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1 Introduction

As akind of classical nonlinear problem, variational inequalities (VIs) play an important role
in mechanics, physics, engineering and management sciences. Their applications include
contact between deformable bodies, the simulation of rolling wheels, elasticity membrane
theory, antiplane frictional contact phenomenon, option pricing in financial mathematics.
It is well know that elliptic VIs have two types. The first kind of VIs is featured by some
closed convex set, while the second one is due to the presence of non-differentiable terms.
Due to their variational properties, finite element methods (FEMs) are the mostly common
used numerical schemes to approximate VIs. In this direction, we refer the reader to [9,
10, 14, 31, 32, 37, 42, 44, 59] for conforming FEMs, and to [24, 40, 43, 48, 49, 60] for
nonconforming FEMs. However, the classical FEMs work only on simplicial meshes (see
e.g., [12]). How to construct Galerkin scheme suitable for polygonal/polyhedra meshes is
a hot topic in recent years. Among the attempts in this direction, virtual element method
(VEM) is a successful paradigm, its main idea is to approximate partial differential equations
by the usual polynomials plus some nonpolynomial functions. The objective of this work is
to design and analysis conforming and nonconforming virtual element methods (VEMs) for
the Signorini problem. For simplicity, we are concerned with the following scalar Signorini
model:
—Au=f in<,

u=0 onlp,

ey

d,u =0 onIy,

u>0, 0,u>0, uoou=0 onlc,

where Q@ C R? is a bounded polygonal domain with Lipschitz I' that consists of three open
disjoint parts, i.e, T = Tp Uy UT¢c and f € L?(2). Here and in the following, we use
the symbol 9,u = Vu - n, with n being the outward unit normal vector.

History, VEM can be regarded as variational formulation of the mimetic finite difference
(MFD). Its original principles and error analysis techniques can be traced back to [6], therein a
conforming VEM is proposed for approximating the classical second order elliptic equation.
The nonconforming version is developed in [4]. Later on, VEMs have been further extend
to linear elasticity [8], Stokes equations [19, 26, 57, 61, 66], fourth order elliptic problems
[2, 15, 64, 65], Darcy-Brinkman problems [20], Cahn-Hilliard equation [1], Biot’s equations
[17, 50], eigenvalue problems [35, 36], Laplace-Beltrami equation [34], fracture networks
problems [11], interface problems [23]. The interesting works that deal with faces with arbi-
trarily small measure can be found in [7, 13, 16, 21, 22]. In the context of the approximation
of VEM for VIs, there have existed some works on obstacle problems [54], simplified fric-
tion problem [33], Kirchhoff plate contact problem [56], Hemivariational inequality [55]. To
the best of our knowledge, except for the work [53] wherein the linear conforming VEM is
analyzed for contact problem on non-matching meshes, there exists no other work on VEMs
for numerical approximation of Signorini problem. In the present work, we will make an
further effort in this direction.

As mentioned above, designing Galerkin methods that allow for polygonal/polyhedra
has received much attention in the last four decades. In the standard FEM framework, one
can resorts to rational basics to construct polygonal/polyhedra discrete schemes. However,
in this case, the construction of shape functions is highly challenging. On the other hand,
alternative choices are interior penalty discontinuous Galerkin (IPDG) methods, which use
totally discontinuous functions of piecewise polynomials on partition elements and rely on
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some interior penalty techniques, and thus they have flexibility in handling of complicated
geometries [3, 18]. For these reasons, IPDG method is also an effective numerical scheme
for solving VIs (see e.g., [5, 16, 30, 39, 51, 52, 62] and the references therein). However,
IPDG methods have more degrees of freedoms than classical FEMs on standard meshes.
More recently, weak Galerkin (WG) method [38, 58] and hybrid high order (HHO) method
[25, 27, 29], which featuring the discrete unknowns on mesh elements and faces, are also
developed. In this work, we will focus on VEMs. In the space of VEMs, they choose functions
as the solutions of some boundary value problem (which consist of the usual polynomials and
additional nonpolynomial functions). Moreover, they take appropriate projections on the the
polynomial subspace that are computable in terms of degrees of freedom. Therefore, we can
implement VEM by using only necessary degrees of freedom. We also refer the interested
reader to [46] for an unify study on VEM and HHO method. The objective of this paper is
to design VEMs for the Signorini problem and provide a detailed convergence analysis. We
will show that the numerical schemes have optimal convergence order in the energy norm
assuming some regularity results. It is worth mention that, the main difficulties come from
the inherent nonlinearity of VI and the complexity of bilinear of VEMs. Additionally, both
conforming and nonconforming VEMs are addressed. Comparing with conforming case, the
nonconforming one is more difficult in numerical analysis. The main reason behind this is
that, in nonconforming case, the discrete convex set K [I‘C (see (47) below) is not a subspace
of the continuous one (see (2) below), thus we need some more intricate techniques to obtain
the corresponding error estimates.

The rest of our paper is organized as follows. In Sect.2, we introduce some preliminary
results and variational formulation of the Signorini problem. Next, in Sects.3 and 4, the
conforming and nonconforming VEMs are investigated for solving Signorini problem, and
the detailed error estimates also accomplished. Some numerical results that show the optimal
order error bound are presented in Sect. 5. Finally, in the last section, some conclusions are
made.

2 Model Problem and Some Notation

We first introduce some notation. Given abounded domain D C R2, we use WP (D)(m > 0)

to denote the standard Sobolev spaces, which consists of functions with derivatives of global

order up to m in L? (D). and whose associated norm and seminorm are denoted by || - [, p,p

and |-|;, p, D, respectively. When p = 2, we use the notation H"(Q2) = W™2(Q), in this

case, we simply write its norm and seminorm as || - ||,,,p and |-|,,,». We also define the inner

product in L>(D) by (w, v)p = jD wvdx. In particular, D = 2, we omit the index <.
Now, we introduce the space

V={veH (Q):v=0onlp},
and the closed convex set
K={veV:v=0 onIc}. )

It is well known that the variational formulation of the Signorini problem (1) reads: Find
u € K such that (see [44])

au,v—u)>(f,v—u) Yve Kk,

where a(u, v) = fQ Vu - Vudx. Inlight of Stampacchia’s theorem, this problem has a unique
solution [45].
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3 The Conforming Virtual Element Method for Signorini Problem

3.1 The Conforming Virtual Element Method

Let 75, be a family of meshes which decompose 2 into polygonal elements {T'}. Set hy =

diam(7) and h = max hr. The set of interior edges is denote by 5}{ . Similarly, the set of
€T

edges on I'p, I'y and I'¢ are denoted by S,? N E;I,V , and Shc , respectively. Therefore, the set of
all edges &, = 5}{ U 8,? U E,}lv U Ehc. Additionally, we define ShT ={e € &,le € 0T} as the
collection of edges lying on the boundary of T'. The length of each edge e € &, is denoted
by h.. Also, let V), denotes the collection of vertices v of the mesh 7j,. For any element T,
we set W,{ = {v € V, : v € aT}. The position of any vertex v is denoted a,,. Furthermore,
we assume that I'p, 'y and "¢ are aligned with the triangulations 7y, i.e., the end points of
I'p and I'¢ coincide with the vertices of some elements. In addition, we introduce Py (D) to
denote the space of polynomials of degree at most k on D. Inspired by [6], we also assume
that the mesh 7}, satisfies some regularity conditions, that is, there exits a constant y > 0,
such that

Al : Every element T of 7} is star-shaped with regard to a ball of radius of yh7;
A2 :Forevery edge e of T, it satisfies h, > yhr.

Following [6], we first introduce local Py (k > 1) conforming VEM space as
Vi(T)={ve H'(T): Ave P o), vlare By(dT)} 3)
with boundary space By (dT) defining by
By(dT) = {v € CO(dT) : v|.€ Pi(e), Ve € ShT}. “4)
The associated degrees of freedom are
xi(vp) = vp(a;) Va; € V],

xj(vp) = /vhpkqu Vpi—2 € Pr_i(e), e € &, )
e

xi(vp) = / vpprk—2dx  Vpro € P o(T), T €7T.
T

By the standard theory of VEM, we can prove that the above local space is unisolvent (see
[6]). Also, using this local space, we take the global H' conforming VE space for problem
(1) in the form

Vi={veH (Q: vy € Vi(T), VT € T} . (©6)

Usually, there exit singularities for the Signorini problem, one tends to use the lowest
order P; VEM. Thus, for simple notations, we present the rest analysis only for k = 11in (3).
But the numerical computations are done for all k = 1 to 5.

We now recall the construction of bilinear forms of the conforming VEM. We begin by
defining the projection operator I$. : V/(T) — Pi(T) as

ar(I7v, q) = ar(v,q) Yq € P((T),
M5v =1, ©)
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with
A A

IWh ;x,wf) I\Vh > y(an). a; = vertices of T. @)

i=1

Additionally, we choose the stabilized term as
A

S — MGu, v —M%v) = Z xi(w — Gu) x; (v — [5v),
i=1

and define the bilinear form for each element T,
aj, p(u, v) := ar (Mgu, 07v) + S7(u — M7u, v — 7).

Summing over all elements implies that

aj,(u,v) = Z ay o (u, v). )

TeTy

It is not difficult to check that the bilinear form satisfies the following consistency and
stability properties.

Bl Polynomial consistency: Given v, € V;(T), it holds that
af 1 (vn, q) = ar (vg. q) Vg € Pi(T). (10)
B2 Stablity: There exists two constants C; and C,,, independent of /, such that
Ciar (v, vi) < aj, (v, vi) < Cyar (v, vi) Vo € Vi(T). (an
We now give an approximation for the convex set K:
Ky ={vhn € Vy: xitvp) =vnla;) =20, i =1,..., [Vp. |}, (12)

where |Vr,.| denotes the total number of degrees of freedom on I'c. Also, the corresponding
right-hand term are approximated by

i = 3 [ @ proan, (13)
TeT),
where Qg is the standard L2 projection onto Py(T), and vj, can be understood from (8).
The conforming VEM for (1) reads: Find uj, € K such that

ay (ug,, vy —up) > (fy, vn —uj,) Yo, € Kj. (14)

3.2 Error Estimates

This subsection aims at establishing a detailed a priori error estimate for the numerical scheme
(14). To this end, we first recall the following trace inequality (see e.g., [28, 47])

Jwlig, = e wld - + IVwld ;) Yw e H(TD), (15)

withe € € hT . Here and throughout the paper, we utilize C to denote a positive generic constant
that is independent of %, but may take different values at different occurrences.
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In addition, forv € HY(T)NC%(T), we introduce the canonical interpolationv; € V,(T),
vi(a;) = v(a;) Ya; € V] . (16)
According to the assumptions A1 and A2, we have the following approximation results [6].

Lemma 3.1 It holds that

lv —vrllo,r + hrlv —vilyr < Ch¥lvly 7, (17)
inf |u—qly; < Chluly, (18)
qedy ’

2 172 2
where |w|; j, = ( > |w|l7T) and &, = {v € L“(Q) : vl € P1(T)}.
TeT),

Moreover, we establish an useful preliminary result, that is a key step to derive our final
error bound.

Theorem 3.2 Let u and ufl denote the solutions of (1) and (14), respectively. Then, it holds
that
= uf} < Coflu—url} + inf ju—gl},+02+Re]. (19)
qePp

where Re = a(u, uy —uy) — (f, u; — uy), and
,UC _ C,UC
@, = sup [(fsvy) — (fy h)|.

v eve AN
v, #0

Proof Applying the triangle inequality yields
. SN2
lu —ufld <(lu —ugly + lug —ufly)
<20u —us|? +20u; —u§|?. (20)
Writing z, = uy — ufl, we conclude from (11) and (14) that

Cilznlty <af . zn) = af(ur, zn) — af (. 2n) < afur, zn) — (i 2n)
= [aZ(M], Zh) - a(u, Zh)] + [a(ua Z/’l) - (f7 Zh)] + [(f? Zh) - (f}ii Zh)]
L2R| + R, + Ry, (1)

for any g € .
By adding and subtracting terms, we reformulate R as

Ry =aj,(uy, zn) — a(u, zp)

=Y laf r@ur, z) —aru, z)]

TeT),
= > a7 —q. 2] + [af 1 (q. 20) — ar(q. zn)] + [ar (g — u. z)]
TeTy
2Ry +Rip + Rys. (22)
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We combine (11) with Young’s inequality to bound Ry by
Riy= Y [af rur —q.21)]

TeTy

< > Culur —qlirlzalir
TeT),

< Cylur —qly plznly

<Cy(lu—urly +lu—qlyplzrl
C? 2

< i(lu —urly +u— Q|1,h) + e1lznl?
461
Ca 2 2 2

= (=il + 1w —al,) + ezl 23)
2¢€

Due to the property of polynomial consistency stated in (10), the term R satisfies
Rix= Y [af r(q,2) —ar(g, z)] =0. (24)
TeTy

The continuity of each ar (-, -) implies that

Ri3 = Z lar(q —u.zp)]

TGIJZ
< Y lu—qlirlzlir
TeT,
< lu—qlinlznl
1
2 2
< —lu—qly, +elzli. (25)
4dey

An immediate consequence of the definition of ®, shows that

Ry = [(f.zn) — (fi. 2n)]
< Oclzaly
1
< E@% +eslznli- (26)
Plugging the estimates (22)—(26) into (21), we claim that

2
(Cz — €] — € — 63)|Zh|1

< Sy |2+(C3+ : )| B+ @2 +R 27)
—|u—u — 4+ —)|u— —G .
~ 2e m 2¢;  4ep 911 4e3 € ¢
Choose appropriate parameters €; (i = 1, 2, 3) to satisfy C; — €] — ez — €3 > 0, this together
with (20) yields the desired assertion. ]

Employing the above result, and adopting some techniques developed in [14], we can
derive optimal order a priori error estimate in the energy norm.

Theorem 3.3 Let u and u;l be the solutions of (1) and (14), respectively. Assume that u €
H*(Q) and Ontt|p,. € L% (T ¢), and the number of transition points fromu = 0 and u > 0
on ¢ is finite. Then we have

lu —ujply < Ch. (28)
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Proof Our starting point is the estimate (19), we shall establish the contained terms step by
step. From (17) and (18) we obtain

lu —urly <Chlul,, (29)

inf |u—qly, < Chluly. (30)
qed) ’

Also, the approximation term satisfies (see [6])
I(fsvi) = (s vl < ChIf L glvplhs

which leads to

|(fs ) = (fy s vp)]
®. = sup W =~ Ui
v evs 11
v #0

< Chlfl - (31)

Thus, it remains to estimate R, = a(u, u; — uj) — (f, u; — uj). Noting that u; — uj, =0
on I'p and d,u = 0 on 'y, we apply integration by parts to obtain

Re =a(u,u; —uj) — (f,u; —uj)

=Y /(anu)(u,—u;)ds. (32)

e
eegf

By setting % = {x € T¢ : u(x) = 0} and Fér = {x € I'c : u(x) > 0}, we split the set of
edges on 5}? into three disjoint subsets:

M =fee&f eel?),
If=lec&f ieelf),
Tj={e€& :enT2 #0, enTL #0).

Consequently,

=) /(anu)(uz — uj)ds

EESE ¢
=> /(a,,u)(u, —upds + Y [ @) (s — uf)ds
eEF2 ¢ eEI‘,T ¢

+ Y | @uu)(uy — u)ds

eel",’; ¢
<> / @) pyds + Y | @uu)(up)ds
eEF2 ¢ eel‘; ¢
+ Z (0uu) (g — u)ds. (33)
eel",’; ¢

In the last step we have used the fact that 9,u > 0, u;l > 0 and (d,u)u = 0 on I'c. We
also emphasize that the edge e is understood as a closed set here and in the following, the
reason behind is that the value of u at the end points that belong two adjacent edges need
be treated carefully. For example, let ¢; and e; be two adjacent edges, suppose u = 0 on ¢
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(i.e.,e| € Fg), ifu > 0oney\ (e Nen), then ex €€ I';. We now deal with the above three
terms in R.. If e € 1"2, since u = 0, this implies #; = 0, thus we have

Z /(8nu)(u1)ds =0. (34)

0Je
eel’

Ife € F;r, since u > 0, this in conjunction with (d,u)u = 0 leads to (d,u) = 0, we infer
that

Z /(a,,u)(u,)ds =0. (35)

L Je
eel’,

If e € '}, in light of (17) and the Cauchy-Schwarz inequality, we deduce that

/(3,114)@!1 —u)ds < ||8nu||0.oo,e/|u1 —ulds
e e

1/2
< ChY*[10,ull0.00.cllu — s l0.c
< Ch*|3nullo,coelttly. s (36)

with e € ShT . Hence, summing over all edges e € I'}} implies

> / (Ouu) (s — w)ds < Ch*|[Byullo.cce Y lulor
e

eel’y eel’};
2
< ChZ||9ullo,00,rc el (37
In the last step, we have used the assumption that the number of transition points from

u =0and u > 0 on I'c is finite.
Substituting (34), (35) and (37) into (33) yields

Re= > f(anu)(u,—ug)ds
eeff ¢
< Ch*||0put]lo,c0,rc 12 (38)

Finally, collecting the results (29)—(31) and (38), and inserting them into (19), we obtain the
desired conclusion (28). ]

Remark 1 We stress that the estimate (19) in Theorem 3.2 can also be derived from Theorem
3.5 in [55] or the work [53]. In particular, a more general case that contains non-differential
term has also been tackled in [55] and [53]. For completeness of the paper, we restate and
prove (19) in detailed here, which is also useful to establish a similar bound for NVEM in
the next section (see Theorem 4.2 below).

4 The Nonconforming Virtual Element Method for Signoroni Problem
4.1 The Nonconforming Virtual Element Method

In this section, we shall further explore the nonconforming VEM for the model problem (1).
We first mention that, the mesh decomposition is analogous to the previous conforming case.

@ Springer
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We then define the local P (k > 1) nonconforming VEM space as

VI(T)={ve HU(T): Av e Pio(T), v, € Pi_i(e), e € & ). (39)
The associated degrees of freedom are
Xxj(on) = / vnpk—1ds Vpi-1 € Peoi(e), e € &y, (40)
e
xi(vp) = / vppk—2dx Vpr—o € Pro(T), T € 7Tj. (41)
T

The unisolvence of this local space has been shown in [4]. And the corresponding global
nonconforming VEM space V;'¢ for problem (1) take the form

vie =fve L2@): iy e Ve, /[U]epk—lds =0 veeslugll, @)
e

where [v]. denotes the usual jump of v across the edge e, in particular, when e € &P,
[v]e = v.

Again, as for the conforming elements, for simple notations, we provide the analysis for
P; nonconforming VEM only, that is, X = 1 in (39). But the numerical computations are
done for many high-order Py nonconforming VEMs.

To state the bilinear form for the nonconforming VEM, we first introduce the projection
operator I} : V}'(T) — Pi(T) as the solution of

ar(Ifv, q) = ar(v,q) Vq € Pi(T),

/ H’}Cvds:/ vds.
aT aT

SPE G — w0 — T ) = Dyl — T u) xe (v — TT),

T
ee&)

By taking the choice

we define
a,r(u,v) = ar (M7 u, 7v) + S7°(u — M7°u, v — 7).
Summing over all T € 7, yields

ap(u,v) = Y app . v). (43)

TeT),
Moreover, they satisfy the following polynomial consistency and stability properties [4].
C1 Polynomial consistency: Given v, € V;'°(T), it satisfies
a,r(vn, q) = ar (v, q) ¥q € Pi(T). (44)
C2 Stablity: It holds that
Coar (vn, vy) < app(vn, vy) < Cgar (vp, vy) Yoy € Vi'(T). (45)
The discrete approximation K¢ is formulated by

KM ={vy € V' xo(vp) =0, Veeé&f) (46)
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In this case, the right-hand approximation term is more involved than the conforming one.
Inspired by [4], for each T € 7}, we first define

N 1
h =3 Z /vhds,

eEEhT ¢
and then set the approximation term as
oo = / (Qo f)Tndx. (47)
TeTy

The nonconforming VEM for (1) reads: Find u};© € K}/ satisfying
W@ o —up) = (fp on —u©) Yup € Kj°. (48)

4.2 Error Estimates

To proceed, for v € H L(T), we first define canonical interpolation ITyv € Vy'°(T) that
satisfies

xe(THv) = xo(v) Vee&l. (49)
Under the assumptions A1 and A2, we have the following approximate properties [4].

Lemma 4.1 It holds that

v — Tpvllo,r + hrlv — Myvly 7 <Ch% vl 7, (50)
inf |u—ql,;, <Chlul,. (51)
qedy

For nonconforming VEM, applying analogous techniques as in the conforming case in
Theorem 3.3, we can obtain the following assertion.

Theorem 4.2 Let u and uj,° denote the solutions of (1) and (48), respectively. Then, it holds
that
=i < Collue = Wi}y 4 inf =gl + % 4+ Ruc).  (52)
h

where R,e = ap(u, pu — up) — (f, Mpu — uf®), and

I(F v = (S )l
Ope = sup b h (53)
eV [V, 1.n
v #0

Proof As in (19) for the conforming case above, a similar formula holds for NVEM. More
precisely, denote z;¢ = IT,u — uj;, applying (45) and (48) to infer that
Calzh 1l < a2, 25 = a (Tpu, 2 — ag wh®, 23°)
< ay“(Mpu, ;) — (. z5°
= [ap“(Myu, ) — ap(u, 23] + [a; (w, 23 = (f, 23]
+[(f. 2 = (€ 9] 2 REE 4+ Rue + RS

The assertion (53) follows by direct imitation of the proofs addressed in Theorem 3.3. O

(54)

@ Springer



18  Page 12 0of 25 Journal of Scientific Computing (2024) 100:18

Next, to accomplish the final error estimate, we require the following preliminary result.

Lemma 4.3 Let u and uj© be the solutions of (1) and (48), respectively. Assume that u €
H*(Q), ulp,. € WLo(T¢), and the number of transition points from u = 0 and u > 0 on
[c is finite, we have

— Y [ Guo@ids < Chlulylu = w1y + ChPlulyluly oo re - (55)

«Je
eel’

Proof Provide e € I';;, we claim that d,u > 0 and Z§(u};°) = h;l fe upds > 0, these facts
implies

— /(8nu)(uzc)ds
<- / (Outt) (L} — PEW1))ds

_ / (e = 25 0u0)) (i = 755 )ds

e

— / (0 = 25000 ) (s = 504 = u+ 25 )ds

e

- f (anu - 95(8,114)) (u)ds

e
£S)+Ss. (56)
Recall the standard estimate
v — 25l < Chyl* vl 7. (57)

and simply write Z;(v) = v — & (v), thus,

S = — / (5 @) (5w = w))ds
e
=< 125 Onw) llo,e 122G (0 — up)llo,e (58)
1/2 1/2
< Chy*luby,rhy*lu = ujly 7
= Chrlulyrlu —uyly 7.
Since e € T'};, there exits some Q. satisfying u(Q.) = 0, thus from 1D Poincaré’s inequality

(see e.g., [43]) we have ||ullo.. < Ch, H g—’; Ho , this together (57) implies that
e

S, = —/e(ﬁg(anu)) (u)ds

=< 125 @) llo,ellullo,e

(59
1/2
< Chy*luly rllullo.e
1/2 ou
= M| ]
- r e|u|2,T ds 110,e
Moreover, we have
ou ||2 ou ||2
2 <cn —H <Cholul? o .. 60
Ha 0= I asllocce™ €|u|1,oo,l"c (60)
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Inserting (60) into (59), we arrive at
1/2,3/2
Sa<Chil*huly, rutly o e <Ch? |l 7l o rc- 61)

Collecting the estimates (58) and (61), summing over all e € I'}, and utilizing the assumption
that the number of transition points is finite, we infer that

-y / (0u0) (u})dls

eel’} ¢
2
= C Y (hrlulyrlu — el 7+ Hluly plul o e )
eel’ys
: 2
< Chlulylu —upfly j + h=lulsluly oo 1 (62)
which is the assertion (55) as required. O

We are now in a position to state the error analysis for the NVEM (48).
Theorem 4.4 Under the same assumptions in Lemma 4.3, there holds that
|M—Mzc|l,h < Ch. (63)

Proof 1t is enough to give estimates for all terms appear in (52). From (50) and (51), the first
two terms satisfy

lu — IMpuly < Chiuls, (64)
inf |u—qly, < Chluly. (65)
qedy '

Additionally, it can be proved that the approximation term satisfies (see [4])

ICfs ) = (S v = chll fllolvplips
this yields

O = sup LU= UL DLy ey (66)

e
vievie |Uh |1,h
U £0

Thus, it leaves us to estimate R, = a(u, Ipu — uy®) — (f, pu — u}). By setting wy, =
ITpu — up, and integrating by parts, we obtain

Rye = au, wy) — (f, wp)

> / (0 (wp)ds

TeTj, ecdT ¥ €

> /(anu)<wh)ds+2 (@n10) (wi)ds

TeTh eedT\(ENUES) *° eegl ¢

(67)
+ > /(8nu)(wh)ds

cJe
ee&y

= 3 / @) wp)ds + Y | (@10 (wp)ds

TeTh ecyT\(ENUES) eegl " *

2 A+ Ay,
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The consistency error term A can be estimated by applying standard techniques for the
NVEM and (57):

b=y Y [ewwd

TeTh eeT\(ENUES)

= Z Z /(8,114 - 96(8,,14)) . (wh - Wgwh)ds

TeTh eedT\(ENUES) *°

<Y > 18— Z5@uwllo.ellwn — P5willo.e
TeTh ecdT\(ENUES)

1/2 1/2
< 3" cnPluly rhylwnly 7

TeTy
5 5 1/2
<ch( Y By Y twall r)
TeTy TeTy,
<Chluly | Mhu — uf]y - (68)

For A, we split it as

Ay=Y" /(Bnu)(nhu — ul)ds

eeShC ¢
=) /(a,,u)(nhu —upyds + Y | @) (Mpu — uj)ds
1"2 e EEFZ ¢
=Y /(8nu)(l_lhu —upds + Y | @) ([Mu — u)ds
eel"g ¢ ecl ¢
=Y | @uw)@y)ds
eel’y ¢
£A01 + Ax + Ags. (69)

Ife e 1"2, noting that ¥ = 0 implies ITu = 0, fe(uzc)(f@(‘j(anu))ds > 0 (since u},® € Kj/)
yields fe W) (Opu)ds > fe(u;’l")(%g(anu))ds, these facts together with (57) yield

/(Bnu)(l'lhu —up)ds < /%6(8,114)(1'1;1% —up“)ds
e e
= /%S(anu)(l'[hu —u)ds + f,%g(anu)%g(u —u)ds
e e

= 1925 @ut0)lo.e (I Tt — wlloe + 186 e = 15 lo.c )

< Chylulyr (W luly r + 01— w1y )

< Chilul3 7 + Chrluly,rlu =l 7. (70)
Summing over all e € T'Y, we obtain

Agy < Ch?|ul3 + Chlulylu — ufl; 5. (71
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In view of (50) and the Cauchy-Schwarz inequality, we claim that, for any e € T},

/(Bnu)(l'lhu —u)ds =< ||10pullo,00,e / [Tpu — ulds
e e
1/2

< Che' " [|10nutllo,c0,ellu — Mpuello,e

< Ch*[|nullo,co.elutly 7.
with e € ShT . Summing over all edges e € I'} yields

Ay =Y [ @u)(Thu — u)ds
eel’} ¢

2
< Ch*|[duullocore Y lulor

*
eel’)

2
< Ch”||8pullo,c0,rc |ul.-

(72)

In the last line, we have used the assumption that the number of transition points is finite.

For the term A»3, it follows from Lemma 4.3 that

2
Aoz < Chlulylu — upfly j + Ch™uly|uly oo re-

(73)

Substituting (68), (71)—~(73) into (67), and applying the triangle and Young’s inequalities

yields
Rye < Crhluly|Tpu — u|y , + Cohlulylu — uf|y j, + C3h?|ul3

+ C4h? [ula|uly 00, re
c? C3
1,2, 2 2 2
Sah luly + €alTlpu — upfly , + eslu — up’ |1h+7h ul3
C3h*u|3 + C4h?
+ C3h7|ulz + Cah®lulslul oo, 1,

C2
éh%u@ + 2e4lu — uf|3 ) + 2e4lu — yulf,

+eslu—ufl; , + —2h2|u|2 + C3h?|ul3 + Cah*|ulyluly o re-

We combine (52) with (74) to infer that
(1-2Cves - Cbes)lu — e,

< (Cp + 2€9)lu — Myuli ), + Cp inf |u — qli, + CrO2,
q€Ph

Cl h2 C% h2 C h2 2 C h2
+ 464 465 + 3 |M|2 + 4 |M|2|u|1,00,rc'

(74)

(75)

By choosing that 1 — 2Cpes — Cpes > 0, and collecting results in (64)—(66) implies the

desired estimate (63).

m}

Remark 2 Comparing with the conforming VEM, to obtain optimal order error estimates,
more stringent regularity assumptions on the exact solution are required in the analysis of
nonconforming case. More precisely, for conforming VEM, it is assumed that u € H>()
and 0,ulr.€ L (I'c), while for nonconforming VEM, the assumption is that u € H 2(Q)

and ulr.€ WHe(I'¢).
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Fig.1 The computed P4 VEM (0.0,0.0, 0.005804674
solution on Grid 3 of Fig.2 for
problem (76) with an exact
solution (77)

(1.0, 1.0, -0.001452475)

5 Numerical Experiments

In this section, we provide some numerical results to validate the effectiveness of the VEMs.
We solve the following Signorini problem:
—Au=f inQ,
u=0 onIp, (76)
uoyu =0, u >0, d,u >0, on ¢,

where Q2 = (0,1) x (0,1), ¢ =[0,1] x {1},'p =02\ I'c.
When we choose the right-hand side function in (76) as

1-2
f= 1 x(4x4+40x2y2—8x3 —40xy? +5x2 +7y2 —x + f1),

—40x2y +40xy — Ty, ifx <1/2,

where f; = 5 ]
—80x“y + 80xy — 14y, ifx > 1/2,

we would get the exact solution u of (76) as

1 3
u=x(1—x)< _E) yuy,

1—y, ifx <1/2,

. (77)
2—y, ifx>1/2.

whereu| = [

To view the solution, in Fig. 1, we plot the P4 conforming VEM solution (k = 4 in (3))
on hexagonal Grid 3 (shown in Fig.2). On the front left boundary, # = 0 and d,u > 0. On
the front right boundary, # > 0 and d,u = 0.

To solve each nonlinear VEM equation, we apply the monotonic iteration method as
follows (see [41]). Initially, we let

(©) ©) ©)
Iy =% and Iy =T\ T,

This way, in the m step, we separate the boundary condition ud,u = 0 on I'c into two
boundary conditions,

u|l.,gn2) =0and 3nu|F(C’”,l[)\/ =0. (78)

With the linear boundary conditions (78), we have a unique VEM solution u,im) for the
resulting discrete linear system of equation. To do next iteration, we update the boundary
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Grid 1: Grid 2:

Fig.2 The first two levels of hexagonal grids for the computation in Tables 1-8

Table 1 The error profile for (77)

on meshes shown in Fig. 2, by the Grid llu = unlo Ot IV~ uwllo Ot Hlter
Py conforming VEM 1 0.5241E-02  0.00 0.2209E-01 0.00 1

2 0.1371E-02  1.93 0.7076E-02 1.64 1

3 0.3120E-03  2.14 0.2938E-02 1.27 1

4 0.1117E-03 148 0.1671E-02 0.81 1

5 0.2075E-04  2.43 0.7746E-03 L1l 2

6 0.5006E-05  2.05 0.3869E-03 1.00 2

7 0.1117B-05  2.16 0.1966E-03 0.98 5

8 0.2674E-06  2.06 0.9916E-04 0.99 6

conditions first by letting
F(m'H) (F(mz) \ {e € F(an)D cu(e)) < 0&u(er) < O})

U (T&% \te e T, duuten) < 0& duter) < 0),
(m+1) (m+1)
l“cn?zv =Tc\ 1wc”,lD ’

where e; and e are the two end points of an edge e on the boundary I'c. The iteration is
stopped when

F(m+1) — F(mz) — l—-(m—l). (79)

There is no other choice because when the iteration reaches the status (79), the solution
u™t = uzm) and remains the same for ever.

In Table 1, the results for the P; conforming VEM approximating solution (77) are listed,
where # I ter is the number of monotonic iterations (78)—(79) performed. The P; conforming
VEM converges at the optimal order in both norms.

In Table 2, we compute the P> conforming VEM solutions for (77) on the hexagonal
meshes shown in Fig.2. The P, conforming VEM converges at the optimal order in both
norms.

In Table 3, we compute the P; conforming VEM solutions for (77) on the hexagonal
meshes shown in Fig. 2. The P3 conforming VEM converges at the optimal order in H '-norm.
But it seems we have an half order sub-optimal convergence in L?-norm. Since the exact
solution (77) is in H3-~¢(£2), this would explain somewhat the sub-optimal convergence. See
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Table 2 The error profile for (77) . — - Vi — P
on meshes shown in Fig. 2, by the Grid lu = unllo otD IV = uwllo otD f# er
P conforming VEM 1 0.1475E-02  0.00 0.1770E-01 0.00 1

2 0.2260E-03 2.71 0.5150E-02 1.78 1

3 0.2727E-04 3.05 0.1270E-02 2.02 3

4 0.2865E-05 3.25 0.3056E-03 2.05 3

5 0.4365E-06 2.71 0.7546E-04 2.02 6

6 0.4878E-07 3.16 0.1867E-04 2.01 10

7 0.5687E-08 3.10 0.4649E-05 2.01 12
Table 3 The error profile for (77) . — r — r
on meshes shown in Fig. 2, by the Grid lu = unllo i IV = uwllo otD f lter
P3 conforming VEM 1 0.3198E-02  0.00 0.2711E-01 0.00 1

2 0.1669E-03 4.26 0.3291E-02 3.04 1

3 0.6540E-05 4.67 0.3719E-03 3.15 3

4 0.2740E-05 1.26 0.6631E-04 2.49 4

5 0.2488E-06 3.46 0.8240E-05 3.01 7

6 0.2223E-07 3.48 0.1025E-05 3.01 10
Table 4 The error profile for (77) . — r — r
on meshes shown in Fig. 2, by the Grid lu = unllo o) IV~ uwllo o) f# Ter
Py conforming VEM 1 0.7697E-02  0.00 0.4663E-01 0.00 1

2 0.2718E-04 8.15 0.7935E-03 5.88 3

3 0.4273E-05 2.67 0.8688E-04 3.19 3

4 0.2621E-05 0.71 0.4745E-04 0.87 4

5 0.2389E-06 3.46 0.5948E-05 3.00 6

6 0.2138E-07 3.48 0.7429E-06 3.00 9
Table 5 The error profile for (77) . _ r _ r
on meshes shown in Fig. 2, by the Grid lu = unllo i IV = uwllo ot # er
Ps conforming VEM 1 0.5289E-01  0.00 0.2597E+00 0.00 1

2 0.1252E-03 8.72 0.8973E-03 8.18 1

3 0.2007E-05 5.96 0.3729E-04 4.59 3

4 0.1574E-05 0.35 0.3024E-04 0.30 5

5 0.1426E-06 3.46 0.3788E-05 3.00 7

6 0.1273E-07 3.49 0.4731E-06 3.00 10

the comments on the P4 and P5 conforming VEM below, and the comments for computing

the second example.

In Tables 4 and 5, we compute the P4 and Ps conforming VEM solutions, respectively,
for (77) on the hexagonal meshes shown in Fig.2. It is surprising and understandable that
their convergence orders are exactly same as those of the Pz conforming VEM in Table 3.
There is no need to increase the order of VEM if the exact solution is not that smooth. We
can see below in the second example that the convergence order of P4 and Ps can be higher.
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Table 6 The error profile for (77)

on meshes shown in Fig. 2, by the Grid _ llu ~ unllo ot Vi@ = uillo O)  #lter
Py nonconforming VEM 1 0.2362E-02  0.00 0.1337E-01 0.00 1

2 0.4874E-03  2.28 0.4826E-02 1.47 1

3 0.1416E-03  1.78 0.2326E-02 1.05 1

4 0.1144E-03  0.31 0.1391E-02 0.74 1

5 0.1515B-04  2.92 0.5689E-03 1.29 2

6 0.2004E-05  2.92 0.2754E-03 1.05 2

7 0.4279E-06  2.23 0.1384E-03 0.99 3

8 0.1015B-06  2.08 0.6920E-04 1.00 8

Table 7 The error profile for (77)

Grid - O(h" Vi (u— O(h" # Tt
on meshes shown in Fig. 2, by the " lu — unlo #) IVa(u — un)llo ) e

P2 nonconforming VEM 1 0.147SE-02  0.00 0.1770E-01 0.00 2
2 0.2260E-03  2.71 0.5150E-02 178 2
3 0.2727E-04  3.05 0.1270E-02 2.02 3
4 0.2865E-05 3.5 0.3056E-03 2.05 3
5 0.3461E-06  3.05 0.7517E-04 2.02 8
6 0.4878E-07  2.83 0.1867E-04 2.01 10
7 0.5687E-08  3.10  0.4649E-05 2.01 12

In Table 6, we report the results of computing solution (77) by P; nonconforming VEM
on meshes shown in Fig. 2. Comparing to Table 1, the P; nonconforming VEM converges at
the same order as the P; conforming VEM but with smaller errors as we have more degrees
of freedom in the nonconforming VEM.

In Table 7, we compute the P> nonconforming VEM solutions for (77) on the hexagonal
meshes shown in Fig. 2. The P> nonconforming VEM converges at the optimal order in both
norms. However, comparing to Table 2, it seems that the extra five degrees of freedom on
each hexagon do not provide any additional approximation, as the two methods produce
almost identical results.

In Table 8, we compute the P3; nonconforming VEM solutions for (77) on the hexagonal
meshes shown in Fig.2. The Pz nonconforming VEM converges at the optimal order in both
norms. It is quite surprising recalling that the Pz conforming VEM converges half an order
sub-optimal in L?-norm. We think, the designed discontinuous VEM P; solutions can stop
the L?-error pollution near the jump point of the free boundary condition. For example, it
is proved in [63] that the nonconforming element solution converges independently of the
coefficient jump in solving an interface problem while the continuous finite element has an
error bound of @max /amin times that of error bound of the nonconforming element, where
Amax and ami, are the maximum and the minimum of the diffusion coefficient of a 2nd order
elliptic equation, respectively.

Next we test the VEM on pentagonal meshes shown in Fig. 3.

In Table 9, we compute the P} conforming VEM solutions for (77) on the pentagonal
meshes shown in Fig.3. The P; conforming VEM converges at the optimal order in both
norms. Comparing to Table 1, we have less degrees of freedom in the pentagonal VEM than
that of the hexagonal VEM. But the pentagonal meshes are more regular. It turns out the two
methods are almost same in solving the Signorini problems.
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Table 8 The error profile for (77)

on meshes shown in Fig. 2, by the Grid _ llu ~ unllo O IVhu—unlllo OGT)  #ler
P3 nonconforming VEM 1 0.3226E-02  0.00 0.2734E-01 0.00 1

2 0.1673E-03  4.27 0.3320E-02 3.04 1

3 0.6429E-05  4.70 0.3757E-03 3.14 2

4 0.3854E-06  4.06 0.4539E-04 3.05 4

5 0.2356E-07  4.03 0.5571E-05 3.03 7

6 0.1455E-08  4.02 0.6898E-06 3.01 10

Grid 1: Grid 2:

N [

N N

N\

N

N\

NN

N\

Fig.3 The first two levels of pentagonal grids for the computation in Tables 9-14

Table 9 The error profile for (77)

on meshes shown in Fig. 3, by the Grid _llu — unllo s Vi e = unllo OT)  #lter
Py conforming VEM 1 0.4850E-02  0.00 0.1978E-01 0.00 1

2 0.1815E-02  1.42 0.8994E-02 114 1

3 0.4452E-03  2.03 0.3475E-02 1.37 1

4 0.1245E-03  1.84 0.1685E-02 1.04 1

5 0.2547E-04  2.29 0.7306E-03 1.21 2

6 0.7081E-05  1.85 0.3546E-03 1.04 2

7 0.1577B-05  2.17 0.1783E-03 0.99 5

8 0.3816E-06  2.05 0.8951E-04 0.99 8

In Table 10, we compute the P> conforming VEM solutions for (77) on the pentagonal
meshes shown in Fig.3. As on hexagonal meshes, the P> conforming VEM here converges
at the optimal order in both norms. Comparing to Table 2, the pentagonal P> conforming
VEM is much worse. But it has 1/3 less local degrees of freedom than that of P, hexagonal

VEM.

In Table 11, we compute the P3 conforming VEM solutions for (77) on the pentagonal
meshes shown in Fig. 3. As on hexagonal meshes, the P3 conforming VEM here converges
at the optimal order only in H'! norm. It converges half an order sub-optimal in L? norm.
As pointed out earlier, it is likely due to the singularity that the exact solution (77) is only in
H337€(Q). The same orders of convergence will happen to the P4 and Ps VEM, as it happens
to the hexagonal P4 and Ps VEM, in Tables 4 and 5. We would not repeat this computation.

Instead, we will compute a smoother exact solution in Tables 12, 13 and 14.
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Table 10 The error profile for
(77) on meshes shown in Fig. 3,
by the P, conforming VEM

Grid  flu—upllo  OG")  IVaw—upllo  O®")  #lter

1 0.8099E-02  0.00 0.5384E-01 0.00 1
2 0.7178E-03  3.50 0.1179E-01 2.19 1
3 0.8386E-04  3.10 0.2772E-02 2.09 2
4 0.9633E-05  3.12 0.6658E-03 2.06 2
5 0.1218E-05  2.98 0.1647E-03 2.02 5
6 0.1475E-06 ~ 3.05 0.4100E-04 2.01 7
7 0.1855E-07  2.99 0.1024E-04 2.00 9

Table 11 The error profile for
(77) on meshes shown in Fig. 3,
by the P3 conforming VEM

Grid  flu—upllo  OG") IVa—upllo OMG")  #Iter

1 0.6932E-02 0.00 0.5593E-01 0.00 1
2 0.4317E-03 4.01 0.6980E-02 3.00 1
3 0.2365E-04 4.19 0.8067E-03 3.11 2
4 0.2867E-05 3.04 0.1104E-03 2.87 3
5 0.2521E-06 3.51 0.1374E-04 3.01 6
6 0.2231E-07 3.50 0.1715E-05 3.00 9
7 0.1980E-08 3.49 0.2143E-06 3.00 12
To get a smoother solution, we choose the right-hand side function in (76) as
1 —2x)3
f= %(4;54 + 84x2y? — 8x3 — 84xy? +5x2 + 11y? — x + f1),
—84x%y + 84xy — 11y,  ifx <1/2,
where fy — | T84y 84y — 1Ly, ifx <1/
—168x“y + 168xy — 22y, ifx > 1/2,
we would get the exact solution u of (76) as
15
u=x(1—-x){x—= up,
( ) ( 2) yuj
1—y, ifx <1/2,
whereuy = | ~ ¥ Tx =1/ (80)
2—y, ifx>1/2.

The solution is in H>>~¢().

In Table 12, we compute the P3 conforming VEM solutions again on the pentagonal
meshes shown in Fig. 3, but for approximating a smoother exact solution (80). This time, the
P3 pentagonal conforming VEM converges at the optimal order in both H! norm and L?
norm. This example shows that the finite element solution can converge at very high order as
long as the exact solution is sufficiently smooth. But in theory, the L? order of convergence
is limited to one and a half as the solution of the dual problem is limited to H 32(Q).

In Table 13, we compute the P4 conforming VEM solutions on the pentagonal meshes
shown in Fig. 3, when approximating the smoother exact solution (80). The P4 pentagonal
conforming VEM converges at the optimal order in both H! norm and L? norm. Here the
L? order of convergence looks like an half order super-convergence. But it was caused by
fixed meshes and jumping of discrete boundary conditions on mesh points. The low-order
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Table 12 The error profile for . r -
Grid — o Vi — O(h # 1t
(80) on meshes shown in Fig. 3, o lu = unllo () IVaG = ulo ) °r

by the P3 conforming VEM

1 0.8712E-02 000  0.5175E-01 0.00 1
2 0.4041E-03 443  0.5095E-02 3.34 1
3 0.2430E-04 406  0.5899E-03 311 1
4 0.1273E-05 425  0.6752E-04 3.13 2
5 0.7213E-07 414  0.8249E-05 3.03 7
6 0.4539E-08 399  0.1023E-05 3.01 12
7 0.2830E-09 4.00  0.1276E-06 3.00 14
Tl Tooeror oo Gad e _0W) Wi w007 ¥
by the Py conforming VEM 1 0.6080E-02  0.00 0.3742E-01 0.00 1
2 0.1240E-03 562  0.2278E-02 4.04 1
3 0.3345E-05 5.1 0.1319E-03 411 2
4 0.9866E-07 508  0.7886E-05 4.06 4
5 0.1880E-07 239  0.6123E-06 3.69 6
6 0.4370E-09 543  0.3247E-07 424 1
7 0.1001E-10 545  0.1926E-08 4.08 15
(ng;1;4mjs*;°e§gf§;§;<;i‘;{g_g, Gid fu—upllo  OG)  [Vaw—wuplo OM) #lter
by the Ps conforming VEM 1 0.2550E-02  0.00 0.1755E-01 0.00 1
2 0.2992E-04  6.41 0.5914E-03 4.89 1
3 0.4385E-06  6.09  0.1772E-04 5.06 2
4 0.9907E-08 547  0.5676E-06 4.96 6
5 0.2043E-09 560  0.1766E-07 5.01 1
6 0.4365E-11 555  0.5512E-09 5.00 15

approximation on Grid 5, in Table 13, raises the convergence orders at next two levels. In
general, the L? order of convergence is 5.

In Table 14, finally we compute the Ps conforming VEM solutions on the pentagonal
meshes shown in Fig. 3, when approximating the smoother exact solution (80). The Ps pen-
tagonal conforming VEM converges at the optimal order in H' norm only, and at half an
order sub-optimal in L? norm. The situation appears several times before. Here the exact
solution is in A>3 (£2) which explains the 5.5 L? order of convergence.

6 Conclusions

We have proposed and analyzed conforming and nonconforming VEMs for the Signorini
problems. Detailed a priori error estimates for lowest order schemes k = 1 have been estab-
lished. Extending the analysis to higher schemes k > 1 and developing the corresponding
posteriori indicators are challenging topics, that shall be carefully addressed in future work.
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