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Abstract

We develop a lowest-order nonconforming virtual element method for planar linear elasticity, which can be viewed
as an extension of the idea in Falk (1991) to the virtual element method (VEM), with the family of polygonal
meshes satisfying a very general geometric assumption. The method is shown to be uniformly convergent for the
nearly incompressible case with optimal rates of convergence. The crucial step is to establish the discrete Korn’s
inequality, yielding the coercivity of the discrete bilinear form. We also provide a unified locking-free scheme both
for the conforming and nonconforming VEMs in the lowest order case. Numerical results validate the feasibility
and effectiveness of the proposed numerical algorithms.

Keywords: Virtual element method, Linear elasticity, Locking-free, Reduced integration technique, discrete
Korn’s inequality.

1. Introduction

The linear elasticity problem is of fundamental importance in elastic mechanics. The design and analysis of
its numerical algorithms can help to solve or analyze more complex engineering problems. The Lamé constant
A characterizing the compressibility of the underlying materials poses a challenge for numerical computations.
For small A, this problem can be treated as the Poisson equation in vector form. However, when it tends to
infinity or the material is nearly incompressible, it becomes difficult to design a low order finite element methods
(FEMs) with parameter-free or locking-free convergence. For this reason, several methods or techniques have
been developed in the literature to tackle with this problem. One can refer to [11, 22, 25] and the references
therein for details.

The virtual element method (VEM) is a new numerical method proposed in recent years as a generalization
of the finite element method on polygonal or polyhedral meshes (cf. [1, 4, 6]). Compared with the FEM, it may
be much easier to construct a locking-free virtual element due to the flexibility of the construction of the virtual
element spaces. The conforming VEMs for the linear elasticity problem are first proposed in [5], where a locking-
free analysis is carried out for the virtual element spaces of order k > 2. The order requirement is to ensure the
so-called discrete inf-sup condition and the optimal convergence. For the lowest-order case, a Bernardi-Raugel
type VEM can be found in [29], where the uniform convergence is achieved by adding extra degrees of freedom
so that the inf-sup condition can be satisfied easily. Nonconforming VEMs for the linear elasticity problems are
first introduced in [31] for the pure displacement/traction formulation in two or three dimensions. The proposed
method is robust with respect to the Lamé constant for k > 2, which, however, may be unstable for k = 1 since
the discrete Korn’s inequality fails in the lowest-order case. For this reason, the authors in [24] present two kinds
of lowest-order VEMs with consistent convergence, in which the first one is achieved by introducing a special
stabilization term to ensure the discrete Korn’s inequality, and the second one can be seen as an extension of the
idea of Kouhia and Stenberg suggested in [23] to the virtual element method. Some other VEMs for elasticity
problems in two and three dimensions can be found in [2, 3, 7, 9, 13, 16, 17, 19, 26, 27, 30].

In this paper, we intend to generalize the idea in [18] to construct a lowest-order nonconforming locking-free
VEM for solving the linear elasticity problems. The technique is referred to as the reduced integration technique
in the literature of FEMs (cf. [22, 25, 11]), which is shown to be effective to construct parameter-free methods for
both the conforming and nonconforming finite elements.
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We end this section by introducing some notations and symbols frequently used in this paper. For a bounded
Lipschitz domain D, the symbol (-, -)p denotes the L*-inner product on D, || - |lo.p denotes the L*-norm, and | - ls.0
is the H*(D)-seminorm. For all integer k > 0, Px(D) is the set of polynomials of degree < k on D. For the
vector-valued functions or spaces, we use the bold symbols, such as u, v, L*(Q), H'(Q), etc. Moreover, for any
two quantities @ and b, “a < b” indicates “a < Cb” with the hidden constant C independent of the mesh size, and
“a =~ b” abbreviates “a < b < a”.

2. The pure traction problem of linear elasticity

Let Q c R? be a convex polygonal domain. Given an external force f, the pure traction problem of linear
elasticity is to find the displacement field # = (u;, up)T such that

@2.1)

~divo() = f in Q,
ou)n=0 on 0Q,

where n denotes the exterior unit vector normal to JQ. The constitutive relation for linear elasticity is
o) =2ue() + A(diva)l,

where o = (07;) and & = (g;;) are the second order stress and strain tensors, respectively, satisfying &;; = %(6,14 i+
dju;), A and y are the Lamé constants, I is the identity matrix, and div # = 0,u; + 0>uo. Note that the problem
(2.1) is solvable if the following compatibility condition is satisfied:

ff-vdxzo, vy € RM(Q) :={v € H'(Q) : s(v) = O}.
Q

We introduce the space

V=H Q) := {v ceH'(@Q): | vds=0, f rot vdx = o}, (2.2)
oQ Q

where rotv = V X v = 9,v, — d,v, which is slightly different from the usually used space H l(Q) given by (cf.
[10)

V=H@©@:={pcH: fvds 0, frot vdx = 0}, 2.3)
Q Q

with the first constraint replaced by an integrand on the whole domain €. The choice here is considered for two
reasons, one is to ensure the interpolation of the VEM function lies in the underlying virtual element space, and the
other is to make the terms associated with Lagrange multipliers computable in the implementation. One can refer
to Subsection 5.1 for details. For the pure traction problem, it is well-known that the following Korn’s inequality

Wi < Clle®llo (2.4)

holds for all v € H 1(Q). One can prove that it is also valid for v € H 1(Q) by checking the proof of Theorem
11.2.12 in [10], where only the second constraint of (2.2) is utilized, and the first constraint is just to remove the
additive constant vector in RM(Q).

Let f € L*(Q). The variational formulation of (2.1) is to find # € V such that

am,v) =(f,v), veV, (2.5)
where
a(u,v) = 2u(e(m), ev)) + A(div u, div v), (2.6)
and
fov) = ffvdx.
Q

For ease of presentation, we introduce the following notations:

a,(u,v) = (eu), &(v)), a,(u,v) = (div u, div v).



In view of the Korn’s inequality (2.4), one easily derives the the boundedness and coercivity of a(:, -):

av,w) < Cplilwl;, v,weV,
av, v) > Chl;, vev,

which imply that the problem (2.1) has a unique solution by the Lax-Milgram lemma.
It is also well known that the regularity estimate

lleellz + Alldivally S Nlfllo 2.7)

holds for any convex polygonal domain Q, see [11] for example.

3. The locking-free virtual element method for the pure traction problem

In this section, we propose a locking-free virtual element method by using the reduced integration technique.
This is the generalization of the locking-free finite element method introduced in [18] to the context of the virtual
element methods.

3.1. Mesh assumption and the virtual element space

Let {7} be a family of decompositions of Q into polygonal elements. The generic element is denoted by
K with diameter hx = diam(K). For clarity of presentation, we first work on meshes satisfying a strong mesh
assumption than the one given in [14, 12]:

C0. For each element K, there exist positive constant y,y, independent of hx such that (cf. [4])
e K is star-shaped with respect to a disc in K with radius > y; hg;

e the distance between any two vertices of K is > y,hg.

Fig. 1: The refined element satisfying the mesh assumption C0. The small quadrilateral element of the fine mesh and the large polygonal
element of the original mesh are denoted by E and K, respectively.

Under the above assumption, one easily finds that the mesh can be refined by connecting the barycenter of the
disc with the midpoints of the edges of K as depicted in Fig. 1. The resulting finer mesh will be denoted by 7
with generic element given by E.

In this paper, we consider the lowest order nonconforming virtual element space defined on the finer mesh 7.
To this end, let’s briefly review the construction proposed in [4]. The local virtual element space on E is defined
as

VIE)={ve H'(E): Av=0 in E, 8, € (Py(e))?, eC IE). (3.1

The corresponding degrees of freedoms (d.o.f.s) are:

® y; € x: the moments of v on every edge of E,

1
xiv) = — fvds, e COE.

le]
3



Let e C OF be the common edge for elements £ = E~ and E*, and let v be a scalar function defined on e. We
introduce the jump of v on e by [v] = v~ —v*, where v~ and v* are the traces of v on e from the interior and exterior
of E, respectively. For the boundary edge e, set [v]|. = v|.. We define the global virtual element space V}, for the
pure traction problem by

V= {vh € LX(Q) : vilz € VI(E), E€ T, f[vh]ds =0,cc&”,

f yuds = 0, f rot, v,dx = 0}, (3.2)
0Q Q

where rot;, is the piecewise version of rot and SZ’O denotes the set of interior edges of 7.
Let v; be the interpolation of v € V},. One can check that

f vids =0, froth vidx =0
o) Q

by using the integration by parts, which shows v; € V. For later use, we also introduce the conforming virtual
element space
Vi(E)={ve H'(E): Av=0 in E, |, €(Pi(e)], ecIE]. (3.3)

The global conforming virtual element space is defined as
Vi ={ve Hy(Q) :veV{(E), EcT;) (3.4)

with d.o.f.s given by the values at the vertices of 7.

3.2. The virtual element method based on the reduced integration technique

For the standard lowest-order nonconforming VEMs on the coarse mesh 77, the discrete Korn’s inequality
may be invalid. We remark that when 77, is a triangulation of Q, the nonconforming virtual element is exactly the
Crouzeix-Raviart element. In this case, the discrete Korn’s inequality does not hold as proved in [18] by using
a dimension-counting argument. For this reason, Falk replaces the piecewise strain tensor g, by a new operator
g}, and derive a modified finite element method with consistent convergence. The technique is referred to as the
reduced integration technique in [11].

In this subsection, we intend to apply the reduced integration technique to the nonconforming VEMs, so as to
derive a parameter-free numerical method. Let &, be the piecewise strain tensor defined on the fine mesh 77,". One
can check that

1 0

where V;, and rot,, are the piecewise version of V and rot, respectively. The main idea is to replace the operator
rot, by the L? projection Iyrot,, which is defined on the coarse mesh 77, not on the fine mesh T, Let H(’f rot =
[proty|x, where K € 7. The desired operator is then piecewise defined as follows:

sh(u)thu—%rotth, X= [O _1],

{ngrot :Vi(K) = Po(K), v T rotv, (3.5)

J Krotvpdx = [, rotvpdx, p € Po(K),

where V(K) = Vj|k. By the continuity of the d.o.f.s, one has

frot vdx = f v-tgds, veVi(K),
K oK

where tx = (—np,n;)T is the anti-clockwise tangential along 0K. It is evident that the above integration can be
computed by using the given d.o.f.s on the fine mesh. We finally introduce the adaptation of g, as

0 -1

. 1
g,(v) = Vv — EHoroth v X, X= [1 0

} , vevV, (3.6)
A direct calculation gives
(Vv Irot, w)g = f(—azvl + 01vp)Iprot, wdx
K

= f roty, vIIgrot, wdx = (Ilgrot, v, ITgrot, w)k,
K
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and similarly,
(Vuw, Hgroty, v)g = (IIgrot, w, Igrot, v)k.

We thus obtain
(&,), & (w)g = (Viw, Viw)g + %(Horoth v, Igrot, w)g
- %(th, [prot, w)g — %(Vhw, Iprot, v)x
=V, Viw)g — %(Horoth v, [grot, w)g. 3.7

Let I1¥: H'(E) — (P1(E))” be the elliptic projection of V, which satisfies

(VIIfv,Vp)e = (V9. Vp)e,  p € (Pi(E)),
Ep ds = p (3.8)
fa p Hvds = fa £V ds.
Then we are able to introduce a discrete bilinear form with respect to a, (v, w) as:
a (v, w) = Z ag, v, w),
KeTh
where |
a,v.w) = Z ((VITfv, VITEw)E + SE(v - VITF v, w — VIIfw)) - E(rlgrot v, IKrot w)k
EcK
and
SEw,w) = x () - x(w)
is the stabilization term frequently used in the literature of VEMs.
As usual, the second term of (2.6) is discretized by
auv,w)= > d,mw), b, w) = [divy, Tfdiv wg,
EeT,
where the L? projection Hg div is defined as
§div : Vi(E) - Po(E), v~ Hidiv, (3.9)
J, I&divvpdx = [, divvpdx, p € Po(E). ’
The locking-free nonconforming VEM of the variational problem (2.5) is: find u;, € V), such that
an(p, vi) =fp, vi), Vi € Vp, (3.10)
where
anp, vi) = 2ua, (W, vy) + Aay Wy, vy), (3.11)
and the approximation of the right hand side is given by (cf. [31])
v = (f, Puvn), (3.12)

where |
thhl Z—f vhds.
5T 10E] Jor

3.3. Coercivity of the discrete bilinear form
We first present an equivalence formula described as follows.

Theorem 3.1. Forallv € V,, there holds
ar,v.v) = llg 0l «-

5



Proof. According to the norm equivalence for the nonconforming virtual element functions, we have (cf. [15, 21])
e =TVl = v = T}Vl .
By definition of the elliptic projection,

1
ak,v.v) = Z ((VITfv, VITv)z + (VO = TIw), V(v = T w)) z(H{frot v, Kot v)g
EcK

1
DN GALIE 5 ot v, Tig ot )k
EcK

1
=(Vpr,Viv)g — E(H(Ifrot v, ngot V)k.

The desired formula follows from (3.7). O]

For the coercivity of the proposed VEM, it remains to establish a discrete version of the Korn’s inequality (2.4)
described in Theorem 3.2. The key step is to prove the following result.

Lemma 3.1. Let p € Py(7},) be piecewise constant on the coarse mesh T, satisfying fg pdx = 0. Then there

exists a conforming virtual element function v € Vg defined on the fine mesh T, such that

f divvgdx = f pqdx, q€Po(Th)
Q o

and
IVIl; < Clipllo,

where the constant C is independent of v and p.

Proof. According to the well-known Lemma 11.2.3 in [10], there exists u € H(l)(Q) such that
divu = p, lleel[1 < Clipllo-

Then we only need to prove that there exists v € V¥ such that

f divvgdx = f divugdx, qe€Py(Ty),
Q Q

or equivalently,
fdiv vdx = fdiv udx, KeTy. (3.13)
K K

We construct the function v by determining its d.o.f. values in Vg. For the vertex and the center of the disc (cf.
Fig. 1), denoted by a, we define

v(a) = u(a).

For the middle point z of an edge e in the coarse mesh, let z; and z, be the endpoints of e. We define

o) = 2 fuds_ uzy) +uz)
lel J. 2

One easily finds thatv € V2 satisfies

fvdszfuds, eCOK, KeTy,,

which implies (3.13) by using the integration by parts.
Let I,?u be the interpolation of u in Vg. The triangle inequality gives

0 0
v—ulix <W-Lulgx+u-Lux, KEeT,
By the standard interpolation error estimates,

-1 0
hit e = Bullox + lu — Buli ¢ < luls &
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Let x be the d.o.f vector on K. According to the inverse inequality and norm equivalence in [14], and the definition
of v, we obtain

_ . - 12
= Bl ke S v = Bulox = = wle = (Y 0@) -u@)?)
i=1

where z; are the midpoints of the edges of K and » is the number of the edges. For fixed z = z;, let e be the
corresponding edge with endpoints z; and z,. Since Iou is piecewise linear along 0K, we have

»(2) - u(z)—H f "(Z‘)”(Zz) —u(2)

2
== fuds— = flguds =— f(u — IDu)ds,
lel Je lel Je le| Je

which along with the Cauchy-Schwarz inequality and the trace inequality (cf. [10, 14]) yields
W@ —u@| S Pl — Bulloe S hy'llw = Lullox + lu — ul k.
The desired estimate follows by combining the previous inequalities. O

With the help of Lemma 3.1, We are in a position to prove the discrete Korn’s inequality following a similar
argument in [18, Theorem 6.1]. Considering that this problem is in the context of VEMs, we still give the proof
for the sake of completeness.

Theorem 3.2. For allv € V), there exists a constant C independent of v such that
Wlin < Clig,llo -

Proof. By definition, we have for all T € L*(Q),

1
fs]’;(v) c1dx = f (th — —TIIyrot,y (\’) s 1dx.
Q Q 2

Using Lemma 3.1, we may choose T = Vv — curl z, where

0hz1 —0121
020 —0122

:|7 = (ZI,ZZ)T

curl z = [
and z € V9 satisfies

fdivzqu = frotthdx, q € Po(Th); lIzlli < Cllrotyvlo- (3.14)
Q Q

Then
ITllo < IVavllo + llcurl zllo < C([Vyvllo + [Irotyvllo) < ClIVivllo = Clvli . (3.15)

Using the integration by parts and noting that div(curl z) = 0, one has

thv curl zdx = Zf ds+ Z fv div(curl z)dx = Zf V- —ds—
OE

EeT,; EeT,;

where the summation vanishes since on the boundary edges z = 0, while on interior edges, contributions from
adjoining elements cancel by the continuity of the d.o.f.s. Here we have used the fact that the tangential derivatives
of z are polynomials of degree 0 by the definition of Vg. According to the L? orthogonality of Vv and curl z and
(3.14), we obtain

1
fs,*l(v) crdx = f (th — =IIprot,y X) : (Vv — curl z)dx
Q Q 2
1
= thv :Vpvdx — = f Igrot,y X : (Vv — curl z)dx
Q 2 Ja
1
= f Vv : Vyvdx — = f IIyrot,v(rot,y — div z)dx
Q 2 Ja
1
= thv : Vypvdx — 3 f IIyrot,v(rot,y — rot,v)dx = IIthllo = |v|] it
o) Q
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which together with the estimate of (3.15) yields

f &) rdx

o ©h

lle,Mllo 2 =————— 2= C¥|1
lI7llo

as required. [
We now have the following coercivity result for the discrete bilinear form.

Theorem 3.3. Forallv € V,, there holds
Wi, < an(v.v).

Proof. This is a direct consequence of Theorems 3.1 and 3.2 according to the definition of the discrete bilinear
form, see Eq. (3.11). O]

3.4. Error analysis of the VEM

Following the similar arguments in [5, 31], we can derive an abstract lemma for error analysis described as
follows.

Lemma 3.2. Let u;, € V), be the solution of the discrete problem (3.10) and u the weak solution of problem (2.1).
Then under the mesh assumption C0, for any piecewise polynomial u, € (IP’k(‘T;))z, there holds

e —wpli Sl —wglip + = wglyp + Alldive — Todivally + 11 = f,lly, + Ej, (3.16)

where u; is the interpolation of u in Vy,, and

|(j‘7 Vh) - <fh’ vh>| E, = Sup |a(ua v/’l) - (f’ Vh)|
h — -_— .
Vil ’ eV Vil

If = fully, = sup
veV,

Proof. By setting 8, = u,—u; and using the triangle’s inequality, it suffices to bound |6,]1 5. According to Theorem
3.3, we have the coercivity
16413, S an(Bn, 1).

The rest of the argument is standard, so we omit it for simplicity. One can refer to Theorem 6.1 in [31] for
details. O

With the help of the abstract lemma, we are able to derive the following estimate.

Theorem 3.4. For all f € L*(Q), let u, € V), be the solution of the discrete problem (3.10) and u the weak
solution of problem (2.1). There holds

e —wplin S Bllfllo-

Proof. According to the interpolation and the projection error estimates, one easily obtains
e —uplyp + =gl S Al fllos
where u, can be chosen as the piecewise L? or elliptic projection. By the regularity estimate (2.7),
Alldivee — Todivallo S halldivallo S Allfllo-
The estimates of the last two terms in (4.7) can be found in [31]. This completes the proof. O

Remark 3.1. Using the standard duality argument, we may conclude that

2
lle = unllo < H°11A o

for the convex polygonal domain Q.



(a) refineType=1 (b) refineType=2 (c) refineType=3

Fig. 2: Three types of mesh refinement

4. Some discussions

4.1. More general mesh assumption

It is obvious that the lowest-order nonconforming virtual element on triangular meshes is exactly the Crouzeix-
Raviart finite element. In this case, if the mesh refinement in Fig. 1 or Fig. 2 (a) is replaced by the second one in
Fig. 2, then our method is reduced to the one given by Falk in [18].

Our analysis also applies for the mesh assumption given in [14, 12] (even more general mesh assumptions),
where each polygon admits a virtual quasi-uniform and regular triangulation. In this case, we refine the mesh as
in Fig. 2 (c) by just adding midpoints on each edges, giving rise to a new mesh with each polygon having hanging
nodes or collinear edges. It is evident that the construction in Lemma 3.1 is still valid, which therefore implies the
locking-free property and the optimal rates of convergence.

4.2. The VEM in the enhancement virtual element space

We can also consider the problem in the frequently used space fI(Q) (see Eq. (2.3)). To this end, we first
introduce a lifting space

VI(E) = {v € H'(E) : Av € (Bo(E))*, duvle € (Po(e))’, e C OE}
with the degrees of freedom
e the moments é fe vds, e C OF;
1
e the moments T fE vdx.

and define the elliptic projection Hf as before. One easily finds that the redundant moments on each element
are not involved in the computation of Hf. We therefore introduce an enhancement virtual element space as (cf.
[1,31D)

WI(E)={ve171(E):fvdxzfﬂfvdx}, (4.1)
E E

with the global space given by

W, = {vh € LZ(Q) vl e Wi(E), E € 7}?, f[vh]ds =0, ec€ 8;’0,

e

fvhds =0, froth vpdx = 0}, 4.2)
Q Q

which obviously shares the same d.o.f.s with V, i.e., the moments i f vds, e € &;. Our analysis still holds in
such case since the first constraint is not used in the proof of the discrete Korn’s 1nequal1ty in Theorem 3.2.



4.3. The locking-free VEM for the pure displacement problem
The linear elasticity problem in the pure displacement formulation is

~divo@) = f in Q,
u=0. on 0Q.

The locking-free VEM has the same formulation as the one given in (3.10). One just needs to replace the global
nonconforming virtual element space by

Uy = v € LX(Q) 1wz € Vi(E), E € T}, f[vh]ds =0, cc &l 4.3)

where &, denotes the set of all edges in 7. According to the continuity of the d.o.f.s, one easily obtains

f rot, vydx = 0 4.4)
Q

for all v, € Uy, which is the crucial constraint in establishing the discrete Korn’s inequality in Theorem 3.2. For
this reason, the arguments in Subsection 3.3 still hold, naturally leading to the robustness with respect to the Lamé
constant and the optimal rates of convergence.

4.4. A unified locking-free scheme both for the conforming and nonconforming VEMs

In the literature of VEMs, the local bilinear form (div v, div w)g of the continuous variational problem is usually
approximated by (Hg div v, Hg div w)g as in (3.9), which, however, is proved to be locking-free only for k > 2 in
[5] for the conforming VEMs. By using the reduced integration technique, we in [20] proposed a conforming

locking-free VEM in the lowest order case, where Y, (Ifdiv v, TI{div w)g is replaced by (II§ div v, II§ div w)x,
EcK

with I1X div defined as
{ngdiv VI(K) = Po(K), v s TEdiv, “5)
fK(Hgdiv v)pdx = fK(div vpdx, pePy(K), '
which is similar to the definition of Hg rot given in (3.5). Inspired by the above treatments in (3.5) and (4.5), we
intend to propose a unified locking-free scheme both for the conforming and nonconforming VEMs described as
follows.
Let S;, be the global virtual element space. For clarity, we list the choices of S, in the following:

1. Nonconforming VEMs
e Pure traction problem in the original space (cf. (3.1) and (3.2))

S,=V,= {Vh € L*(Q) : vlz € VI(E), E € T}, f[vh]ds =0, ec 8;’0,

e

f vds =0, froth v, dx = 0}.
0 Q

e Pure traction problem in the enhancement space (cf. (4.1) and (4.2))

Sy =Wy = vy € LXQ) : vilp € Wi(E), E€T5, f[vh]ds =0, ec&”,

e

fvhds =0, froth vdx = O}.
Q Q

Sy =Uy = {vy € LAQ) : wile € Vi(E), E€ T, f[vh]ds =0, ec&;).

e

e Pure displacement problem (cf. (4.3))

2. Conforming VEMs
e Pure traction problem in the original space (cf. (3.3) and (3.2))

Sy =V =y e H(Q) :vilp € V5(E), E€ Ty, f yuds = 0, frot vydx = 0},
oQ Q

10



e Pure traction problem in the enhancement space
Sy=W={v € H'(Q) :vilz € Wi(E), E€ T}, f yuds = 0, f rot vdx = 0},
Q Q

where

W(E) = {v e H'(E) : Av € (Po(E)Y, f vdx = | Tvdx).
E E

e Pure displacement problem (cf. (3.4))
Sy=U;=V)={ve H(Q):veV{E), EcT;).
The unified locking-free VEM of the variational problem (2.5) is: find u;, € S;, such that

ap@p,vi) = {fu> Vi), Vi € Sp, (4.6)

where
ap(n, vi) = 2uay ;,(Wy, vp) + Aay (W, vi),
with )
aﬁ NANE Z ((anv, VIEEw)g + SE(w — VITEv, w — anw)) - 5(H{frot v, I rot w)k,
EcK

af v, w) = (0§ div v, TI§ div w)g, SEw,w) = () - x(w).

The approximation of the right hand side is the same as (3.12).

Let us briefly analyze the locking-free property and the optimal error estimates. For the bilinear form a}’i R VW),
the crucial step is to establish the discrete Korn’s inequality in Theorem 3.2 so as to ensure the coercivity in Lax-
Milgram lemma, which has been justified for the nonconforming methods. For the conforming methods, it is
obvious that the constraint (4.4) holds for all cases, thus yielding the Korn’s inequality. With the help of the
coercivity, we can derive the following abstract lemma following a standard calculation.

Lemma 4.1. Let u;, € V;, be the solution of the discrete problem (4.6) and u the weak solution of problem (2.1).
Then for all uy € S, and for any piecewise polynomial u, € (P (T, )%, there holds

e —wnlin Sl —wzlin + lu = xlip + Alldive = Todivagllo + ILf = filly, + En, 4.7)

where

ICfs vi) = s Vi)l la,vy) = (f,vp)l
If = full,, = sup = —=, Ej=sup ———————.
L— Vil eV vilin

For the second term af AV, W), the fundamental idea is to prove that there exists a VEM function u; € S), such
that
N§diver = Ofdive, |u—uzl, < hlub,

where u € H*(Q) is the exact solution. The above result is trivial for the nonconforming methods since we can
take u; = u; to be the interpolation of u in S;. For the conforming methods, please refer to [20]. Thus, the
regularity estimate (2.7) yields

Alldiva — Hodivarllo = Alldive — Hodivally S Ahlidivallo S Allfllo,

as required.

5. Numerical examples

In this section, we report the performance of our proposed virtual element method by testing the accuracy and
the robustness with respect to the Lamé constant A. For simplicity, we only consider the nonconforming VEMs.
One can refer to [20] for the test of the conforming methods. Unless otherwise specified, the domain Q is taken
as the unit square (0, 1)?, and the Lamé constants are set as 1 = 10'° and u = 1. All examples are implemented
in MATLAB R2019b. Our code is available from GitHub (https://github.com/Terenceyuyue/mVEM) as
part of the mVEM package which contains efficient and easy-following codes for various VEMs published in the
literature. The subroutine elasticity VEM _NCreducedIntegration.m is used to compute the numerical solutions and
the test script main_elasticity VEM_NCreducedIntegration.m verifies the convergence rates.
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Fig. 3: The uniform triangular (left) and unstructured polygonal (right) meshes.

5.1. Implementation of the proposed VEM
The discrete variational problem is given by (3.10), where the constraints

f u,ds =0 and froth u,dx =0
o) Q

are not naturally imposed. To do so, we introduce Lagrange multipliers 8; € R and consider the augmented
variational formulation: Find (u;, 81,82,83) € Vi, X R X R X R such that

an(@ i) + B [oo wn1ds +Ba [o wnods +Bs [y rotuydx = (fy,vn), v € V),
)75 f(’)Q vh,lds =Y, 1 €R,
G.D
H2 LQ vpods =0, 1 R,
M3 j;) roty, vidx =0, Uz € R,
where u;, = (up1,up2)7T and vy, = (1, v2)7.
Letg;,i =1,---, N be the nodal basis function of V},, where N is the dimension of V). Then we can write

N
wy = ) xiwe; = ¢TxW),
i=1

Plug the above equation in (5.1), and take v, = ¢;. We have

é an(@i @ Xi + B [o, pirds +Ba [, @inds +Bs [jrotgdx =0, j=1,---,N,
g:l fag ®i1dsyi -0,
lg:l fag ®;odsyi =0,
gNl J, rots @idxy; =0.
Let
A= (@) di=( [ 0uas) 0 d=( [ paos) o di=( [ roupa),,
and

f= (o)),

The linear system can be written in matrix form:

A d dy di][x S
a0 Al _o
dl 0 B2 o[
dT ollgsl Lo
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5.2. The pure traction problem in the original space

We first solve the pure traction problem on two different kinds of meshes. One is the uniform triangulation
and the other is the unstructured polygonal mesh as shown in Fig. 3.

Example 5.1. The right-hand side f and the boundary conditions are chosen in such a way that the exact solution
is

u(x,y) = Y

Note that for the pure traction problem the solutions are unique only up to an additive function in RM(L2),
which affects the evaluation of the errors in the L> norm. For this reason, we replace the exact solution by u — p
so that the constraints in (2.2) are satisfied, where p € RM(€)) is given by

i

(=1 + cos 27x) sin 2y ]

. . 1
—(—1 + cos 2my) sin 27rx Smzxsmmy [1} )

P =cCo + C

1, . [0
ol T

1

Efgrotudx,

) = L(f uzds—czf xds),
10Q[* Jan a0

1
f ulds+czf yds).
oQ 0
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Fig. 4: Numerical and exact solutions of Example 5.1 with refineType=1.

Let u be the exact solution of (2.1) and u;, the discrete solution of the proposed VEM (3.10). Since the
VEM solution u;, is not explicitly known inside the polygonal elements, as in [8] we will evaluate the errors by
comparing the exact solution u with the elliptic projection Hfu;,. In this way, the discrete H' and L? errors are
quantified by

1/2 1/2
ErrHI1 = Z 7] —Hfuhﬁ’E and ErrlL2 = Z || —HIEuhII(z),E ,
EeT,; EeT,;
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respectively.

To test the accuracy of the proposed method we first consider a sequence of polygonal meshes, which is a
Centroidal Voronoi Tessellation of the unit square in 32, 64, 128, 256 and 512 polygons. These meshes are
generated by the MATLAB toolbox - PolyMesher introduced in [28]. For A = 10! and u = 1, we report the
nodal values of the elliptic projection IT¥u;,; in Fig. 4 (a), where the first type of mesh refinement in Fig. 2 (a) is
used. The convergence order of the errors against the mesh size 4 is shown in Fig. 5 (a). We also report the results
for triangulation in Fig. 4 (b) and Fig. 5 (b). Generally speaking, & is proportional to N~'/2, where N is the total
number of elements in the mesh. For each fixed 4 and u the convergence rate with respect to 4 is estimated by
assuming Err(h) = ch®, and by computing a least squares fit to this log-linear relation. As observed in Fig. 5, the
convergence rate is linear with respect to the H' norm, and the VEM ensures the quadratic convergence for the L?
norm for different values of A, which is consistent with the theoretical prediction in Theorem 3.4.

——||u-u, ||
h —o—|lu-u, Il

al ——on*

—a—|u-h |, ]
\\ B
102 F 3

15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50 55 60
log(1/h) log(1/h)

(a) Polygonal mesh (b) Triangular mesh
Fig. 5: The convergence rate of Example 5.1 with refineType=1

We now consider the last two types of mesh refinement in Fig. 2 and only report the numerical results for
triangular meshes. As observed in Tab. 1 and Tab. 2, the optimal rates of convergence are achieved for both
subdivisions in the nearly incompressible case.

Tab. 1: Convergence rate of Example 5.1 w.r.t. L?> norm for triangulation with refineType=2

A\h 1/5 1/10 1/15 1/20 1/25 Rate

10°  1.1208e-01 2.9679e-02 1.3421e-02 7.6091e-03 4.8911e-03  1.95
10> 1.0645e-01 2.8443e-02 1.2860e-02 7.2846e-03 4.6791e-03  1.94
104 1.0640e-01 2.8434e-02 1.2856e-02 7.2822¢-03 4.6775¢-03 1.94
10 1.0640e-01 2.8434e-02 1.2855e-02 7.2821e-03 4.6775¢-03 1.94
108 1.0640e-01  2.8434e-02  1.2855e-02 7.2820e-03 4.6777e-03 1.94

Tab. 2: Convergence rate of Example 5.1 w.r.t. L> norm for triangulation with refineType=3

ANh 1/5 1/10 1/15 1/20 1/25 Rate

10°  3.0839e-01 7.6958e-02 3.4534e-02  1.9499e-02 1.2500e-02 1.99
10> 2.9286e-01 7.2817e-02 3.2637e-02 1.8411e-02 1.1795¢-02  1.99
104 2.9265e-01 7.2761e-02 3.2611e-02  1.8396e-02 1.1785¢-02  1.99
105 2.9265e-01 7.2760e-02 3.2611e-02  1.8396e-02  1.1785¢-02  1.99
108 2.9265e-01 7.2760e-02 3.2611e-02  1.8396e-02 1.1785¢-02  1.99

Example 5.2. We further investigate the impact of Lamé constant A to solve a completely incompressible problem.
The exact solution is given by

uy = —sin’(mx) sin2rry) sin(xry),  up = sin(27x) sin(zrx) sin’ (zy).

14



One can check that divu = 0 and f is independent of A.

We test the performance of our VEMs for polygonal meshes and triangulations with 2 = 10'” and u = 1 fixed.
The error orders are shown in Fig. 6, from which we observe that the optimal rates of convergence are achieved
for both subdivisions in the completely incompressible limiting problem.

10

—a— lu-u, || —a— lu-u Il
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>
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log(1/h) log(1/h)
(a) Polygonal mesh (b) Triangular mesh

Fig. 6: The convergence rate of Example 5.2 with refineType=1

5.3. The pure traction problem in the enhancement space

----0 (h1402)

10-2 L L L L L L L L L
6 8 10 12 14 16 18 20 22
log(1/h)

(b) Convergence rate

Fig. 7: Numerical result of the VEM in the enhancement space (4.2) for distorted polygonal meshes with refineType=3.
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We can also test the performance for the VEM in the enhancement space (4.2). In the implementation of (5.1),
one just needs to replace the integrands on Q2 with the ones on Q. We still consider Example 5.1 and present the
numerical result in Fig. 7. Similar behaviours are observed, which confirms the discussion in Section 4.

5.4. The problem with mixed boundary conditions
Example 5.3. The proposed virtual element method also applies to the pure displacement problem or the problem
with mixed boundary conditions:

~divo@) = f in Q,

ou)n =g, on T,

u=g, on 0OQ\I'.

We still consider the exact solution in Example 5.2 with Dirichlet boundary condition imposed on y = 0 and
repeat the numerical simulation for the distorted mesh as shown in Fig. 8. We remark that in this case there is no

need to introduce the Lagrange multipliers §;.
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Let (¢,7) be the coordinates on the original mesh. The nodes of the distorted mesh are obtained by the
following transformation

x =&+ t.sin(2xé) sin(2nn), y = n + t. sin(2x€) sin(27n),

where (x, y) is the coordinate of new nodal points; #., taken as 0.1 in the computation, is the distortion parameter.

Tab. 3: Convergence rate of Example 5.3 w.r.t. L> norm for quadrilateral distorted mesh with refineType=2

M\h 1/5 1/10 1/15 1/20 1/25 Rate

102 6.7057e-02  2.1470e-02  9.8523e-03  5.6095e-03 3.6112¢-03 1.82
108 6.7205e-02 2.1516e-02 9.8757e-03  5.6234e-03  3.6204e-03  1.82

Fig. 9 (a) and (b) display the simulation results for the first type of mesh refinement on quadrilateral distorted
mesh and general polygonal distorted mesh, respectively. The numerical solutions are well matched with the exact
ones as observed. The errors in the L? norm for the second and third types of mesh refinement are listed in Tab. 3
and Tab. 4, respectively. Despite the very distorted meshes, we can still obtain almost second-order convergence

for different values of A.

Tab. 4: Convergence rate of Example 5.3 w.r.t. L> norm for quadrilateral distorted mesh with refineType=3

Ah 1/5 1/10 1/15 1/20 1/25 Rate

10> 1.5715e-01 5.0710e-02 2.3895e-02 1.3758e-02 8.9081e-03 1.78
103 1.5730e-01 5.0792e-02 2.3943e-02 1.3789¢-02 8.9297e-03 1.78
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Fig. 9: Numerical and exact solutions of Example 5.3 for distorted mesh with refineType=1.

Tab. 5: Convergence rate of Example 5.1 w.r.t. L> norm for the unified locking-free scheme (Polygonal meshes with refineType=1)

M\h 1/5 1/10 1/15 1/20 1/25 Rate
10°  6.7235¢-02  3.6869¢-02 1.8102e-02 9.4467e-03 4.7476e-03  1.88
102 6.9307e-02 3.8020e-02 1.8849e-02 9.8457e-03 4.9499¢-03  1.87
10 6.9387e-02 3.8072¢-02 1.8875¢-02 9.8609¢-03 4.9582¢-03 1.87
105 6.9387e-02 3.8072¢-02 1.8875¢-02 9.8611e-03 4.9583¢-03 1.87
108 6.9387e-02 3.8072e-02 1.8875¢-02 9.8611e-03 4.9583¢-03 1.87

5.5. The unified locking-free scheme

For the unified locking-free scheme, the subroutine elasticity VEM_NCreducedIntegration.m can be modified
with slight changes. The new M-function is elasticity VEM_NCUniformReducedIntegration.m and the test script
main_elasticity VEM_NCUniformReducedIntegration.m verifies the convergence rates. We still consider Example
5.1 with numerical results presented in Tab. 5, from which we observe a similar behaviour as that of the original
VEMs.

6. Conclusions

We proposed a locking-free nonconforming VEM in the lowest order case for solving the linear elastic prob-
lems, which is an evolution of the locking-free finite element in [18] to general polygonal meshes by using the
reduced integration technique. The parameter-free property and the optimal error estimate are established. A
unified scheme both for the conforming and nonconforming VEMs is also constructed. Numerical results are
consistent with theoretical findings. The proposed method can be adapted to a mixed formulation, as was done in
[18].
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