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Abstract

We develop a new multipoint stress mixed finite element method for linear elasticity with weakly
enforced stress symmetry on simplicial grids. Motivated by the multipoint flux mixed finite element
method for Darcy flow, the method utilizes the lowest order Brezzi-Douglas-Marini finite element spaces
for the stress and the vertex quadrature rule in order to localize the interaction of degrees of freedom.
This allows for local stress elimination around each vertex. We develop two variants of the method.
The first uses a piecewise constant rotation and results in a cell-centered system for displacement and
rotation. The second uses a piecewise linear rotation and a quadrature rule for the asymmetry bilinear
form. This allows for further elimination of the rotation, resulting in a cell-centered system for the
displacement only. Stability and error analysis is performed for both variants. First-order convergence
is established for all variables in their natural norms. A duality argument is further employed to prove
second order superconvergence of the displacement at the cell centers. Numerical results are presented
in confirmation of the theory.

1 Introduction

Mixed finite element (MFE) methods for elasticity with stress-displacement formulations provide accurate
stress, local momentum conservation, and robust treatment of almost incompressible materials. Numerous
methods with strong stress symmetry [6/11,/15] and weak stress symmetry [7,9}/10,/13},/16}22,|31}38,/47]
have been developed. A drawback of these methods is that the resulting algebraic systems are of saddle
point type. Two common approaches for reducing MFE formulations to positive definite systems include
hybridization, resulting in skeletal systems, and reduction to cell-centered systems. In the context of stress-
displacement elasticity formulations, hybridization is possible for non-conforming MFE methods [8,/12,30]
or hybridizable discontinuous Galerkin (HDG) methods [23\/43]. These methods require facet displacement
degrees of freedom corresponding to polynomials of at least first order.

In this paper we develop MFE methods for elasticity on simplicial grids that can be reduced to
symmetric and positive definite cell centered systems based on piecewise constant approximations. These
methods have reduced computational complexity compared to hybrid formulations, both due to the smaller
polynomial degree and the fact that there are fewer elements than facets. Our approach is motivated by
the multipoint flux mixed finite element (MFMFE) method [35,/4950] for Darcy flow, which is closely
related to the multipoint flux approximation (MPFA) method [1-3,27,28]. The MPFA method is a finite
volume method obtained by eliminating fluxes around mesh vertices in terms of neighboring pressures. It
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can handle discontinuous full tensor coefficients and general grids, thus improving on previously developed
cell centered finite difference methods resulting from MFE methods [4,5,[45], which work for smooth grids
and/or coefficients. The MFMFE method [35,[50] utilizes the lowest order Brezzi-Douglas-Marini BDM;
spaces 18] on simplicial and quadrilateral grids, see also a similar approach in [20] on simplices, as well as
an enhanced Brezzi-Douglas-Duran-Fortin BDDF; space |19] on hexahedra. An alternative formulation
based on a broken Raviart-Thomas velocity space is developed in [37]. A common feature of the above
mentioned methods is that the velocity space has only degrees of freedom that are normal components
of the vector on the element boundary, such that on any facet (edge or face) there is one normal velocity
associated with each of the vertices. An application of the vertex quadrature rule for the velocity bilinear
form results in localizing the interaction of velocity degrees of freedom around mesh vertices. The fluxes
then can be locally eliminated, resulting in a cell centered pressure system. The variational framework of
the MFMFE methods allows for combining MFE techniques with quadrature error analysis to establish
stability and convergence results.

In [41], the multipoint stress approximation (MPSA) method for elasticity was developed, which is a
displacement finite volume method based on local stress elimination around vertices in a manner similar
to the MPFA method. The method does not have a mixed finite element interpretation, but its stress
degrees of freedom correspond to the BDM; degrees of freedom. The MPSA method was analyzed in [42]
by being related to a non-symmetric discontinuous Galerkin (DG) method. A weak symmetry MPSA
method has been developed in [36].

In this paper we develop two stress-displacement MFE methods for elasticity on simplicial grids that
reduce to cell centered systems. We consider the formulation with weakly imposed stress symmetry, for
which there exist MFE spaces with BDM; degrees of freedom for the stress and piecewise constant dis-
placement. In this formulation the symmetry of the stress is imposed weakly using a Lagrange multiplier,
which is a skew-symmetric matrix and has a physical meaning of rotation. Our first method is based on
the Arnold-Falk-Winther (AFW) spaces [10] BDM; x Py x Py, i.e., BDM; stress and piecewise constant
displacement and rotation. Since in R? there are d normal stress vector degrees of freedom per facet,
one degree of freedom can be associated with each vertex, We employ the vertex quadrature rule for the
stress bilinear form, which localizes the stress degrees of freedom interaction around vertices, resulting in
a block-diagonal stress matrix. This approach resembles the well-known mass-lumping procedure. The
stress is then locally eliminated and the method is reduced to a symmetric and positive definite cell
centered system for the displacement and rotation. This system is smaller and easier to solve than the
original saddle point problem, but no further reduction is possible. Our second method is based on the
modified AFW triple BDM; x Py x Py proposed in [15]. The difference from the first method is that
the rotation is continuous piecewise linear. In this method we employ the vertex quadrature rule both
for the stress and the asymmetry bilinear forms. This allows for further local elimination of the rotation
after the initial stress elimination, resulting in a symmetric and positive definite cell centered system for
the displacement only. This is a very efficient method with computational cost comparable to the MPSA
method. Adopting the MPSA terminology, we call our method a multipoint stress mixed finite element
(MSMFE) method, with the two variants referred to as MSMFE-0 and MSMFE-1, where the number
corresponds to the rotation polynomial degree.

We note that the MSMFE methods inherit the locking-free property of stress-displacement MFE
methods for elasticity. A numerical example illustrating the robustness of the MSMFE methods for
nearly-incompressible materials is presented in the numerical section. We should mention that a number
of locking-free primal-formulation methods have also been developed, including DG [44], a hybrid high
order method [24], finite element methods with the Crouzeix-Raviart space [17,126}33], weak Galerkin
methods [48], a virtual element method [14], and a hybrid finite volume method [25]. These methods have
been developed on general polygonal grids, and many of them can have arbitrary order of approximation.
However, they require postprocessing for computing the stress and do not provide local equilibrium with
H (div)-conforming stress.

We perform stability and error analysis for both MSMFE methods. The stability analysis follows the



framework established in previous works on MFE methods for elasticity with weak stress symmetry [7,[10],
and utilizes the classical Babuska-Brezzi conditions [19]. While the stability of the MSMFE-0 method is
relatively straightforward, the analysis of the MSMFE-1 method is not. It requires establishing an inf-sup
condition for the Taylor-Hood Stokes pair with vertex quadrature in the divergence bilinear form. We do
this by employing a macroelement argument, following an approach developed in [46]. We note that our
analysis differs from the one in [46]. In particular, the application of the vertex quadrature rule leads to
additional technical difficulties in the inf-sup analysis, since the control of the pressure degrees of freedom
by the velocity in the divergence bilinear form is weakened. We proceed with establishing first order
convergence for the stress in the H(div)-norm and for the displacement and rotation in the L?-norm for
both methods. The arguments combine techniques from MFE analysis and quadrature error analysis. A
duality argument is further employed to prove second order superconvergence of the displacement at the
cell centers.

The rest of the paper is organized as follows. The model problem and its MFE approximation are
presented in Section 2. The two methods are developed and their stability is analyzed in Sections 3 and
4, respectively. Section 5 is devoted to the error analysis. Numerical results are presented in Section 6.

2 Model problem and its MFE approximation

In this section we recall the weak stress symmetry formulation of the elasticity system. We then present
its MFE approximation and a quadrature rule, which form the basis for the MSMFE methods presented
in the next sections.

Let © be a simply connected bounded domain of R¢, d = 2,3 occupied by a linearly elastic body. We
write M, S and N for the spaces of d x d matrices, symmetric matrices and skew-symmetric matrices, all
over the field of real numbers, respectively. The material properties are described at each point z €
by a compliance tensor A = A(x), which is a symmetric, bounded and uniformly positive definite linear
operator acting from S to S. We also assume that an extension of A to an operator M — M still possesses
the above properties. As an example, in the case of a homogeneous and isotropic body,

1 A

where [ is the d x d identity matrix and g > 0, A > —2u/d are the Lamé coefficients.

Throughout the paper the divergence operator is the usual divergence for vector fields. When applied
to a matrix field, it produces a vector field by taking the divergence of each row. We will also use the curl
operator which is the usual curl when applied to vector fields in three dimensions, and it is defined as

curl g = (026, =019)

for a scalar function ¢ in two dimensions. Consequently, for a vector field in two dimensions or a matrix
field in three dimensions, the curl operator produces a matrix field, by acting row-wise.

Throughout the paper, C' denotes a generic positive constant that is independent of the discretization
parameter h. We will also use the following standard notation. For a domain G' C R%, the L?*(G) inner

product and norm for scalar and vector valued functions are denoted (-,-), and || - ||, respectively. The
norms and seminorms of the Sobolev spaces W*P(G), k € R,p > 0 are denoted by || - ||xp.c and | - |xp.c,
respectively. The norms and seminorms of the Hilbert spaces H¥(G) are denoted by | - ||l.c and | - |r.q,

respectively. We omit G in the subscript if G = 2. For a section of the domain or element boundary
S C R we write (-,-)s and || - || s for the L?(S) inner product (or duality pairing) and norm, respectively.
We will also use the spaces

H(div; Q) = {v € L*(Q,R?) : divw € L*(Q)},

H(div; Q,M) = {7 € L*(Q,M) : divt € L*(Q,R%)},



equipped with the norm
. 1/2
Irllaw = (711 + || div 7)) "

Given a vector field f on 2 representing body forces, equations of static elasticity in Hellinger-Reissner
form determine the stress o and the displacement u satisfying the constitutive and equilibrium equations
respectively:

Ao =€(u), dive=f inQ, (2.1)
together with the boundary conditions
u=g onl'p, on=0 only, (2.2)

where e(u) = 1 (Vu+ (Vu)') and 992 =T'p UT'y. We assume for simplicity that T'p # 0.

Introducing the Lagrange multiplier v = Skew(Vu), Skew(7) = %(7‘ — 7T, from the space of skew-

symmetric matrices to penalize the asymmetry of the stress tensor, and using that Ac = Vu — v, we
arrive at the weak formulation for (2.1)-(2.2), see for example [9,10]: find (o, u,7) € X x V x W such that

(Ao, 7) + (u,divT) + (v,7) = (9, Tn)r,, V7 eX
(divo,v) = (f,v), Yo eV, (2.3)
(0,) =0, VEe W,

where the spaces are
X={reHdiv;QM):7n=00nTy}, V=L*(QRY), W=L*QN).
Define the asymmetry operator as : M — R¥4=1/2 guch that
as (7) =12 — 721 in 2D and as (1) = (732 — 23, T31 — T13, T21 — 7'12)T in 3D.

R2, d=2
H_{Nﬁd:&

Let

and define the invertible operators S : H — H and Z : RU4-1)/2 4 N as follows,

d=2: Sw)=w forweR? (p):(o p) for p € R,

(1]

0 -—ps p2 (2.4)
d=3: Sw)=tr(w)l —w’ forweM, Zp)=|ps 0 -—p for p € R3.
—p2 P 0
A direct calculation shows that for all w € H,
as (curl(w)) = —div S(w), (2.5)
and for all 7 € M and £ € N,
(1,6) = (as (1), E7'(9)) - (2.6)
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Figure 1: BDM; x Py x Py on triangles (left) and BDM; x Py x P; on tetrahedra (right).

2.1 Mixed finite element method

Here we present the MFE approximation of , which is the basis for the MSMFE methods. Assume
for simplicity that ) is a polygonal domain and let 7, be a shape-regular and quasi-uniform finite ele-
ment partition of Q [21] consisting of triangles in two dimensions or tetrahedra in three dimensions with
maximum diameter h. For any element E € T, there exists a bijection mapping F : : E — E, where F is
a reference element. Denote the Jacobian matrix by DFg and let Jg = |det(DFg)|. In the case of tri-
angular meshes, E is the reference right triangle with vertices &, = (0,07), 5 = (1,0)” and 3 = (0,1)7.
Let rq, ro and r3 be the corresponding vertices of F, oriented counterclockwise. In this case Fg is a linear
mapping of the form Fg(t) =ri(1 — & — §) 4+ roZ + r3y with a constant Jacobian matrix and determinant
given by DFg = [ro1, r31]T and Jg = 2|E|, where rj; = r; — r;. The mapping for tetrahedra is described
similarly.

The finite element spaces Xp, x Vi, x WF € X x V x W are the triple (BDM1)? x (Py)? x (Py,)xbskew
where k = 0,1. Note that for £ = 1 the space W}l contains continuous piecewise linears. On the reference
triangle these spaces are defined as

. R R L+ 519 +71 oo+ By + 72
X(E) = Py (E)? PE2=<O‘”3 / ST )
(E) 1(E)" x P1(E) azd + B35 +v3 aud + Bal +Ya
V(E) =Po(E) x Po(E), WE(E)=2ZE(p), p € Pi(E) for k =0,1. (2.7)

The definition on tetrahedra is similar, except that W*(E) = Z(p), p € Py(E)%. These spaces satisfy
divX(E)=V(F) and V7 eX(E),écFE, 7neePi(e)

It is known [18/19] that the degrees of freedom for BDM; can be chosen as the values of normal fluxes
at any two points on each edge é if E is a reference triangle, or any three points one each face é if Fisa
reference tetrahedron. This naturally extends to normal stresses in the case of (BDM;)?. Here we choose
these points to be at the vertices of é, see Figure [1, This choice is motivated by the use of quadrature
rule described in the next section. The spaces on any element F € Ty, are defined via the transformations

. 1 . _ N A 2 e
T@T:TT:EDFETTOFEI, v<—>v:v:voFE1, §H§:§:§OFE1,

where 7 € X, v € V, and £ € W. The stress tensor is transformed by the Piola transformation applied
row-wise. It preserves the normal components of the stress tensor on facets, and it satisfies

(divr,v)g = (div7,0)z and (Tne,v)e = (7 Ng, V)e. (2.8)
The spaces on T, are defined by

Xp={reX:rlg &+ +eX(E) VEeT},
Vi={veV:vgeb oeV(E) VEeT), (2.9)
WI= (€ e W €p o & e WE) VE €T,

Wi={£€CQN) CW:¢lp e e WHE) VE €T}



Note that W} C H'({), since it contains continuous piecewise P; functions. The mixed finite element
approximation of (2.3)) is: find (op, up,vn) € Xp X Vi, X Wﬁ such that

(Aop, 7) + (up,divT) + (vn, 7) = (9, T )1 7€ Xy, (2.10)
(divop,v) = (f,v), v E Vy, (2.11)
(on,€) =0, £ € Wi (2.12)

The method has a unique solution and it is first order accurate for all variables in their corresponding
norms with both choices of rotation elements, see [10] for £ = 0 and [22] for k = 1. A drawback is that
the resulting algebraic system is of a saddle point type and couples all three variables. We next present
a quadrature rule that allows for local eliminations of the stress in the case of k& = 0, resulting in a
cell-centered displacement-rotation system in the case k = 0. In the case k = 1, a further elimination of
the rotation can be performed, which leads to a displacement-only cell-centered system.

2.2 A quadrature rule

Let ¢ and ¢ be continuous functions on 2. We denote by (¢,%)q the application of the element-wise
vertex quadrature rule for computing (¢, ). In particular, for y, 7 € X, we have

(o= Y (xrar= 3 IS av) )

E€T;, EE€T;, i=1

where s = 3 on triangles and s = 4 on tetrahedra. The vertex tensor x(r;) is uniquely determined by its
normal components (x n;;)(r;), j = 1,...,d, where n;; are the outward unit normal vectors on the two
edges (three faces) that share r;, see Figure [l More precisely, x(r;) = Z;lzl(x nzj)(rz)nz; Since the basis
functions associated with a vertex are zero at all other vertices, the quadrature rule decouples (x n;;)(r;)
from the rest of the degrees of freedom, which allows for local stress elimination.

We also employ the quadrature rule for the stress-rotation bilinear form in the case of linear rotations.
For 7 = Xp,, £ € W} we have

(. €am = S r(r)  €lri).
=1

Again, only degrees of freedom associated with a vertex are coupled, which allows for further elimination
of the rotation.
For x, 7€ Xp, and € € V\V,l1 denote the element quadrature errors by

0p(Ax,7) = (A, T)E — (AX, T)Q.E, OB(T.§) = (T.§)E — (T,§)Q,B- (2.13)
and define the global quadrature errors by 0(Ax, 7)|g = 0p(Ax, 7), 6(7,&)|g = 0p(T,§).

Lemma 2.1. If x € X3(E) and £ € W}.(E), then for all constant tensors 7o and for all skew-symmetric
constant tensors (o,

Oe(x,70) =0, de(x,¢) =0, dg(m,&) =0.

Proof. It is enough to consider 7y such that it has only one nonzero component, say, (79)1,1 = 1; the

arguments for other cases are similar. Since the quadrature rule (f)gr = @ i f(r;) is exact for
linear functions, we have

E S
(X:T0)g.p = ‘S‘Z(X)l,l(ri) = /EX : 7o dx.
i=1

The same reasoning applies for the other statements. O
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Lemma 2.2. The bilinear form (AT, X)Q is an inner product on X and (Ar, T)Q is a norm in Xp

equivalent to || - ||, i.e., there exist constants 0 < ap < ay independent of h such that
aol|7||? < (A, g < a||7]]? V1 e Xp. (2.14)
Furthermore, (5,5)52 is a norm in W} equivalent to || - ||, and V1 € Xy, £ € W}, (1,€)0 < C|I7II€]-

Proof. The properties of the operator A imply that there exist positive constants ag and a; such that for
al e M, aqor:7<Ar:7<ay7:7. Let T =37, 2?21 TijXi; on an element E, where x;; are basis
functions as shown in Figure [1} We have

(Ar, 7)o ‘E‘ZAT (r;): 7 >ao@2 (r;) : 7(r:) >C|E|ZZ

i=1 i=1 j=1

On the other hand,

s

s d d
171 = { DD 7 D D ThiXw <C|E|ZZ Tis
=1 =1

i=1 j=1 i=1 j=1

which implies agl|7|? < (AT, T)g- Since (A7, x)q is symmetric and linear, it is an inner product and

(AT, T)IQ/ % is a norm on X}, The upper bound in (2.14)) follows from a scaling argument, see [50, Corollary
2.5]. The proofs of the other two statements are similar. O

3 The multipoint stress mixed finite element method with constant
rotations (MSMFE-0)

In the first method, referred to as MSMFE-0, we use the piecewise constant space Wg for rotations and
apply the quadrature rule only to the stress bilinear form. The method is: find o, € Xj, up € Vp and
Y € Wg such that

(Aon,m)g + (up, divT) + (v, 7) = (g, T n)1rp, T e Xy, (3.1)
(divop,v) = (f,v), v € Vj,
(on, &) =0, £ e Wy,

Theorem 3.1. The method (3.1)—(3.3)) has a unique solution (o, un,vn).

Proof. Using the classical stability theory of mixed finite element methods [19], the solvability of (3.1])—
(3.3) follows from the Babuska-Brezzi conditions:

(S1) There exists ¢; > 0 such that for all 7 € X}, satisfying (divr,v) + (7,§) = 0 for all (v,&) €
Vh X W?L,
2
clHTHdiv < (ATa T)Q )

(S2) There exists co > 0 such that

(div 7,v) + (1,€)
inf
0#(0,6) eV x WY 0rex, ITllaw (ol + 1€ —

Condition |(S1)|is satisfied due to Lemma while condition |(S2)|is shown in [10,/15]. O



Figure 2: Finite elements sharing a vertex (left) and displacement stencil (right)

3.1 Reduction to a cell-centered displacement-rotation system

The algebraic system that arises from (3.1)—(3.3) is of the form

Ago AL, AT\ [o g
Ay 00 ul=|{-r], (3.4)
—Agy 00 ~ 0

where (Aso)ij = (A7), 7))@, (Aou)ij = (divTj,v;), and (Asy)ij = (75,&). In the standard MFE for-
mulation without quadrature rule, all stress degrees of freedom are coupled in the matrix A,, and it is
not possible to eliminate the stress with local computations, thus the entire saddle point problem needs
to be solved. In contrast, the MSMFE-0 method is designed to allow for local and inexpensive stress
elimination, as shown below.

Lemma 3.1. The matriz Ay, is block-diagonal with symmetric and positive definite blocks associated
with the mesh vertices.

Proof. Let us consider any interior vertex r and suppose that it is shared by k elements Eq,..., E
as shown in Figure Let eq,...,e; be the facets that share the vertex r and let 7q,..., 74, be the
stress basis functions on these facets associated with the vertex. Denote the corresponding values of the
normal components of o, by o1,...,04. Note that for the sake of clarity the normal stresses are drawn
at a distance from the vertex. As noted above, the quadrature rule (A-,-)g localizes the basis functions
interaction, therefore taking 7 = 71,..., 74 in results in a d k X d k local linear system for o1, ..., o4,
implying that (A,s) is block-diagonal with dk x dk blocks associated with the mesh vertices. Furthermore,
dk
(Ao, Ti)g ZO'J AT, i) = Z(Agg)ijaj, 1=1,..,dk,
j=1

and by Lemma each dk x dk block (Ass)ij, %,J = 1,...,dk, is symmetric and positive definite. ]

As a consequence of the above lemma, o can be easily eliminated from ({3.4]), resulting in the displacement-
rotation system

(et 38)(0)-() -
Aey AGEAL, Ap AGIAL h) '

Lemma 3.2. The cell-centered displacement-rotation system (3.5) is symmetric and positive definite.

Proof. The symmetry of the matrix follows from the symmetry of A,,. To show the positive definiteness,
for any (vT {T) #0,

AguAIAL,  Agu A7FAT
(’UT gT) (AO"YA IAT A(;WA 1AT> <£>:(Ar£uv+"4£y ) A (ATU+AT ) O,

co‘toy

due to the inf-sup condition |(S2)| O



Remark 3.1. The MSMFE-0 method is more efficient than the original MFE method, since it reduces the
initial saddle-point problem to a smaller symmetric and positive definite cell-centered system for displace-
ment and rotation. However, further reduction in the system is not possible, since the diagonal blocks
m couple all displacement, respectively rotation, degrees of freedom and are not easily invertible.
In the next section we propose a method with linear rotations and a verter quadrature rule applied to
the stress-rotation bilinear forms. This allows for further local elimination of the rotation, resulting in a
cell-centered system for displacement only.

4 The multipoint stress mixed finite element method with linear ro-
tations (MSMFE-1)

In the second method, referred to as MSMFE-1, we use the continuous piecewise linear space W}L for
rotations and apply the quadrature rule to both the stress bilinear form and the stress-rotation bilinear
forms. The method is: find o, € Xy, up, € Vj, and ~;, € W}L such that

(Aop,7)g + (up, div ) + (V4. 7)g = (9, T)Tp 7€ Xp, (4.1)
(le O'h,’U) = (fa U)v (NS Vh,
(on,§)g =0, £ e W

Remark 4.1. We note that the rotation finite element space in the MSMFE-1 method is continuous,
which may result in reduced approzimation if the rotation v € L*(Q,N) is discontinuous. It is possible to
consider a modified MSMFE-1 method based on the scaled rotation ¥ = A™1~y, which is motivated by the
relation 0 = A7'Wu — A= y. This method is better suited for problems with discontinuous compliance
tensor A, since in this case o is smoother than Ao, implying that 4 is smoother than . The resulting
method is: find op, € Xp, up € Vy, and vy, € W,ll such that

(Aop,m)g + (up, div ) + (n, A7) = (9, T)rp, T e Xy, (4.4)
(le O'h,U) = (fa U)? v E Vp, (45>
(AO'h,é.)Q = 07 5 S W}ll

In the numerical section we present an example with discontinuous A and vy illustrating the advantage of the
modified method f for problems with discontinuous coefficients. In order to maintain uniformity
of the presentation in relation to MSMFE-0, as well as conformity with the standard formulation for
weakly symmetric MEE methods for elasticity used in the literature, in the following we present the well-
posedness and error analysis for the method f. We note that the analysis for the modified method

(4.4)-(4.6) is similar.
The stability conditions for the MSMFE-1 method are as follows:

(S3) There exists c3 > 0 such that for all 7 € X}, satisfying (div7,v) + (1,£) = 0 for all (v,£) € Vj, x W},
sl < (AT, 7).
(S4) There exists ¢4 > 0 such that

(div 7,v) + (7, f)Q

inf S
0#(v,6) Vi xWE 0rex, |7 llaiv (0]l + [[€]])

> cy.



4.1 Well-posedness of the MSMFE-1 method

While the coercivity condition [(S3)|is again satisfied due to Lemma ({2.2)), we need to verify the inf-sup
condition The difficulty is due to the quadrature rule in (7‘,5)@. The next theorem, which is a
modification of [7, Theorem 3.2], provides sufficient conditions for a triple Xj, x Vi, x W} to satisfy [(S4)

Theorem 4.1. Let Sy, C H(div; Q) and Uy, C L%(Q) be a stable mived Darcy pair, i.e., there exists c5 > 0
such that

(div z,r)

inf  sup | > cs, (4.7)

0£r€Un 0£2e5, ||2]|div]|"]

and let Qp, C HY(Q,H) and W), € L*(Q,RU4=1/2) pe o stable mized Stokes pair, such that (w,w)ég/2 is a
norm in Wp, equivalent to ||w|| and there exists cg > 0 such that

div ¢, w
it sup V4o

> ce. (4.8)
0£wEWn 02402, [all1]lw]

Suppose further that
curl @, C (Sp)4. (4.9)
Then, Xp, = (Sp)¢ € H(div; Q,M), Vi, = (Up)? € L*(Q,RY), and W} = Z(W),) € L*(Q,N) satisfy[(S4)|
Proof. Let v € Vi, w € W, be given. It follows from that there exists n € X} such that
(divn, o) = ol [l < 5ol (4.10)
Next, from (4.8]) and [7, Lemma 3.1] there exists ¢ € Qp, such that
Py, divS() =w — B asn, gy < 5 lw = P, as nll < C(llwll + [Jo]), (4.11)

where P‘;?,h : L?(Q2) — W}, is the L2-projection with respect to the norm (-, -)q, satisfying, for ¢ € L%(Q2),
(PI%QO —p,w)g =0 Vw € Wj. Now let
T=1n—curlg € Xp.
Using , we have
(div 7,v) = (divn,v) = ||Jv||%, (4.12)

and
7 llaiv < ClInllaiv + llgll) < C{[w]| + [[v])- (4.13)

Also, (2.5) implies that as 7 = as n + div S(q) and

(as T,w)q = (as n,w)q + (div S(q), w)g = (PV?,}L as n,w)q + (PV?,}L div S(q),w)q
= (P, as n,w)g + (w — Pig, as n,w)g = (w,w)q > Cllw*. (4.14)

Let £ = E(w) € W}. Using (2.6), (4.12)), (4.14), and (4.13)), we obtain

(div T, v) + (7, &)@ = (divT, v) + (as 7, w)qQ = ¢l [lawv (0] + [I€]);

which completes the proof. O
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We proceed with the verification of the assumptions of Theorem for the spaces X; x V, x W}l
defined in (2.7)) and (2.9). We first establish conditions (4.7)) and (4.9)). Condition (4.8) is verified in the

next section.

Lemma 4.1. Conditions (4.7) and (4.9) hold for Xp x Vj, x V\V,lZ defined in (2.7) and (2.9)).

Proof. The spaces Xj, x V;, x W} defined in (2.7) and (2-9) satisfy X;, = (S3)%, Vi, = (Up)?, and Wi = Z(W},)
with the spaces
Sp={z€ H(div;Q) : z|g Lze BDM(E), z-n =0 on 'y},
Upy={reL?Q):rlp7ePy(E)), W,={weHYQ): w|p+ e P (E)}.
Note that, as shown Lemma W), satisfies the norm equivalence (w,w)g2 ~ Jlw|. The boundary

condition in Sy is needed to guarantee the essential boundary condition in Xj. Since BDM; x Py is a
stable Darcy pair [19], (4.7 holds. Next, we take

Qn={qe H(QH) : ¢|lg € P2, i=1,...d*(d—1)/2, ¢ =0 on T'n}.

Note that curl Po(H) C (BDM;)?%. The boundary condition in @, guarantees that curl Q; C (S)?, i.e.,
(4.9) holds. In particular, (curlg)n =0 on I'y Vg € @Qp,, which follows from the following lemma. O

Lemma 4.2. Let Q be a bounded domain of R?, d = 2,3 and let ¢ € Hl(Q,Rd(d*Dﬂ) such that ¢ =
0 on T', where T' is a non-empty part of 0. Then (curly)-n =0 on I.

Proof. In 2D, let t = (t1,t2)” be the unit tangential vector on I'. The assertion of the lemma follows from
0=V t=(0z0)t1 + (Oyp)ta = (0zp)n2 — (Oyp)n1 = —curlp - n.

In 3D, let ¢ = (¢1,p2,¢3)T, and n = (ny,n2,n3)". Since ¢ = 0 on I, it holds that Vi; -t = 0 on T,
1 =1,2,3, for any tangential vector t. We have

0=V - (0,—nz,n2)" = —(dyp1)n3 + (02¢01)n2,
0=V (n3,0,—n1)" = (Oup2)ns — (9-02)n1,
0= Vs (—n2,m1,0)" = —(dpp3)n2 + (Oyp3)n1,

which implies that

(curlp) - n = (9yp3 — Ozp2)n1 + (0201 — Orp3)n2 + (Ozp2 — Oyp1)nz = 0.
Il

To show |(S4)] it remains to show that (4.8) holds. It is well known that Py — P; is a stable Taylor-
Hood pair for the Stokes problem [19]. However, this does not imply the inf-sup condition with quadrature
(4.8). We show that it holds in the next sections.

4.1.1 The inf-sup condition for the Stokes problem

In the following, for simplicity, we let b(q, w) = (div ¢, w) and b(q,w)q = (divg,w)g. We will show the
inf-sup condition for spaces Q; C H'(,RY) and W), C L?(Q), which will imply the statement for
Qn C HY(Q,H) and W), € L*(Q,RU41D/2) Adopting the approach by Stenberg [46] we introduce a
macroelement condition that is sufficient for to hold. A macroelement is a union of one or more
neighboring simplices, satisfying the usual shape-regularity and connectivity conditions. We say that a
macroelement M is equivalent to a reference macroelement M , if there is a mapping Fiy : M— M , such
that
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(i) F)s is continuous and one-to-one;
(i) Fur (M) = M;
)
)

(iii) If M = UjL T then M = UL, T; where T = FM(T) j=1,.

m;
(iv FM‘ = Fr,o F_ ", 1 j=1,...,m, where FT]- and Fr; are the affine mappings from the reference
sunplex onto TJ and T}, respectively.

The family of macroelements equivalent to M is denoted by &€ - Let

Q% ={qge HY(M,RY) : gi|lr € Py, i=1,...,d, YT C M}, Wy ={we H(M): wlp € Py, VT C M},

Wiy =Wy NLA(M), Ny ={we€ Wi :b(q,w)gr =0, ¥g € Q%}.
We assume that there is a fixed set of classes &£ NI, i =1,...,n such that
(M1) For each M € &y, the space Ny is one-dimensional, consisting of constant functions;
(M2) There exists a partition My, of Tj, into macroelements M € EMi, i=1,..,n.
Theorem 4.2. [ f are satisfied, then the Stokes inf-sup condition with quadrature holds.
Before we prove this result, we prove three auxiliary lemmas, following the argument in [46].
Lemma 4.3. If holds, then there exists a constant 8 > 0 independent of h such that,
b(

q,W)Q,M
NG ©IQM 5 gy)y, Woo € W),

VM e EM_, sup
0£4€QY, |1,

7

Proof. The assertion of the lemma follows from |[(IM1)| and a scaling argument, see [46, Lemma 3.1]. [
Next, let Pj, denote the L?-projection from W}, onto the space
My, = {pe L*9Q): 11, is constant VM € My}

Lemma 4.4. If|(M1)H(MZ2)| hold, then there exists a constant C; > 0, such that for every w € Wy,
there exists q € Qp satisfying

b(g,w)q = blg, (I = Pr)w)q > Coll(I = Pr)wl?®, and |qh < [[(I - Pp)w].

Proof. For every w € Wy, we have (I — Pp)w € WY;, VM € M. Then Lemma implies that for every
M there exists gy € QY such that

b(qnr, (I —Pp)w)om = ClI(I —Pp)w|3; and  |garlar < [[(T = Pp)wllar,

Define g € Qy, by q‘M =qn, YM € My. It follows from that b(q,Ppbw)g =0, Yw € W},. Then we

have,

b, w)q = bla, (I —Br)wlg = S blaar, (I — Baw)g.ar = CII(L — By,
MeMy

which completes the proof. O
Lemma 4.5. There exists a constant Cy > 0 such that for every w € Wy there exists g € Qp such that

b(g, Prw)q = |[Prwl®  and lglli < CaPpuw].

12



T2 N1

T
ry 5

Figure 3: Macroelement with IV triangles Figure 4: Union of two triangles;
Py — Py degrees of freedom.

Proof. Let w € W}, be arbitrary. There exists z € H*(2), z = 0 on I'y, such that
divz=Pyw and |z]1 <C|Prw].

This follows from [29] by choosing z = ¢ on I'p, where ¢ is a smooth function with compact support on
I'p such that fFD p-n= fQ Prw. We next consider an operator I, : HI(Q) — @y, such that

(div Inz, p) = (divz, p) Y € My, |[Inz]1 < Oz (4.15)

Such an operator is constructed in [46, Lemma 3.5], by setting the velocity degrees of freedom at the
midpoints of facets e on the interfaces between macroelements such that fe Iz = fe z, which guarantees
, and local averages for the rest of the degrees of freedom. Finally, since the vertex quadrature rule
is exact for linear functions, we have that (div Iz, u)g = (div Iz, 1), so we can take g = Ipz. d

We are now ready to prove the main result stated in Theorem [£.2}

Proof of Theorem[{.3 Let w € W}, be given, and let ¢ € Qp, and g € @), be the functions constructed in
Lemma and Lemma respectively. Set z = g + dg, where § = 2C;(1 + C2)~!. We then have

> C1l|(1 = Py)w||* + 6|[Prwl|* = olgl || (T — Pr)wl|
> Ci(14C3) Hw|?,

and [|z]|1 < [|({ — Pp)w]|| + 0C2||Prw]|| < C||lw]|, implying that (4.8) holds. O

4.1.2 Verification of macroelement condition [(M1)]

We consider macroelements of the following type.

Definition 4.1. Each macroelement M is associated with an interior vertex ¢ in Ty, consisting of all
simplices that share that verter.

We note that ¢ is the only interior vertex of M. All other vertices are on M and each vertex is
connected to ¢ by an edge. A 2D example of a macroelement that satisfies Definition is shown on

Figure |3l We next show that [(M1)| holds.
Lemma 4.6. The macroelements M described in Definition satisfy |(IM1)|
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Proof. For the sake of space, we present the proof for the 2D case. The extension to 3D is straightforward.
We first consider a union of two triangles, T7 U T5, sharing an edge, as shown on Figure [4] and compute

2 2
(divgy, w)gnum = Y (tr (Vgy),w)gp = (tr (DFiTvqj) ,ﬁ)JTi>Q L i=12,

i=1 i=1
where ¢; and ¢o are the velocity degrees of freedom associated with the midpoint of edge ro4. Let us
assume that Fp, : T — T} maps 1 — r1, 9 — ro and ¥3 — rq. Then DFp = [ro1,r41] and we have

4 4y N 0 -T 1 Ys — Y1 X1 — T4
= 5 = N y DF P — ,
a ( 0 ) e (41’?/) g\ -y m—

(1 — y2)w(ra) + (Y4 — y1)w(rs)),

which implies

(diV q1, w)Q7T1 =

Wi W N

(divge, w)om = 5 ((x2 — z1)w(r2) + (21 — T4)w(rs)) .

Similarly, let Frp, : T'— T5 map ;1 — rg, Iy — r3 and r3 — ry. Then we have

—( AOA . pp-T_ 1 (ya—y2 z2— 4
T 449 — 4zy — 497 )’ T Jr, \y2 —y3 x3—1x2)’

A~

44 — 434 — 492 .
Q1T=<y Oy y>, q2

which implies

(div g1, w)Qm = 5 ((y2 — y3)w(rz) + (y3 — ya)w(ra)),

Wi W N

(div g2, w)Q1, = 5 ((x3 — z2)w(r2) + (¥4 — T3)w(rs)) .

Therefore, we obtain
2

(div g1, w)nur, = g(yl = y3)(w(rz) — w(rs)),
(v g2, w)guroms = 5 (2 — 1) (w(r2) = w(r)).

Since z1 —x3 and y; —ys3 cannot be both zero, it follows from (div g1, w)q,mur, = 0 and (div g2, w)gQ ryun, =
0 that w(rz) = w(ry).

Let M be a macroelement described in Definition and let w € Njs. The above argument can be
applied to every pair of triangles in M that share an edge, which implies that for every interior edge,
the values of w at the interior vertex and the boundary vertex are equal. Since all boundary vertices are
connected to the interior vertex, this implies that w has the same value at all vertices, i.e., w is a constant
on M. On the other hand, if w is a constant on M, since the quadrature rule is exact for linear functions
on each T;, we have for any g € Q%,

N N

(divg,w)gm = Z(div W) = Z(div ¢, w)r, = (divg, w)p = —(q, Vw)pr = 0.
i=1 i=1

Therefore, Ny is one-dimensional, consisting of constant functions. ]

We are now ready to prove the well-posedness of the MSMFE-1 method.

Theorem 4.3. Assuming that [((M2)| holds with macroelements described in Definition then he
MSMFE-1 method (4.1)—(4.3)) has a unique solution.

Proof. The existence and uniqueness of a solution to (4.1)—(4.3) follows from |(S3)|and [(S4)l Lemma

implies the coercivity condition |[(S3)l Assuming |[(M2)| the inf-sup condition |(S4)| follows from a combi-
nation of Theorem [4.I] Lemma [£.I} Theorem [£.2] and Lemma [£.6] O

14



4.2 Reduction to a cell-centered displacement system of the MSMFE-1 method

We recall the displacement-rotation system of the MSMFE-0 method, obtained after a local stress
elimination. In the MSMFE-1 method, the matrix A, is different from the MSMFE-0 method, since it
involves the quadrature rule, i.e., (Asy)ij = (75,& ). Since the quadrature rule localizes the interaction
of basis functions around each vertex, (Aq-) is block-diagonal with d(d — 1)/2 x dk blocks with elements

(Agy)ij = (15,&)q, 1 =1,...,d(d—1)/2, j =1,...,dk.
Lemma 4.7. The matriz Am,A*IAT in the MSMFE-1 method is block-diagonal and invertible.

co‘toy

Proof. Since (Ags) is block-diagonal with d(d — 1)/2 x dk blocks and A, is block-diagonal with dk x dk
blocks, then AMA;;AZV is block-diagonal with d(d — 1)/2 x d(d — 1)/2 blocks. Note that for d = 2 the
blocks are 1 x 1, i.e., the matrix is diagonal, and for d = 3 the blocks are 3 x 3. The blocks couple
the d(d — 1)/2 rotation degrees of freedom associated with a vertex. Each block is invertible, due to the
inf-sup condition and the fact that the blocks of A7l are symmetric and positive definite. O

oo

The above result implies that the rotation « can be easily eliminated from the system (3.5)) by solving
local d(d — 1)/2 x d(d — 1)/2 problems, resulting in a cell-centered system for the displacement w:
(AJUA;;A?;u - AauA;c}AZ'y (AUWA;;A?;»y)ilAUWA;;AZu)U = f (4.16)

Lemma 4.8. The matriz in (4.16) is symmetric and positive definite.

Proof. The matrix (4.16)) is a Schur complement of the matrix in (3.5]), which is symmetric and positive
definite due to the inf-sup condition [(S4)| and the proof of Lemma A well known result from linear
algebra [34, Theorem 7.7.6] implies that the matrix (4.16|) is also symmetric and positive definite. O

5 Error analysis

In this section we analyze the convergence of the proposed methods. We will use several well known
projection operators. We consider the L2-orthogonal projection Ry : V — Vj such that

(v—TRpv,w) =0, Yw € Vj, (5.1)
and the L?-orthogonal projection RZ W — Wfl, k =0, 1 such that
(€ -RJE¢) =0, V¢e W k=0,1. (5.2)
We also consider the MFE projection operator [18,/19] IT: X N H!(£2, M) — X}, such that
(div(Ilr — 7),v) =0, Yo € V. (5.3)
These operators have approximation properties [18,/19,21]

lv = Ryoll < CR" o], 0 (

1€ = Rygll < CR7E]lr, 0<r<l, (

|7 =Tz || < ChT|7]lr, 1 (

| div(r — II7)|| < Ch"||div 7|, 0 (
For ¢ € L*(E), let ¢ be its mean value on E, which satisfies

le —@lle < Chllele, ¢ =@l < Chll@]o,e- (5.8)

We will also use the inverse inequality for a finite element function ¢ [21]

lellje < Ch elljre, §>1. (5.9)

We will make use of the following continuity bounds.
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Lemma 5.1. For all elements E there exist a constant C' independent of h such that
Or|ve < Clrlhe, VreH' (B,M), (5.10)
IRMEle < Clélhe, V¢ € HY(E,N). (5.11)
Proof. To prove we write
7|15 = Ir = 7,5 < Ch™HIIr = 7|lp < CA™Y(|[TIr = 7]lp + |7 = 7|lB) < Cll7|l1,5,

where we have used (5.9)), (5.6, and (5.8]). The above inequality, combined with ||II7||g < C||7||1,£, which
follows from (5.6]), implies (5.10f). The proof of (5.11]) is similar. O

We next derive bounds for quadrature error. We will use the notation A € W%Loo if A€ Wi (E)VE €
Tr and ||Al|j 00, is uniformly bounded independently of h.

Lemma 5.2. IfA € W71-}’L°°, there exists a constant C' independent of h such that for all T, x € X, £ € W}L,

0(Ax DI < C Y hlAlsslxlelrle, (5.12)
EET,
5(r, &) < C > hlirllelélh,e, (5.13)
EET,
5(r, &) < C Y hlirlh,eléle. (5.14)
EET,

Proof. For (5.12)) we write on any element E, using Lemma Lemma and (5.8)),
05 (Ax, 7)| < |08 (A= A)x,7) |+ 108 (A(x = X),7) | < Ch(|Al1 002X ElIT] E + | Allo,co, 2 X1l T] £)-
Similarly, using Lemma Lemma and (5.8)), we have

08 (1,8) | = 165 (1,6 =€) | < Ch||7llElélh e and |6p (1.€)| =108 (1 —7,&) | < Chl7|1,6l¢]lp-

The proof is completed by summing over the elements. O

L,E

5.1 First order convergence for all variables

Theorem 5.1. Let A € W71-;L°O. For the solution (o,u,7y) of (2.3) and its numerical approximation
(oh, up,yn) obtained by either the MSMFE-0 method (3.1)—(3.3) or the MSMFE-1 method (4.1)—(4.3),

there exists a constant C' independent of h such that
lo = onllaiv + luv = unll + [[v =l < Ch(lolly + [[divelly + [[ully + lI7]1)- (5.15)

Proof. We present the argument for the MSMFE-1 method, which includes the proof for the MSMFE-0
method, as noted below. Subtracting the numerical method (4.1)-(4.3) from the variational formulation
(2.3), we obtain the error equations

(Ao, 1) — (Aop, T)g + (u —up, divt) + (7, 7) — (., 7)o =0, T €Xp, (5.16)
(div(c —op),v) =0, v €V, (5.17)
(0,6) = (o, )g =0, £€W,. (5.18)

Using (5.3), (2.13)), (5.1), and that divX; = V}, we can rewrite the above error system as
(A(Tlo — 01,),7)q + (Rpyu — up, div 7) + (7, R}y — )q

= (A(lo —0),7) — 0 (Allo, 7) + (1, R}y —7) = 6 (T, R}7) , (5.19)
div(lloe — op,) =0, (5.20)
(Ilo — o1, &) = (lo — 0,&) — 6 (I1o,§) . (5.21)
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We proceed by giving bounds for the terms on the right in (5.19) and (5.21)), using Cauchy-Schwarz and
Young’s inequalities. Bound (5.6)) yields

(A(Tlo — 0),7) + (Lo — 0,€) < Chllo|1 (7]l + lI€])) < Ch?|lollf + ellT]|* + ell€]1*. (5.22)
It follows from (5.12)) and (5.10|) that
0 (Allo,7) [ < C Y~ hl|Al1eo,glToll s 7lle < Chl Al ulloliliT] < CR?|lolf +€ll*. (5.23)

EcTy

It follows from (5.5)) and ( . ) that

(1, Ry =) < Chlirllvlh < CR*|IIF + el 7| (5.24)
Using (5.13)—(5.14) and (5.10)—(5.11), we obtain
6 (1, Rp) [ <C D hlIRAIElTIE < Chllylilrl < CR|AIE +€llr]1?, (5.25)
EeTy,

6(To,&)| < C > oy elélle < ChlollliE] < CR2(lo|} + €ll&]°. (5.26)

EcTy,

Now, choosing 7 = Ilo — o, and £ = R}y —7;, in (5.19) and (5.21]), and using (5.20)), gives
(A(Ilo — op,),llo — 04)g = (A(llo — 0),Ilo — o3,) — 6 (Allo, Ilo — oy,)
+ (HO‘ — op, RZ’Y — 'y) -6 (HO‘ — op, RZ’y) — (HU — 0, RZ’V — ’yh) +0 (HU, RZ’y — 'yh) .
Combining ([5.22) -, using , and choosing e small enough, we obtain
o - ah||2 < CR(|lo]2 + In113) + e R}y — 1> (5.27)
Using the inf-sup condition |(S4)| we have
IRhu = unl + Ry = all

< C sup
T7€Xy ”THdiV

< C (Mo — ol + [[Ho — opl| + hllofr + hlvl1)
< C (hllo|ly + hllyl + €||R Y =mll)
where we used ( m, m, m, and . ). Choosing € small enough in the above, we obtain
IRiyu — unll + HR Y =l < Ch(llofls + A1), (5.28)
which, combined with (5.27)), gives
[To — onll < Ch([lo]ly + lIv]1)- (5.29)
Also, using and (| . we get
| div(o — op)|| < ||div(Ilo — o)| < Ch||divol;. (5.30)

The assertion of the theorem for the MSMFE-1 method follows from combining ([5.28)—(5.30) and using
. . The proof the MSMFE-0 method follows from the above argument by omitting the quadrature

error terms o(+,-) in - - O

Remark 5.1. The error analysis for the modified MSMFE-1 method (4.4)—(4.6) based on the scaled
rotation ¥ = A~y follows along the same lines. The resulting error estimate is

lo = onllaiv + luv = unll + |7 = Anll < Ch(llolls + [[divolly + fulls + 17]1)- (5.31)

((A(Ha —0),7)— (A(llo — op), T)Q — 0 (Allo,7) — ¢ (7‘, RZ’y) )

This bound indicates that the modified method has an advantage if 7 is smoother than v, which is the case
when A is discontinuous.
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5.2 Second order convergence for the displacement

We next prove superconvergence for the displacement. The following bounds on the quadrature error will
be used in the analysis.

Lemma 5.3. Let A € W%’Loo. There exists a constant C independent of h such that for all x, 7 € Xy,

0(Ax,7)[<C D 0 (5.32)
EcTy,
and for all £ € W}L,
5(r,&) [ <C D B2l sllélh,e- (5.33)
EcTy,
Proof. On any element F, using Lemma [2.1] we have
) ) 4
01 (Ax,7) = 0 (A — A)(x = 0),7) + 0 (A— )%, 7 — 7) + 05 (A%, 7) + 0 (A — 1), 7 —7) = S 1.
j=1
Using (5.8)), we obtain
L + I+ 1y < Ch?
while, using that the quadrature rule is exact for linears, the Bramble-Hilbert lemma [21] gives
05 (AX, 7) | < CR*|AX 25|75 < CR?| Al ool 2lI7]l6, (5.34)

which implies (5.32]). Similarly, using Lemma and (5.8)), we have
B (1,6 =0p (17,6 =€) <O
which implies ([5.33)). O

The superconvergence proof is based on a duality argument. We consider the auxiliary problem

b= A7), dive = (Riu—uy) inQ, a5
¢=0 onlp, Yn=0 only, '
and assume that it is H2-elliptic regular:
[6ll2 < I Rhu = unll (5.36)
Sufficient conditions for ([5.36) can be found in [21}32,39].

Theorem 5.2. Let A € VV200 and A~ € Wlhoo. Assuming H?-elliptic regularity (5.36] -, then for the
MSMFE-0 and MSMFE-1 methods there exists a constant C independent of h such that

IRyu = unll < Ch* (ol + vl + [ divell) - (5.37)

Proof. We present the argument for the MSMFE-1 method. The proof for the MSMFE-0 method follows
by omitting the the quadrature error term (-, -). The error equation (5.16]) can be written as

(A(c —on),7) + (Riu —up,divt) + (v — Y, 7) + 0 (Aop, 7) + 6 (7,v) = 0. (5.38)
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Taking 7 = IIA~!¢(¢) in the equation above, we get

IRjw — up|” = = (Al — o4), A" e(¢)) — (v =, ITA™'€(9))

— 0 (Aoy, A () — 0 (TTA e(9), ) - (5.39)
For the first term on the right, we have
(A(0 — 0). TTA"'€(6)) = (A(0 — 04), TA e(9) — A1e(9)) + (0 — o0, Vo — Skew (V)
= (A0 —0p),TA e(¢) — A7'e(9)) — (div(o — on), ¢ — Riip) (5.40)

— (0 — o4, Skew (V@) — R] Skew(V@)) + 6(0 — o4, R}, Skew(V))
< CR* (|l + VIl + [l divelly) [[]l2,

where we used (5.4)—(5.6)), (5.11)), (5.13), (5.15)), (5.17), and (5.18). For the second term on the right in
(5.39) we have
(v =, TAT () = (v — . AT e(9) = A71e(9)) + (v — m, A7 e(9))
= (v = HA  e(¢) — A7 e(9)) (5.41)
< CR? (|lolly + [I111) ]Iz,

where the second equality is due to the skew-symmetry of (7 —~;,) and the symmetry of A~'e(¢), and the
inequality follows from (5.6) and (5.15)). For the third term on the right in (5.39) we write, using (5.32))

0 (Ao, TIA " e(9)) < C > h*|lon]l1,6|TA™ () ]1,z

EcTy,
<C > W (|loy —Tollg + Tolle) A e(@)|1,e

i (5.42)
<C Y 1 (h Moy —Tolg+ llolh.e) led) e

EcT,

< CR (ol + [l 1]z,

where we used (5.10)), (5.9), and (5.15). Similarly, for the last term on the right in (5.39)), using (5.33)),
(-11), (5-9), and (5.15)), we have

6 (A e(¢),7m) < C Y B2 (I — Ryl e + IRIAE) A7 e(d)]h,m
EET,, (5.43)

< CR? (|lolly + [I711) [l

The statement of the theorem follows by combining (5.39)—(5.43)) and elliptic regularity ([5.36]). O

6 Numerical results

We present several numerical experiments confirming the theoretical convergence rates. We used FEniCS
Project [40] for the implementation of the MSMFE-0 and MSMFE-1 methods on simplicial grids in 2D

and 3D. Both methods have been implemented using the rotation variable p, = Z7!(v;), where Z is
defined in (2.4). For example, using (2.6)), the MSMFE-1 method (4.1)—(4.3]) can be written as
(Aop, ) + (up,divT) + (ph,as 7)g = (9, 7)1, T € Xp, (6.1)
(diVO’h,U) = (f’v)v (S Vha
(as op,w)g =0, w € Z7HW}),
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with a similar formulation for the MSMFE-0 method. Note that the rotation a scalar in Py, in 2D, and a
vector in (Py)? in 3D, with k& = 0,1 for MSMFE-0 and MSMFE-1, respectively.

In the first example we study the convergence of the proposed methods in 2D. We consider a test
case from [7] on the unit square with homogeneous Dirichlet boundary conditions and analytical solution

given by -
- (Cc();s(gr?fsi((wﬂ%)) '

The body force is then determined using Lamé coefficients A = 123, . = 79.3. The computed solution is
shown in Figure Since we use pp, = Z~!(7;) for the Lagrange multiplier, the errors are also computed
using this variable. However, it is clear that the operator = does not introduce extra numerical error.

In Table[T]we show errors and convergence rates on a sequence of mesh refinements, computed using the
MSMFE-0 and MSMFE-1 methods, including displacement superconvergence. All rates are in accordance
with the error analysis presented in the previous section. We note that the MSMFE-1 method with linear
rotations exhibits convergence for the rotation of order O(h!-), slightly higher than the theoretical result.

W

LIRS,
/tﬂ“ FAEN
i 7 ‘\\\-»

(a) z-component of stress  (b) y-component of stress (c) Displacement (d) Rotation

Figure 5: Computed solution for Example 1, h = 1/32

MSMFE-0
o — ol | div(e — on)l| w — unp| [Ryu — ual P — pall
h error rate error rate error rate error rate error rate
1/2 8.01E-01 — 8.98E-01 — 8.37E-01 — 8.24E-01 — 1.02E+4-00 —

1/4 | 3.58E-01 1.17 | 4.26E-01 1.09 | 3.50E-01 1.27 | 1.82E-01 2.34 | 5.03E-01 1.02
1/8 | 1.53E-01 1.23 | 1.99E-01 1.10 | 1.73E-01 1.02 | 4.70E-02 1.96 | 3.13E-01  0.69
1/16 | 7.03E-02 1.12 | 9.84E-02 1.02 | 8.67E-02 1.00 | 1.20E-02 1.97 | 1.71E-01 0.87
1/32 | 3.42E-02 1.04 | 5.00E-02 0.98 | 4.35E-02 0.99 | 3.03E-03 1.99 | 8.78E-02 0.96
1/64 | 1.70E-02 1.01 | 2.60E-02 0.95 | 2.18E-02 1.00 | 7.59E-04 2.00 | 4.42E-02 0.99

MSMFE-1
lo—onll | divio —on)ll | [u—unl] Rigu = up] I — pal
h error rate error rate error rate error rate error rate
1/2 7.96E-01 — 9.01E-01 — 8.60E-01 — 8.47E-01 — 9.95E-01 —

1/4 | 3.67E-01 1.13 | 4.26E-01 1.09 | 3.55E-01 1.29 | 1.95E-01 2.28 | 4.55E-01 1.12
1/8 | 1.56E-01 1.23 | 1.93E-01 1.14 | 1.76E-01 1.01 | 5.67E-02 1.78 | 1.68E-01 1.44
1/16 | 7.11E-02 1.14 | 9.34E-02 1.05 | 8.75E-02 1.01 | 1.55E-02 1.87 | 5.37E-02 1.65
1/32 | 3.43E-02 1.05 | 4.66E-02 1.00 | 4.37E-02 1.00 | 4.01E-03 1.95 | 1.66E-02 1.70
1/64 | 1.70E-02 1.02 | 2.37E-02 0.98 | 2.18E-02 1.00 | 1.02E-03 1.98 | 5.26E-03 1.66

Table 1: Relative errors and convergence rates for Example 1, triangles.
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The second test case illustrates the performance of the methods in 3D. We consider the unit cube
with homogeneous Dirichlet boundary conditions, analytical solution given by

0

)y —
)y —

and Lamé coefficients A\ = p = 100. The computed solution is shown in Figure [f] In Table [2] we show
errors and convergence rates for both methods on a sequence of mesh refinements. Again we observe that
the numerical results verify the theoretical convergence rates.

u=1—(e® —1)(y — cos(
—(e” —1)(z — sin(

N"’—‘ [T

) +sin(5)-H-H | (6.4)
1 1
2 2

12
) —cos({5)(z —

cEReE

(a) z-stress (b) y-stress (c) z-stress (d) Displacement (e) Rotation

Figure 6: Computed solution for Example 2, h = 1/32

MSMFE-0
o —onll [ div(e —on)| l[w — un| [Ryu — ual [p — ol
h error rate error rate error rate error rate error rate
1/2 4.46E-01 — 2.45E-01 — 4.15E-01 — 1.32E-01 — 2.41E-01 —

1/4 | 1.96E-01 1.19 | 1.21E-01 1.02 | 2.06E-01 1.01 | 3.11E-02 1.98 | 1.20E-01 1.00
1/8 | 9.08E-02 1.11 | 6.02E-02 1.01 | 1.03E-01 1.00 | 7.72E-03 1.98 | 6.01E-02 1.00
1/16 | 4.40E-02 1.05 | 3.01E-02 1.00 | 5.14E-02 1.00 | 1.94E-03 1.99 | 2.99E-02 1.00
1/32 | 217E-02 1.02 | 1.51E-02 1.00 | 2.57E-02 1.00 | 4.85E-04 2.00 | 1.49E-02 1.00

MSMFE-1
lo—onl | Tdivie — o)l | Il —ul Rfu— un] I — ol
h error rate error rate error rate error rate error rate
1/2 5.40E-01 — 2.45E-01 — 4.20E-01 — 1.55E-01 — 2.38E-01 —

1/4 | 2.42E-01 1.16 | 1.21E-01 1.02 | 2.07E-01 1.02 | 4.04E-02 1.83 | 1.00E-01 1.24
1/8 | 1.09E-01 1.15 | 6.02E-02 1.01 | 1.03E-01 1.01 | 1.07E-02 1.89 | 3.93E-02 1.35
1/16 | 5.05E-02 1.12 | 3.01E-02 1.00 | 5.14E-02 1.00 | 2.81E-03 1.93 | 1.47E-02 1.42
1/32 | 2.39E-02 1.08 | 1.51E-02 1.00 | 2.57E-02 1.00 | 7.20E-04 1.96 | 5.38E-03 1.45

Table 2: Relative errors and convergence rates for Example 2, tetrahedra.

Our third example, taken from , demonstrates the performance of the MSMFE methods for dis-
continuous materials. We consider a 3 x 3 partitioning of the unit square and introduce heterogeneity in
the center block through
2

3

1 if min(z,y) > & and max(z,y) <
x(@,y) = :
0 otherwise.
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We set x = 10° to characterize the jump in the Lamé coefficients and take A = pu = (1 — x) + kx. We
choose a continuous displacement solution as

Y — 1 (sin(3m) sin(37ry)) ,

(1 —x) + kx \sin(37z)sin(37y)

so that the stress is also continuous and independent of k. The body forces are recovered from the above
solution using the governing equations. We note that the rotation v = Skew(Vu) is discontinuous. The
MSMFE-0 method, which has discontinuous displacements and rotations, handles properly the disconti-
nuity in these variables and exhibits first order convergence in all variables, as as well as displacement
superconvergence, see the top part of Table 3| The MSMFE-1 method uses continuous rotations and does
not resolve the rotation discontinuity, which results in a reduced convergence rate for the rotation, as well
as the stress. Instead, we can use the modified MSMFE-1 method ([4.4)—([4.6) based on the scaled rotation
4 = A~ 'y, which in this case is continuous. In terms of the implemented method f with the re-
duced rotation p, = Z7!(y4), noting that p = =Z~1(5), the third term in becomes (py, as (AT))g and
the term in becomes (as (Aop), w)q. The computed solution with the modified MSMFE-1 method,
including the scaled rotation pj, is shown in Figure [} The bottom part of Table [3] indicates that the
method exhibits the same order of convergence for all variables as for smooth problems.

Rotation
94 47 00 47 94
— |

StressX, magnitude SfressY, mdgnitude

Displacement, magnitude
00 100 200 294 00 100 200 294 77605 05 09 1.4e+00
| —) .

Rotation
53 27 00 27 53

— — | —

(a) z-stress (b) y-stress (c) Displacement (d) Rotation (e) Scaled rotation

Figure 7: Computed solution for Example 3, h = 1/48

Our final example, similar to the one in 33|, is to study the locking-free property of the MSMFE
method. We consider the MSMFE-1 method on the unit square domain with the following boundary
conditions: u=0aty=0,con=0atx=0and z =1, and (6cn)-n=0, (ocn)-t=1at y =1, where ¢
denotes the unit tangential vector to the side. We recall that the Lamé coefficients are determined from
the Young’s modulus E and the Poisson’s ratio v via the well-known relationships

FEv FE

A AToa=m)y M i)

We fix the Young’s modulus E = 10° and vary the Poisson’s ratio v = 0.5—k, k = le—I[, for [ = {1,2,5,9}.
Locking would result in the displacement solution going to zero as v approaches 0.5. In Figure (left) we
see that such behavior is not present, confirming the robustness of the method for almost incompressible
materials. In addition, a plot of the displacement magnitude along the top side of the square (y = 1)
for various choices of k is shown in the Figure [§| (right). One can see that there is little change in the
displacement solution when v — 0.5.

7 Conclusion

We presented two BDM-based MFE methods with quadrature for elasticity with weak stress symmetry
on simplicial grids. The MSMFE-0 method reduces to a cell-centered scheme for displacements and
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MSMFE-0

o — ol [ div(o — o) [l — up|] [Rhu — ] P — pall
h error rate error rate error rate error rate error rate
1/3 | 1.27E400 - 1.20E+00 - 1.61E-+00 - 1.49E+00 - 1.46E+00 -
1/6 6.97TE-01 0.87 | 7.28E-01 0.73 | 5.87E-01 1.45 | 4.55E-01 1.71 | 6.50E-01 1.17
1/12 | 2.68E-01 1.38 | 3.33E-01 1.13 | 2.73E-01 1.10 | 1.19E-01 1.93 | 4.70E-01  0.47
1/24 | 1.05E-01 1.35 | 1.58E-01 1.07 | 1.33E-01 1.04 | 3.08E-02 1.95 | 2.76E-01 0.77
1/48 | 4.72E-02 1.16 | 7.79E-02 1.02 | 6.57E-02 1.01 | 7.79E-03 1.98 | 1.45E-01 0.93
1/96 | 2.28E-02 1.05 | 3.88E-02 1.01 | 3.28E-02 1.00 | 1.96E-03 1.99 | 7.34E-02 0.98
MSMFE-1 with scaled rotation
o — ol [ div(o — o) [l — up|] [Rhu — ] 15 — Bl
h error rate error rate €error rate error rate error rate
1/3 | 1.26E400 - 1.20E+00 - 1.73E+00 - 1.59E+00 - 1.20E+00 -
1/6 6.82E-01 0.88 | 7.28E-01 0.73 | 5.74E-01 1.59 | 4.28E-01 1.89 | 5.46E-01 1.14
1/12 | 2.60E-01 1.39 | 3.33E-01 1.13 | 2.72E-01 1.08 | 1.17E-01 1.87 | 2.10E-01 1.38
1/24 | 1.03E-01 1.34 | 1.58E-01 1.07 | 1.33E-01 1.04 | 3.08E-02 1.92 | 6.68E-02 1.66
1/48 | 4.65E-02 1.14 | 7.79E-02 1.02 | 6.57E-02 1.01 | 7.90E-03 1.96 | 2.11E-02 1.66
1/96 | 2.26E-02 1.04 | 3.88E-02 1.01 | 3.28E-02 1.00 | 2.01E-03 1.98 | 6.95E-03 1.60

Table 3: Relative errors and convergence rates for Example 3, triangles.

Displacement, magn. k=1e-2

Displacement, magn. k=le-9

39e-08 3.4e-5 7.2e-05
— —

Displacement magnitude along y=1

0 0.050.10.150.20.250.30.350.40.450.50.550.60.650.70.750.80.850.90.95 1
x

Figure 8: Computed displacement solutions for Example 4, h = 1/32.

rotations, while the MSMFE-1 method reduces to a cell-centered scheme for displacements only. To prove
stability of the MSMFE-1 method, we established a discrete inf-sup condition with quadrature for the
Stokes problem. We showed that the resulting algebraic system for each of the methods is symmetric and
positive definite. We proved first order convergence for all variables in their natural norms, as well as
second order convergence for the displacements at the cell centers. The methods can also be developed
on quadrilateral grids, which is the subject of a forthcoming paper.
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