provides an extra
gain in accuracy when compared to the first post-process technique, previously used in an HDG
context. When compared to the error of the HDG solution, represented in Figure 6, the post-process
proposed here provides a solution that is almost one order of magnitude more accurate than the
HDG solution, even for linear approximation of the solution.
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Figure 10. Three dimensional problem: h-convergence of the error of the post-processed solution in
the L£2(€2) norm for hexahedral, tetrahedral, prismatic and pyramidal meshes with different orders of
approximation using the post-process technique of Equation (40).
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Figure 11. Three dimensional problem: h-convergence of the error of the post-processed solution in the
L2(€2) norm for hexahedral and tetrahedral meshes with different orders of approximation using the post-
process technique of Equation (41).

5.3. Influence of the stabilisation parameter

The stabilisation tensor 7 is known to have an important effect on the stability, accuracy and
convergence properties of the resulting HDG method [37,43, 56]. This section presents a numerical
study to assess the influence of the stabilisation parameter on the accuracy of the results. For
simplicity, it is assumed that 7 = 7I,,_, and the influence of the scalar stabilisation parameter 7

is investigated.
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Figure 12. Three dimensional problem: h-convergence of the error of the post-processed solution in the
L2(2) norm for hexahedral, tetrahedral, prismatic and pyramidal meshes meshes with different orders of
approximation using the post-process technique of Equation (42).
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Figure 13. Two dimensional problem: error of the primal, mixed and post-processed variables, u, L and u*
respectively, in the £2(£2) norm as a function of the stabilisation parameter 7.

5.3.1. Two dimensional example Figure 13 shows the evolution of the error of the primal, mixed
and post-processed variables, u, L and u* respectively, in the £5({2) norm as a function of the
stabilisation parameter 7 for the two dimensional example studied in Section 5.1.1. The numerical
experiment is performed using linear and quadratic approximations and for quadrilateral and
triangular meshes and the value of 7 varies from 0.1 to 1,000.

The results reveal that there is a value of 7 for which the error of the primal solution is minimum.
For both quadrilateral and triangular meshes with linear and quadratic approximation, this value
is near 7 = 10. However, it is worth noting that for 7 = 10 the post-process of the displacement



20

logio(||£1] 2())
logio(||£1] 22(5))

-1 0 1 2 3 -1 0 1 2 3

logio(7) log1o(7)
(a) Hexahedrons (b) Tetrahedrons

logio (1 El22())
logio(|[ 1|2 ()

-1 0 1 2 3 -1 0 1 2 3

lOgl(](T) lOgl(](T)
(c) Prisms (d) Pyramids

Figure 14. Three dimensional problem: error of the primal, mixed and post-processed variables in the £2(2)
norm as a function of the stabilisation parameter.

field offers little or no extra gain in accuracy. When the error of the mixed variable is of interest,
the minimum error is achieved for a different value of the stabilisation parameter, near 7 = 3. It is
worth noting that the value of 7 = 3 also provides the best accurate results for the post-processed
variable. As a result, the value of 7 = 3 is considered the optimum value in this experiment as it
provides the most accurate solution for both the displacement (i.e. the post-processed variable) and
the stress (i.e. the mixed variable). It is also interesting to observe that for 7 = 3 the accuracy on the
primal and mixed variables is almost identical.

5.3.2. Three dimensional example A similar study is performed next for the three dimensional
example of Section 5.1.2. Figure 14 shows the evolution of the error of the primal, mixed and post-
processed variables, u, L and u* respectively, in the £5(£2) norm as a function of the stabilisation
parameter 7. As in the two dimensional example a value of the stabilisation parameter near 7 = 10
provides the minimum error for the primal variable but with no extra gain in accuracy when the
post-process is performed. Also, as in the two dimensional case, the value of 7 that provides the
most accurate results for both the mixed and the post-processed variables is near 7 = 3. It is worth
noting that for hexahedral, prismatic and pyramidal elements, and contrary to the results obtained
in the two dimensional problem, the value that provides the most accurate results for the primal and
mixed variable is almost identical.

The conclusions that are extracted from this study are similar to the ones obtained in the two
dimensional example and show that the optimal value of the stabilisation parameter is not dependent
upon the degree of approximation, the type of element or the dimensionality of the problem.

5.4. Locking-free behaviour in the incompressible limit

The last example considers a problem with a nearly incompressible material (i.e. v ~ 0.5) that is
commonly used in the literature [37]. The problem, defined in 2 = [0, 1]2, has analytical solution
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Figure 15. Three two dimensional triangular meshes of Q = [0, 1]? for the mesh convergence study with a
nearly incompressible material.
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Figure 16. HDG approximation of the displacement field and the Von Mises stress using the fourth triangular
mesh and k£ = 3 for a material with v = 0.49999.

given by
u(x) = (— x%xg(xl — 1)2(332 —1)(2z9 — 1), 37%1'1(.’)32 — 1)2(331 —1)(221 — 1)) (46)

The external load and boundary conditions are derived from the exact solution. The Young’s
modulus is taken as £ = 3 and the Poisson’s ratio is varied from v = 0.49 up to v = 0.49999.

Only triangular meshes with the arrangement represented in Figure 15 are shown as this particular
arrangement is known to exhibit a volumetric locking effect when considered with a traditional
continuous Galerkin finite element formulation. Note that other the arrangements depicted in
Figure 1 also produce optimal rates of convergence.

The displacement field and the Von Mises stress computed on the fourth triangular mesh and
using a cubic degree of approximation are depicted in Figure 16.

The mesh convergence results for the primal and mixed variables, w and L, are represented in
Figure 17 for the triangular meshes shown in Figure 15, for different orders of approximation and
for increasing value of the Poisson’s ratio. The results show that the proposed HDG formulation
is volumetric locking-free. In addition, it is worth noting that the accuracy of the displacement
and the stress is almost independent on the Poisson’s ratio. This behaviour has also been observed
when using a different HDG formulation [37]. However, contrary to the results reported in [37],
the proposed formulation shows the optimal rate of convergence, whereas the formulation in [37]
exhibits a slight degradation of the rate of convergence for nearly incompressible materials. This
degradation of the rate of convergence in the HDG formulation of [37] is sizeable when the error on
the mixed variable is considered, even for high-order approximations.

Next, the mesh convergence study is performed for the post-processed variable using the
technique proposed in this paper that resulted in optimal convergence in the numerical example
of Section 5.2. The mesh convergence results for the post-processed displacement field u*, are
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Figure 17. h-convergence of the error of the primal and mixed variables, w and L, in the £5(£2) norm for
different orders of approximation and for an increasing value of the Poisson’s ratio.

represented in Figure 18 for different orders of approximation and for increasing value of the
Poisson’s ratio. The results show again that the accuracy is independent on the Poisson’s ratio.
More important, the mesh convergence study demonstrates that the proposed formulation together
with the proposed post-process is able to provide super-convergent solutions for all degrees
of approximation, even for linear triangular elements in the particular arrangement that causes
volumetric locking in a continuous Galerkin formulation.

6. CONCLUDING REMARKS

This paper proposes a novel HDG formulation for the linear elastic problem strongly enforcing the
symmetry of the stress tensor. Owing to the Voigt notation, the second-order tensors appearing in the
linear elasticity equation are expressed as vectors featuring the diagonal and half of the off-diagonal
terms. Thus, the resulting method does not introduce any extra cost to guarantee the symmetry of
the stress tensor and, in fact, it is more computationally efficient than other HDG formulations due
to the reduced number of degrees of freedom of the mixed variable.

For k > 1, as all existing HDG formulations for linear elasticity, the resulting method provides
optimal convergence rate of order k£ + 1 for the displacement field. The optimal order k + 1 is
also obtained for the stress tensor which usually experiences sub-optimal behaviour using low-
order approximations in the original HDG formulation by Cockburn and co-workers. Furthermore,
contrary to other proposed variants of HDG for linear elasticity, the optimality is achieved using
equal order approximation spaces for the primal and mixed variables and no special enrichment is
required.

The optimally convergent stress tensor is thus utilised to locally construct a post-processed
displacement field. The element-by-element procedure uses the equilibrated stresses as boundary
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Figure 18. h-convergence of the error of the post-processed variable, u*, in the £2(Q) norm for different
orders of approximation and for an increasing value of the Poisson’s ratio.

conditions of the local problems and exploits the optimal convergence of the trace of the
displacements to remove the underdetermination associated with the rigid rotational modes. The
post-processed displacement field belongs to the richer space of polynomials of degree at most
k + 1 in each element and super-converges with order k£ + 2. Therefore, the current formulation
provides a workaround to avoid the construction of discrete spaces fulfilling the M -decomposition
property to guarantee the super-convergence of the post-processed solution.

An extensive set of numerical simulations has been presented to verify the optimal approximation
properties of the method in 2D and 3D, to study the influence of the HDG stabilisation parameter
and to show the robustness of the formulation using meshes featuring different element shapes,
commonly implemented in commercial softwares. Special attention has been dedicated to the
analysis of the limit case of nearly incompressible materials: numerical evidence shows that the
method is locking-free and the optimal convergence and super-convergence rates of the primal,
mixed and post-processed variables are preserved.

ACKNOWLEDGEMENTS

This work was partially supported by the European Union’s Horizon 2020 research and innovation
programme under the Marie Skltodowska-Curie grant agreement No. 675919 and the Spanish
Ministry of Economy and Competitiveness (Grant number: DP12017-85139- C2-2-R). The support
of the Generalitat de Catalunya (Grant number: 2017SGR1278) is also gratefully acknowledged.
Finally, Alexandros Karkoulias was supported by the European Education, Audiovisual and Culture
Executive Agency (EACEA) under the Erasmus Mundus Joint Doctorate Simulation in Engineering
and Entrepreneurship Development (SEED), FPA 2013-0043.



24

10.

11.

12.

13.
. Stein E, Rolfes R. Mechanical conditions for stability and optimal convergence of mixed finite elements for linear

15.

16.
17.

18.
19.

20.

21.

22.
23.

24.
25.
26.
217.
28.
29.
30.
31.

32.
. Wihler T. Locking-free adaptive discontinuous Galerkin FEM for linear elasticity problems. Math. Comp. 2006;

34.
35.
36.

REFERENCES

. Brenner SC, Scott LR. The mathematical theory of finite element methods, Texts in Applied Mathematics, vol. 15.

Third edn., Springer, New York, 2008.

. Braess D. Finite Elements: Theory, Fast Solvers, and Applications in Solid Mechanics. Cambridge University Press,

2001. URL https://books.google.fr/books?id=DXinljNR4ioC.

. Brenner S, Sung LY. Linear finite element methods for planar linear elasticity. Math. Comp. 1992; 59(200):321-338.
. Crouzeix M, Raviart PA. Conforming and nonconforming finite element methods for solving the stationary Stokes

equations. I. Rev. Frangaise Automat. Informat. Recherche Opérationnelle Sér. Rouge 1973; 7(R-3):33-75.

. Reissner E. On a variational theorem in elasticity. J. Math. Phys. Camb. 4 1950; 29(1-4):90-95, doi:

10.1002/sapm195029190. URL http://dx.doi.org/10.1002/sapml95029190.

. Hansbo P, Larson M. Discontinuous Galerkin methods for incompressible and nearly incompressible elasticity by

Nitsche’s method. Comput. Methods Appl. Mech. Engrg. 2002; 191(17-18):1895-1908.

. Hansbo P, Larson M. Discontinuous Galerkin and the Crouzeix-Raviart element: application to elasticity. M2AN

Math. Model. Numer. Anal. 2003; 37(1):63-72.

. Arnold DN. Mixed finite element methods for elliptic problems. Comput. Method. Appl. M. 1990; 82(1-3):281-300.

Reliability in computational mechanics (Austin, TX, 1989).

. Brezzi F. On the existence, uniqueness and approximation of saddle-point problems arising from lagrangian

multipliers. ESAIM: Math. Model. Num. 1974; 8(R2):129-151. URL http://eudml.org/doc/193255.
Boffi D, Brezzi F, Fortin M. Reduced symmetry elements in linear elasticity. Commun. Pure Appl. Anal. 2009;
8(1):95-121.

Fraeijs de Veubeke B. Stress function approach. Proceedings of the world congress on finite element methods
in structural mechanics, Rapport du LTAS, Universit de Lige, http://hdl.handle.net/2268/205875 1975. URL
http://hdl.handle.net/2268/205875.

Amara M, Thomas JM. Equilibrium finite elements for the linear elastic problem. Numer. Math. 1979; 33(4):367—
383.

Arnold DN, Falk RS. A new mixed formulation for elasticity. Numer. Math. 1988; 53(1-2):13-30.

plane elasticity. Comput. Method. Appl. M. 1990; 84(1):77-95.

Arnold DN, Brezzi F, Douglas J Jr. PEERS: a new mixed finite element for plane elasticity. Japan J. Appl. Math.
1984; 1(2):347-367.

Morley ME. A family of mixed finite elements for linear elasticity. Numer. Math. 1989; 55(6):633-666.

Stenberg R. On the construction of optimal mixed finite element methods for the linear elasticity problem. Numer:
Math. 1986; 48(4):447-462.

Stenberg R. A family of mixed finite elements for the elasticity problem. Numer. Math. 1988; 53(5):513-538.
Stenberg R. Two low-order mixed methods for the elasticity problem. The mathematics of finite elements and
applications, VI (Uxbridge, 1987). Academic Press, London, 1988; 271-280.

Brezzi F, Douglas J Jr, Marini LD. Recent results on mixed finite element methods for second order elliptic
problems. Vistas in applied mathematics. Transl. Ser. Math. Engrg., Optimization Software, New York, 1986; 25—
43.

Farhloul M, Fortin M. Dual hybrid methods for the elasticity and the Stokes problems: a unified approach. Numer.
Math. 1997; 76(4):419-440.

Arnold DN, Winther R. Mixed finite elements for elasticity. Numer. Math. 2002; 92(3):401-419.

Adams S, Cockburn B. A mixed finite element method for elasticity in three dimensions. J. Sci. Comput. 2005;
25(3):515-521.

Arnold DN, Awanou G, Winther R. Finite elements for symmetric tensors in three dimensions. Math. Comput.
2008; 77(263):1229-1251. URL http://www. jstor.org/stable/40234556.

Arnold D, Falk R, Winther R. Finite element exterior calculus, homological techniques, and applications. Acta
Numer. 2006; 15:1-155.

Pechstein A, Schoberl J. Tangential-displacement and normal-normal-stress continuous mixed finite elements for
elasticity. Math. Mod. Meth. Appl. S. 2011; 21(8):1761-1782.

Brezzi F, Fortin M. Mixed and hybrid finite elements methods. Springer series in computational mathematics,
Springer-Verlag, 1991.

Arnold D, Winther R. Nonconforming mixed elements for elasticity. Math. Models Methods Appl. Sci. 2003;
13(3):295-307. Dedicated to Jim Douglas, Jr. on the occasion of his 75th birthday.

Man HY, Hu J, Shi ZC. Lower order rectangular nonconforming mixed finite element for the three-dimensional
elasticity problem. Math. Models Methods Appl. Sci. 2009; 19(1):51-65.

Arnold D, Awanou G, Winther R. Nonconforming tetrahedral mixed finite elements for elasticity. Math. Models
Methods Appl. Sci. 2014; 24(4):783-796.

Gopalakrishnan J, Guzman J. Symmetric nonconforming mixed finite elements for linear elasticity. SIAM J. Numer.
Anal. 2011; 49(4):1504-1520.

Wihler T. Locking-free DGFEM for elasticity problems in polygons. IMA J. Numer. Anal. 2004; 24(1):45-75.

75(255):1087-1102.

Di Pietro D, Nicaise S. A locking-free discontinuous Galerkin method for linear elasticity in locally nearly
incompressible heterogeneous media. Appl. Numer. Math. 2013; 63:105-116.

Bramwell J, Demkowicz L, Gopalakrishnan J, Qiu W. A locking-free hp DPG method for linear elasticity with
symmetric stresses. Numer. Math. 2012; 122(4):671-707.

Cockburn B, Schotzau D, Wang J. Discontinuous Galerkin methods for incompressible elastic materials. Comput.
Methods Appl. Mech. Engrg. 2006; 195(25-28):3184-3204.



37.
38.
39.
40.
41.

42.

43.
44.
45.
46.

47.
48.

49.
50.

51.
. Marsden JE, Hughes TIR. Mathematical foundations of elasticity. Dover Publications, Inc., New York, 1994.

53.

54.
55.

56.
57.
58.
59.
60.
61.

62.
63.
64.
65.
66.
67.
68.

25

Soon SC, Cockburn B, Stolarski HK. A hybridizable discontinuous Galerkin method for linear elasticity. Inz. J.
Numer. Meth. Eng. 2009; 80(8):1058-1092.

Fu G, Cockburn B, Stolarski H. Analysis of an HDG method for linear elasticity. Int. J. Numer. Meth. Eng. 2015;
102(3-4):551-575, doi:10.1002/nme.4781.

Cockburn B, Gopalakrishnan J, Guzman J. A new elasticity element made for enforcing weak stress symmetry.
Math. Comp. 2010; 79(271):1331-1349.

Qiu W, Shen J, Shi K. An HDG method for linear elasticity with strong symmetric stresses. Math. Comp. 2018;
87(309):69-93.

Di Pietro D, Ern A. A hybrid high-order locking-free method for linear elasticity on general meshes. Comput.
Methods Appl. Mech. Engrg. 2015; 283:1-21.

Cockburn, Bernardo, Di Pietro, Daniele A, Ern, Alexandre. Bridging the hybrid high-order and hybridizable
discontinuous galerkin methods. ESAIM: M2AN 2016; 50(3):635-650, doi:10.1051/m2an/2015051. URL
https://doi.org/10.1051/m2an/2015051.

Cockburn B, Gopalakrishnan J, Lazarov R. Unified hybridization of discontinuous Galerkin, mixed, and continuous
Galerkin methods for second order elliptic problems. SIAM J. Numer. Anal. 2009; 47(2):1319-1365.

Moitinho de Almeida J, Teixeira de Freitas J. Alternative approach to the formulation of hybrid equilibrium finite
elements. Computers and Structures 1991; 40(4):1043-1047.

Moitinho de Almeida J, Almeida Pereira O. A set of hybrid equilibrium finite element models for the analysis of
three-dimensional solids. International Journal for Numerical Methods in Engineering 1996; 39(16):2789-2802.
Maunder E, Moitinho de Almeida J, Almeida Pereira O. The stability of stars of simplicial hybrid equilibrium finite
elements for solid mechanics. International Journal for Numerical Methods in Engineering 2016; 107(8):633—-668.
Moitinho de Almeida J, Maunder E. Equilibrium Finite Element Formulations. Wiley, 2017.

Arnold DN, Brezzi F. Mixed and nonconforming finite element methods: implementation, postprocessing and error
estimates. RAIRO Modél. Math. Anal. Numér. 1985; 19(1):7-32.

Cockburn B, Shi K. Superconvergent HDG methods for linear elasticity with weakly symmetric stresses. IMA J.
Numer. Anal. 2013; 33(3):747-770.

Cockburn B, Fu G. Devising superconvergent hdg methods with symmetric approximate stresses for linear elasticity
by m-decompositions 2017.

Gould P. Introduction to Linear Elasticity. Introduction to Linear Elasticity, Springer, 1993.

Corrected reprint of the 1983 original.

Ciarlet PG. Mathematical elasticity. Vol. 1, Studies in Mathematics and its Applications, vol. 20. North-Holland
Publishing Co., Amsterdam, 1988. Three-dimensional elasticity.

Fish J, Belytschko T. A First Course in Finite Elements. John Wiley & Sons, 2007.

Montlaur A, Fernandez-Méndez S, Huerta A. Discontinuous Galerkin methods for the Stokes equations using
divergence-free approximations. Int. J. Numer. Meth. Fl. 2008; 57(9):1071-1092.

Cockburn B, Dong B, Guzman J. A superconvergent LDG-hybridizable Galerkin method for second-order elliptic
problems. Math. Comp. 2008; 77(264):1887-1916.

Nguyen NC, Peraire J, Cockburn B. An implicit high-order hybridizable discontinuous Galerkin method for linear
convection-diffusion equations. J. Comput. Phys. 2009; 228(9):3232-3254.

Nguyen NC, Peraire J, Cockburn B. An implicit high-order hybridizable discontinuous Galerkin method for
nonlinear convection-diffusion equations. J. Comput. Phys. 2009; 228(23):8841-8855.

Nguyen N, Peraire J, Cockburn B. A hybridizable discontinuous Galerkin method for Stokes flow. Comput. Methods
Appl. Mech. Eng. 2010; 199(9-12):582-597.

Nguyen NC, Peraire J, Cockburn B. An implicit high-order hybridizable discontinuous Galerkin method for the
incompressible Navier-Stokes equations. J. Comput. Phys. 2011; 230(4):1147-1170.

Sevilla R, Huerta A. Tutorial on Hybridizable Discontinuous Galerkin (HDG) for second-order elliptic problems.
Advanced Finite Element Technologies, CISM International Centre for Mechanical Sciences, vol. 566, Schroder J,
Wriggers P (eds.). Springer International Publishing, 2016; 105-129.

Cockburn B, Guzman J, Wang H. Superconvergent discontinuous Galerkin methods for second-order elliptic
problems. Math. Comp. 2009; 78(265):1-24.

Cockburn B, Gopalakrishnan J, Sayas FJ. A projection-based error analysis of HDG methods. Math. Comp. 2010;
79(271):1351-1367, doi:10.1090/S0025-5718-10-02334-3.

Giacomini M, Karkoulias A, Sevilla R, Huerta A. A superconvergent HDG method for Stokes flow with strongly
enforced symmetry of the stress tensor Submitted.

Cockburn B, Nguyen NC, Peraire J. A comparison of HDG methods for Stokes flow. J. Sci. Comput. 2010; 45(1-
3):215-237.

Cockburn B, Gopalakrishnan J, Nguyen NC, Peraire J, Sayas FJ. Analysis of HDG methods for Stokes flow. Math.
Comp. 2011; 80(274):723-760.

Giorgiani G, Fernandez-Méndez S, Huerta A. Hybridizable discontinuous Galerkin with degree adaptivity for the
incompressible Navier—Stokes equations. Comp. Fluids 2014; 98:196-208.

Sevilla R, Huerta A. HDG-NEFEM with degree adaptivity for Stokes flows. J. Sci. Comput. 2018; .

A. IMPLEMENTATION DETAILS

A standard isoparametric formulation is considered, where the approximation of the primal and
mixed variables, u" and Lh, is defined in a reference element (), with local coordinates £ =

(&1, ..

,&n., ), and the approximation of the hybrid variable, ﬁh, is defined in a reference face I,
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with local coordinates 7 = (11, . . ., n.,—1)» a8

Nen Nen Nfn

u'(€) =Y wiNi(€), L' =) LiNi(§),  a'(m) =3 N

where n., and n¢, denote the number of element and face nodes respectively and IV; and N ; are the
shape functions used to define the approximation within the reference element and face respectively.
The isoparametric transformation is used to relate local and Cartesian coordinates, namely

Nen

z(€) = > pNi(§)
k=1

where {@j }x=1, . ., denote the elemental nodal coordinates.
The following matrices are introduced in two dimensions

gt oo o oo 1]
Y10 0 1 2700 1 0] ¢

Similarly, in three dimensions, the following matrices are defined

10000 0]" 00010 0]" o000 1 0]"
E,=[0 00 10 0 E,=[0 100 0 0 Es=10 0000 1
000010 00000 1 001000

These matrices are used to express, in compact form, the matrices Vs and N, defined in
Equations (8) and (12) respectively, as

Nsd Nsd

0
VS:;Ekak7 N:Z_:Ek’nk

In addition, the following compact form of the shape functions is introduced

N = [NlInSd NZInSd v NnenInsd] 5 M= [NlImsd NQIde e NnenImsd]T ,
Ni= |20 E,DY? S g Dl/? e g DV2] | fork =1
k — Dy, Tk By Tk oz, Lk s ork=1,...,ng4q,
N} = [NinyEDY? NyniE,DYV? .. annnkEleﬂ]T, fork=1,...,nsq.
ﬁ: [NlInsd NZInSd annI :I N\T - [Nl’r NQT annT}T,
ﬁ: = [NlnkEle/Q NoniE,DY2 . annnkEle/Q]T, fork=1,...,ng.

The matrices and vectors resulting from the discretisation of Equation (30a) of the local problem
are

[ALLle ZM £9)1I (&) |wg,
(Avd). = izm €M) s,
k=1 g=1

ng, Nsd 1p

Avale =Y | YD NFEDN (EDITED WS | (1= xrp (),

f=1 \k=1g=1
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[frle = ZZN" (=(&5)) 13 (EHIwE | xro (),
f=1 \k=1g=1
where n¢_ is the number of faces, I, ; for j = 1,...,n¢, of the element €2, and xr,, is the indicator
function of T'p, i.e.
. 1 if Fe \j N FD 7& @
X (f) = { 0 otherwise

In the above expressions, ée and wg are the nf, integration points and weights defined on the

reference element and E and w are the nf 1ntegrat10n points and weights defined on the reference
face.

Similarly, the matrices and vectors resulting from the discretisation of Equation (30b) of the local
problem are

EZN €013 (€5 u?,
f=1g=1
(Al fj ZN EDIEE | (1 - xro ().
(e = S ONEDF (2(€9)) 13(E)ws +fj ZN yrup (2(65) 13EDWE | xn(f).

Finally, the matrices and vectors resulting from the discretisation of Equation (31) of the local
problem are

Al = -3 [ S NE@ONT €30 1wl | (1 - xen (1))
f=1 \g=1
il == | SN (€)a (2(60) IEDI; | xoa ()
f=1 g=1

where xr, is the indicator function of I .



