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Abstract

This study is concerned with the finite element approximation of the elastoplastic torsion problem.
We focus on the case of a nonconstant source term, which cannot be easily recast into an obstacle
problem as can be done in the case of a constant source term. We present a simple formulation that
penalizes the constraint directly on the gradient norm of the solution. We study its well-posedness,
derive error estimates and present numerical results to illustrate the theory.

Keywords: variational inequalities; elastoplastic torsion problem; finite elements; penalty; error
estimates.
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1. Introduction

Problems involving variational inequalities represent various nonlinear phenomena which occur
in mechanics and physics such as contact [14, 24], friction [14, 16, 24], plasticity [16, 23] and non-
Newtonian flow [16, 27]. These examples may involve a constraint on the value of the unknown,
or on its gradient, representing the two main categories of variational inequalities. We focus on
an archetype example from the latter category, the elastoplastic torsion problem, as presented in,
e.g., [19, 20]. The aforementioned reference [19] presents a direct piecewise affine Lagrange finite
element approximation of the variational inequality together with a convergence result (Theorem
3.3), and two error estimates in the H!-norm, in dimension one (Theorem 3.4) and in dimension
two (Theorem 3.5). The error estimate in dimension one is optimal (O(h)), whereas the estimate
in dimension two is suboptimal, as it is of order O(héf%) for a source term in L?, p > 2. Among
the earliest results are weak and strong convergence results [26], and error estimates of order O(h)
for the L?-norm of the gradient of the solution and, under suitable restrictive assumptions, for
mixed finite element approximations using P; /Py finite elements [17] or Raviart-Thomas finite
elements [3].

A common approach for solving the elastoplastic torsion problem relies on a reformulation
of the problem as an ”obstacle” problem which bounds the unknown value by a distance field
to the boundary, to avoid directly constraining the gradient. This approach works only for a
constant source term and will not generalize to more complex variational inequalities such as
those encountered, e.g., in contact mechanics with friction or three-dimensional elastoplasticity.
Consequently in this paper, we focus on a torsion problem that has a nonconstant source term as in
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[19, 20]. In a previous paper [13], we proposed direct finite element approximation of the variational
inequality in the case of a constant source term, using piecewise affine, continuous, Lagrange finite
elements, and in which the constraint involving the distance field is imposed nodewise. In the case
of a convex domain, error estimates were established in any dimension n = 1,2, 3, with an optimal
error bound of O(h), for a regular enough solution. In the case of a nonconvex domain, an error
bound of O(h1) was proven for a solution of regularity H*, a > 7/4.

In another previous paper [12], we proposed a new method that combines both the reformulation
using the distance field, as in [13], and a Nitsche term that weakly incorporates the inequality
constraint, following [9] and the related works on Nitsche’s method for variational inequalities, see,
e.g., [11] and the references therein. For such Nitsche’s method, we managed to derive optimal error
estimates, using linear or quadratic finite elements, even in the case of a nonconvex domain, which
improves the results of [13]. Moreover, the method is convenient to implement into modern finite
element libraries. As an example, we provided numerical experiments which confirm the expected
theoretical convergence rates. Besides, another possibilities combined with adaptive meshing are
discussed in [2, 21].

These existing techniques cannot be applied when the source term is general and possibly
nonconstant. Hence in this paper, we describe a simple penalty technique combined with low
order Lagrange finite elements for approximating the elastoplastic torsion problem in its general
form. Our penalization differs from the one suggested by R. Glowinski in [20], for technical reasons
in order to obtain error estimates.

In section 2 we recall the exact problem whose solution is denoted u. The penalized problem is
introduced in section 3 where we prove that it admits a unique solution u.. Section 4 is concerned
with the strong formulation of the penalized problem and section 5 deals with a first nonoptimal
(and nontrivial) error estimate for w — u.. The finite element problem is set in section 6 ; its
unique solution is denoted u., and we prove optimal convergence rates for u. — u.,. Note that
surprisingly we are not able to obtain an error estimate for u — u., depending only on wu,e and
h. Nevertheless all the results and error estimates presented in the present paper are new to our
knowledge. Finally, we show numerical experiments to illustrate the optimal rate of section 6,
these numerical results confirm the theoretical rate and also suggest other expected rates (like L?
error bounds) which we are not able to prove theoretically.

As usual, we denote by H*(-), s € R, the Sobolev spaces. The usual norm of H*(D), D C R",
n > 1, is denoted by || - ||s,p, and the corresponding semi-norm is denoted by | - |, p. The space
H}(D) is the subspace of functions in H'(D) with vanishing trace on D. The letter C' stands
for a generic constant, independent of the mesh size h and the penalty parameter €, with possibly
different value at different occurences.

2. The elastoplastic torsion problem

Let Q& C R®, n > 1, be an open bounded polytope, connected and with Lipschitz boundary.
Let us denote V := H{(2) and introduce the notation K, that represents the nonempty closed
convex set of admissible stress potentials:

K:={veV : |Vv]<lae. inQ},

where | - | denotes the euclidean norm in R".

We consider the variational inequality which, for n = 2 and a constant source term f, models
the torsion of an infinitely long elastoplastic cylinder of cross section 2 and plasticity yield » > 0.
To simplify the presentation, we assume that » = 1. The problem is to find the stress potential u
such that

ue K : a(u,v —u) > L(v —u) VoekK, (1)

where a : V x V' — R is the bilinear form given by:
a(u,v) = / Vu-Vv Yu,velV,
Q
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and

L(v) ::/va Yv eV,

with f € L?(Q2). From Stampacchia’s theorem we deduce that problem (1) admits a unique solution
(see also, e.g., [16, 19, 20, 25]), that is also the unique minimizer in K of the strongly convex
continuous quadratic functional

j:VBUO—)%a(U,U)—L(U)ER.

Remark 2.1. We recall some regularity results for (1): if @ C R™ is open, bounded and convez,
with Lipschitz boundary, and for f € LP(Q) withn < p < 400, then u € W2P(Q)NEH*(Q), where
a=1-—n/p [8]. When the domain is nonconvex the W*P() regularity can be obtained but the
boundary needs to be more regular (€1 more precisely, see [18]) so reentrant corners of polytopes
are not allowed. When reentrant corners of polytopes are considered, the loss of WP -regularity is
only located near these corners [10].

3. A penalized elastoplastic problem

First we present the continuous formulation, obtained through minimization of a functional with
a penalty term. The weak form is then obtained as the first-order optimality condition associated
with this functional. We can prove that the penalized problem is well-posed by establishing the
Lipschitz continuity and the strong convexity of the functional.

3.1. Penalized formulation as a minimization problem and well-posedness

Let us first introduce the notation []; for the positive part ([z]; = (2 + |z]), for z € R) and
P(v) :=|Vu| -1, (2)

for v € V. As usual in constrained optimization problems, we can penalize the constraint on the
gradient of the solution and find an approximate solution to problem (1) by minimizing on V the
following functional:

JIp(v) = T (v) + J:(v)

where J has been introduced above and where

Tw)= 3 [ ZIPEIE.

€
defined for v € V, is the penalty functional to impose weakly the condition |[Vv| < 1 on the gradient
of v, with the penalty parameter € > 0.

Remark 3.1. Note that the formulation is different from the saddle point formulation presented
in [20], where the authors use a term

PGLT(U) = |V’U|2 - 1,

forv €V and a Lagrange multiplier to enforce the nonpositivity of Pgrr(v). In the present paper
we choose the definition of P(v) given in (2) in order to obtain error estimates which is an open
question to our knowledge.

The existence and uniqueness of a minimizer to Jp on V is stated below.

Theorem 3.1. For every value of € > 0, there exists one unique minimizer of Jp on V.
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Proof. We first prove that the functional J. is continuous on V. We have for any v,w in V:

[P()]} — [P(w)]%] [[P(0)]+ = [P(w)]4] [[P(v)]+ + [P(w)]4]
|P(v) = P(w)| [[IVv] = 1]+ + [[Vw| — 1]4
[[Vo] = [Vwl] [[Vo] + V|

V(v —w)| [[V(v—w)|+2[Vuwl]|

V(v —w)|? + 2|Vw| V(v — w)|.

IANIACIA

In the previous calculation we pass from the first to the second line using property |[z]+ — [y]+] <
|z — y|, we use the inequality [|z| — 1]+ < |z| to obtain the expression in the third line and later
two triangular norm inequalities to obtain the expression in the fourth line. Note that in the fifth
line, all the vertical bars represent the canonical norm in R™. So we get by integration on 2 of
[P(v)]3 — [P(w)]4 (or its opposite value [P(w)]3 — [P(v)]3) and Cauchy-Schwarz inequality, the
same upper bound, i.e.:

2T (v) — Te(w)| < [V —w)[§q 4'2/Q Vwl [V (v —w)|
< IV —w)§a+ 2Vl V(v —w)oe
< v —wlfg+2w|iellv — wlo.

The continuity of 7. on V follows. Since J is continuous we deduce that Jp = J.+J is continuous
on V. In addition J(v) — 400 as |[v|l1,o — +oo and J; is nonnegative so Jp(v) — 400 as
[v]]1,0 — “+oo. Finally Jp is convex as the sum of two convex functions (the convexity of J. is
easy to check). This ensures the existence of a minimizer for Jp (see [1, 7, 24]).

To obtain uniqueness we mention that J is smooth and its second order derivative is V —elliptic:

J" (u;w,w0) = c|lw]i o,

for u,w € V. This implies strong convexity, i.e.,

11 1 1
T (2u + 2v> < 5J(u) + ij(”) - gllu —v|liq

for u,v € V. So Jp is strongly convex as the sum of a convex function and a strongly convex
function. This proves the existence of a unique minimizer of Jp. |

3.2. Equivalent weak formulation and well-posedness

Next we derive the discrete weak form, as the first order optimality condition associated with
Jp. For this purpose, we need to compute the derivative of J.. First we provide below the
expression of P’

Vv - Vw
P(v;w) = —(——.
(viw) |Vl
As a result, the discrete weak form reads: find u. € V satisfying
1 Vue -V
Th(ue;v) = / ws-w-/ fv+/ Z[P(us)]+ <“”> =0 WweV. (3)
0 Q Q€ |V, |
To alleviate the notation, we set
T
s(z) = —
|z

(and s(0) = 0 which is not a restrictive choice since [P(u)]; = 0 when Vu=0) and we introduce
the functional B such that

Busv) = Ti(wso) = [ Z[Pw)s(Vw) - V.
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As a result, the weak form of the penalized problem reads: find u. € V such that
1
Vue - Vo4 —B(ue;v) = [ fo YoeV. (4)
Q € Q

Theorem 3.2. For every value of € > 0, there exists one unique solution u. of (4).

Proof. Of course the minimizing problem in Theorem 3.1 and (4) are equivalent. The main aim
of this proof is to prove that problem (4) is well-posed by using different techniques (e.g., the next
lemma).

Lemma 3.1. For all v and w in V, we have

1 _
- (Bloo —w) = Bw;v —w)) > |l Y2([P)]+ = [P(w)]4)5.0 (5)
Proof of the lemma. We take arbitrary v and w. Then

B(v;v —w) — Blwyv —w) = /Q[P(v)]Jrs(Vv)-V(v—w)—/Q[P(w)]Jrs(Vw)-V(v—w)

LIP@1Ivel+ [ [Pl 9w
- [ POL (V) - V) = [ [Pl (5(Tw) - Vo).

Q

We use Cauchy Schwarz inequality, add and subtract terms, and get:
Bluv—w) = Blusv—w) > [ [PELIVol+ [ [Pw))s[Vul
- /Q PW)]4 V] /Q (Pw)] [V
[P0l =1+ [ [PVl - 1)
Q Q
- [ PEL (vl = 1) - [ (P).(vel - 1),
Q Q

Then we reformulate and use the monotonicity of the positive part:

Bluo—w) - Bwiv-w) > [ [POLPO)+ [ [P)lsPw)

- /Q [P(v)]4P(w) — / [P(w)]+P(v)

Q

= [P = (Pw))(P) - Pw)
= [Pl ~ P

Dividing by €, we obtain (5).
End of the proof of the lemma.

Using the Riesz representation theorem, we define a (nonlinear) operator A : V' — V with the
following formula:

1
(Av,w)1 .0 = a(v,w) + EB(U;U})’ Yo,w €V,

where (.,.)1,o denotes the inner product in H*(£2). Note that Problem (4) is well-posed if and only
if A is a one-to-one operator.



Let v,w € V, it follows from the V-ellipticity of a(-,-) and the lemma above that there exists
a > 0 such that:

(Av — Aw,v —w)1 .0 > oz||v7w||iﬂ. (6)

Let us also show that the operator A is hemicontinuous, which means that for all v,w € V', the
real function
[0,1] 5t o(t) :== (A(v — tw),w)1.0 €R

is continuous. For r,t € [0, 1], we have:

() —p(r)| = |(A(v = tw) = A(v = rw), w)1 0

< a(v — tw,w) — a(v — rw, w)|
+§ /Q([P(v —tw)]+5(V(v — tw)) — [P(v = rw)]4+5(V(v — rw))) - Vw

The bounding of the integral term, in particular the term [P(v — tw)]+s(V(v — tw)) — [P(v —
rw)]+s(V(v — rw)) is a long work that is done hereafter (see section 6) when bounding the term
[P(ue)]+8(V(ue)) — [Plue, )]+8(V(ue, )) in the proof of the error estimates for the penalized prob-
lem. To be brief, we obtain

lo(t) —p(r)] < [t = rla(w, w) + 3]t — | Ve|§ o

It follows that ¢ is Lipschitz, so continuous. The operator A is then hemicontinuous. Since (6)
also holds, we can apply the Corollary 15 (p.126) of [4] to conclude that A is a one-to-one operator
from V to V. That concludes the proof of the theorem. O

4. Penalized strong formulation

In this section we derive the strong formulation corresponding to (4) that will be useful in the
forthcoming section. We start from (3) and apply the Green formula

/Q<I>-Vv:—/ﬂ(div<l>)v,

1 1.
/QVUE -V + /Q E[P(us)]Jrs(VuE) Vo =— /Q Aucv — /Q gdlv([P(us)]+s(Vu5)) v, YveW

SO

Therefore the strong form of (4) is:
1.
—Au, — gle ([P(ue)]+s(Vue)) = f.

Heuristically, when |Vu.| < 1, then [P(u:)]+ = 0 and where the constraint is not activated we
recover —Au, = f. Conversely if [Vu.| > 1, then we get

Vue Vu.
P 5 e) — el — 1)i=— = e T 1w °
(Pe))s(Te) = (Ve = s, = Ve =
Observe that, the strong form can be reformulated as
1
—div (Vug + E[P(ug)]Jrs(VuE)) =f (7)
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Now consider the Lagrange multiplier formulation described in [5, 15], that reads:
—div((2p +1)Vu) = f, (8)

with the conditions p > 0 and pP(u) = 0. If we compare the mixed formulation (8) with (7) the
Lagrange multiplier y is approximated by

_ [P(uc)]
fe = 2e\vuj'

Note that the expression does not seem to have an obvious limit when the penalty parameter
vanishes. Finally note that a term similar to p.V(u.) appears in the forthcoming convergence
analysis of u. towards v (see Theorem 5.1). Its limit is also not obvious.

5. Convergence of the continuous penalized formulation

This section is concerned with error bounds for u — u. as € vanishes. As far as we know such
results are not available for the elastoplastic torsion problem. Suppose that f € LP(€Q), p > 2 and
that u satisfies the (technical) assumption (S) in [15, Theorem 3.4]. We know from, e.g., [6] that
the unique solution to the elastoplastic torsion problem satisfies: v € K N W?2P?(Q). Furthermore,
the reference [15] ensures that there exists a multiplier y € L () such that

p=0(), pPorr(u) =0 (i), —Au-—f=2div(uVu) (i), (9)

where the first two relationships hold a.e., and the last one holds in the distributional sense (and,
in fact, a.e. due to the assumption on f). Note that Pgrr (see Remark 3.1) can be replaced by P
above and that the regularity assumption on u implies Au € L?().

Theorem 5.1. Let u and u. be the solutions of (9) and (4) respectively. Suppose that p € L>(2).
Then there is a constant C' independent of € such that:

< OVellpllso.ollull o
0,Q

1
lu = uellio + Ve ES(VUE)[P(UE)]Jr —2pVu

Proof. We recall that V = H{(Q2) and that the weak form of the penalized problem reads
1
u €V : /VuE-Vv—FgB(uE;v):/fv Yo e V. (10)
Q Q

We start with the Poincaré inequality, integration by parts and (10), and get
2
aflu — ucli o

< Avw—%wvw—%>
= /QVuV(u—uE)—/QVuE-V(u—us)
= [ duwu) = [ =)+ [ PV - V- )

. /Q(—Au—f)(u—ue)+/Q%[P(ue)]+s(Vu€)-Vu—/gé[P(us)hs(Vug)-VuE
= T.



Using the last equation (#i¢) in (9) with the definition of the weak divergence, we get after inte-
gration by parts and the use of the second equation (4¢) in (9):

1 1
T = - /Q 2uVu - V(u—ue) + /Q E[P(ug)]_i_s(VuE) -Vu — /Q E[P(ue)]_,_s(Vue) - V.

= - U2 u - u, 1 u, S u, . u — 1 Uu, S Uu, . u
=~ [ 2w+ [ 290 Vuo+ [ 2P s(Ve) - Vu [ ZP(Ls(Va) - Vu

1 1
= f/QQqu/QQuVu-VUE+/QE[P(UE)]+5(VUE)~Vu7/QE[P(u5)]+s(Vus)~Vus. (11)

We transform (with the convention $(0) = 0 and the notation [-]- for the negative part, [z]_ =
3(—z + |z]), for z € R):
Vu: = s(Vue)(|Vue| — 1) + s(Vu,)
= s(Vue)P(ue) + s(Vue)
= 5(Vue)[P(u)ly — s(Vue)[P(ue)l - + s(Vue).

And we use this rewriting to transform the second term in the last expression (11) of T

T = —/QQ/J/—F/QQ/,LVU'S(VUE)[P(UE)]+—AQMVU'S(VUE)[P(UE)]_+/Q2/,LVU'S(VUE).
+ [ ZP@Ls(Vu) - Vu— [ 2P )]sV - Vo (12

First we consider the expression T} involving terms number 1, number 3 and number 4 in (12) and
we gather terms number 3 and number 4 as follows:

= — [ = [ 2Vus(u)lP)]- + [ 2Vu- (V)

_ / 21+ / 2uVu - 5(Vue)(1 — [P(u.)]-).

Because 0 < 1 — [P(ug)]— < 1, there holds (using (¢) in (9))
126V u - s(Vue) (1 = P(uc) )| < 2u|Vu| < 2p

and so 171 < 0.
Then we rewrite term number 6 in (12):

1 1
- [ ZP@s(Va) V. =~ [ Pl
- / P+ (P(u) + 1)
[eR3
= [ 2P - [ 2P, (13)
Q Q

where we used ala]; = [a]3. As a result, there remains to bound in (12) the terms number 2 and
number 5 complemented with both terms above in (13). This yields:

T o< [ Ve s(CulPul + [ Pws(Vi) - Vu— [ 2Pl - [ Pl

Since
[P (ue)]+s(Vue) - Vu| < [P(ue)]+
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we deduce

1 1
[ 2P))s(Vu) - Vu [ 2Pl <0
Q¢ Q€
and finally
1
T o< /Q 2V - (Vi) [P(u)]s — /Q SIPw- (14)
We define
Qe = s(Vue)[P(uc)l.
Now note that |Q.|*> = [P(u.)]2 and we continue bounding starting from (14) (we use uVu €
L*()):

T

IN

1
[owvu-a.- [ 2¢2
Q Q€

- (2@—2@%)%@
- /Q (ng - Muw) (q. —2vEuvu+ Muw) -

™

Now we simplify:

- /Q (\2628 - Muw) : (\2@5 —2VEuVu+ Muw)
1

[l

The first term in (15) that becomes:
1
Qs - 2\/gﬂvu

_/Q = - _5/Q‘iQE—2wu

The second term in (15) can be transformed as follows and bounded using Cauchy—Schwarz and
Young inequalities:

_ /Q (\}g@a - 2\@Nu> - (2vEnVu)

Q. — 2vEuVu T /Q (IQE - 2\@MVU) - (2VepVu). (15)

VE

2 2

= —¢lel§ o-

—e /Q (iQE — 2,uVu> - (2uVu)

elleflo.all2uVullo.o

IN

IN

€
s lleliq + 2eluVullf o
We combine the above results and get:
€
aflu—ulli o+ §H€||8,Q < 2e||uVulld o

and so
lu — uell0 + Vellelloge < CVelullsoallulli o
This ends the proof. )

Remark 5.1. The two following observations can be made about the above result:

1. This error analysis seems to be the first for a penalized torsion problem. The convergence
rate of order \/€ for u — u. may be improved using more regularity on u and p. Yet we do
not see how a better regularity on u and p could be used to improve the rate. Moreover such
extra reqularity result for pu does not seem to be available.

2. We are not able to obtain any convergence result for the (Q.)/e — 2uVu term. Moreover it
s mot clear to us if it is really an error term or not.

9



6. Finite element problem and convergence towards the penalized problem

This section introduces a simple finite element approximation for the penalized elastoplastic
torsion problem followed by an error estimate.

6.1. Finite element problem

Let V;, C V be a family of finite dimensional vector spaces indexed by h coming from a family
Ty, of triangulations (triangles in 2D and tetrahedra in 3D) of the domain  (h = maxre7, hr
where hr is the diameter of T'). The family of triangulations is supposed regular, i.e., there exists
o > 0 such that VT € Ty, hr/pr < o where pr denotes the radius of the inscribed ball in T. We
choose standard continuous and piecewise affine functions, i.e.:

Vi, = {Uh € C(Q) : vp|r € Py(T),VT € Tn,vp, =0 on 39}.

The discrete version of the penalty method (4) reads:

1
Ue, € Vit alueg,,vp) + EB(US,L;’U}L) = L(vp), Yup, € V. (16)

Using exactly the same argument as for the continuous problem in Theorem 3.2, we see that
this problem admits one unique solution, which is the unique minimizer of Jp on the finite element
h
space V".

6.2. Finite element error estimate for the penalized problem

When the solution u. to the continuous penalized problem is regular enough, we can derive the
following a priori error bound:

Theorem 6.1. Let u. and u,, be the solutions to problems of (4) and (16), respectively. Suppose
that u. € H?(Q2). Then there is a constant C independent of h and e such that:

lue —ue, I + e 2[P(ue)]+ = [Pus,)l+lloe < O+ e~ Hhfuell2.0- (17)

Proof. We start using the ellipticity of a(,-): let u. and wu,, be the solutions of Problem (4) and
Problem (16), respectively, then

O‘”ue — Ugy ”%,Q a(us = Uep s Ue — uEh)
= a(uec — Ugy , Ue — Vp + VU — Ug,)
a(te — Ug, , ue — V) + a(Ue — Ugy , Uy — Ugy, )y Yo, € V.
As usual the first right term is handled with Cauchy-Schwarz and Young inequalities (we recall
that C' denotes a generic constant).

Cllue — ue, ”%,Q < flue = vhHiQ + a(ue — ue,, vy — ue,), Yop, € V. (18)

Now, let us have a look at the second term. We use (4) and (16), the conformity property V3 C V
and do the appropriate splittings: we add and subtract u.. For any v, € Vj,:

a(Ue — Ug,, Uy — Ug,)
a(te, vp — g, ) — a(Ue, , Vp — Ue,)
= (Blug,;vn — ue,) — Blus;vn — ue,)) /€
(B(ug, ;vp — ue) + B(ug, ; ue — ue, ) — Blug;vp — ue) — B(ue;ue — ue,,)) /e. (19)
We first treat the following two terms (number 2 and number 4 above), using the definition of B
and then the property (5), we get:

(B(uey s ue — ue,) = Blueiue —ue,)) /e < —|le2[P(ue)ls — [Plue,)]+ 1 - (20)
10



The technical term that remains is:
B(ué‘h; Up — UE) - B(’U,E, Uh — u5)~

We evaluate it on each element T, and therefore we need to estimate
[ 1P Ls(Vue) - Do = ) = [P s(Fc) - Vion ).
We add and subtract [P(ue)]+s(Vue, ) to the above expression and get
/T [([P(ue, )]+ = [P(ue)l+)s(Vue,) + [P(ue)]+ (s(Vue, ) — 5(Vue))] - V(vp — ue).

We call Y7 the integrand:

Y := [([P(us, )]+ — [P(us))s(Vue,) + [P(us)] (s(Vue,) — s(Vue)] - Vo, — ue).

First remark that some terms in Y7 are easy to bound, e.g.:
[P (ue, )]+ = [Plue)] 4] < [V, | = [Vuel| < [V(ue —ue,)]
and
|s(Vue, )| < 1.
Now we have to estimate another term in Y:
|s(Vue, ) — s(Vue)|.

*If both Vu,, =0 and Vu, = 0 then this term is 0.

(24)

(25)

We consider all the remaining cases. To summarize there are three cases and our aim is to

obtain a common upper bound of |s(Vue, ) — s(Vu.)|, see (28).
*If Vu, # 0 and Vu, =0, then

_ 2|Vue,,| _ 2|V (ue — ue,,)]
[V, | |Vue| + |vu5h|'

[5(Vae, ) — s(Vue)| = [s(Vu,)| = 1 < 2

*If Vu,, =0 and Vu, # 0, the same happens since the expression is symmetric in u. and u.,.

*If Vue, # 0 and Vu, # 0, we first introduce the quantity Z:

VA

(IVue| + [Vue, ) (s(Vue, ) = 5(Vue))

Vue Vue
— (V| + [V, ( - )
(V| + | ) Voo Vadl
B Ve, Vue
= |Vu.| Vo] [Vue, | V| Vue + Vue, .

We use then the remarkable property

2
Vue,

|vu€h|

Vue
|Vue|

V| - |vu5h|

Now we conclude by using a triangular inequality in (26) and estimate (27):
1Z] = (IVue| + [Vue, [)|s(Vue,) = s(Vue)| < 2|V (ue — ue, ).

11

= |Vu5|2 + |vu5h|2 —2Vue - Vug, = |V(ue — ufh)|2'

(27)



So there always hold
2|V (ue — ue,,)
|Vue| + |vu5h‘

s(Vue,) = s(Vue)| < (28)

Now we bound

, e.g., the term in (22).

s
T

Using the bounds in (24) and (25), we get :

J
T

< /T ([P (uey)ly = [P(ue)l4)s(Vue,) + [P(ue)]+ (s(Vue,) — s(Vu))| [V (vn — ue)

< / IV (ue — ue, )|V (vn — ue)| + |[P(ue)l4(s(Vue,) — s(Vue)) | [V(on — ue)
T

IN

IV (ue = ue, oIV (ue = vn)llo,r + / [P (ue))+ (s(Vue,) = s(Vue))| [V (v — ue)|
T

We now consider two cases for estimating the last integral term.

* CASE 1: suppose Vu,, # 0 on T (we recall that Vu,, is constant on the triangle T" for P; finite

elements).

a. If Vue # 0 (at point z € T'), then we use (28) and |Vue| + |Vue, | > |Vue| from which we

deduce o -
|s(Vue, ) — s(Vue)| < |V (ue — ue,)| < |V (ue — uah)|.

~ |Vue| + |Vue, [Vu]|
We can bound
[P(ue)l+ _ [[Vue| — 1]+ [ 1 ]

= =|1-—] <1 29

‘VU5| |vue‘ |VU€‘ 4 ( )
and we obtain

2|V (ue — ue,
Pl Is(Tue,) = s(Va)| < [Pl =t <29, — ).

b. If Vu. =0 (at point « € T') then [P(uc)]+ = 0 and still we have
[P(ue)]+]s(Vue, ) — s(Vue)| < 2|V (ue — ue, ).

Combining (sub)cases a. and b., we get:

Jo
T

* CASE 2: suppose, otherwise, that Vu,, =0 on T.

IN

||V(U€ - uEh)

oV (e = o) +2 [ [(ae = e[V (on )|
T
3V (ue = ue, o[V (ue = vn)lo,r- (30)

IN

In this case s(Vue,) =0 on T ; looking back at the definition of Y7 in (23), we get:

e
T

< /T\[P(ue)]_,_s(Vueﬂ IV (vn — ue)|

_ /|[P(u5)]+S(VUE)|\V(Uh—uaﬂ
X

12



where X is the set of points z € T such that Vu.(z) # 0. Finally we reintroduce s(Vu,, ) = 0 on
X and use estimates (28) and (29) which are valid on X : so

J
T

IN

/QHPQ@H+@%VuJ-<%Vu%DIWth—ual

Q‘V(UE B uEh)l
< AW@mf—W;ffwm—wﬂ

< /mw%—wmwm—%n
X
< 2V (e — ey lo.x [V (e — v ox
< 2V — ue)lor |V (s — vn)or- (31)

Let us sum things up now. Putting together (18), (19), (20) and (21), we first have shown that:

_ 1
n%—u%ﬁg+w1”wwau—um@m4ﬁgsc<m%—wm@+EE:AYQ~
T

Since we obtained the bounds (30) and (31), we can write:

1
fo
€ lJr

9
%,T + M?HV(UE - Uh)Hgm

3
< 219 = e o 9 e = vn)lor < e —

with 5 > 0, that holds in any situation. We make the sum on each triangle, use Young inequality
and obtain:

_ 1
lue = e, |13 0 + le™ 2 [P(ue)l+ = [P(us,)]4ll50 < C <||us —wnlli o+ 21V (ue ~ vh)ll%,n) :

We take v, = Zpu, the Lagrange interpolation of u on V},, use the standard interpolation estimate
and take the square root to finally get:

lue = ey 0 + le ™2 [P(ue)l+ — [Plue,)l+lloe < C(L+ehfuc20,

which is (17). O

Remark 6.1. Two comments on the above results are:

1. This error analysis seems to be the first for a discrete penalized torsion problem (for a fized
). The convergence rate of order h for ue — u., is optimal. We do not know if the constant
e in the error bound could be improved or not.

2. The error analysis for u— ue, is out of the scope of this paper. We do not have the technical
tools to obtain such an estimate for this problem which is much more difficult than e.g. the
unilateral contact problem where the analysis exists, see [14] and references therein.

7. Numerical results

The following numerical experiments have been computed using scikit-fem [22]. The first and
the second two-dimensional examples use the square domain € = (0,1)2. The first example in
Figure 1 uses the loading f(x,y) = 10x. The corresponding convergence rates in H'- and L>-
norms are given in Figure 2. We observe that the observed convergence rates are practically
identical for all of the penalty parameter values ¢ = 100,10,1,0.1. In particular, the observed
convergence rate is O(h) in the H'-norm and O(h?) in the L?-norm. The same conclusion holds
for the second example which uses the piecewise-constant loading f(z,y) = 10 if (z,y) € (0.2,0.8)2

13



and f(z,y) = 0 otherwise. The results of the second example are given in Figure 3, with the
corresponding convergence rates in Figure 4. In the absence of an analytical solution, all reference
solutions use a piecewise-quadratic finite element and a suitably refined mesh.

The third example uses the three-dimensional cubical domain Q = (0,1)® and a direct gen-
eralization of the piecewise-constant loading, i.e. f(x,y,2) = 10 if (z,y,2) € (0.2,0.8)® and
f(x,y,z) = 0 otherwise. For the three-dimensional example, we present results using the penalty
parameter value € = 0.1 only. The results of the third example are given in Figure 5. The ob-
served convergence rate in the H'-norm is again O(h) but slightly less than O(h?) in the L?-norm.
Despite this, all of the presented experiments are consistent with the estimate (17).
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Figure 1: The sequence of meshes (top), the discrete solutions ue, (middle) and the gradient lengths |V (uc), )|
(bottom) when the loading is given by f(z,y) = 10x. The solutions in this figure have been computed using
e = 100.
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044 & w0t | T ] e e 0o(h?)
3x10724x1072  6x1072 10-1 2x 107! 3x10724x1072  6x1072 10-1 2x 107!
mesh parameter mesh parameter
Figure 2: The convergence of the error ue — ue, when f(x,y) = 10z, using a sequence of decreasing penalty

parameters ¢ = 100,10,1,0.1. A reference solution is calculated using higher polynomial degree and a suitably
refined mesh.
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Figure 3: The sequence of meshes (top), the discrete solutions wue, (middle) and the gradient lengths |V (ue, )|
(bottom) when the loading is given by f(z,y) = 10 if (z,y) € (0.2,0.8)2 and f(z,y) = 0 otherwise. The solutions
in this figure have been computed using € = 100.
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Figure 4: The convergence of the error us — ue, when f(z,y) = 10 if (z,y) € (0.2,0.8)? and f(z,y) = 0 otherwise,
using a sequence of decreasing penalty parameters € = 100, 10,1, 0.1. A reference solution is calculated using higher
polynomial degree and a suitably refined mesh.
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Figure 5: The sequence of discrete solutions (top), the gradient lengths (middle) and the convergence of the error

(bottom) when the loading is given by f(z,y,2) = 10 if (z,y,2) € (0.2,0.8)% and f(z,y,2) = 0 otherwise. The
solutions in this figure have been computed using € = 0.1.
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