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Abstract

This study is concerned with the elastoplastic torsion problem and its standard finite
element approximation using piecewise affine Lagrange finite elements. In the case of a
polytopal convex domain in dimension n = 1,2,3 we obtain an H'-error bound of order
h for the solution. For a nonconvex domain, we obtain also an error estimate.
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1. Introduction

Problems written with weak formulations involving variational inequalities represent
various nonlinear phenomena which occur in mechanics and physics [8, 16]. We focus
on the elastoplastic torsion problem, as presented in, e.g., [12] (see also [5, 13]). In the
aforementioned reference, a direct piecewise affine Lagrange finite element approximation
of the variational inequality is also presented, as well as 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 one dimension is optimal (O(h)), whereas it

remained suboptimal in dimension two, as it is of order O(h2 ?) for a source term in
LP, p > 2. This bound has not been improved since then, up to our knowledge. Among
the few existing results are weak and strong convergence results [19], and error estimates
of O(h) for the L?-norm of the gradient of the solution and under suitable restrictive
assumptions, for mixed finite element approximations, using IP; /Py finite elements [10] or
Raviart-Thomas finite elements [6].

In this study we focus on a problem with a positive constant source term. In this
case the variational inequality can be reformulated as an “obstacle” problem where the
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constraint involves the distance to the boundary, so the obstacle is nonsmooth and the
usual techniques from the obstacle problem cannot be directly applied. We present a new
direct finite element approximation of the variational inequality, that makes use of piece-
wise affine, continuous, Lagrange finite elements, and in which the constraint involving the
distance function is imposed at each node. When the domain is convex, the discretization
is conforming and we prove error estimates in any dimension n = 1,2, 3, with an optimal
error bound: O(h), for a regular enough continuous solution. In the case of a nonconvex
domain, an extra term appears due to the nonconformity, that is challenging to bound.
We manage to derive an error bound of (’)(h3/ 4) for a solution of Sobolev regularity H®,
a>T7/4.

As usual, we denote by H*(.), s € R, the Sobolev spaces. For an open subset D of
R™, the usual norm of H*(D) is denoted by | - ||s,p. The space H(D) is the subspace
of functions in H'(D) with vanishing trace on dD. The letter C stands for a generic
constant, independent of the discretization parameters.

2. The elastoplastic torsion problem

Let Q € R”, n > 1, be an open bounded polytope, connected and with Lipschitz
boundary. We consider the variational inequality modelling the torsion of an infinitely
long elastoplastic cylinder of cross section 2 and plasticity yield » > 0. To simplify we
assume that r» = 1. The problem is to find the stress potential u such that

ue Ky : a(u,v —u) > L(v —u), Vove K, (1)

where a : H}(Q) x H}(Q) — R is the bilinear form given by:
a(u,v) = / Vu - Vv, Yu,v € Hj(Q),
Q

and L(v) := [, fv, Vv e Hg(Q), f € L*(Q). The notation K represents the nonempty
closed convex set of admissible stress potentials:

Ki:={ve Hj(Q) : |[Vv|<lae. in Q},

where |- | denotes the euclidian norm in R". From Stampacchia’s theorem we deduce that
Problem (1) admits a unique solution (see also, e.g., [8, 12, 13, 16]).

Remark 2.1. We recall some regularity results for (1): if Q@ C R™ is open, bounded
and convex, with Lipschitz boundary, and for f € LP(Q) with n < p < 400, then u €
W2P(Q) NE1*(Q), where « =1 —n/p [4]. When the domain is non convex the W?P(Q)
reqularity can be obtained but the boundary needs to be more reqular (€1' more precisely,
see [11]) so reentrant corners of polytopes are not allowed. When reentrant corners of
polytopes are considered, the loss of W*P-regularity is only located near these corners [5].

Next we suppose that f = C is a constant function. In this case and according to [3]
(see also [15]) the problem (1) can be rewritten as follows: find the stress potential u such
that

ue K : a(u,v—u)ZC/(v—u), VoveK, (2)
Q
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with
K :={ve Hj(Q) : |v] <dpgae. in Q},

and dpq denotes the (interior) distance function with respect to the boundary 9€:

doo(z) == yie%fQ |z —y|, Ve

Note that (2) still admits a unique solution from Stampacchia’s theorem. To lighten the
discussion we can suppose without loss of generality that C > 0, so problem (2) can be
rewritten as follows: find the stress potential u such that

ue K : a(u,’u—u)ZC/(v—u), VveK, (3)
Q
with
K:={ve Hj(Q) : 0<v<dygae. inQ}.
Again (3) admits a unique solution from Stampacchia’s theorem.

Remark 2.2. We explain why we can consider without loss of generality that C > 0. We
see that (2) can be rewritten: find the stress potential u such that

uekK : a(—u,—v — (—u)) > —C/Q(—v — (—u)), VveK. (4)

Since K = —K and denoting by u(C) the solution of (2) with source term C, we deduce
from (4) that u(—C) = —u(C).

We justify below equivalence between Problem (2) and Problem (3), when C > 0:

Proposition 2.1. When C > 0, Problem (2) and Problem (3) share the same unique
solution u € K.

Proof. We consider both problems (2) and (3) as minimization problems over their
respective sets. Since K C K, these problems are equivalent if the minimizer of a(-,-)/2 —
L(-) over K lies in fact in K. Let u € K be the solution to (2), and write u = uy —u_, with
us = max(0,u) and u— = —min(0,u) the positive and negative parts of u, respectively,
that both belong to HZ () [20, Lemma 1.1]. We choose v = u4 € K in (2) and get:

“IVu- o zc [ u-.
Q

Since C > 0, we deduce that u_ = 0 a.e. in €2, this means that in fact u lies in K and is
also the unique solution to Problem (3). O
Now we consider problem (3) which can be seen as a kind of double obstacle problem.

Remark 2.3. In the case where f = C is a positive constant, note that we could write the
same variational inequality as in (1),(2) and (3) but with the convex set

K = {ve Hy(Q) : v<daq a.e. inQ}.

So the torsion problem can be simply seen as an obstacle problem but with a nonsmooth
obstacle which is the distance function (roughly speaking the distance function does not lie
in H*(Q)). This implies that the classical finite element error analysis for the obstacle
problem can not be directly applied in the forthcoming analysis.
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3. Finite element discretization

Let T}, be a family of simplicial meshes of the domain Q (h := maxger, hr where hr
is the diameter of T"). The family of meshes is supposed regular and quasi-uniform. Let
Vi, be a family of Lagrange finite element spaces of degree one indexed by h, and defined
precisely as:

Vi i={vp, € €(Q) N HG(Q) : vy, €PL(T), VT €Ty}

Let NV}, be the set of the nodes of the mesh and set
Ky :={vp € Vi, : 0 < wp(a) < dga(a), Ya € Ny}
The discrete problem is as follows (recall that C > 0):

up € Ky, - a(uh,vh—uh) EC/(vh—uh) Vo € Ky, (5)
Q

and it admits a unique solution.

Remark 3.1. If Q contains a reentrant corner (take for instance a L-shaped domain
when n = 2), it is easy to check that generally Kj, ¢ K. Indeed take Q = (—1,1)2\[0,1)2,
for n = 2, and choose a mesh Ty of Q) that contains an edge E between nodes a3 =
(—=0.3—a, —0.34+«) and ag = (—0.3+«a, —0.3—a) with a small enough (so that (0,0) is their
closest boundary point). Take vy, € K}, such that vy(a1) = vp(a2) = daq(a1) = daa(asz).
Then, by linear interpolation on E, there holds vy(—0.3,—0.3) = daq(a1) = doa(az) >
doa((—0.3,—0.3)) and we deduce that vy, ¢ K. Note however that, when Q is a convez set
in R™ there holds Ky C K, since the hypograph of dapq is convex [14, Chapter B, Section
1.3].

4. A priort error estimate
Our main result is:

Theorem 4.1. Let Q CR™, 1 < n <3, be an open bounded polytope, connected and with
Lipschitz boundary.

1. Let Q be conver, u € K N H?(QY) and uj, € K}, be the solutions to problems (3) and
(5), respectively. There holds

lv — unllLa < Chljull2.0- (6)

2. Let Q be nonconver, u € K N H*(Q) (max(1,n/2) < a < 2), Au € L*(Q) and
up € K, be the solutions to problems (3) and (5), respectively. There holds

lu = upllie < CREAED ]|, q. (7)

Remark 4.1. 1. In the one dimensional case, since ) is connected, it is necessarily
convex, so we recover the well known optimal result of order O(h) (see, e.g., [13]).

2. In the conver case, the solution is known to be in W*P(Q) for any 1 < p < oo [{].

3. In the nonconvexr case we have to add the assumption Au € L?(Q2) which is neces-
sary to write Falk’s lemma in its standard form. Otherwise this would lead to additional
technicalities (and changes for the convergence rate of course) which are beyond the scope
of this paper. Note that reference [5] investigates some regularity properties of the solution
to the torsion problem near reentrant corners.
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Proof: From standard Falk’s Lemma (see, e.g., [13]), since Au € L?(2) and since
Thu € Kjp, where 7y is the Lagrange interpolation operator mapping onto V;, we get

2 : 2 :
— <C[ f — — fllv— }
Ju=wilo < C[ it (Ju=enlfa+lu—vilog) + inf o —ulo
< [Ju - Tuullt g+~ Tuulo + inf o~ wnllo]. (5)

where the constant C' depends on [|Aul|z2(q).

1. In the first case (i.e., £ is convex and u € K N H?(Q)) the first two terms in (8) are
bounded by Ch? and the second infimum disappears according to Remark 3.1. So bound
(6) holds.

2. Let © be nonconvex, u € K N H*(Q)) with max(1,n/2) < a <2 and Au € L*(9).
From standard approximation bounds, the first two terms in (8) are bounded by Ch2(@=1).
To bound the infimum on K, we set v := min(uy, dspg). Clearly v € H'(Q2). Indeed for Q a
bounded polytope there holds dypg € H'(f2), and the minimum of two functions in H'(2)
remains in H() [20, Lemma 1.1]. Moreover we have v = 0 on 99 and 0 < v < dpg,
which guarantees that v € K.

Now set Sy, := {x € Q, dypa(z) < up(x)}. This set is generally nonempty since K, ¢ K.
If x ¢ S, then v(z) = up(z) by definition. So

3,Q:/Q(U—Uh)2 :/Sh(daﬁ—uh)z-

Since uy, € Kj, we have up(a) < dog(a) = Ipdoa(a),Va € Ny. So Ipdsg — up > 0 in Q.
Let z € S}, then we bound:

lv —un

0 < [(un — doo)(@)| = (un — do)(x)
= (un — Indoq)(z) + (Zndoa — doa) ()
< (Tndaa — dag) ().

Therefore

lv = unllf0 = / (dog — un)? < / (Indoa — doa)* < ||da — Tndaal§ o-

Sh Sh

We now consider two different regions of 2. First, the medial axis which is, for a polytope,
the set of its points which have more than one closest point on the boundary (see, e.g.,
[17, Fig. 4] for an example in two dimensions). On the medial axis, the distance function
to the boundary is generally not regular [2, Section 2.3]. The medial axis for a polytope in
R™ is composed of a finite number of n— 1 dimensional sets (possibly not straight or planar
if the polytope is nonconvex) of finite measure in R"~! (see, e.g., [1, 7, 18]). Since the
mesh is regular and quasi-uniform, there are at most C'/h"~! simplices T} intersecting
the medial axis. We consider such a simplex T);, and using the interpolation estimate
ldoq — ZndoollLoo (1) < Chr||VdaqllLoo (1, [9, Theorem 1.103], we bound as follows:

Idoq — Tndoalli ,, < Wlldoa — Tndoal ez, ) < ChEEE



Since there are at most C/h"~! simplices T); concerned by the above estimate, we get
| dan —IhdaszH%,gM < Ch3 where Q) stands for the set of simplices intersecting the medial
axis.

Consider now the elements Tr which do not intersect the medial axis. In this case
the distance function is C1! (see, e.g., [2, 5, 18]), so its gradient is Lipschitz and almost
everywhere differentiable. Then we can bound

ldoa — Tndogllo;rs < Chy|doa 2 (ry)-

By summation, we get [|daq — Zndaal|2 Aoy < Ch*. As a result we obtain
inf ||v — < Ch*?
Inf o —upflog <

and the final bound _
||u _ uhHLQ < Chmln(3/4,a71)

follows. O
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