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Abstract

We present the Crouzeix-Raviart linear nonconforming finite element approximation of
the variational inequality resulting from Signorini problem. We show if the displacement
field is of H? regularity, then the convergence rate can be improved from O(h%/%) to
quasi-optimal O(h|logh|'/*) with respect to the energy norm as that of the continuous
linear finite element approximation. If stronger but reasonable regularity is available,
the convergence rate can be improved to the optimal O(h) as expected by the linear
approximation.
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1. Introduction

Signorini problem is one of the model problems considered in the theory of variational
inequality [9, 13]. The continuous linear finite element approximations of this problem have
been studied in many works, see, e.g., [2, 3, 10, 14]. As far as we have known that Scarpini and
Vivaldi[14] first gave the O(h3/*) convergence rate under the condition that the displacement
field u is of H? regularity. Then, Brezzi, Hager and Raviart[2] presented O(h) convergence
rate by detailed analysis under the additional assumptions that u|go € W1>°(9€) and that
the number of points in the free boundary set where the constraint changes from binding
to non-binding is finite. For simplicity, we call these points “the critical points”. Later, Ben
Belgacem [3] proved that under a weaker assumption, i.e., u € H2(Q) and the number of critical
points is finite, O(h|log h|'/?) convergence order can be obtained. Recently, Ben Belgacem and
Renard [5] established an improved result of O(h|logh|'/*) convergence rate under the same
assumptions as in [3]. However, the convergence rate is not optimal if stronger regularity and
finite number of the critical points are not assumed. In this paper, we apply the Crouzeix-
Raviart linear finite element|[8] to approximate Signorini problem and achieve same results as
those of the continuous linear finite element approximation. The whole process of the theoretical
analysis is found more complicated and requires more technical treatments.
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The paper is organized as follows. In the next section, we describe the continuous setting
of Signorini problem and its Crouzeix-Raviart linear finite element discretization. In section
3, we give some notations and lemmas for latter use. The main results and the corresponding
proofs are provided in section 4. Finally, in the last section, numerical experiments are carried
out to verify our theoretical results. Throughout this paper all the notations about Sobolev
spaces can be found in [1]. We often use norm || - ||, to represent || - || Lr(q) and use || - ||o,o to
represent || - || e (o). The semi-norm is used similarly. In addition, the frequently used constant
C is a generic positive constant whose value may be different under different contexts.

2. Signorini Problem and its Finite Element Discretization

First, we state the continuous framework of Signorini problem. For the sake of simplicity,
we only consider Signorini problem for the Poisson equation. The general continuous setting of
this problem in R? can be illustrated (a mathematical model) as follows.

foundation

Fig. 2.1. Signorini problem.

Suppose Q C R? is a Lipschitz bounded domain, which consists of three non-overlapping parts
I'p,T'c and T'y. Here I'p is the fixed boundary (Dirichlet condition) with the end points d; and
d2, I is the contact region subjected to a rigid foundation with ¢; and ¢y as its endpoints,
and I'y is the ”glacis” with Neumann condition.

Now Signorini problem can be restated as the following mathematical model: Find

ueK={ueH (Q):u>0 ae onlc}, such that

a(u,v—u) > x(v—u), VoveK, (2.1)

where

a(u,v)z/Vu-Vvda:, X(v)z/fvd:v—i—/ guvds.
Q Q r,

The notation Hj —=: V stands for the set {v € H'(Q) : v =0 ae. on Tp}. Moreover,
0N =TpUTcUTy, and int (T'p)Nint (T'y) = O, int () Nint (T'y) = O (see Fig 2.1). Here
we only consider u > 0 a.e. on I'¢ instead of u > « a.e. on I'¢ in the closed convex set K,
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since our analysis can be extended to the non-zero case « easily. It is easy to check that an
equivalent differential form of (2.1) is the following

—Au = f, in Q,
=0 r
u =0, on I'p, (2.2)
d,u = g, on Fg,
u>0, Gu>0, Gu-u=0, on I'c=T%LUTE,
where J,u = g—;j with v as the unit outward normal to 9Q, I'%, = {z € T'¢ : u(z) = 0}, and

'Y = {z € T¢c : u(z) > 0}. Here the differential form is in the sense of “almost everywhere”
shortened for “a.e.”. The existence and uniqueness of the solution to the above problem can
be easily verified by the ellipticity of a(-,-) and the continuity of x on H} .

Suppose Jp, is the regular triangulation of 2, and T € 7, is the triangular element. In
the following sections, we often use the subscript h to denote something related to the finite
element discretization. Here for concision, suppose the domain € is polygonal in R2, so it
can be exactly covered by triangular elements. It is also assumed that the triangulation 7
is built in such a way that the end points of I'p and I'¢ are always chosen as the vertices of
triangular elements. Let V} be the Crouzeix-Raviart linear finite element space corresponding
to Jn, (which is nonconforming, i.e., Vi € Hf (€2) = V), that is to say,

Vi o— vp op|r € Pi(T), vy is continuous at the midpoints of the edges of T, (2.3)
"l vr € Jn, and wvp(a;;) = 0, where a;; is the midpoint of @;a; C I'p '

Define

lonlln = O lalf )2, Von €W, (2.4)
T

which can be easily verified as || - || is a norm on V3. Moreover, assume K, is the following
closed convex subset of V3,

K, = {vn € Vi, s vp(aij) > 0, where a;; is the midpoint of @a; C I'¢}. (2.5)

Then the finite element approximation of problem (2.1) leads to : to find u, € Kp, such that

ap(up, v —up) > x(vp —up), Yo € Kp, (2.6)
where
ap(wp,vp) = Z /Vuh'Vvhdx,
TeTn T
x(vp) = / fondx —l—/ gupds.
Q r,
As || - ||p in (2.4) is a norm in V4, the solution of the discrete problem (2.6) uniquely exists.

Moreover, it can be verified that the following abstract error estimate holds:

Lemma 2.1. Suppose u € K is the solution of the variational Signorini problem (2.1) and
up, € K, the solution of the discrete one (2.6) respectively. Then

1/2
=l <€ it = ol + i on =) = o ) b 27)
Vh h
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The proof is similar to that of the second Strang lemmal][7], so we omit it here.

3. Notations and Lemmas

In this section, we introduce some notations and lemmas, which will be used in the next
section. Let F' C 02 be the line element with respect to the triangulation 73, and let

Ton = {F P C Pc}. (3.1)
Then I'cp can be divided into the following three non-overlapping sets:

F%h:{FEFCh:FCF%},
If, ={Felc,:FCT}}, (3.2)
I, ={FeTen: FNTL £ 0, FNTE # 0},

namely,

Top =T, Ul UTG,. (3.3)

Lemma 3.1. For 1 < p < oo, the following discrete trace inequality holds:
_ - 1/ ,
[vllop.or < C{h 1Hv||g’p’T + AP 1|v|’1”p’T} P Yoe WY (T), VT e Jh, (3.4)
where C' is a constant independent of v and the mesh size h.

This lemma can be established by using the same technique used by Stummel [16].

Lemma 3.2. Suppose F C 9T is an edge of the triangular element T € J, and v € H*(F).
If, there exists some QF € F such that v(QF) = 0, then

|
[ollo.r < CRY2[v]]1 /2, (3.6)

(3.5)

where C' is a positive constant independent of h and v, and % denotes the derivative of v along
F.
Proof. Firstly, we have

ol = [ 162 = o?(Q")as
-, /;d”iiﬂdt\w/ ([ o2

§2|F|/F|v(t |dt<2hH ||0F|| “lo.r

< 2h|[vflo,rlv]1,F

from which the estimate (3.5) is proved. Moreover

otge <2 | [ o0

< 2hllle/z,Fll

ds<2|F|/|v ‘ ‘

dt H 1/2,F = Ch”“”l/z F
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which verifies the estimate (3.6).

Lemma 3.3. Let u and up be the solutions of the problems (2.1) and (2.6), respectively. If
u € H?(Q), then

- > / Dy unds < Chlulaallu —un|ln + Ch*/?|[ul3 o, (3.7)
F

FeTay,

where C' is a positive constant independent of h.

Proof. For given F' € 'y, if up > 0 identically on F', then —fF dyu - upds < 0, since
Oyu > 0 a.e. on I'c. Thus we only need to consider the case that F' € I';, but up > 0 does
not identically hold on F. Then, for those F, because u; € K}, we have uy,(mf") > 0, with m?
being the midpoint of F, and by the linearity of u;, on F, there must be some Q¥ € F, such
that up,(QF) = 0. Set

PF(v) = i/ vds,  RF()=v— PF(v). (3.8)
|F'] Jp
Then,
—/ Oyu - upds = —/ RE (O u)upds — P()F((‘)Vu)/ upds
F F F
<~ [ BE@uwunds < RS @u)lorlunlor (3.9)
F

since d,u > 0 a.e. on F, P{(d,u) > 0 and [, upds = |Flup(m®) > 0. By the interpolation
error estimates in [7] and (3.4) for p = 2, we have for F' C 9T,

RS @)l <2 [ RS @ufds + [ IR (@u)Pds)
F F

g2{/F|R§(alu)|2ds+/F|R§(agu)|2ds} < Chlul3 . (3.10)

where R (v) =v— PT(v) =v— ‘—%‘ Jp vdz. Thus, using the fact us(QF) =0, (3.5), (3.10) and
Lemma 3.1 for p = 2, one yields

—/ Oy - upds < Ch3/2|u|27T|uh|17F
F

< Ch*2July r(Ju — unl1,r + |ul1,p)
< Ch3 2 uly (W u — unl? 1 + hlul3 )% + CB*?|ula rluly,

< Chlula,rlu — unly,r + Ch*[ul3 ¢ + Ch*2|ulyrluly, p

where F' C OT. Consequently,

- > / Oy unds < Chlulz.ollu = un|[n + Ch?[ul} o + Ch*2[ulz0l|ul1 00,
Fel'c, F

from which the proof is completed by trace theorem.
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Lemma 3.4. Let u and uy, be the solutions of the problems (2.1) and (2.6), respectively. If
u € H?(Q) and the number of the critical points on U'c is finite, then

— Z / duu - upds < Chlulz.qllu — up|n + Ch?|log h|1/2||u||%’9, (3.11)
FeTy,

where C' is a positive constant independent of h.

Proof. To begin with, following the same analysis used in the proof of Lemma 3.3, we only
need to consider those F' such that u;, has at least one zero point Q¥ on F. Then, for these F,
by (3.5) we have

duh

lunllo.r < Chll=—=llo.F- (3.12)

It is easy to see that (3.9) and (3.10) are still valid. Therefore, from (3.9),(3.10) and (3.12) we
have

duh

/&,u uhds<Ch3/2|U| TH HOF

du
< ChYPfuy (]| 2 gng+mgmf

< Ch32|ular(|Ju — upl1,F + || HOF

< CB*|ular(h 1|u_uh|1T+h|u|2T)1/2+Ch3/2|u|2TH ||0F

< Chlula,r|u — up|yr + Ch2ul3 7 + Ch3/2|uls, T|| (3.13)

lo.r-

Notice that Dulr, € HY*(T¢) — LP(T'¢) with |[vllopre < CyP ||vllij2re for any v €
H'Y?(T¢) and 1 < p < oo (see [3, Lemma 5.1]). Therefore,

1-2/p 2/p
w2 du
191 1 <</1@) ([15re)

e ol R L K
< CR'=27 p | Dull} o p, < CRY72P pllull3 g, (3.14)
which implies
e o0 < RV B lul20. (3.15)

From (3.13),(3.15), choosing p = |log h| and summing over all ' € ', we have

Felg,
< Chlulz,0llu — un|ln + Ch?|uf3 o + Ch* h > luler
FGFC}L
FCOT

< Chlulz.gllu— unlln + Ch®[log b2 |ul3 o

since the number of the critical points is finite. The proof of this lemma is complete.
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4. Main Results and Proofs

In this section, we present the main results of the error estimate for the Crouzeix-Raviart
linear element approximation to Signorini problem stated in (2.1). In fact, Slimane [15] inves-
tigated the Crouzeix-Raviart approximation to the Signorini problem and obtained a conver-
gence rate of O(h3/*). In this paper we first provide a quasi-optimal error of the nonconforming
method under some reasonable assumption (Theorem 4.1). Furthermore, if additional regular-
ity is assumed, optimality can be achieved (Theorem 4.2). Finally, if u € W2P(Q) with p > 2
we have optimal convergence rate even without the assumption that the number of the critical
points is finite (Theorem 4.3).

Theorem 4.1. Let u,uy be the solutions of (2.1) and (2.6), respectively. If u € H?(S), and
the number of the critical points on U'c is finite, then we have

lu = unlln < Chllog h|"||u]20. (4.1)

Theorem 4.2. Let u,uy, be the solutions of (2.1) and (2.6), respectively. If u € H?(S), and
the number of the critical points on T'c is finite and u|apg € WH>(09Q), then

1/2
|U—UMMSCW{WMQOMZQ+Whmﬁ@} | (42

Theorem 4.3. Let u,uy, be the solutions of (2.1) and (2.6), respectively. If u € W2P(Q) with
p > 2, then

lu = wnlla < Chllullz s (4.3)

We point out that for the continuous linear element approximation to Signorini problem
the above results (2.1)-(2.2) have been obtained in [14, 5, 2]. However, for the nonconform-
ing Crouzeix-Raviart finite element approximation we will see later that the analysis of error
estimates are more difficult.

Before verifying the main results, we present the following lemmas.
Lemma 4.1. Let u,uy, be the solutions of (2.1) and (2.6), respectively. If u € H*(S), then we
have

llu—unll; < C{R*uf3 o + Z / dyu(Tlpu — up)ds}, (4.4)
F

Felcn

where 11, is the linear interpolator operator of Crouzeiz-Raviart finite element.
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Proof. By the abstract error estimate (2.7) as well as (2.2), we get

Ep(u,vp, — up) := ap(u,vp — up) — x(vp — up)

=5 [ vu Vo - wndo— [ son— iz [ oten = wn)ds
=— /Q(Au + f)(vp — up)dx + ET: /BT Oyu(vn, — up)ds — /1“9 g(vn — up)ds
= Z Z /F&,u(vh — up)ds + Z /F@uu(vh — up)ds + Z /Fauu(vh — up)ds

T iégg FeTlpy Felcn

2111 +Ig+[3 (45)

Let wy, = vp — up. By the standard interpolation error estimates of Crouzeix-Raviart finite
element[8], we have

L=) > /F&,u rwhpds < Chlulz,o[walls, (4.6)

T FCaT

Fgon
L= ) / Oy - wnds < Chlulz,ql[wn[n- (4.7)
Felp, ' F
Combining (4.5)-(4.7) gives
En(u,vp, —up) < Chlulz,ollvn — un||n + Is. (4.8)

Thus, by (4.7), the definition of Ej(u, vy, — up), (4.8) together with the triangular inequality, it
is easy to see

o= il <€ ing = onl + Ol = onlh -+ = wnlh) + T .
Vh h

Using Young’s inequality

€ 1
b< —a®+ —b? Ve>0
a_2a +2€ s e >0,

we obtain
|u—upl|2 <C inf {||u — w2 + 13} + Ch?ul?,.
v €EKp ’

Notice also that IIpv € K, for all v € K. Choosing v, = IIu in the above inequality and
using the standard interpolation error estimates of Crouzeix-Raviart linear finite element|[8], we
derive

lu— w7 < C(R2[ulfq +Is) = C{h*Jul3 o + > / dyu(lyu — up)ds}, (4.9)
Felop F

which completes our proof.
With Lemma 4.1 at hand, in order to prove the above theorems, we only need to handle the
last term of the right-hand side of (4.9), i.e., Is = Y pcr., [p Ou(Mlyu — up) ds.
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4.1. Proof of Theorem 4.1

Note from (2.2) that d,u = 0 on th and d,u-u=0on ¢,

I; = Z /&,u(Hhu—uh)ds
F

Felop

= Z / Opu(Ilpu — up)ds + Z / Opu(Ilpu — up)ds
Ferl, F Felg, F

— Z / Opu(Ilpu — up)ds + Z / Opu(Ilpu — u)ds — Z / O, u - upds
rery, ¥ rerg, ¥ rerg,

=: D1+ Dy + A. (4.10)

Moreover, for any F € T, |
/ (ITpu — up)ds = |F|(Hpu — up)(m?) = —up(m5)|F| <0,
F
where m!" is the midpoint of F. Then by Lemma 3.1 for p = 2, it follows easily that

/ Opu(Ilpu — up)ds < / RE (0, u)(Tpu — up)ds
F F

= / RE(0,u)(Tyu — u)ds —l—/ RE(0,u)RE (u — up)ds
F F

< | RG (Buw) o, (| Thu — ullo,r + |1 RG (w = un)lo,r)
< ChM2|ula (W32 |ular + B2 |u — up|i,r) < Ch*|ul} 4 + Chlularlu — upl 7.
Hence,
Dy < Ch?luls o + Chluls,allu — up]|h- (4.11)

Now we turn to estimate Ds. Notice that for the interpolation error estimates of the Crouzeix-
Raviart element, we have

IMhu —ullor < Ch?fuls,r, [Thu — ulli,r < Chlulzr,

Mhu = ull2r < Clula,7.
Then using the theory of interpolation spaces [6] yields
Mhu = wllopr < CR*Plulyr,  [Myu—ulipr < CR*Plulzr. (4.12)

Consequently, by Lemma 3.1, for any F' € ',

/ (M — w)ds < 0yullo e r[Thu — ullo p e
F

< Clldvullor (b [Mhu = ullf , p+ P~ Ty =l , )P
< Clldvullo,pr,r (W7 fulf 7)1/

< CRYPluly )| Ouullopr,r < CRMTYP s ]| 0y ul

0,p".I'c |
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Note that H'/2(T'¢) — L (T¢), (1 < p' < +00) and ||9,ullo.p re < CVP l0vull1 /2,0 (see [3]).
Then under the assumption of finite number of critical points on I, we obtain

Dy = Y /ayu(nhu—u)dsgCh1+1/p|\auu||0,p/,pc > ular
F

Felg, Felg,

< R lul30 < OV TR ull3 o
where 1/p+ 1/p’ = 1. Choosing p’ = |log h|, we obtain
Dy < Ch?|log h|*?||ull3 . (4.13)
Finally, using Lemma 3.4, we can estimate the last term in (4.10)
A < Chlula,ollu — unlln + Ch?|log h|1/2|\u|\§’ﬂ. (4.14)

We can finish the proof of Theorem 4.1 by using (4.10), (4.11), (4.13), (4.14) together with
(4.9) and Young’s inequality.
4.2. Proof of Theorem 4.2

Following the proof of Theorem 4.1, to improve the convergence rate from O(h|logh|'/*) to
O(h), it is sufficient to re-estimate the term Dy and A in I3 since the estimate of Dy in (4.11) is
optimal and still valid. For all F' € I'5;, by Lemma 3.1 with p = 2 and the interpolation error,

/ Opu(Mpu —u)ds < H(‘)Vu||07oo7p/ [TIpu — ulds
F F

< ChY2||0,ul0.00. 7 llu — Thullo.r

< Ch?|ul 0, |ul2,T,

from which we deduce that
Dy = Z / Opu(llpu — u)ds
* JF
Fer'y,

< CPulioore Y |ulor < CRPlultcorclul2o. (4.15)
Fel'c,

Here we have used the assumption that the number of the critical points is finite. Furthermore,
following the same line of the proof of Lemma 3.4, (3.13) is still valid in this case. Namely,

_/ Oyu - upds < C’h|u|27T|u — ’U:h|1,T + Ch2|u|§7T + ChB/Ql’UbIH%HO o (4.16)
P ,
Now

d d

Hd_ZH(Q)F < Cth_zH(Q),oo,F < Ch|u|ioo,1“c' (4.17)

Thus, by (4.16)(4.17) and summing over all F' € I',, yields

A < Chlulz,ollu — up||n + Ch2|u|§’ﬂ + Ch?|ul2.0lul1 core- (4.18)
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Therefore, the estimate (4.2) follows from (4.9)-(4.11), (4.15), (4.18) and Young’s inequality.
Hence, the proof is complete.

4.3. Proof of Theorem 4.3
We still denote

Is = D1+ Dy + A. (4.19)

The bound of D; given by (4.11) is still valid. Observe that now u € W?2P(Q2), p > 2, so
ulag € W2=1/PP(9Q). By Sobolev imbedding theorem|[1], we know d,u|aq € W'=1/PP(9Q) —
C%(0Q). For any F € I';,, by (2.2) we deduce that there exists some 2/ € F such that
d,u(xf’) = 0. Moreover, Dy can be re-estimated as

Dy, = Z / Opu (Tlpu — u)ds = Z /(&,u—&,u(xF)) (ITpu — u)ds
Fer;, ' F rer;, ' F
< Y 10vu—8yu(a™)llo,pIMhu — ullo,r
Ferg,
< Y ChVPIOuly 1y CHP P fuly
Ferg,
< CW P 0uls g ulls < OW2ul3,, (4.20)

where we have used Lemma 8.1 in [4], the discrete trace inequality (3.4) and the standard
interpolation error estimates. Next, we turn to bound A. As discussed above, we only need to
consider those F' such that u;, has at least one zero point on it. Thus, by (3.5) one yields

duh

lunllo,r < ChI[— =l -

(4.21)
For F' € I';,, u also has at least one zero point which we may denote by QF, ie., u(@QF) = 0.
If there exists some neighborhood W C F of Q¥ such that u(z)|w = 0, then there must be
du(QF) = 0. Otherwise, there exists some neighborhood W C F of Q such that u(z) > 0 in
W except QF itself. Under the latter case, it is easy to check QF is the minimum point in W
which implies 2% (QF) = 0 since ¢ € C%(9Q). In short, there exists some Q' € F such that
Z—Z(QF) = 0. In addition, following the proof of Lemma 3.4 we know (3.13) still holds. Thus,
it follows from (3.6) that
du 179 du 1/2
HEHO,F <cnt ||£||1/27F <cnt/ [uls/2,F. (4.22)

Combining (3.13) and (4.22) and summing over all F' € T';,,, it follows that

A=-Y / Byu - unds < Chlulallu — unlln + CHuld0- (4.23)
Fel'c, B

Finally, using (4.9),(4.11),(4.19),(4.20),(4.23) and Young’s inequality we complete the proof of
Theorem 4.3.
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5. Numerical Experiments

In this section, we will show by numerical experiments the convergence of the nonconforming
Crouzeix-Raviart finite element approximation of Signorini problem. We make a comparison
between our Crouzeix-Raviart approximation and the continuous linear approximation.

We consider Signorini problem in = [0,1] x [0, 1] where the Dirichlet boundary I'p is

[0,1] x {1}, the contact boundary I'c is [0, 1] x {0}, while the rest of 99, that is I'y, is subjected
to Neumman boundary condition. To be more specific,

—Au = 2msin(2nz), in €,

= F
u=0, on o, 1)
dyu =0, in Ty,

w>0, Ou>0 Ju-u=0, on I'c.

Since an explicit solution of Signorini problem is not available, we use the discrete solution by
the continuous linear elements (h = 1/512) as the reference solution. Then on the coarser mesh
size of h =1/2,1/4,---,1/64, we compute the approximation solution u; using the Crouzeix-
Raviart and continuous linear elements, respectively. Fig 5.1 is the continuous linear element
reference solution on uniform mesh size h = 1/512. It is plotted by the interpolation of the
reference solution on mesh size h = 1/32.

e
NSNS
KIS

A a_— Y

0.5+

Fig. 5.1. The reference solution for problem (5.1).

From Fig 5.1 we can see that there is only one point that changes from binding to non-
binding, i.e., the number of the critical points is one. Next, we compare the errors comparison
between Crouzeix-Raviart approximation and the continuous linear approximation. The nota-
tion CF stands for conforming solution while NCF the nonconforming one.

To consider the convergence rate of Crouzeix-Raviart approximation, we plot the errors
using the logarithm scales (see Fig 5.2 and 5.3). It can be checked that the slope of the curve
represents the convergence rate.

Finally, we can see that the average slope of the continuous linear element approxima-
tion is about 1.89 in Fig 5.2 and 0.98 in Fig 5.3, while the corresponding average slopes of
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L? error H' error

N CF NCF CF NCF

2 | 0.10075495 | 0.14182150 | 0.69048776 | 0.72540780
4

8

0.02822581 | 0.02318398 | 0.34568311 | 0.31868764
0.00858278 | 0.00637450 | 0.18152995 | 0.16304303
16 | 0.00199802 | 0.00163432 | 0.09264809 | 0.08286176
32 | 0.00053274 | 0.00042440 | 0.04649183 | 0.04174806
64 | 0.00014134 | 0.00009866 | 0.02317579 | 0.02100774

Table 5.1: Numerical errors in L? and H' norm error. CF, stands for conforming solution, and NCF

is the nonconforming solution.

log(error)
log(error)

T T
10°* 10" 10° 10°* 10" 10°
log(h) log(h)

Fig. 5.2. L?*—norm error. Fig. 5.3. H'—norm error.

Crouzeix-Raviart linear element approximation are about 2.10 and 1.02, respectively. There-
fore, numerical experiments show that the convergence rates of the two methods are of O(h?)
in L2 norm and O(h) in H'! norm, respectively.
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