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Abstract

In this work we construct a low-order nonconforming approximation method for linear elas-
ticity problems supporting general meshes and valid in two and three space dimensions. The
method is obtained by hacking the Hybrid High-Order method of [16], that requires the use of
polynomials of degree k > 1 for stability. Specifically, we show that coercivity can be recovered
for k = 0 by introducing a novel term that penalises the jumps of the displacement reconstruction
across mesh faces. This term plays a key role in the fulfillment of a discrete Korn inequality
on broken polynomial spaces, for which a novel proof valid for general polyhedral meshes is
provided. Locking-free error estimates are derived for both the energy- and the L?-norms of
the error, that are shown to convergence, for smooth solutions, as /& and h2, respectively (here,
h denotes the meshsize). A thorough numerical validation on a complete panel of two- and
three-dimensional test cases is provided.

Key words. Linear elasticity, Korn’s inequality, locking-free methods, Hybrid High-Order meth-
ods, polyhedral meshes

AMS subject classification. 65N08, 65N30, 74B05, 74G15

1 Introduction

Discretisation methods supporting meshes with general, possibly non standard, element shapes have
experienced a vigorous growth over the last few years. In the context of solid-mechanics, this feature
can be useful for several reasons including, e.g., improved robustness to mesh distortion and fracture,
local mesh refinement, or the use of hanging nodes for contact and interface problems. A non-
exahustive list of contributions in the context of elasticity problems includes [3-6, 10, 11, 16, 20, 23,
24, 26, 28-30]; see also references therein.

For large three-dimensional simulations, or whenever one cannot expect the exact solution to be
smooth, low-order methods are often privileged in order to reduce the number of unknowns. It is well-
known, however, that low-order Finite Element (FE) approximations are in some cases unsatisfactory:
affine conforming FE methods are not robust in the quasi-incompressible limit owing to their inability
to represent non-trivial divergence-free displacement fields; nonconforming (Crouzeix—Raviart) FE
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methods, on the other hand, yield unstable discretisations unless appropriate measures are taken; see,
e.g., the discussions in [8, 25]. The underlying reason for this lack of stability is the non-fulfillment
of a discrete counterpart of Korn’s inequality owing to a poor control of rigid-body motions at mesh
faces. For similar reasons, the stability of Hybrid High-Order (HHO) methods for linear elasticity
requires the use of polynomials of degree k¥ > 1 as unknowns; see [16, Lemma 4]. As a matter of
fact, as we show in Section 4.4 below, the stability and consistency requirements on the local HHO
stabilisation term are incompatible when k = 0, that is, when piecewise constant polynomials on the
mesh and its skeleton are used as discrete unknowns.

In this paper we highlight a modification of the HHO method which recovers stability for k = 0.
The proposed fix consists in adding a novel term which penalises in a least square sense the jumps of
the local affine displacement reconstruction. This modification is inspired by the Korn inequality on
broken polynomial spaces proved in Lemma 1 below, which appears to be a novel extension of similar
results to general polyhedral meshes. The proof combines the techniques of [7, Lemma 2.2] with
the recent results of [18] and [13] concerning, respectively, the node-averaging operator and local
inverse inequalities on polyhedral meshes. In the context of Crouzeix—Raviart FE approximations of
linear elasticity problems on standard meshes, similar jump penalisation terms have been considered
in [25].

The resulting method has several appealing features: it is valid in two and three space dimensions,
paving the way to unified implementations; it hinges on a reduced number of unknowns (15 for a
tetrahedron, 21 for a hexahedron and, for more general polyhedral shapes, 3 unknowns per face plus
3 unknowns inside the element); it is robust in the quasi-incompressible limit; it admits a formulation
in terms of conservative numerical tractions, which enables its integration in existing Finite Volume
simulators (a particularly relevant feature in the context of industrial applications).

We carry out a complete convergence analysis based on the abstract framework of [14] for methods
in fully discrete formulation. Specifically, we show that the energy and L?-norms of the error converge,
respectively, as 4 and A2 (with & denoting, as usual, the meshsize). As for the original HHO method
of [16], the error estimates are additionally shown to be robust in the quasi-incompressible limit. Key
to this result is the fact that the gradient of the local displacement reconstruction satisfies a suitable
commutation property with the L?-orthogonal projector. The theoretical results are supported by
a thorough numerical investigation, including two- and three-dimensional test cases, as well as a
comparison with the original HHO method of [16] on a test case mimicking a mode 1 fracture.

The rest of the paper is organised as follows. In Section 2 we formulate the continuous problem
along with the assumptions on the problem data. In Section 3 we establish the discrete setting: after
briefly recalling the notion of regular polyhedral mesh, we introduce local and broken polynomial
spaces and projectors thereon, and we prove a discrete counterpart of Korn’s first inequality on
broken polynomial spaces. In Section 4 we introduce the space of discrete unknowns, define a local
affine displacement reconstruction, formulate the discrete bilinear form, discuss the differences with
respect to the original HHO bilinear form of [16], and state the discrete problem. Section 5 addresses
the convergence analysis of the method in the energy- and L?-norms, while Section 6 contains an
exhaustive panel of two- and three-dimensional numerical tests. Finally, in Section 7 we show that
the method satisfies local balances with equilibrated tractions, for which an explicit expression is
provided.

2 Continuous setting

Consider a body which, in its reference configuration, occupies a given region of space Q c R<,
d € {2,3}. In what follows, it is assumed that Q is a bounded connected open polygonal (if d = 2)
or polyhedral (if d = 3) set that does not have cracks, i.e., it lies on one side of its boundary 0Q.



We are interested in finding the displacement field u : Q — R of the body when it is subjected to
a given force per unit volume f : @ — R¢. We work in what follows under the small deformation
assumption which implies, in particular, that the strain tensor € is given by the symmetric part of the
gradient of the displacement field, i.e., & = V u where, for any vector-valued function z = (z;)1<i<a
smooth enough, we have set Vz = (;z;)1<; j<q and Vz = % (Vz + VzT). We further assume, for
the sake of simplicity, that the body is clamped along its boundary d€2. Other standard boundary
conditions can be considered up to minor modifications. The displacement field is obtained by solving
the following linear elasticity problem, which expresses the equilibrium between internal stresses and
external loads: Find u : Q — R such that

-V-(o(Vsu)) = f in Q, (1a)
u=>0 on 0Q, (1b)

Rdxd

sym the set of symmetric real-valued d X d matrices, the mapping o : RExd _,

where, denoting by sym

dxd
Rsym

such that, forany 7 € R

represents the strain-stress law. For isotropic homogeneous materials, the strain-stress law is

dxd
sym °

o(t) =2ut + Atr(1)l 4, 2)

where tr(t) := 27:1 7;; is the trace operator and I ; the d X d identity matrix. The real numbers ¢ and
A, which correspond to the Lamé coefficients when d = 3, are assumed such that, for a real number
a >0,

2u—di” > a, (3)

where A7 = % (JA] = A) denotes the negative part of 2. In what follows, u, A, the related bound (3),
and f will be collectively referred to as the problem data.

For any open bounded set X c Q, we denote by (-, -)x the usual inner product of the space of
scalar-valued, square-integrable functions L?(X;R), by ||-||lx the corresponding norm, and we adopt
the convention that the subscript is omitted whenever X = Q. The same notation is used for the spaces
of vector- and tensor-valued square-integrable functions L*(X;R?) and L?(X;R%*9), respectively.
With this notation, a classical weak formulation of problem (1) reads: Find u € Hé (Q; R%) such that

(0(Vsu),Vv) = (f,v) Vv e Hy(Q;RY), 4)

where Hé (Q; RY) classically denotes the space of vector-valued functions that are square-integrable
along with all their partial derivatives, and whose traces on €2 vanish.

3 Discrete setting

3.1 Mesh

Throughout the rest of the paper, we will use for the sake of simplicity the three-dimensional
nomenclature also when d = 2, i.e., we will speak of polyhedra and faces rather than polygons and
edges. We consider here meshes corresponding to couples My = (7, ¥), where 7}, is a finite
collection of polyhedral elements 7" such that 4 := maxrcq;, hr > 0 with hr denoting the diameter
of T, while F, is a finite collection of planar faces F. It is assumed henceforth that the mesh Mj,
matches the geometrical requirements detailed in [22, Definition 7.2]; see also [21, Section 2]. This
covers, essentially, any reasonable partition of € into polyhedral sets, not necessarily convex or even
star-shaped. For every mesh element T € 7;,, we denote by Fr the subset of ¥}, containing the faces
that lie on the boundary 0T of T. Symmetrically, for every face F € 7}, we denote by 7r the subset
of 7, containing the (one or two) mesh elements that share F'. For any mesh element T € 7}, and each



face F € ¥r, np is the constant unit normal vector to F pointing out of 7. Boundary faces lying
on dQ and internal faces contained in  are collected in the sets Thb and Thi, respectively. For any
F e 7—;1‘, we denote by T} and 7, the elements of 73, such that F ¢ dT; N dT,>. The numbering of 77 and
T5 is assumed arbitrary but fixed, and we set nr := nr,r. Our focus is on the h-convergence analysis,
so we consider a sequence of refined meshes that is regular in the sense of [21, Definition 3]. This
implies, in particular, that the diameter Ay of a mesh element 7" € 7}, is comparable to the diameter
hr of each face F € Fr uniformly in A, and that the number of faces in #r is bounded above by an
integer Ny independent of /.

3.2 Local and broken spaces and projectors

In order to alleviate the exposition, throughout the rest of the paper we use the abridged notation
a < b for the inequality a < Cb with real number C > 0 independent of the meshsize, possibly on
the problem data, and, for local inequalities, on the mesh element or face. We also write a ~ b for
a < band b < a. The dependencies of the hidden constant are further specified whenever needed.

Let X denote a mesh element or face. For a given integer [ > 0, we denote by P/(X;R) the
space spanned by the restriction to X of d-variate, real-valued polynomials of total degree < /. The
corresponding spaces of vector- and tensor-valued functions are respectively denoted by P!(X;R)
and PY(X;R¥4). A similar notation is used also for the vector and tensor versions of the broken
spaces introduced in what follows. At the global level, we denote by P/(7,;R) the space of broken
polynomials on 7}, whose restriction to every mesh element 7 € 7y, lies in P/(T;R), i.e.,

P'(7;R) = {vn € L*(%R) : vy € PATIR) VT € T}
We also introduce the broken Sobolev spaces
HY(T;R) = {v € LA(;R) : vy € H'(T;R) VT € T},

which will be used in the error estimates to express the regularity requirements on the exact solution.
On H*(7y; R), we define the broken seminorm

1
2
|V|H‘(7Z,;R) = (Z |v|%IS(T;R)) .

TeT,

Again denoting by X a mesh element or face, the local L2-orthogonal projector ng)( : L2(X;R) —
P°(X;R) maps every v € L?(X;R) onto the constant function equal to its mean value inside 7', that is,

1
0o,._ L
i o ®

with | X| denoting the Hausdorff measure of X. The vector and tensor versions of the L2-projector,
both denoted by ng(, are obtained applying 71?( component-wise. From [13, Lemmas 3.4 and 3.6],
it can be deduced that, for any mesh element T € 7}, and any function v € H'(T;R), the following
approximation properties hold:

1
0 3 0
W = 7pvllaarmy + hpllv = mpvllzore) S brlvig gy, (6)

where AT denotes the boundary of 7" and the hidden constant is independent of /4, T, and v. The
global L?-orthogonal projector 7} : L*(Q;R) — P°(7;;R) is such that, for any v € L*(Q; RY),

(A = nvr VT € T (7)

4



The vector and tensor versions, both denoted by ng, are obtained applying 7r2 component-wise.
We will also need the elliptic projector w} : HY(T;R) — PY(T;R) such that, forallv € H'(T;R),

1 1
lev:nO(Vv)and—/wlv:—/v. (8)
oot Tl Jr T r

The first relation makes sense since VP!(T;R) = PY(T;R%), and it defines w}v up to a constant,
which is then fixed by the second relation. Also in this case, the vector version w1T of the projector
is obtained applying the scalar version component-wise. The following approximation properties
for the elliptic projector are a special case of [12, Theorems 1.1 and 1.2]: For all T € 7}, and all
v € HX(T;R),

1
! } 1 p
v —@vilag) + hillv = opvllizere) S hrlvigeg), )

where the hidden constant is independent of 4, T, and v. For further use, we also define the global
elliptic projector @, : H'(7;; R) — P'(74; R) such that, for any v € H'(7;;R),

(@) =wgvr VT €T,

The vector version w}l of the global elliptic projector is obtained applying w}l component-wise.

3.3 Discrete Korn inequality on broken polynomial spaces

The stability of our method hinges on a discrete counterpart of Korn’s inequality in discrete polynomial
spaces stating that the H'-seminorm of a vector-valued broken polynomial function is controlled by
a suitably defined strain norm. The goal of this section is to prove this inequality.

Let us start with some preliminary results. Recalling that, for any F € 9’-‘,} we have denoted by T}
and 7, the elements sharing F and assumed that the ordering is arbitrary but fixed, we introduce the
jump operator such that, for any function v smooth enough to admit a (possibly two-valued) trace on
F,

IF = r)ir = in)iF. (10a)

This operator is extended to boundary faces F € ?'hb by setting
[V]F =VIF. (IOb)

When applied to vector-valued functions, the jump operator acts componentwise.

Let now T, denote a matching simplicial submesh of M, in the sense of [21, Definition 4.2],
and let &, be the corresponding set of simplicial faces. Given an integer [ > 1, we define the node-
averaging operator Iév’ P P{(7n;R) — PL(T;R) N Hé (Q) such that, for any function v;, € P/(7;;R)
and any Lagrange node V of ¥}, denoting by Ty the set of simplices sharing V/,

1 .
(1L (V) = | card(®) 2 o) itvea

0 if Ve oQ.

The vector-version, denoted by I ﬁw ,» acts component-wise. Adapting the reasoning of [18, Section
5.5.2] (based in turn on [27]), we infer that it holds, for all T € 7,

vn = Lol < > hellvalr |7, (an
FeFyr



where ¥ denotes the set of faces whose closure has nonempty intersection with the closure of
T and the hidden constant is independent of A, T, and v;,. Combining this result with an inverse
inequality (see [13, Remark A.2]) we obtain, with hidden constants as before,

2
|vi, — Iavhvh|H1 TR) S Z hy”|lvi — avhvh”T
TeT,

< Dk D hellelly

TeT, FeFy.r

-1
< >0 > rllvlellE,

Fef, TeTy F

where we have used (11) to pass to the second line while, to pass to the third line, we have invoked the
mesh regularity to write hg h}z < h;l and we have exchanged the order of the sums after introducing
the notation 7« r for the set of mesh elements whose closure has nonzero intersection with the closure
of F. Using again mesh regularity to infer that card(7«y, r) is bounded uniformly in 4, we arrive at

Vi = LoVl S HE Ivale (12)
Fefp

We are now ready to prove the discrete Korn inequality.

Lemma 1 (Discrete Korn inequality). Let an integer | > 1 be fixed and set, for all v, € P'(7,;R?),

1

2

and lvulin = > h lvalel | (13)
FeFy,

=

ol = (1950l + al2,)

where Vg, : H (7;;RY) — L%Q;Rfﬁf) is the broken symmetric gradient such that (Vg,v)|r =

Vv r forany T € Ty,. Then, for all vy, € PY(Th: RY), it holds with hidden constant depending only on
Q, d, and the mesh regularity parameter:

Vila(7may S Vallen- (14)
Proof. The proof adapts the arguments of [7, Lemma 2.2]. We can write

+|vh—Il

2 1 2 2
Wilii g ay S Wawn¥nlip opa) av V(75 )

S V1! hvh”2 + |Vh|~2
2 2
S I Vsnvnll® + ”Vbh(Iavhvh vi)ll™ + [val ),
2
S Vvl + |vh|j,h = vallZ e

where we have inserted +1 ﬁw’ ,Vh into the seminorm and used a triangle inequality in the first line, we
have applied the first Korn inequality in H'(Q;R4) to the first term and invoked (12) for the second
term after recalling the definition (13) of the jump seminorm in the second line, we have inserted
+V il év’ ,vn and used a triangle inequality to pass to the third line, we have invoked again (12)
to estimate the second term in the right-hand side to pass to the fourth line, and we have used the
definition (13) of the strain norm to conclude. m]

Remark 2 (Korn—Poincaré inequality). Combining the discrete Poincaré inequality resulting from
[17, Theorem 6.1] (see also [18, Theorem 5.3 and Corollary 5.4]) with (14), we infer that it holds, for
all vy, € P(75;RY),

el < 1vallen (15)

with hidden constant independent of & and vy,.



4 Discretisation

4.1 Discrete space
Given a mesh My, = (75, 1), we define the following space of discrete unknowns:
U, =1{v, = (1)res VF)Fes;) : vr € PUT;RY) VT € T and vp € PUF;R?Y)  VF € 7}

Forally, € U, , we denote by vj, € PO(75; RY) the piecewise constant function obtained by patching
element-based unknowns, that is,

(vh)|T =vr YT € 7;,. (16)

The restrictions of U, and v, € U, to a generic mesh element 7" € 7, are respectively denoted by U,
andy, = (v7, (VF)Fres; ). The vector of discrete variables corresponding to a smooth function on Q is
obtained via the global interpolation operator I, : H (Q:RY) - U ,, such that, forallv € H H(Q; RY),

. 0 0
LhV = ((”TvlT)Teﬁ,, (7TFV|F)Feﬁ,)-

Its restriction to a generic mesh element T' € 7}, is the local interpolator 1. : H YT:RY) - U o such
that, for all v € H'(T;R%),

Ly = 17y, (a3 |F)Fes). (17)
The displacement is sought in the following subspace of U, that strongly incorporates the homoge-
neous Dirichlet boundary condition:

U,,= {Khegh v =0 VFEThb}.

4.2 Displacement reconstruction

Let a mesh element T € 7, be fixed. We define the local displacement reconstruction operator
plT U, — PY(T; R?) such that, for all vreU,,

F 1
VpngT = Z l—l(vF —v7)® nrp and — /pITgT =yr. (18)
A T 71 Jr

Remark 3 (Explicit expression for the displacement reconstruction operator). From (18), one can
infer the following explicit expression for the displacement reconstruction operator: For all x € T,
I |F| -
pr(x) =vr+ > o(x =¥r)-nrr (VF - vr), (19)
FEY:T |T|

where X7 = ﬁ fT x denotes the centroid of T'.

Proposition 4 (Commutation properties for the displacement reconstruction). It holds, for all v €

HY(T;RY),
V(plTLTv) = ﬂ(%(Vv) and plT(LTv) = m'lTv. (20)
Proof. Letv € H'(T;R%). Recalling the definition (17) of the local interpolator, we have that
F
VplTLTv = Z |—|(7r0Fv - ngv) ®nrp
Fe¥q |T|
T
1 1
_HZ ® TF—mZ 71'TV®nTF
Fefq F e
1 1
= — V- — nOTv,
IT| Jr T+ 7



where we have used the definition (18) of the local displacement reconstruction with v, = I.v in the
first line, the definition (5) of the L2-orthogonal projector 77(1)7 along with the fact that ngv ® nrF is
constant over F to pass to the second line, the Stokes theorem to pass to the third line and the fact
that n%v is constant inside 7 to cancel the second term therein. This proves the first relation in (20).
The second relation in (20) immediately follows accounting for the first and recalling the definition
(8) of the elliptic projector after observing that the second relation in (18) gives

i it === 7 |
— [ pplyv=mv=— [ V. |
I N

To close this section, we define the global displacement reconstruction operator p }l U, —
P!'(7; RY) obtained by patching the local reconstructions: For all v €U,

(ppy)ir =pryy VT €T, Q1)

4.3 Discrete bilinear form

We define the bilinear form aj, : U, x U, — R such that, forallw,,v, €U, ,

ah(mh, Kh) = (O'(Vs,hp;llﬁh), Vs,hp]izh) + (2/1) jh(P},Eh, I’;l@Kh) + (2/1) Sh(mh, Kh)' (22)

In the above expression, j, : H' (7;;RY) x H'(7;;R4) — R is the jump penalisation bilinear form
such that, for all w,v € H!(7,; R%),

nw,v) = > B (wlr, V1F)r,

FeFy,

while s, : U, XU, — R is a stabilisation bilinear form defined from local contributions as follows:
|F|

sh(W,,v,,) = Z st(Wp,vy) with sp(w,,v,) = Z h_‘STFET"STFKT forallT € 7,. (23)
TeT, Ferr T

In the above expression, for all T € 7), and all F' € ¥, we have introduced the boundary difference
operator 67f : U, — R4 is such that, for any vy eU,,

Orryy = 7"(1):171TKT —VE. 24)

It can be proved that the stabilisation bilinear form enjoys the following consistency property: For all
w € H'(Q:RY) N HX(Tp: RY),

1
sn(L,w,1,w)2 < h|w|g2q; ga), (25)

with hidden constant independent of both # and w.

4.4 Comparison with the original HHO method and role of the jump penalisation
term

Compared with the original HHO bilinear form defined by [16, Egs. (24)—(26) and (38)] and written for
k = 0, the bilinear form (22) includes a novel jump penalisation contribution inspired by the discrete
Korn inequality of Lemma 1. This term is needed for stability which, for HHO discretisations of the
linear elasticity problem, cannot be achieved through local stabilisation terms for £k = 0. As a matter
of fact, following the ideas of [21, Section 4.3.1.4], stability would require the use in (23) of a family
of local symmetric, positive semidefinite stabilisation bilinear forms {sy : T € 7j,} satisfying the
following properties:



(i) Local stability and boundedness. For all T € 7, and all v, € U,, with hidden constants

T7
independent of i, T, and v,

IVoprvpli7 +sr(vpvp) = > hEtlve = vrll7. (26)
FeFr

(ii) Polynomial consistency. For all w € PK+1(T; R9),
stdyw,v;) =0 Vv, eU,. (27)

Actually, as noticed in [15, Chapter 7], properties (26) and (27) are incompatible. To see it, assume
(27), consider a rigid-body motion v, that is, a function over T for which there exist a vector
t, € R% and a skew-symmetric matrix R, € R4*d gych that, for any x € T, Viom(X) = £, + Ryx.
Take now v, = I Vipm. Since vipm € PI(T;Rd), the first relation in (20) shows that VP;KT =
n(%(erbm) = Vviom = R, so that, in particular, Vl’lTKT is skew-symmetric. Hence, VsplrgT = 0.
Moreover, by (27), sz (v, vy) = ST(L(%vrbm, v,) = 0, again because vy € PY(T;R¥). Hence, the
left-hand side of (26) vanishes for all v, = I.vpm With vipy rigid-body motion. It is, however, easy
to construct a rigid-body motion v, such that the right-hand side does not vanish, which shows that
(26) cannot hold. For this reason, the assumption that the discrete unknowns are at least piecewise
affine is required in the original HHO method; see [16, Section 4]. Notice that the choice of sy in
(23) retains the polynomial consistency property (27), which is crucial to prove (25).

We next discuss how the stability property modifies for k = 0. To this end, recalling the definitions
(13) of the double-bar strain norm ||-||s,» and (23) of the stabilisation bilinear form we introduce the
triple-bar strain norm such that, forany y, € U,

1

. 1 2 2\2 . . i
|||Kh|||s,h = (llPhXhllg,h + |Khls,h) with |Xh|s,h = Sh(Kh’Kh)z- (28)

Lemma 5 (Global stability and boundedness). Forally, € U, , it holds

1 2 2 -1 2 2
IVanpp2a P+ 12,20 > D> hplve =vrllf < vyl (29)
TeT, FeFr

with hidden constant independent of both h and v,

Proof. It follows from [19, Lemma 4] that

1 2 2 -1 2
IVaphr, 2+ 1,12, = > > hetlve —vrll, (30)
TeT, FeFr

where V), : H'(7,;RY) — L?(Q;R%9) is the broken gradient such that (V,v)r = Vv r for any
T € 7. On the other hand, using the definition of the symmetric gradient for the first bound and
Korn’s inequality (14) for the second, we can write

1 2 1 2 1 2 1 2
”Vs,hPhKhH < ||Vhph2h” S ||Vs,hPhKh|| +|phvh|j’h- (31)

Combining (31) with (30) yields the result. m]

4.5 Discrete problem

The low-order scheme for the approximation of problem (1) reads: Find u;, € U, , such that

an(uy,v,) = (f,vn) Vv, €U, (32)

9



Using the coercivity of the bilinear form a; proved in Lemma 7 below together with the discrete
Korn inequality (15), we infer that the discrete problem is well-posed and the a priori estimate
ey, llle,n < a~2|f]| holds for the discrete solution, with hidden constant independent of both & and
of the problem data, and triple-bar strain seminorm defined by (28) below.

Remark 6 (Static condensation for problem (32)). The jump stabilisation introduces a direct link
among discrete unknowns attached to neighbouring mesh elements. As a result, static condensation
of element-based unknowns no longer appears to be an interesting option.

5 Convergence analysis

In this section, after studying the properties of the discrete bilinear form a;,, we prove a priori estimates
for the error in the energy- and L?-norms.

5.1 Properties of the discrete bilinear form

Lemma 7 (Properties of a,). The bilinear form ay, enjoys the following properties:
(i) Stability and boundedness. Recalling the definition (28) of the triple-bar strain norm and the
bound (3) on Lamé’s coefficients, for all v, € U, it holds

2 2 2 . . 1
allv, iz, < vylle, < Cu+dlA) v, s, with v, llan = an(v,,v,)2, (33)

where the hidden constants are independent of both h and the problem data.
(ii) Consistency. It holds for all w € Hy(Q;R?) N H*(Ty; RY) such that V-0-(Vw) € L*(Q;RY),

NER(W; llens < A (2/~‘|W|H2(7}1;Rd) + |/1V‘W|H1(7z;R)), (34)

where the hidden constant is independent of w, h, and of the problem data, the linear form
En(w;-) : U, , — R representing the consistency error is such that, forally, € U, .,

En(w;v,) = —(V-o(Vsw),vy) —ap(l,w,v,), (35)
and its dual norm is given by

ERW; Mlene = sup ACE

VR €Uy, o llv, llle,n=1

Proof. (i) Stability and boundedness. Let y, € U,. We recall the Frobenius product such that, for

all 7,p € R4 1 = Zle Z;i:l 7;;1;; With corresponding norm ||7[[r = (TIT)%. Writing (22)
for w, = v, , using the assumption (3) on Lamé’s parameters to infer that o(7):7 > a/||7'||1% for any
T € Rf;;f, recalling the definitions (13) and (28) of the double- and triple-bar strain norms, and
observing that 2i1 > a, the first inequality in (33) follows. The second inequality can be obtained in
a similar way: write (22) for w,, = v,,, observe that |o"(t):7| < (2u + d|A])||7||3 for any T € REX,
and use again (13) and (28).

(ii) Consistency. Lety, € U, ,. We reformulate the components of the consistency error. Integrating
by parts element by element, we infer that

~(V-o(Vow)va) = > > (a(Vw)rnre,ve =vr)F,

TeT, FeFr
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where we have used the continuity of normal tractions across interfaces together with the fact that
boundary unknowns are set to zero in U,  to insert v into the right-hand side. To reformulate
the second term in (35), in the expression (22) of a; we use the first property in (20) together with
the linearity of the strain-stress law o to write, for all T € 7y, a'(VSplTL W) = a’(n(%(VSw)) =
Jr(%(O'(VSw)) and obtain

an(L,w,v,) = D (@@ (Vow), Voprvr)r + Q) in(PyLyw, phvy) + 1) sn(L,w, v,).
TeT,

After expanding, for all T € 7y, Vi PITKT according to its definition (18), we deduce that

W v)= > Y (@ (Vow)nrr,ve —ve)r + Q) n(PhL,w. ) + Qu) saLyw. v,,).
TeT, FeFr

Plugging the above relations into the expression (35) of the consistency error, passing to absolute
values, using a generalised Holder inequality with exponents (2, o, 2) along with ||n7F || ~(Fra) < 1
and hr < hr for the first term in the right-hand side, and Cauchy—Schwarz inequalities for the
remaining terms, we get

[Entwsv,)| = [ D] tha(vswm—n3<fr<vsw>>||§T) (Z > hplve = vrll}

TeT, TeT, FeFr
o (36)
+CwIp, LWl 1pyy, e + COILWlsn 12, lsn
— ~—
% T

S (T + T+ T3) vy, llle,ns
where we have used the second inequality in (29) together with the definition (28) of the triple-bar

strain norm to conclude. Recalling the expression (2) of the strain-stress law, we get, for any T € 7,

1 1 1
h2 o (Vow)r=n (o (Vow))llor < QuhZI|IVsw (a3 Vw)llor + h2l|AV-w—rL(AV-w)llor 37
<h ((2M)|W|H2(T;Rd) + MV'WIHI(T;R)),

where we have used the approximation properties (6) of the L?-orthogonal projector along with
hr < h to conclude. Using the above estimate, we infer for the first term

T <h ((2ﬂ)|w|,,zm;Rd) AV W1 ;R)) . (38)
Moving to the second term, we start by observing that
Y = Qu’ la,wl?,

=u? > W e wiell;
Fefy

=u? Y. hpllww - wiell}
FeFy

s Y. > hplwrw - wirll}

FeF, TeTr

2 -1 1 2
<? ) W larw —wirli3
TeT,

11



where we have used, in this order, the second relation in (20), the definition (13) of the jump seminorm,
the fact that the jumps of w vanish across any F' € 77, the definition (10) of the jump operator together
with the triangle inequality, and the relation

IPIEDIDIE o

TeT, FeFr Fef, TeTr

to exchange the sums over elements and faces. Hence, using the approximation properties (9) of the
elliptic projector, hr < h, and taking the square root, we arrive at

Ty S Cwhw|p2g;, ray.- (40)
For the third term, (25) readily gives

Plugging (38), (40), and (41) into (36) and passing to the supremum yields (34). |

5.2 Energy error estimate

Theorem 8 (Energy error estimate). Let u € H& (Q; RY) denote the unique solution to (4), for which
we assume the additional regularity u € H*(T,; R4). Forall h € H, let u, €U, , denote the unique
solution to (32). Then,

Ny, — Lullsn < @ 'h ((2ﬂ)|u|H2(7;,;Rd) + |/1V'u|H1(‘77.;R))’ 42)
with hidden constant independent of h, u, and of the problem data.

Proof. Applying to the present setting the results of [14, Theorem 10] gives the abstract estimate

ey, = Lyullle.n < @ 1w e p, -
Using the assumed regularity for the exact solution to invoke (34), (42) follows. m|

Remark 9 (Robustness in the quasi-incompressible limit). In the numerical approximation of linear
elasticity problems, a key point consists in devising schemes that are robust in the quasi incompressible
limit corresponding to % > 1 (whichrequires, in particular 4 > 0). From a mathematical perspective,
this property is expressed by the fact that the error estimates are uniform in 4. For d = 2 and Q
convex, it is proved, e.g., in [8, Lemma 2.2] that

Cwllullgr@ray + 1AV -ullg1or) S 1S, (43)

with hidden constant possibly depending on Q2 and u but independent of A. This result can be extended
to d = 3 reasoning as in the above reference and accounting for the regularity estimates for the Stokes
problem derived in [2, Theorem 3]. Plugging (43) into (42) and observing that, when 4 > 0, we can
take @ = 2u (cf. (3)), we can write, with hidden constant independent of both % and 4,

llu, —1,ullen < hIFI, (44)

which shows that our error estimate (42) is uniform in 4. The key point to obtain robustness is the
first commutation property in (20), which is used to estimate the term 77 in the proof of Lemma 7.

12



Remark 10 (Quasi-optimality of the error estimate). It follows from the second inequality in (33) that
the bilinear form ay, is bounded with boundedness constant independent of 4. Hence, following [14,
Remark 11], the error estimate (42) is quasi-optimal.

Remark 11 (Energy estimate in the ||-||, ,-norm for 1 > 0). When A > 0, a consistency estimate in &
holds for ||Ep(W; -)||a,n.«» the norm of the consistency error linear form dual to ||-||,., (see (33)). To see
it, observe that, from (36) together with (2,11)% v, lle,n < llv),llan (a consequence of the assumption

A = 0), it follows |8h(w;gh)| ST+ T+ T3) (2;4)‘% |19, lan- Hence, passing to the supremum over
{v. €U, : Iv,llan = 1}, we infer

1 _1
1ERW: lans S h ((2/1)2 W g2, ey + (21) 72 |/1V'W|Hl(7;,;R)) :

Invoking again [14, Theorem 10], this time with U,  equipped with the |||, ,-norm, it is inferred

1 1
lu), = L,ullan < h ((2#)2 || 2, maty + (2p0) 2 |/1V'u|Hl(7;;R)),

with hidden constant having the same dependencies as in (42).

5.3 Improved L’-error estimate

Combining the discrete Korn—Poincaré inequality (15) with the error estimate (42), we can infer an
estimate in /4 for the L?-norm of the displacement error ||uj, — ﬂgu ||, where we remind the reader
that uy, is defined according to (16) as the broken polynomial obtained patching element unknowns,
while ﬂgu is the L-orthogonal projection of the exact solution on PO(7,;R9). It is well-known,
however, that improved L>-error estimates can be derived in the context of HHO methods when
elliptic regularity holds. In this section, we show that the same is true for the low-order method
considered in this work. For the sake of simplicity, we assume throughout this section that

A>0.

This assumption could be removed, but we keep it here to simplify the discussion and point out the
robustness in the quasi-incompressible limit. Recalling the discussion in Remark 9, elliptic regularity
for our problem entails that, for all g € L*(Q;R?), the unique solution of the (dual) problem: Find
Zg € Hé (Q; R9) such that

(0(Vszg) Vov) = (g,v) Vv € H)(Q;RY) (45)
satisfies the a priori estimate

Cw llzgllg2@ra) + 12V -zl or) < llgll, (46)
with hidden constant only depending on Q and p.

Theorem 12 (Improved L>-error estimate). Under the assumptions and notations of Theorem 8, and
further assuming A > 0, elliptic regularity, and f € H'(T,;R%), it holds that

lun = 7hull < B2\ f Nl may (47)

where the hidden constant is independent of both h and A (but possibly depends on u).
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Proof. Inside the proof, hidden constants have the same dependencies as in (47). Applying the results
of [14, Theorem 13] to the present setting gives the basic estimate

lun —mpull < lw, ~L,ullen sup NEn(zgs e, + sup En(u;L,zg). (48)
geLX(QRY)|lg<1 geL(QRY)|lgl<1

We proceed to bound the addends in the right-hand side, denoted for the sake of brevity T; and T,.
(i) Estimate of T;. Since zg € Hé (Q; RY) N H*(Q; RY), the consistency estimate (34) followed by the
elliptic regularity bound (46) yield, for any g € L*(Q;RY),

IEn(zg: Mers < h (Ce0lzg gz + 1AV 2Zglar o)) < hlgll
Combined with the energy error estimate (44), this yields

T s PIfIl. (49)

(ii) Estimate of T,. Recalling the expression (35) of the consistency error, expanding the bilinear
form aj, according to its definition (22) with w, = I, u and vy, =1, zg, and invoking (20) to replace
p}llh with w}l and Vs,hP;I,Lh with ngvs, we can write

En(usl,zg) = (-V-0(Vsu), ﬂ'gzg) - (ﬂ?l((T(Vsu)), 71'2Vszg)
- (2p) jh(w;llu’ 'w';llzg) - (2p) Sh(Lhu,Lhzg)- (50)
We have that

—(V-o(Vsu), ﬂ'gzg) = (f, ﬂgzg) = (ﬂ'?lf, Zg)

= (mf = f.2g) + (0(Vsu), Vizg)

= (ﬂ'?,f -f g — ﬂgzg) + (o (Vsu), Vszg)’
where we have used the fact that (1a) holds almost everywhere in Q to replace —V-0-(Vsu) with f
along with the definitions (7) and (5) of the global and local L?-orthogonal projectors in the first line,
we have added the quantity (f, zg) — (07(Vsu), Vizg) = 0 (see (4)) in the second line, while, to pass
to the third line, we have used the fact that, by definition of 71'2, the function (712 f = f)is L2 (Q;RY)-
orthogonal to P°(7;,; R?) to insert ﬂgz.g into the first term. The Cauchy—Schwarz inequality and the

approximation property (6) of the L?-orthogonal projector inside each mesh element yield for the
first term in the right-hand side

(@0 f = f2g — 7hzg)| < B2\ f i ma|2g | miamay S W1F e gy ma) 181 (5D

where we have used a standard estimate on |zg|1(qre) Obtained letting v = zg in (45) and using the
Cauchy—Schwarz and Korn inequalities to bound the right-hand side. On the other hand, using the
definitions (7) and (5) of the global and local L2-orthogonal projectors, we can write

|(0-(Vsu), Vszg) - (ﬂ?,(U'(Vsu)), 71'2Vszg)|
= |(0-(Vsu) - ng(a(vsu))’ Vszg - ng(vszg)”
< |lo(Vsu) - ﬂg(O'(Vsu))ll IVszg — ”(p)l(vszg)” (52)
< h? ((2ﬂ)|u|H2(Q;Rd) + |/1V'u|H1(Q;Rd)) |zg |2 (Qra)

< KIS gl
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where we have used a Cauchy—Schwarz inequality to pass to the third line, (37) with w = u together

with the approximation property (6) of the L2-orthogonal projector to pass to the fourth line, and the

elliptic regularity bound (46) to conclude. Finally, using Cauchy—Schwarz inequalities, we can write

Q) jn(@j,u, @), ze) + (2 su(ly,u, 1,zg) s ) [, ulinl@ ), zglin + Q) 1L, ulnlL,zglsn

< Quk|ulparazelmrars < KIS gl

where, to pass to the second line, we have used (25) for the terms involving s;, and we have proceeded

as in the estimate of T, in the proof of point (ii) of Lemma 7 for the terms involving j, while, to

conclude, we have invoked (46). Taking absolute values in (50) and using the estimates (51), (52),
(53) yields f8h(u;Lhzg)| < h2||f||H1(7Z;Rd)||g||. Hence, passing to the supremum, we obtain

T < P\f 7 - (54)

Plugging (49) and (54) into (48) concludes the proof. m]

(53)

6 Numerical tests

In what follows we verify, through numerical examples, the results stated in the previous section.

6.1 Two-dimensional quasi-incompressible case

The first test case is inspired by [9]: we solve on the unit square Q = (0, 1) the homogeneous Dirichlet
problem corresponding to the exact solution such that

(x) = (cos(2mxy) — 1) sin(2rxz) + 5 /l sin(zrxy) sin(7rx;)
e (1 = cos(2mx2)) sin(2rxy) + 193 + ~ sin(7rxy) sin(mxz))

The corresponding forcing term is

[4 sin(2mrx;) (2 cos(2mxy) — 1) — 1+/1 sin(7rxy) 31n(7rx2)] 1+/1 E cos(m(xy + x2))

Fx) = ( p [4sin(2rx;) (1 = 2 cos(2mxy)) — /1 sin(rrxy) sin(mrx,) | — ’11:’/{ cos(m(x) + xz)))

We take p = 1 and, in order to assess the robustness of the method in the quasi-incompressible limit,
we let A vary in {1, 103, 10%}. For the numerical solution, we consider structured and unstructured
triangular, Cartesian orthogonal, and deformed quadrangular mesh families; see Figure 1. The
solutions corresponding to A = 1 and A = 10° on the finest Cartesian orthogonal mesh are represented
in Figure 2, where we have plotted the components of the global displacement reconstruction obtained
from the discrete solution according to (21).

The numerical results are collected in Tables 1-4, where the following quantities are monitored:
Nyofs,n» the number of degrees of freedom; Ny, 5, the number of non-zero entries in the problem
matrix; ||u;, — I, u|l|, », the energy-norm of the error; ||uj — ngu ||, the L?-norm of the error estimated
in Theorem 12. Notice that, in view of Remark 11, in this and in the following numerical tests the
energy error is measured using the ||-||, ,-norm, whose computation can be done using the already
assembled problem matrix. We additionally display the Estimated Order of Convergence (EOC)

which, denoting by e; an error measure on the ith mesh refinement with meshsize #;, is computed as
EOC = loge; —log ey '
log h; —log hi+y

In all the cases, the asymptotic EOC match the ones predicted by the theory, that is, 1 for the energy-
norm of the error and 2 for the L?-norm. The results additionally highlight the robustness of the
method in the quasi-incompressible limit (see Remark 9) and with respect to the mesh, showing errors
of comparable magnitude irrespectively of the value of A and of the selected mesh family.
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(a) Structured triangular mesh (b) Unstructured triangular mesh

(c) Cartesian orthogonal mesh (d) Distorted quadrangular mesh

Figure 1: Meshes for the numerical test of Section 6.1.

Table 1: Numerical results for the test of Section 6.1, structured triangular mesh family.

Naotsh ~ Nozn |y, —Lyullan  EOC |, —xjul| EOC

() = (1, 1)
144 3680 3.82e+00 - 2.08¢-01 -
608 17856 1.96e+00 097  6.97e-02 158
2496 78080 9.64e-01 102 1.87e-02  1.90

10112 326016 4.84e-01 1.00 4.74e-03 1.98
40704 1331840 2.43e-01 1.00 1.19e-03 1.99

(11, ) = (1, 1,000)

144 3680 5.09e+00 - 2.05e-01 -
608 17856 1.95e+00 1.38 7.15e-02 1.52
2496 78080 9.15e-01 1.09 2.00e-02 1.84

10112 326016 4.52e-01 1.02 5.18e-03 1.95
40704 1331840 2.25e-01 1.00 1.31e-03 1.98

(ﬂ’ /l) = (1’ I- 106)

144 3680 1.10e+02 - 2.05e-01 -
608 17856 1.48e+01 2.90 7.15e-02 1.52
2496 78080 2.07e+00 2.83 2.00e-02 1.84
10112 326016 5.08e-01 2.03 5.19e-03 1.95
40704 1331840 2.27e-01 1.16 1.31e-03 1.98
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Figure 2: Numerical solution for the test of Section 6.1 on the 128 x 128 Cartesian orthogonal mesh.



Table 2: Numerical results for the test of Section 6.1, unstructured triangular mesh family.

Ndofs,h an,h Hﬂh - Lhu”a,h EOC ”uh - ﬂgu ” EOC
(1, 1) = (1, 1)

234 6572 3.00e+00 - 1.38e-01 -
978 30012 1.60e+00 0.90 4.11e-02 1.75
3986 127372 8.15e-01 0.98 9.37e-03 2.13
15542 505828 4.27e-01 0.93 2.61e-03 1.85
63584 2089920 2.12e-01 1.01 6.65¢-04 1.97
249238 8228988 1.08e-01 0.97 1.71e-04 1.96

(11, 1) = (1,1,000)

234 6572 3.57e+00 - 1.45e-01 -
978 30012 1.60e+00 1.15 4.52e-02 1.68
3986 127372 8.00e-01 1.00 1.07e-02 2.07
15542 505828 4.18e-01 0.94 2.99¢e-03 1.85
63584 2089920 2.08e-01 1.01 7.63e-04 1.97
249238 8228988 1.06e-01 0.97 1.97e-04 1.96

() = (1,1-10°)

234 6572 6.17e+01 - 1.45e-01 -
978 30012 7.55e+00 3.03 4.52e-02 1.68
3986 127372 1.14e+00 272 1.07e-02 2.07
15542 505828 4.33e-01 1.40 2.99e-03 1.85
63584 2089920 2.08e-01 1.06 7.63e-04 1.97
249238 8228988 1.06e-01 0.98 1.97e-04 1.96

Table 3: Numerical results for the test of Section 6.1, Cartesian orthogonal mesh family.

Ndofs,h Nnz,h llz,, - Lhu“a,h EOC (lup - ”2“” EOC
() =(1,1)

80 2768 3.13e+00 - 1.55e-01 -
352 15856 1.84e+00 0.77 4.08e-02 1.93
1472 73904 1.09e+00 0.75 1.04e-02 1.98
6016 317488 5.89¢-01 0.89 2.89¢-03 1.84

24320 1314608 3.02¢-01 0.97 7.73e-04 1.90
(1, 1) = (1, 1,000)

80 2768 3.08e+00 - 1.64e-01 -
352 15856 1.81e+00 0.77 4.72e-02 1.80
1472 73904 1.08e+00 0.75 1.37e-02 1.78
6016 317488 5.81e-01 0.89 3.96e-03 1.79

24320 1314608 2.97e-01 0.97 1.06e-03 1.90
(u, 2) = (1,1-10%)

80 2768 3.08e+00 - 1.64e-01 -
352 15856 1.81e+00 0.77 4.72e-02 1.80
1472 73904 1.08e+00 0.75 1.37e-02 1.78
6016 317488 5.81e-01 0.89 3.96e-03 1.79

24320 1314608 2.97e-01 0.97 1.06e-03 1.90
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Table 4: Numerical results for the test of Section 6.1, distorted quadrangular mesh family.

Naofs,h Nuzh ||Eh - Lhu“a,h EOC  |lup - ﬂ?,u” EOC

() = (1, 1)
80 2768 3.51e+00 - 1.89¢-01 -
352 15856 1.91e+00  0.88  545¢-02 179
1472 73904 1.08e+00  0.82  134e-02  2.03

6016 317488 5.83e-01 0.89 3.52e-03 1.93
24320 1314608 2.97e-01 0.97 9.18e-04 1.94
97792 5348656 1.49e-01 0.99 2.33e-04 1.98

(11, 1) = (1, 1,000)

80 2768 3.44e+00 - 1.96e-01 -
352 15856 1.87e+00 0.88 5.89¢-02 1.73
1472 73904 1.07e+00 0.81 1.63e-02 1.85

6016 317488 5.74e-01 0.89 4.48e-03 1.86
24320 1314608 2.92e-01 0.97 1.18e-03 1.93
97792 5348656 1.47e-01 0.99 3.00e-04 1.97

(/J’ /l) = (1’ l- 106)

80 2768 9.12e+00 - 1.96e-01 -
352 15856 2.27e+00 2.00 5.89e-02 1.73
1472 73904 1.08e+00 1.07 1.63e-02 1.85

6016 317488 5.74e-01 0.91 4.48e-03 1.86
24320 1314608 2.92e-01 0.97 1.18e-03 1.93
97792 5348656 1.47e-01 0.99 3.00e-04 1.97

6.2 Two-dimensional singular case

We next consider the solution of [1, Section 5.1] which, in polar coordinates (r, 8), reads

%rL [(k = Q(L + 1))cos(LO) — L cos((L —2)8)]

u(r,0) = s=rE [(k + Q(L + 1)) sin(L) + Lsin((L —2)8)] )’

where the various parameters take the following numerical values: u = 0.65, 4 = 0.98, G = 15—3,

K = %, L = 0.5444837367825, O = 0.5430755788367. The forcing term in this case is equal to
zero, while the Dirichlet boundary condition is inferred from the exact solution. The domain Q is
illustrated in Figure 3, while the solution on the finest computational mesh considered here is depicted
in Figure 4. This test case is representative of real-life situations corresponding to a mode 1 fracture
in a plain strain problem. The solution exhibits a singularity in the origin, which prevents the method
from attaining the full orders of convergence predicted for smooth solutions.

For the numerical resolution, we consider a sequence of refined structured quadrangular meshes.
The numerical results collected in the top half of Table 5 show an asymptotic EOC in the energy-norm
of about 0.54, while the asymptotic EOC in the L?-norm is about 1.31. For the sake of completeness,
we show, in the bottom half of Table 5, a comparison with the original HHO method of [16] with
k = 1. Also in this case, the EOC are limited by the regularity of the solution, and coincide with
those observed for the method studied in this work. As expected, the number of unknowns on a given
mesh is larger for the method of [16] compared to the method proposed here, despite the fact that
static condensation is applied in the former case. It has to be noticed, however, that the reduction in
the number of unknowns is balanced by the increased number of nonzero entries in the matrix, due
to both the absence of static condensation (see Remark 6) and the presence of the jump penalisation
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Figure 3: Domain for the test case of Section 6.2.
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Figure 4: Numerical solution for the test of Section 6.2.
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Table 5: Numerical results for the test of Section 6.2 and comparison with the high-order method of
[16] with £k = 1. For the latter, the energy norm is the one associated to the corresponding bilinear

form without jump stabilisation.

Naots,h Nozn ”ﬂh - !hu l, EOC |lup - ”2” I EOC
Present work

256 10616 7.65e-01 - 7.51e-02 -

1088 52728 5.63e-01 0.44 3.34e-02 1.17
4480 232568 3.97e-01 0.50 1.40e-02 1.25
18176 974712 2.76e-01 0.53 5.72e-03 1.29
73216 3988856 1.90e-01 0.54 2.31e-03 1.31
293888 16136568 1.31e-01 0.54 9.29e-04 1.31

HHO method of [16], k = 1

320 7584 1.07e-01 - 9.40e-03 —

1408 36512 7.32e-02 0.55 3.64e-03 1.37
5888 158880 5.01e-02 0.55 1.41e-03 1.36
24064 661664 3.43e-02 0.55 5.52e-04 1.36
97280 2699424 2.35e-02 0.54 2.17e-04 1.35
391168 10903712 1.61e-02 0.54 8.57e-05 1.34

term. This phenomenon is specific to the two-dimensional case: in dimension d = 3, the matrix
corresponding to the method of [16] with k = 1 is generally more dense; see, e.g., Table 6. The errors
in the energy norm appear to be smaller for the HHO method of [16], but this is in part due to the
fact that the natural energy norm associated with the corresponding bilinear form does not contain
the norm of the jumps.

6.3 Three-dimensional compressible case

To test the performance of the method in three space dimensions, we solve on the unit cube domain
Q = (0, 1) the homogeneous Dirichlet problem corresponding to the exact solution # = (u;)1<i<g
such that

u;(x) = sin(mrxy) sin(7rxy) sin(7rx3) V1 <i<3.

The corresponding forcing term is

2 sin(zrxy) sin(mrxy) sin(mrxs) — sin(mwxy) cos(m(x3 + x1)) — sin(rx3) cos(m(x; + x3))
f(x) = p| 2sin(mrxy) sin(mrx;) sin(rx3) — sin(7rx3) cos(m(x; + x2)) — sin(mxy) cos(mw(xy + x3))

2 sin(7rxy) sin(mx;) sin(mxz) — sin(mwxy) cos(m(xy + x3)) — sin(mwrxy) cos(mw(xz + x1))

sin(7rx1) sin(7rxy) sin(7rx3) — cos(mrxy) sin(mr(xy + x3))
+ A sin(zrxy) sin(7rx;) sin(wx3) — cos(mxy) sin(m(xz + x1)) |-

sin(7rx;) sin(7rxy) sin(7rx3) — cos(mxz) sin(zw(x; + x3))

For the numerical solution, we take u = A = 1. Table 6 collects the numerical results on Cartesian
orthogonal and unstructured simplicial mesh families. The monitored quantities are the same as for
the other test cases to which we add, for the sake of comparison, the number of unknowns and of
nonzero matrix entries for the method of [16] with k£ = 1. For both mesh families, the asymptotic
EOC for both the energy- and the L?-norms of the error agree with the ones predicted. Specifically,
on the simplicial mesh family an EOC close to 1 is attained starting from the third mesh refinement
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Table 6: Numerical results for the test of Section 6.3. The number of degrees of freedom and of
nonzero matrix entries for the method of [16] are also included for comparison (except for the last
mesh refinement).

Ndofs,h an,h _ —_ 70
k =O (k — 1) k=0 (k — 1) ”Eh !hu“ﬁ,h EOC ”llh n’hu” EOC
Cartesian orthogonal mesh sequence

60 (108) 2772 (4860) 2.42e+00 - 1.76e-01 -
624 (1296) 70128 (97200) 2.07e+00 0.23 1.01e-01 0.81
5568 (12096) 831024 (1057536) 1.31e+00 0.65 4.09e-02 1.30
46848 (103680) 7879824 (9673344) 7.19¢-01 0.87 1.27e-02 1.68
384000 (857088) 68277456 (82425600) 3.71e-01 0.95 3.46e-03 1.88
3108864 - 567808848 - 1.87e-01 0.98 8.95e-04 1.95

Unstructured simplicial mesh sequence

1584 (3024) 107136 (167184) 1.38e+00 - 4.70e-02 -

13248 (25920) 1008288 (1539648) 7.61e-01 0.85 1.64e-02 1.52

108288  (214272) 8676288 (13125888) 3.96e-01 0.94 4.39e-03 1.91
875520  (1741824) 71860608  (108241920) 2.02e-01 0.97 1.14e-03 1.95
7041024 - 584706816 - 1.02e-01 0.99 2.89¢-04 1.98

in the energy norm, whereas an EOC close to 2 is already observed starting from the second mesh
refinement; on the Cartesian orthogonal mesh family, on the other hand, the orders of convergence
take longer to settle to the corresponding asymptotic values, likely because the first computational
meshes are very coarse.

7 Local balances and continuity of numerical tractions

In this section we show that our method satisfies local force balances with equilibrated face tractions.
This property can be exploited, e.g., to derive a posteriori error estimates by flux equilibration, and it
makes the proposed method suitable for integration into existing Finite Volume codes.

Lemma 13 (Traction formulation of the discrete bilinear form). We have the following reformulation
of the discrete bilinear form ay, defined by (22): Forallw,,v, €U, ,

(W, v) = D D IFI®@re(w,)-(r = vr), (55)

TeT, FeFr

where, for all T € T, and all F € Fr, we have introduced the numerical traction ®rp : U, —
PO(F; RY) such that

DOrr(w),) = ~o(Vsprwonrr + (2u) D;rr(w,) + ) ®s7r(Wy),

with jump penalisation and stabilisation contributions respectively defined as

€r € _
e, = 7 [ ol le v Y (28 o - Frnre [ Iphw, o
G

he|F| JF e ha|T|
1 G| .  _
DO, 7r(Wp) = EaTFKT + Z h|G||T| (¥*r —=XG)nrF OTGW

Gefr
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where, for any X mesh element or face, we have denoted by Xx = ﬁ fX x its centroid and, for any
T € 9, and any F € Fr, erp = nrp-nr defines the orientation of F relative to T.

Proof. We proceed to reformulate the three terms in the right-hand side of (22) in order to highlight
the corresponding contribution to the numerical traction. For the consistency term, we can write

(@(Vonpiwy) Vorphry) = ) [TIo(Voppw ) Vopiyy = > TIo(Vspiwy):Vpry,
TeT, TeT,

F
= 3 Mo | Y s —vp) o nre

TeT, Fefr | I

=- Z Z |Flo(VsprwpInre-(vr — vE),
TeT, FeFr

where we have used the fact that, for any 7' € 7, both o(V pleT) and Vi p# v are constant inside

T along with the fact that U'(VspleT) is symmetric to replace Vg with V in the first line, the first

relation in (18) to pass to the second line, and we have rearranged the products and sums to conclude.
For the jump penalisation term, we can start by observing that

1
W,y = > e ([p},mh]n [pizh]F)F

FeFy,
€rF €rF
=> > h—([p}lmh]np%zT)F = > 2, h—([p}lmh]p,p%KT)F,
Fer, Tery | F TeT, Ferr = F

where we have used the definition of the jump operator to pass to the second line and exchanged the
sums over elements and faces according to (39) to conclude. Using the explicit expression (19) of the
local displacement reconstruction, we can go on writing

in(w,v,) = Z Z ehr—; ([I’;llﬁh]F, vr + Z @(x ~Xxr)nrr(vG - VT))

TeT, FeFr Gefr |T| F
€TF 1
= Z Z . [thh]F, VT —VF F
TeT, FeFr F

* Z Z Z E;;';l ([P},Eh]F(x —X7)nTF, VG —vT)F

TeT, FeFr GeFr

=), 2 |F|(,§|’;| F[p},mh]F)-<vT—vF>

TeT, FeFr
€rF _
- Z Z |G| Z h—m/[P;,Eh]F(x_xT)'nTF)'(VT_VG)
TeT, GeFr Ferr  F F
= >0 > IFI®yrrw,)-(vr - vE),
TeT, FeFr

where, to insert v into the first term in the second line, we have used the fact that [p }lm WlF s
single-valued at interfaces together with vy = 0 on boundary faces, to pass to the third line we have
used the fact that the discrete unknowns in y, are constant over mesh elements to take them out of the
integrals over faces while, to conclude, we have observed that (x —X7)-nrr = (Xp — X7)-nrF for all
x € F and we have used the definition of ®;7r(w, ) after switching the names of the mute variables
F and G in the second term of the third line.
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Moving to the stabilisation term, we can write

F
sh(w,,v,) = Z Z %6TFET'6TFKT

TeT, FeFr
|F| |G| _
= Z Z ~—O0rFWy |vr —VF + Z G —vr)XF —Xr)nrc
hr ||
TeT, FeFr GeFr
|F|
= Z Z h—éTFmT'(VT—VF)
Tem, Ferr  F
+ Z Z |G| Z il (X7 —Xp)nrG Orrw, |-(vr —vG)
TeT, G heT| a
w GEFr Fe¥Fr
= > D IFI®rr(wy)-(vr —vp),
TeT, FeFr

where we have used the definition (24) of the boundary difference operator together with the explicit
expression (19) of the local displacement reconstruction to pass to the second line, we have rearranged
the terms to pass to the third line, and we have used the definition of ®g 7 (w ) after switching the
names of the mute variables F and G in the second term of the third line to conclude. O

Corollary 14 (Local balances and equilibrated tractions). Under the assumptions and notations of
Lemma 13, we have that u; € U, , solves the discrete problem (32) if and only if: For all T € Ty, the

following balance holds
>, IFierew,) = [ . (56)
Fefr r

and, for any interface F € F, shared by the mesh elements Ty and Ty, it holds that
@7 r(u;,) + Opr(u,) =0. (57)

Proof. Plugging the flux reformulation (55) of the bilinear form a; into the discrete problem (32),
and recalling (16), we infer that it is equivalent to: Find u, € U, , such that

D D IFl®re(u,) vy —vE) = ) /T fyr Vv, €U, (58)

TeT, FeFr TeT,

Taking, for a given mesh element T € 7, v, such that vy» = 0 for all 7" € 7, \ {T'}, vF = 0 for all
F € F, and letting vy span PO(T; RY), (58) reduces to (56). Similarly, given an interface F € 7'}1‘
shared by the mesh elements T} and 7>, taking in (58) v, such that vz = 0 forall T € 7, vy =0
for all F’ € F, \ {F}, and letting v span PY(F;R?), (58) reduces to (57) after recalling that the
numerical tractions are constant over F. m|
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