A CONVERGENT ADAPTIVE FINITE ELEMENT METHOD
FOR THE PRIMAL PROBLEM OF ELASTOPLASTICITY

CARSTEN CARSTENSEN*, ANTONIO ORLANDOT, AND JAN VALDMAN¥

ABSTRACT. The boundary value problem representing one time step of the pri-
mal formulation of elastoplasticity with positive hardening leads to a variational
inequality of the second kind with some non-differentiable functional. This paper
establishes an adaptive finite element algorithm for the solution of this variational
inequality that yields the energy reduction and, up to higher order terms, the
R—linear convergence of the stresses with respect to the number of loops. Applica-
tions include several plasticity models: linear isotropic-kinematic hardening, linear
kinematic hardening, and multisurface plasticity as model for nonlinear hardening
laws. For perfect plasticity the adaptive algorithm yields strong convergence of
the stresses. Numerical examples confirm an improved linear convergence rate and
study the performance of the algorithm in comparison with the more frequently
applied maximum refinement rule.

1. INTRODUCTION

The efficient numerical treatment of problems with poor regularity of the solution
can be realized with adaptive mesh refinement techniques based on a posteriori error
estimators. An h—finite element adaptive algorithm consists of succesive loops of
the form

(1.1) SOLVE — ESTIMATE — MARK — REFINE

designed to produce with less computational effort more efficients meshes by targeted
local refinements. The use of the algorithm (1.1), however, is theoretically justified
if starting from any initial coarse mesh, one can insure its convergence and establish
also the convergence rate. In fact, from approximation theory, it is known that
given a separable Hilbert space V' and a sequence of finite dimensional subspaces V;
dense in V| the Ritz projection of u onto V; (and hence the FEM in a typical linear
elliptic problem) can converge arbitrarily slow [9]. The convergence analysis of the
algorithm (1.1) is, therefore, neither trivial nor implied by the convergence of the
FEM but it depends on algorithmic details. In an adaptive finite element method
(hereafter referred to as AFEM) the mesh size can stay, in fact, bounded well away
from zero. This enforces novel arguments to prove the convergence of AFEMs based
on a posteriori error estimates.

The convergence analysis of (1.1) started with the pioneering work of [1] for a two-
point elliptic boundary value problem and with the step MARK realized by the max
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refinement rule. This marking rule currently employed in the engineering literature
consists in looking at the elements with the largest error and refining these in order
to achieve a better accuarcy. Let n? := >, 13, denote a typical reliable error
estimator with local contributions 7y, associated with an edge, face, or element M
in the current mesh, the max refinement rule marks a subset M according to

(1.2) L € M if and only if n; > @mj&xm\/[

with 0 < © < 1. The analysis of [1], however, does not provide information on the
convergence rate and its extension to higher dimensions still remains unsolved. It is
only after the contribution of Dérfler [17] with the introduction of a new marking
strategy for error reduction (hereafter referred to as bulk criterion or fixed fraction
criterion) that the convergence analysis of AFEMs has experienced significant de-
velopment. With such criterion, one defines the set M of the marked objects using
the rule

(1.3) > m=en
MeMm

with 0 < © < 1. The condition (1.3) together with local discrete efficiency esti-
mates, and the Galerkin orthogonality yields a linear error reduction rate for the
energy norm towards a preassigned tolerance T'OL in finite steps for the Poisson
problem. In [17] the result was established under the additional condition that the
initial mesh was sufficiently refined to resolve data within a certain tolerance, called
‘mesh finess’. This condition on the initial mesh, however, is too restrictive since
it can produce an initial overrefinement, in contrast with computational experience
showing convergence of (1.1) also starting from an initial very coarse mesh. In a
series of papers [18, 27, 28, 29] it was realized that the condition on the initial mesh
could be removed provided that one can ensure data oscillation reduction. This
was achieved by refining with one interior node (rule bisec5(T) below) each ele-
ment marked for error reduction and refine possibly additional elements to enforce a
linear oscillation decay. Within the same framework, generalizations to the Raviart-
Thomas and to the Crouzeix-Raviart finite element for the Poisson equation have
also been considered in [12] and [13], respectively. The lack of conformity and of the
Galerkin orthogonality are therein resolved by means of new local discrete efficiency
estimates and a quasi-orthogonality condition expressed in terms of data oscillations.
In the extension of the analysis to the nonlinear Laplacian, the lack of orthogonality
is bypassed in [38] by expressing the problem as a minimization of a suitable energy
functional J that allows the discrete error on the energy J(wy) — J(wes1) to be
related to the discrete error ||w, — weyq||* with w, and wy,; conforming finite ele-
ment approximations on the triangulations 7, and 7,1, respectively. The condition
(1.3) together with the reliability estimate, the boundeness of J from below, and
the observation that (J(w))een is a Cauchy sequence concludes the convergence of
the adaptive algorithm. This analysis, however, does not provide information on the
convergence rate. Based also on (1.3) [9] presents a thorough convergence analysis of
conforming adaptive finite element methods for uniformly convex and degenerated
(i.e. not strictly) convex differentiable minimization problems, with applications to
relaxed microstructures.



In this paper we also adopt (1.3) and we aim at a proof of convergence of AFEM
with indication of the rate of convergence for the primal formulation of plasticity.
Applications include several plasticity models: linear isotropic-kinematic hardening,
linear kinematic hardening, multisurface plasticity as model for nonlinear hardening
laws, and perefct plasticity. Following ideas of [38, 9] the problem is transformed in
the minimization of a uniformly convex functional J. At variance of those works,
however, the energy functional J is not differentiable. Exploiting properties of .J, the
bulk criterion (1.3), and the reliability of a new edge-based residual error estimate,
we obtain the following results:

(i) Energy reduction: for some data oscillations osc? > (0 and positive constants pg,
C with pg < 1 there holds

J(weyr) — J(w) < pp(J(w) — J(w)) + Cosc; .
(11) R—linear convergence for the stresses: up to oscillation terms there holds
|||O' — 0'4|||((j—1;g < ay for ¢ = O, 1,2 Tty

with oy — 0 and linear convergent, and ||| - |||c-1,q the energy norm induced by the
Hook tensor C.

Unlike [27, 29] that consider an element-based data oscillation, we consider the node-
patchwise definition of the data oscillation proposed by [8]. Such definition arises
naturally from the reliability estimate and discloses the role of the data oscillation
on the error reduction. Using a criterion similar to (1.3) for the control of the oscil-
lations, we also establish the following result:

(731) Oscillation reduction: there exists a positive constant p < 1 such that

2 2
0SCy 1 < POSCy .

The remaining part of the paper is organised as follows. Section 2 introduces the
primal problem of elastoplasticity. Each time step of the initial boundary value
problem results in a boundary value problem expressed as a variational inequality
and equivalently as a minimization of a uniformly convex nondifferentiable func-
tional for plasticity models with positive hardening. Section 3 presents a general
class of plasticity models that can be treated within the present framework. Section
4 describes the steps SOLVE and ESTIMATE with the introduction of the edge based
residual error estimate and proof of its reliability. The steps MARK and REFINE are
introduced in Section 5 together with the complete adaptive algorithm. The main
results of the paper on the energy reduction, the oscillation reduction, and the R-
linear convergence of the stresses are given in Section 6 together with the proof of
strong convergence of the stresses in the case of perfect plasticity. Numerical exam-
ples with applications to the two-yield multisurface plasticity and to a benchmark
problem with perfect plasticity validate our theoretical findings in Section 7 whereas
Section 8 concludes the paper with some final observations.

Remarks on the notation conclude this section. Let RY7Y, n € N, denote the set

of all real symmetric n X n matrices, 7: § = Z?jzl 7i;3;; = tr(778) represents the
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scalar product in R"*" and |7| the corresponding norm. Given a definite positive
matrix A, |7|y := (7: A7)Y2 denotes a norm equivalent to |7|. Given u,v € R™,
with R™ standing for either space of vectors or matrices, the symbol u-v denotes the
inner product of the two elements of R™. Let €2 be a bounded, open connected set in
R?, for d = 2,3 with a Lipschitz boundary 0, the Sobolev space H*(2; R™*™) and
the Lebesgue space L%(€; R™™) with n,m € N are defined in the usual way. The
space L*(Q;R™) is assumed equipped with the inner product (-,-) r2(Q;rn) Whereas
for u,v € H'(€;R") there holds (u,v) g1orn) := (4, V) 2(srny + (Du, Dv) r2(g;pnxa).
Given 7 € L*(Q;R™"), set [||7[|las0 :== (g 7|2 dw)'/? = (7, AT)IL/E(Q;RWH).

2. SETTING OF THE PROBLEM

In this section we formulate the primal problem of associative rate-indipendent plas-
ticity in small strain. We focus on one typical step of an incremental procedure
applied to the solution of the evolution of the elastoplastic body.

2.1. The strong and primal weak formulation. Let Q C R¢ d = 2, 3, represent
the reference configuration of an elastoplastic body with boundary 02 = I'p U 'y,
and v the outer unit normal. The boundary 952 is split into a closed Dirichlet part
I'p with positive surface measure and into a Neumann part I'y := 9Q\I'p (possibly
empty) where traction forces are prescribed by g € L?(I'y; R?). The strong form of
equilibrium conditions states that the stress field o € L?(Q; R%%?) satisfies

sym
(2.1) dive+ f=0inQ, ov=gonly,
where f € L2?(Q2;R?) denotes the applied volume force. We suppose, for sake of
simplicity, homogeneous geometric boundary conditions for the displacement field u
and introduce the following space of admissible displacements

Vi={ve H(QRY): v=0o0nTp},

equipped with the H'(Q; R?)-norm and boundary values to be interpreted in the
sense of the trace theorem; V is a closed subspace of H'(Q;R?).
Assuming the linear strain

e(u) := sym(Du) = 1/2(Du + Du™)
split into an elastic e and plastic part p, i.e.

e(u) =e+p,

and introduced additional internal variables o € R™, the linear elastic law is defined
by the isotropic elasticity tensor C such that

Co =2ud + Mtro I for § € R4

sym
and A, p being the Lamé material constants. The elasticity tensor C is elliptic in
the sense of

. 2 < : i = —
(2.2) k0| < Cé: 6 with & Do

Denoting by A € R™ the thermodynamic forces conjugate to «, we assume the
hardening law in the form A = Ha with the hardening moduli H such that Ho - o >
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h|a|* for o # 0 and h > 0. Upon the condition that C and H are piecewise constant
over {2, we set

(2.3) A= min k(x) and h= min h(zx) .

Rate-independent plasticity models are specified by assigning the dissipation func-
tion j = j(p,«) as lowersemicontinuous (hereafter abreviated as lsc), convex, and
positively homogeneous of degree one, resulting in its non differentiability at the
point (0,0). Without loss of generality, considering initial conditions equal to zero
in the time discrete form of the evolution law, the latter is expressed as

(2.4) (p,a) € 05" (0, A) or in the dual form (0, A) € 0j(p, ),
with j* Legendre-Fenchel transform of j, and 0f subdifferential of the convex func-
tion f [22].

Remark 2.1. Let E := 35(0,0) C R4 x R™, which is convex and closed, then du-
ality theory shows that j is the Legendre-Fenchel transform of the indicator function
of E and is referred to as support function of E. The set E is called elastic domain
and defines the set of admissible generalised stresses (o, A) [25].

The primal problem of elastoplasticity of [32] assumes (u, p, @) as primary variables.
Choosing Q := {q € L*(Q;R¥?) : trg = 0 a.e. in Q} as space of the plastic strains

sym
and M := L?*(2;R™) as space of the internal variables, we define the Hilbert space
H:=V x Q x M equipped with the inner product

(UJ, Z)'H = (U, U)Hl(Q;Rd) + (p7 q)LQ(Q;RdXd) + (Oé, ﬁ)LQ(Q;Rm)
for w = (u,p,a) € H, = (v,q, 3) € H and norm || - .

Let 0 := C(e(u) — p) and introduce
(2.5) a:HxH—=R, a(w,z):=(0,ev)— q)r2qrix + (Ha, B)r2(mrm)
(2.6) b: H— R, b(z) = (f,v)2(mray + / g-vds

27)  $iH R, w(z) ::/Qj(q,ﬂ)dx.

The weak form of the primal problem is then given by the following variational
inequality [21], usually referred to as of second kind [20]: Given b € H*, the dual of
H, find w = (u, p, ) € H such that there holds

(2.8) b(z —w) <alw, z—w)+Y(z) —(w) forallzeH.

The functional b is linear and bounded on H; % is convex, lsc, positively homoge-
neous on H, and non differentiable, whereas the bilinear form a is symmetric and
continuous on H. For ease of the presentation, we consider plasticity models such
that a is elliptic all over the space H with constant K, i.e.

(2.9) K|z, < a(z,2) for every 2 € H.
Under the above assumptions, (2.8) has solution and is unique. The reader is referred

to [21, page 168] for a discussion on the more general case with the ellipticity holding
only on a closed convex cone of H.



By taking ¢ = p in (2.8) and choosing once v = u + r and then v = u — r for every
r € V, we deduce the weak form of the equilibrium equations

(2.10) (0,6(v)) 2(raxay = b(v) for every v € V.
Let the energy functional J : ‘H +— R be defined as

(2.11) J(z) = %a(z, 2) = b(z) + 0(2).

It is a standard result of optimization theory [20] showing that the variational in-
equality (2.8) is equivalent to the minimization problem

(2.12) w = arg min J(z),
z€H

and to the stationariety condition
(2.13) 0€dJ(w).

Since J(-) is sum of the Isc and uniformly convex function ¢(-) := 1/2a(-,-) — b(-)
and of the Isc and convex function ¢ (-), then J itself is Isc and uniformly convex,
i.e., with the constant K from (2.9), there holds for every z,y € H

K
(2.14) J(z) > J(y) + (s,z —y) + ?HZ —yll3, for every s € 0J(y) .

Proof of (2.14). Under the above assumptions on ¢(-) and #(-), with ¢(-) being
continuous on H in particular, the subdifferential calculus rule [19, page 26| gives

¢ + 1) = 06 + 9.
As a result, for any s € 0.J(y) there holds

(2.15) J(2) = J(y) = (s,2—y) = ¢(2) = d(y) = (54, 2 —y) +1(2) —=b(y) — (sy, 2 —y)
with s, € 0¢(y) and sy, € JY(y) . Since 9 is convex and ¢ is differentiable, for every
z € 'H, there holds

b(z) =y) = (s, 2 —y) 20 and (s4, 2 —y) =aly,z—y) —b(z —y).
As a result, (2.15) is bounded from below by
1 1 1
galz,2) = galy,y) —aly, 2 —y) = galz —y. 2 —y).
Accounting for (2.9), one obtains (2.14). O

3. EXAMPLES OF RATE-INDEPENDENT PLASTICITY MODELS

This section introduces several rate-independent plasticity models. For each of them
we give the expression of the dissipation functional and specify the dependence of
the constant K from (2.9).

3.1. Plasticity with combined isotropic/kinematic hardening. Let m =1+
d(d+1)/2, identify R™ = R¥™? x R, and assume « = (£, a) where £, generally taken
to be the plastic strain p as in this case, is the kinematic—type internal variable
conjugate of the back stress tensor y, and a is the accumulated plastic strain with
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R as its dual variable. Introduce the elastic domain
(1)  E={(o..R) € RES X R™ xR |60, \, ) <0, R >0},

sym
where ¢(o, x, R) is the continuous and convex von-Mises yield function
(3.2) ®(0, x, R) :=|dev(c — x)| — (0, + R),

and o, > 0 is a material constant referred to as the yield stress. The support
function of E is then defined as follows

. oylg| if gl —a <0and trg =0,
j(g,a) = ,
00 otherwise .
Also, we assume a linear hardening state law in the form
x=Hp and R = Ha,
with H definite positive and such that Hd: § > h|d|?>, H the isotropic hardening
modulus, and we set H = mig H(z) > 0. Then, the bounds (2.3), and Young
BAS

inequality show, with d € (2A/(2A + h), 1) and K = min{ClemA(1l — d), A(1 —
1/d) + h,H}[21], that

a(z;2) 2 Me(v) = qll72qpaxay + hllal 72 maxa) + Hllall 22z

1
(3:3) 2 A1 = d)lle()72@maxa) + (AL = =) + h)lallz2@maxay + Hllallzz o)

> K(|[v| g @mey + HQH%Q(Q;RW‘i) + ||al|%2(Q;R)>'

3.2. Kinematic hardening. As special case of the model described in the previous
section, we assume as single internal variable ¢ the plastic strain p with the conjugate
back stress x. Considering, as before, Von Mises plasticity with

E:= {(0,x) € R x R™?| dev(o — x) — 0, < 0},

sym

one obtains for the dissipation potential the following expression

(3.4) ja) = aylal for trq=0.
Following the same arguments as in the previous model, one easily constate the
ellipticity of a(z,z) all over the space H = V x @ with K = min{Cu»A(l —
d),AN(1 —1/d)+ h} for d € (2A/(2A + h), 1).

3.3. Multiyield plasticity. Multiyield surface plasticity models are often used to
model nonlinear kinematic hardening by a set of nested surfaces, each of which only
exhibits linear hardening [30], and represent the adequate constitutive framework
for e.g. single crystal plasticity [24, 34]. The corresponding rheological model is
displayed in Figure 1.

The plastic component is assumed to be given by

p= Zpr with I :={1,2,... M}, p.-€Q.
rel

Correspondently, for the stress o = Ce is assumed the decomposition o = o? + o
depending on the hardening mechanism r that is activated. The position of the set
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FiGure 1. Multisurface plasticity: Rheological model

Ng,(cP)

FIGURE 2. Multisurface plasticity: Evolution law for the plastic
strain p, associated with the hardening mechanism r € [. Ny, de-
notes the normal cone to E, [22]

[E, of the admissible stresses 0? = o —o? associated with the hardening mechanism r

is defined by the stress o related to p, by the linear hardening law o? = H,p,, with
H, a positive definite tensor of the hardening moduli such that H,d: § > hypin.|0]%
The plastic flow of each p, is described by the associative flow rule (see Figure 2)

o €E,, p:(r,—0f)<0 forallr €E, rel.

For single yield surface, o” is referred to as back stress and one obtains the model

of Melan-Prager of linear kinematic hardening described in Scetion 3.2. In the
applications of this paper, each yield surface is of Von-Mises type, with o, value
of the treshold for yielding with the mechanism r, i.e. the corresponding set of
admissible stresses is defined as follows

E.={r¢€ ]ngxﬁ t|devT| -0, <0},
with support function given by equation (3.4), i.e.,
(3.5) jr(q) = o,|q| with trqg=0.
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The model is transformed into the primary form of plasticity in [3] with w =
(u, (pr)rer) € H ==V x ]],; @, and considering the following definition of the
bilinear form

a(w, z) := (0,e(v) = @) r2(Qraxd) + Z(H,«pr, Gr) [2(;RAx )
rel

0= 3 [ lalde.

rel

and of the convex functional

In [3], the ellipticity of a is shown to hold over H with
K =k min {)\miny hmin,b ceey hmin,#]} min {1, CKorn} s

where k£ > 0 depends on the cardinality, #1, of I and Ck,, is the constant in the
Korn’s first inequality.

3.4. Perfect plasticity. The model of perfect plasticity corresponds to the case
of absence of hardening. Next, we recall some properties that will be useful in the
analysis of Section 6.4. Using the elastic law in the primal form of the evolution law
(2.4), one obtains for given

(3.6) 0<(e—C'o): (0 —7) foreach € E.

By rearranging the terms in (3.6) as follows

(3.7) Clo:(c—71)<e:(0c—7) foreachr €E,

and using Von Mises plasticity, equation (3.7) defines o0 = o(¢) as [15]

2
o= (\+ 7“) tr(e)l + 2uF (|deve|) deve,
with F () =1 —max{0,1 — 2%} The mapping € — ¢ is monotone and Lipschitz
continuous with L = 1/k, i.e., there holds
o(e1) — o(e2)| < Ller — &2

Given the following strain energy function

Wi(e) = %5: Ce — ﬁmaX{O, |dev Ce| — 0,}?,
one can verify
_ DW(e)
~ De
Hence, W is C'(R%x?) with Lipschitz derivative.

4. THE SOLVE & ESTIMATE sTEP IN AFEM

In this section we describe the steps SOLVE and ESTIMATE of (1.1). We first establish
a two side bounds on the error of the energy, valid for any internal approximation
to the variational inequality, which is then specialized to the finite element approxi-
mations considered in the paper. The section concludes with an edge-residual based
a posteriori error estimate and proof of its reliability.
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4.1. Internal approximation. Internal discrete approximations to (2.8) are ob-
tained by solving (2.8) over a finite dimensional subspace H;, of H. The discrete
problem then consists in finding wy, = (up, pr, ) € Hj, such that

(4.1) b(zn — wn) < alwp, zn —wp) +Y(2n) — Y(wy) for all 2, € Hy,
which is also equivalent to the following minimization problem

(4.2) wy, = arg min J(zp) .

zn€Hp
Let 0 = C(e(u)—p) be the continuous stress field corresponding to w = (u,p, ) € H
solution of (2.8) and o, = C(e(uy) — pp) the discrete stress field associated with
wy, = (Up, Pr, ) € Hp, solution of (4.1). Then we have the following bounds on the
error of the energies.

13) o - oulld g < Tw) — J0w);
(4 ()~ J(w) < min a2 — ) — bz~ w) +¥(z) ~ ().

Proof of (4.3). From (4.1) with z = wy, since H;, C H, after some rearrangements
one obtains

éa(w —wp,w —wyp) < J(wp) — J(w).

Expressing a(x,y) from (2.5) in terms of o5, and o finally yields (4.3).

Proof of (4.4). Using the expression of J from (2.11), simple rearrangements show
1

(4.5) J(wn) = J(w) = Fa(wn +w, wp = w) = blwy, —w) +P(wn) = P(w).

Since 1/2a(wy, — w,wy, —w) > 0, (4.5) is bounded from above by the term

(4.6) a(wp, wp, — w) — b(wy, — w) + Y(wp) — P(w).

For every z,, (4.6) is also equal to

a(wp, wy, = 2n) = b(wn — z1) + ¥ (wp) =Y (21) +a(wn, zn —w) =b(zp —w) +P(21) =Y (w)
thus, accounting for (4.1), one obtains (4.4). O

4.2. SOLVE: Space discretization and the finite element method. For ap-
proximating (2.8) by the finite element method, we introduce a regular triangulation
T of Q C R? in the sense of Ciarlet [16, 2] in closed triangles such that (J;., K = €,
two distinct elements T" and 7" in 7 are either disjoint, or share the common edge
E, or a common vertex, that is, hanging nodes are not allowed. Let £ denote the
set of all edges in 7, N the set of nodes in 7 and K the subset of free nodes, i.e. the
set of nodes that do not belong to I'p. The set of interior edges of ) are denoted by
E(Q), the set of edges of the element T' by £(T'), whereas those that belong to the
Dirichlet and Neumann boundary are denoted by £(I'p) and £(I'w), respectively.
Also, we denote by wg the patch of elements having in common the edge E. We
use the symbols mg and my for the midpoint of the edge E' € £ and of the element
T € T, respectively. Given any edge F € £ we assign one fixed unit normal vg; for
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E e E(Tp)U&(I'N) we choose vy = v. In relation to vg we then define the elements
T, €T and T_ € T, with £ C 9T_ N 9Ty, depicted in Figure 3.

FIGURE 3. Definition of the finite element domains 7, and 7_ in
relation to vg

Furthermore, given F € £(£2) with unit normal vg and v a vector field defined in €2,
we denote by [v]g the jump of v across E in the direction vg, i.e.

v]g(z) =v|p, () —v|p_(x) forxz e Eand EC 0T_NOIT,.

For any subset w (patch, triangle, or edge), K(w) denotes the set of free nodes that
belong to w, whereas Py (w;R™) is the vector space of all algebraic polynomials with
values in R? for m = d and in R%*? for m = d x d, defined on w of total degree at
most k£ € N. Then,

P(T;R™) :={vp, € L®(Q;R™) : VT € T, vp|r € Pe(T;R™)}

represent the set of piecewise polynomials of degree at most k where piecewise is with
respect to the shape-regular triangulation 7; in general, the functions in Py (7 ; R?)
are discontinuous.

For all the aforementioned definitions, whenever necessary, we will adopt the sub-
script £ to mean that they refer to the triangulation 7, obtained after ¢ refinements.

For instance, let wy be a patch of elements of 7, ng_H(CSg) denotes the set of free
nodes in 7, that belong to the interior of wy.

The conforming finite element approximation of (2.8) is next obtained by considering
continuous piecewise affine functions
P = P(T;RHYNCELRY and V,:=P NV,

as approximation for the displacement field u, piecewise constant functions with
zero trace

Qo :={q € R(T;R?) : tr(q) = 0}
as approximation of the plastic strain p, and the space of piecewise constant functions

PO = P()(T, Rd>

for the approximation of the internal variables «.

For future derivations, we need to know that there exists a quasi-interpolation op-
erator J : V +— V, as in [6, 11] with the following properties for all ¢ € V and
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f e LY RY)
||v\7§0”L2(Q;RdXd) + ||h7f1(80 - \790)”L2(Q;Rd) < C||V90||L2(Q;Rdw) )

—1/2
wn 0= T)lemn < CIVelsazms

/Qf (o= Tp)dr < C||V90||L2(Q;Rdxd(z h2 gleiﬂgd If = a“%?(QZ;Rd))m ;
zel

where the constant C' depends only on the shape regularity of the mesh 7. In (4.7),
hr and hg denote the local mesh-sizes, with hr|r := hy := diam(7T") for T € T,
and hg|p := diam(FE), whereas h, := diam(€2,) defines the patch-size for each node
z € K. As for the definition of Q, for z € I, for each fixed node z € N'\ K we choose
a free node ((z) € K and let ((z) = z if z € K. In this way we realize a partition of
N in classes I(z) :={z € N : {(2) = z}. Let (¢.).en denote the nodal-shape basis
of the space P;, we then set

(4.8) P, = Z w, and Q,:={reQ:¢,(x) >0},
Cel(z)
with @ the closure of w. Given z € N, let
w, ={r€Q:p,(x)>0}={TeT:2€T},

Qz = U We .
£el(z)
See Figure 4 for an illustration of w, and €2,. The functions (¢, ).« realize a partition

of unity on 2 and are used to define J. For further details on the construction of
J we refer to [6].

then for z € IC,

We conclude this section by highlighting some properties of the finite element so-
lution. Assuming H, := V; x Qo X Py C H as finite element space, and under the
additional assumption that C and H are piecewise constant with respect to 7;, we
have

(4.9) J(we) = J(w) < (00 — 0,6(ve — u)) p2(raxay for all v, € V.
with w € ‘H and wy € H, solution of (2.8) and (4.1), respectively.

Proof of (4.9). Given w = (u, p, ) solution of (2.8), consider z, = (vy, q¢, B¢) € Hy
with (g, B¢)|r == 1/|T| [ j(p, @) dz. Then Jensen’s inequality gives

. 1 .
7(qe, Be) < 7 / j(p, ) dx,
Tl Jr
the integration over T" and the definition of ¥ from (2.7) yields
(4.10) P(ze) < p(w).

In the remaining terms of a(wy, w — z;) the differences p— ¢, and a — (3, have integral

mean zero over each element. Hence, (o4, p—q;) = 0 and (Hay, a— 3;) = 0 as C and

H are piecewise constant with respect to 7y, and |7, pe|r, and ay|r are constant
over each T' € 7;. These arguments and (4.10) in (4.4) show finally (4.9). O
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FIGURE 4. For the triangulation of {2 shown in Figure, by assigning
the fixed node 1 to the free node z, it is €2, = Q whereas w, := {1 €
T:2€eT}=Q\T.

4.3. Data oscillations. For the volume load f and mesh 7,, we define for j € K,
the patchwise oscillations of f as follows [§],

(4.11) oscf(f) =Y osc3 (f) with 0sc (f) = W3 |f = frelliaq, ey -

JEK,
Here f;, is the L?-projection of f onto the constant functions defined over €,
that is f;, = 1/]€; | fQ_[ fdx with Q,, from (4.8). Whenever we need to point

out the domain of definition, we will use the notations osc;¢(f;€2; ) for osc;.(f)
and oscy(f; Q) for osce(f). Furthermore, for 7y, obtained as refinement of 7, we
denote by osce1(f;€2;) the oscillations on the node patches of 7p4; contained in
the interior of €2;,, that is

(4.12) OSCngl(f; Qje) = Z OSC?,Hl(f; Qiet1)
iE/Cg+1(f02j’e)

with Cpi1(€2;,) defined in Section 4.2.
For the boundary tractions g on I'y we simply define

. 1/2
(413)  osci(g) = Y osc;plg) with osc} x(9) = (9 — 98)lIFe sz
EeE(TN)

where gg := 1/hg [, gds.

4.4. ESTIMATE: A posteriori error estimator and its reliability. For each
E €&, let

. 1/2
(4.14) Ne == (Z 77?5’)1/2 with 7 := HhE/ JE”%%E;Rd)a
Eec&y

13



and

(4.15) Jg:=4 0 if e &(lp),
g—ow if E€&[y).

Then there exists a positive constant C,..; depending on the Hook tensor C, hardening
moduli H, and regularity of the mesh such that there holds
(4.16) llo = oellle-r:a < Crea(ne + 0sce(f))

Proof of (4.16). Comparing (2.10) with the discrete counterpart shows that for J
defined in Section 4.2 and for all v € V, it is

(4.17) (Cf - U[,g(j(v)))LQ(Q;Rdxd) =0.

Combining (4.3) and (4.4), accounting for (4.9) and (4.17), after some rearrange-
ments and using the estimates (4.7) one obtains

o =allto< Y [ =gt Y [ gste-gerds

TeT Eeg

1/2
< ClIVel 2 rixa <(Z oscZ(f))/? + (Z HthE/QJEH%Z(E;Rd)) ) ;

zek Ee&

where e := u—uy and C'is the interpolation constant from (4.7). The Korn inequality
Vel L2@raxay < Crornlle(€) |l r2(rixay With Cger depending on © and I'p, the
bound |e(e)||r2(rixay < Cucllo — o4l r2(raxey from [23, 14] with Cyc depending
on the hardening moduli and the Hook tensor, and the inequality

lo = oell 2 @maxay < 1/VA[l|lo = oellle-ra
from (2.3) proves (4.16) with Cpe = 2CClkornCrc/VA.

Remark 4.1. Ezplicit expressions for the constant Cyc can be found in [14]. For
single yield surface with linear kinematic hardening, one obtains Cuc = 1/(2u)+2/k,
with k the hardening moduli.

5 THE MARK & REFINE sTep IN AFEM

This section presents the two basic ingredients of the adaptive algorithm (1.1): the
step MARK and REFINE, and then concludes with an example of an adaptive algorithm.

5.1. MARK: Marking strategies for error and data oscillation reduction.
Error and data oscillation reduction depend crucially on the strategy used to select
edges and node-patches to be refined. The idea is to give criteria that guarantee a
fixed reduction rate independent on the refinement level. In this paper we consider
the marking strategy introduced in [17] to enforce error reduction. Given © € (0,1),
we select a subset M, of & in the current triangulation 7, with

(5.1) o < Y g
EeMy
14



For the control of data oscillations, following [27, 28], we consider criteria similar to
(5.1). For the oscillations of f, given © €]0, 1[, we therefore select a set of nodes

I@g C K, such that for the associated patches there holds
(5.2) Orosc(f) < > osc.(f).

ZE/@@
In a similarAmanner, for the oscillations of the Neumann boundary traction, we
select a set E(I'y) C E(I'n) of edges E € &(I'y) with

(5-3) O405¢i(9) < ) 0s¢pl(g)-

Eeé)(Ty)

5.2. REFINE: Refinement rules and closure algorithm. It is important that
the triangles (marked for refinement) are divided according to some rules that insure
that the angles remain bounded away from 0 and 7. This is to avoid bad conditioning
of the stiffness matrix and large growth of the interpolation error, respectively [26,
33]. With each triangle T' € 7, we therefore associate an edge RE(T') referred to as
the reference edge of T', which can be the longest edge [33] or the one defined as in
Figure 5 according to how the element 7' is refined [7]. We then use the rule that
if the edge £ € T is marked, then one must mark also its reference edge RE(T),
and the type of refinement depends on the number of edges that are marked, if not
specified otherwise by requiring bisec5(T).

green blueR bluel

red bisec5

FI1GURE 5. Type of refinement rules for the triangular element 7'
The bold line denotes the reference edge for the children elements
after refinement of 7.

Finally, we call closure algorithm the procedure that enlarges the set of marked
edges so that using the above refinement rule we obtain a regular triangulation, i.e.
without hanging nodes.

5.3. Adaptive algorithm. Given an initial triangulation 7, with C and H constant
over each element T € 7,, we consider triangulations 7, built according to the
following algorithm.

15



Algorithm 5.1.
Input a coarse shape-reqular triangulation Ty of Q0 into triangles with set of edges
&, 0 < © < 1, and repeat (a) — (g).

(a) SOLVE: Solve the nonlinear discrete problem,

wy = arg min J(zy) and set oy := C(e(ug) — py) .
ze€EHy

(b) ESTIMATE: Given any E € & with measure hg, compute

0 = hE/ |Je?ds for each E € & and 1y = (Z ng)'?.
E

Ee&,
(c) MARK: Select a subset My of & in the current triangulation T, with

on < > np-
EeMy

(d) MARK: Control data oscillations osce(f) and osci(g) by selecting node- and edge-
patches according to (5.2) and (5.3), respectively.

(e) REFINE: Refine all the elements T with some edge in M, with bisect5(T)
(27, 9]; Red-refine the elements of the selected node- and edge-patches that have not
already been refined with bisect5(T).

(f) Run the closure algorithm with red-green-blue refinement [40]. Denote with Ty,
the resulting shape-reqular triangulation with associated discrete space Hpy 1.

(g) Set ¢ :=(+ 1 and go to (a).

Output discrete stress fields og, o1, ...0¢, ... in L*(; Rgl;,g) as approximation to
o =C(e(u) —p).

Remark 5.1. Notice that the algorithm is the same as in linear elasticity, for the
estimate n is related only to the norm of the residual in the equilibrium equations.

6. ENERGY REDUCTION, DATA OSCILLATION REDUCTION, AND CONVERGENCE
OF STRESSES

In this section we present the main results of the paper: energy reduction, data
oscillation reduction, and the strong convergence of the stresses (o¢)seny produced by
the Algorithm 5.1.

6.1. Energy reduction. With the energy J defined from (2.11) and &, := J(wy) —
J(w), the Algorithm 5.1 enforces a fixed rate reduction of the energy (up to control
of data oscillations). This means that for the family of triangulations 7, generated
by the Algorithm 5.1 there exist positive constants pg, C' with pg < 1, depending
on the regularity of the initial triangulation 75 and on the material parameters, such
that

(6.1) Ser1 < ppde + Closci(f) + osci(g)).

The proof of (6.1) relies on establishing first the following local discrete efficiency
estimates with positive constants C;, Cy, and C),, with C;, © = 1, 2 depending on the
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mesh regularity and C'; in addition on the smallest egeinvalue of the Hook tensor

C.

(6:2)[1h* (o] L2z < Carllloe = oesallle-rwp + Cimin [[hp(f = a)ll2wpmre)
(6.3)1h* (9 — oev)l|r2(rsy < Curllloe — oeslllc-rwp + Cimin [|hg(f = a)ll 2w

+ C2Hh}5/2(9 — 98) 2B -

This is possible provided that for the edge E € &, that is bisected, the elements
T € wg are refined with bisect5(T).

Proof of (6.2). In the design of 7y.1, the edge E € M, N E(Q) is bisected with the
creation of the node mp € Nyi; and of the inner nodes mr_, mr, € Ney1 (see
Figure 6(a)). We use the new scalar nodal basis functions ¢, Dmr, s Pmy With

(a) (b)

FIGURE 6. The inner node property for the elements 7" with the edge
E in the set M, defined by (5.1).

respect to Zp41 to define a function bg € span{ ¢y, P, > Gmy } with the following
properties

hp/2 fF=E,
Ty T E 0 if Fe&\{E}.

Such function by exists and has its support contained in
(6.5) wp:={T €T, Ec&T)}.
17



Given an arbitrary integer k, there are constants C;, Cy, which only depend on &
and on the shape regularity of the triangulation, such that the following inequalities
~1/2 1/2
1bp0] i ety < b0l 2mmsy,  1080] 2wemey < cahil [0l L2 (zma),
(6.6)
/ bEU -vds < ||U||%2(E;]Rd)
E
hold for all edges F € &, and all vector fields v with polynomials components of

degree at most k [39].
Define ¢ g := 2hg|owg|bg € Vi1 and since [oyvg] is constant along F one has

(6.7) ”h}E/Z[O—fVE]H%%E;Rd) = /[U«WE] - Ypds.
E

Integrating by parts, observing that divoy|r = 0 for T' € 7, bg vanishes over dwg
and outside wg, and accounting for (2.10) stated over V., and (6.4), for any a € R?
one arrives at

(6.8)
/E[agyE]-wEdSZ/WEag:a(wE)d:U:/WE(UZ—UZH):a(wE)d:EjL/ (f—a)-bpdz.

wg
with no contribution from g, as ¢y = 0 on 'y for E € £(2). Cauchy inequality, the
definition of 1, the estimates (6.6), and (2.3) yield the following bound for (6.8)

2c
6.9 i lowsll 2(mre (\/—%H@ — ot1llc-tiwp + 202||hE(f — a)HLQ(wE;Rd)) :

for every a € RY. Combining (6.9) with (6.7) concludes the proof of (6.2) with

Cy = % and C = 2¢y. O

Proof of (6.3). For E € M,NE(T'y), using ¢y, Gmy we define by € span{dm,, Gms}
upon the conditions

hg/2 it F=F,
T B 0 if Fe&\{FE}.
With br meeting the estimates (6.6) we set Vg := 2hpbrp(gr — o) with gg the

mean integral value of g along FF C T'y. Likewise the proof of (6.2), we write

(6.11) 1h2(g5 — o) ey = / (95 — o) - ds.
E

Integration by parts,(2.10) stated over V,,;, and (6.10) yields for every a € R?

/E (95— ow) - i ds = / (0es1 — 07): () der + / (95 — 9) - ds
(6.12) wE

—/wE(f—a)'@/)de-
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Cauchy inequality, the estimates (6.6), combined with (6.11) give
(6.13)

11 (95 = ov)llr2(mme) < 2e1/Alloe = ovillc-rs + 2¢2lhe(f = @)l 2(opme

+ 2||h}3/2(g — 98)||22(pray  for every a € R?.
Using (6.13) in the triangular inequality

(6.14) ||h}5/2(9 - UW)HL?(E;Rd) < ||h1/2(9 - 9E)||L2(E;Rd) + ||h}3/2(9E - UW)HH(E;RFI) )
proves finally (6.3) with Cy; = 201 , C1 = 2c9, and Cy = 3. O

Proof of (6.1). For the uniform convexity of J in ‘H and since 0 € 0J(w), one has
(6.15) gHw — w3, < J(wy) — J(w) .
From (4.9) and Young inequality it is also

J(we) = J(w) < (00 — 0,(up — u)) 2 (raxa)
(6.16) e
< lor = 0 gt + ol — el
Using (6.15) to bound (6.16) from above, one arrives at

1 K
Twe) = J(w) < 200 = 0l gan + e = will

(6.17)
1 1
= f“aﬁ 0”1:2(9 rixay T §(J(w€) —J(w)),
that is,
2 ) 2
618) S~ J(w) < olloc— ol ugun < 7ol ollEq.

where we have accounted for (2.2) and (2.3). The reliability estimate (4.16) in (6.18)
yields

(6.19) J(we) = J(w) < ACMZ(T}? +osc;(f))

and together with the bulk criterion (5 1) one obtains

(6.20) T~ J(w) < Ol St +osed(f
EEM[

Using the discrete efficiency estimates (6.2) and (6.3), and the finite overlap between
patches one arrives at

(6.21) J(we) — J(w) < aull|oe — oea| 31,0 + az(osci (f) + osci(g)) ,
with

=8C2,C4D/(OKA)
and

ay = max{8C%,C3D/(OKA), 4C,/(KA)(2C2D/O + 1)},
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where D € N accounts for the overlapping of the patches. Given the inequality
(6.22) lloe = oellle-ro < 20 (we) = J(wern))

as a result of (4.3) with H,y; in place of H, setting o, := J(w,) — J(w), and
dp1 := J(wep1) — J(w), from (6.21) one then obtains

1 a
(6.23) Ot < (1= 5 )0+ a—i(OSC?(f) +0s¢;(9))
which is (6.1) with pg:=1—1/a; and p = ay/a;. O

Remark 6.1. As for the possible values of pg, from the definition of ay, it results
0 < pp <1 with pg — 1 for Croq — o0, or Cyy — oo, or K — 0. These conditions
are associated with v — 1/2 and hardening moduli approaching to zero. The latter
condition corresponds to perfect plasticity that will be analysed in Section 6.4.

6.2. Data oscillation reduction. Equation (6.1) shows the convergence of the
energies provided that one can ensure for instance the data oscillation reduction, i.e.
the existence of positive constants py < 1 and p, < 1 depending on the regularity
of the initial triangulation 7, such that

(6.24) oscfﬂ(f) < pfoscﬁ(f),
and
(6.25) 05¢211(9) < pg053(g)

The conditions (6.24) and (6.25) follow, for instance, from the selection strategies
(5.2) and (5.3) along with red-refinement of the elements belonging to €2;, for j € Iy
and of those having an edge in &(I'y), respectively. Recall from Section 5.1 that

K, and c‘:’g(FN) denote the set of selected free node- and Neumann edge-patches
according to (5.2) and (5.3), respectively.

Proof of (6.24). The proof is given for steps.

1st step: Given j € K, and the node patch ;¢ of T;, we first relate the oscillations
on the refined patches oscj,(f;€2,) to the coarse one osc,(f; ;). Without loss

of generality, and to illustrate our arguments, we set j = 0 € K, and consider the
patch €, with all the elements red-refined shown in Figure 7.

By a careful consideration of the overlapping between the patches in 7,,; and with
the notation of Figure 7 we can write

6 7
6.26) 1f = forllFon = DN = forllian ey — DI = folliaem )
: 1=0 =1

- 2||-f - f07z||%2(907[+1) - ||f - f07£||%2(T4’g+1) :
Noting that

7
. 1f = foelZz@epn T D NF = fodlltoi o < IF = follFan -
. =1

1f = follZag oy + 1 = foellZoer, oy < IF = foell 22y
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FIGURE 7. The node patch €, is red-refined with creation of new
nodes of Ky, 1. The segment AB is part of I'p and the fix node A has
been assigned to the free node 0.

after combining (6.27) and (6.26) and some rearrangements we obtain

(6.28) D F = fosllieay i <315 = forlliaan

=0

Since fi o1 is the L? projection of f onto the space of constant functions defined
over €); .41 we have also

6 6
Z If = fienillFo, 00 < Z If = foellZzg, )
=0 i=0

that together with (6.28) yields

6
(6.29) SO = Felliag, o < BIF = foell T2 -
1=0

If we set h o411 = aphoy for 0 < i < 6 and g €]0, 1] to be chosen later, then we have

6
(6.30) Z h?,e“Hf - fi,e+1||%2(9i,z+1) < 3043 hg,z 1f — fo,ff”%?((zo,e)
i=0

that is, for j € K, we obtain the following bound
(6.31) osc?H(f; Q) < 3ap osc?yg(f; Q).

2nd Step: We now relate the oscillations osc7, (f;Q;,) to osc;(f;Q;,) for the node
patches not selected for the control of the volume oscillation. Following arguments

similar to the previous step, it is not difficult to realize that for j € K\ K, there
holds

(6.32) oscy 1 (f; Q) < 0sc? ,(f: Q) -
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3rd Step: Since only the node patches with j € K, are refined for oscillation control,
using (6.31) and (6.32) we can write

OSC?—H(.}C; ) = Z OSC?‘H (/3 )

JEK,

(6.33) - Z 0sciyy (f; Q) + Z oschy 1 (f3 )

jeke JEK\K,
< 3a] Z 05 o(f3 Q) + Z 0sc5 o(f3Qj0) -
j€]€g jEICZ\K:Z
Adding and subtracting »_. ¢ osc?,(f; ;) on the right hand side of (6.33), the

bulk criterion (5.2) for volume oscillation control, and o €]0, v/3/3[ so that 3a2—1 <
0 yield

0scfy (f) < oscf(f19Q) + (3ag — 1) > osc? ,(f; Q)
(6.34) jeke
< (1—(1—=30)0p)osci (f;9).

Let p; = (1 — (1 — 3a2)©;), we complete the proof by choosing oy €]0,v/3/3]
and O €]0,1[ so that py < 1. This is, for instance the case, with ap = 1/2 and
0,=1/2. O
Proof of (6.25). Apply similar arguments as for (6.24). O

6.3. Convergence of stresses. We recall that a sequence (y,,)nen of real nonneg-
ative numbers convergent to zero is said to be R—linear convergent if it is bounded
from above by a (Q—linear infinitesimal convergent sequence (z,)nen [31], that is,
where for r €]0, 1] it is

Zne1 < 1z, for all n sufficiently large .

From (4.3) and (6.1), after some rearrangements, by induction we obtain

(6.35) o = aellle-ra < 2(v/pE) Voo + 2C(¢ —1)p" F oscy,

with 0 < p = max{\/pg, \/pr, \/Pg} < 1 and oscf = oscj(f) + oscj(g). Equation
(6.35) shows the error on the stresses being bounded from above by the sum of two
linear convergent sequences, proving so the R—linear convergence of the stresses
with respect to the numeber ¢ of refinements.

6.4. Perfect Plasticity. As pointed out in Remark 6.1, for vanishing hardening
moduli pg — 1. As a result, one cannot conclude neither the energy reduction nor
the R—linear convergence of the stresses. Furthermore, neither the primal formu-
lation nor the displacement formulation are well posed using the Sobolev space V'
for the deformation u, but one must use the space of the bounded deformations,
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i.e. the space of the vector functions that are integrable and with the corresponding
strains being bounded measures [35]. Using a standard result of convex analysis
for W convex, Cl(]szjnci), and with Lipschitz derivative, the energy density W for
perfect plasticity meets the following inequalities (see [22, Exercise 2.7] and [9] for

a direct proof of the inequality)
1

(636) 5’0’1 — 0'2‘(%71 S (0'1 — 0'2)1 (€1 — 82)
1
(637) 5’01 - 0'2‘(%:71 S W(gl) — W(€2) — 09 . (81 — 62) y

with o, := DW/De|._., i = 1,2.

Strong convergence of stresses obtained by the displacement formulation can be
however established under the assumption that « € V. Under this condition, then
we can state

(6.38) u = arg min /QW(s(v)) dx—b(v) and uy = arg min /QW(E(W) dx—b(vy),

veV veEVy
and it is also
(6.39) (0 — 00, e(ve)) L2(maxay = 0 for all v, € V.
Integration over € of both sides of (6.36) with £ = £(u) and €2 = ¢(uy), and (6.39)
yield

(6.40) mU—wm@wg;Lw—awwdu—Jw»»

with the quasinterpolation operator J defined in Section 4.2. Following similar
arguments as in Section 4.4 we then obtain the following estimate

(6.41) llo = oelllg-10 < Cne + osee(f))
where we employ the boundeness of || Dul|j2(qraxa).

Remark 6.2. Notice the loss of the exponent in the reliability estimate (6.41) com-
pared to (4.16).

The bulk criterion (5.1) and the local discrete efficiency estimates (6.2) and (6.3),
together with the bound

(6.42) lowes — oellEr g < Tr) — (uesa)
yield in (6.41) the following
(6.43) llo = oell2-1,0 < C((I (we) = I (ue1))"* + osce(f) + osce(g))

The bound (6.42) is obtained using twice (6.37) with £; and e5 as e(uy) and = e(ug41)
and integrating over €.

Since &y := J(uy) — J(u) is a monotone decreasing sequence of non negative real
numbers, it is a Cauchy sequence, that is

%Hﬂ ((5@ — (54+1) = O,
that together with (6.43) delivers the convergence of the stresses provided that
oscy — 0 as £ — oc.
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7. NUMERICAL EXAMPLES

For vanishing data oscillations such as in the case of f = const and g = const
considered in the numerical examples of this section, the Algorithm 5.1 can be
simplified as follows

Algorithm 7.1.

Input a coarse shape-reqular triangulation 7y of Q into triangles with set of edges
&, 0 < © < 1, and repeat (a) — (f).

(a) SOLVE: Solve the nonlinear discrete problem,

wy = arg min J(z) and set oy := C(e(ug) — py) -
zeEHy

(b) ESTIMATE: Given any E € & with measure hg, compute

Tﬁg, = hE/ \JE|2ds for each E € & and n, = (Z Wf%;)l/2-
E

Ee&y
(c) MARK: Select a subset My of & in the current triangulation T, with
on < > np
EeM,

(d) REFINE: Red-refine all the elements T with some edge in M,.

(e) Run the closure algorithm with red-green-blue refinement [40]. Denote with Ty q
the resulting shape-reqular triangulation with associated discrete space Hpyq.

(f) Set £ :={+1 and go to (a).

Output discrete stress fields og, o1, ...0¢, ... in L*(; ngxn‘i) as approximation to
o = C(e(u) - p).

The main and substantial difference consists in removing the inner node property,
i.e. the use of bisec5(T) for the elements marked for error reduction. An adaption
of the proof of (6.2) and (6.3) using the edge based discrete function ¢,,, shows the
following local discrete efficiency estimate

2
12 Tall 2 mmey < Corllloe = oes et

with wg from (6.5). Following the arguments used for proving (6.1) and (6.35), one
can easily obtain the energy reduction and R—linear convergence of the stresses for
the Algorithm 7.1.

Remark 7.1. In the implementation of the step MARK, we first sort the edges in
decreasing order according to the value of their contribution ng to the estimate 1,
and then pick the first one that realize the condition (c).

The reliability constant that enters the estimate (6.41) depends on the regularity
of the initial mesh, and the material properties. Since the adopted refinement rules
preserve this regularity also for the refined meshes [7], and the material constants are
constant during the refinement process, in the examples of this section we compare
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the convergence rate of n from (4.14) with respect to the number of degrees of
freedom and of refinement loops for uniform and adaptive refinements according to
Algorithm 7.1 and Algorithm 7.2 given below. The latter uses the max refinement
rule (1.2) as step MARK and is defined as follows.

Algorithm 7.2.
Input a coarse shape-reqular triangulation 7y of Q) into triangles with set of edges
&, 0 < © < 1, and repeat (a) — (f).

(a) SOLVE: Solve the nonlinear discrete problem,
wy = arg min J(z) and set oy := C(e(ug) — py) -
zeEHy
(b) ESTIMATE: Given any E € & with measure hg, compute

ng = hE/ |Je|*ds for each E € &.
E

(c) MARK: Select a subset My of & in the current triangulation T, with
(7.1) Omaxnp < ng forall E € M,.
Feé&y

(d) REFINE: Red-refine all the elements T with some edge in M,.

(e) Run the closure algorithm with red-green-blue refinement [40]. Denote with Ty q
the resulting shape-reqular triangulation with associated discrete space Hyyq.

(f) Set £ :={+1 and go to (a).

Output discrete stress fields ag, o1, ...00, ... in L*(§; R‘Sj;,g) as approximation to
o= C(e(u) — p).

Remark 7.2. We recall that the issue of convergence for the Algorithm 7.2 remains
still unsolved for higher dimensions for elliptic problems [1].

In the first two examples of this section we consider the model of multiyield plasticity
described in Section 3.3. For the algorithmic details of the solution of the incremental
constitutive value problem by an alternating direction algorithm we refer to [3]. The
last example describes the AFEM for a benchmark problem with perfect plasticity.

7.1. L-shape domain.

We consider the L-shape domain © = (0,1)%\ (0,0.5)? with vanishing volume force
f, boundary conditions, and material properties depicted in Figure 8 together with
the coarse mesh 7.

For this problem the exact solution is not known. For linear elastic behaviour singu-
larities of the solution are localized at the reentrant corner and at the discontinuity
of the type of boundary conditions, that is, at the points (1,0) and (2,0). We there-
fore expect a similar behaviour also in the case of incremental plasticity, with first
plastic loading in the neighborhood of the singular points, and then spreading over
the other parts of the domain that have remained elastic. Given the non uniform
distribution of the strain, we want to investigate the adaptive finite element algo-
rithms described in this section as tool to capture the singular zones and by product
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FiGure 8. Example 7.1: Geometry for the L-shape domain with
Dirichlet boundary conditions up = 0 on I'p and applied load g, = 5
on the boundary I'yy at y = 2. The reentrant corner, and the discon-
tinuity points (1,0) and (2,0) represent singularity points.

to improve the convergence compared to uniform refinements. With this regard,
Figure 9 compares the convergence rates of n for uniform and adaptive refinements
based on (1.3) and (1.2). We notice that the uniform mesh-refinement converges
only sub-optimally due to the poor regularity of the solution, as expected, while
the adaptive mesh-refinements realised both by the Algorithm 7.1 and Algorithm
7.2 recover optimal convergence rates, also on occurrence of plastic deformations.
Figure 10, on the other hand, compares the performance of the two algorithms in
terms of the number of refinement loops necessary to reduce the error of a fixed frac-
tion. Here we notice the better performance of the adaptive algorithm based on the
bulk criterion. Furthermore, the Algorithm 7.1 shows a (Q—linear convergence rate,
despite our theoretical findings of R—linear convergence rate. Finally, Figure 11 de-
picts the triangulations generated with the Algorithm 7.1 superimposed to the plot
of the plastic zones showing a local higher refinements towards the reentrant corner
where also the second yield surface is activated and at the discontinuity points of
the type of boundary conditions. Figure

7.2. Cook’s membrane problem.

The problem consists of a trapezoidal plate clamped on one end and loaded by a
uniformly distributed in-plane bending load on the other end, as shown in Figure
12. We consider the same material model as in the previous example, with material
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FiGURE 9. Example 7.1: Convergence history of 7, for uniform and
adaptive finite element refinements based on the bulk criterion (1.3)
computed by Algorithm 7.1 with ©® = 0.5, and on the max refinement
rule (1.2) computed by Algorithm 7.2 with © = 0.5. Each adaptive
algorithm performs with a convergence rate with respect to the num-
ber of degree of freedom of about 0.5 in contrast to 0.3 for uniform
refinement. This corresponds to the empirical convergence rate of 1
and 0.6, respectively, with respect to a (uniform) mesh size h.

parameters reported also in Figure 12. The applied load is such that the two yield
surfaces are activated.

Likewise the previous example, we test the performance of the adaptive finite element
Algorithms 7.1 and 7.2. Both the algorithms lead to a slightly better order of
experimental convergence displayed in Figure 13 compared to uniform refinement.
Figure 14, on the other hand, compares the convergence rate with respect to the
number of refinement loops displaying a linear convergence rate for Algorithm 7.1 as
opposite to the one displayed by the AFEM based on the max refinement rule. The
triangulations generated by the Algorithm 7.1 based on 7, reported in Figure 15,
show local mesh refinement towards the upper left corner where a change of the type
of boundary conditions causes a singularity, and at the right end where point loads
are applied.

7.3. Finite strip with a hole: perfect plasticity.

In this example, we consider the benchmark problem with perfect plasticity de-
scribed in [36]. The geometry and material properties are shown in Figure 16.
Since the applied load p is lower than the critical load p., in correspondence of which
slip lines can occur, we can formulate our problem in the functional setting of the
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FiGure 10. Example 7.1: Convergence history of 7, with respect to
the number of refinement loops for the adaptive finite element refine-
ments based on the bulk criterion (1.3) computed by Algorithm 7.1
with © = 0.5, and on the max refinement rule (1.2) computed by Al-
gorithm 7.2 with © = 0.5. The AFEM based on (1.3) performs with a
linear convergence rate which is better than the one displayed by the
AFEM based on (1.2).

Sobolev spaces. Convergence rate of 1, for uniform and the adaptive finite element
refinements based on the bulk criterion (1.3) and on the max refinement rule (1.2)
are displayed in Figure 17. Both the adaptive algorithms improve the convergence
rate in contrast to uniform refinement. Figure 18 compares the convergence rate
for the two Algorithms 7.1 and 7.2 with respect to the number of refinement loops,
showing the better performance of the Algorithm 7.1 based on the bulk criterion.
Though not implied by our theoretical findings, the Algorithm 7.1 displays a linear
convergence also in the case of perfect plasticity.

8. CONCLUDING REMARKS

In this paper we have established an adaptive finite element algorithm (Algorithm 5.1)
based on the bulk criterion introduced by [17] for the solution of a variational in-
equality of second kind. The latter serves as model of one time step of the primal
probem of elastoplasticity with positive hardening and perfect plasticity. Our main
theoretical findings can be summarized as follows:

(i) node-patch oscillation reduction: With the oscillations defined by (4.11) and
(4.13), there exist positive constants py < 1 and p, < 1, depending on the regularity

28



of the initial triangulation 7y, such that

oscy 1 (f) < prosci(f) and  osci4(g) < pgosci(g) -

(7i) energy reduction: There exist positive constants pg, C' with pg < 1, and
p =max {pg, pr, pg} < 1, depending on the regularity of the initial triangulation
7y and on the material parameters, such that

60 < pldo + C(0—1)p"tosca

where we have set oscZ = osc3(f) + osc3(g).
(1i1) R—linear convergence of the stresses: With the previous notations, there holds

llo = elllc-ro < 2(v/PE)" V8o + 20( = 1)p" osco

For perfect plasticity, we prove only the convergence of the stresses, though our
numerical results display a linear convergence rate also in this case.

In comparing numerically the performance of the AFEM with the step MARK based
on (1.2) and on (1.3), we verify for both the algorithms an improved convergence
rate with respect to the number of degree of freedom compared to the uniform
refinement. In evaluating the convergence with respect to the number of refinement
loops, on the other hand, we observe that the AFEM based on (1.3) displays a better
convergence rate than the one displayed using the max refinement rule, currently
used in the engineering literature.

In conclusion, the theoretical analysis given in this paper together with our numerical
experiments suggest the better performance of the AFEM with the step MARK based
on (1.3) compared to the one using (1.2), frequently adopted in practice. The
implementation of (1.3) also does not incure additional efforts compared to the use
of (1.2).
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FIGURE 11. Example 7.1 Adapted triangulations
Ty, 11, Ty, Tg, 13, T2 for the L-shape domain generated by the
Algorithm 7.1 with © = 1/2. Notice the local higher refinement
towards the reentrant corner and at the the points (1,0) and (2,0)
where change of type of boundary conditions occur. The second
yield surface is activated in the neighborhood of the reentrant corner
and around the point (1,0). For visualization reason, 7;5 does not
visualize the underlying mesh. Color legend: black=elastic, dark
gray=first yield activated, light gfggyzsecond yield activated.
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FiGUure 12. Example 7.2: Geometry for the Cook membrane with
up = 0 on I'p and applied load g = (0, g,) on the part of I'y with
equation x = 48.
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F1GURE 13. Example 7.2: Convergence history of 7, for uniform and
adaptive finite element refinements based on the bulk criterion (1.3)
computed by Algorithm 7.1 with ©® = 0.5, and on the max refinement
rule (1.2) computed by Algorithm 7.2 with © = 0.5. Each adaptive
algorithm performs with a convergence rate with respect to the num-
ber of degree of freedom of about 0.5 in contrast to 0.3 for uniform
refinement. This corresponds to the empirical convergence rate of 1
and 0.6, respectively, with respect to a (uniform) mesh size h.
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F1GURE 14. Example 7.2: Convergence history of 7, with respect to
the number of refinement loops for the adaptive finite element refine-
ments based on the bulk criterion (1.3) computed by Algorithm 7.1
with © = 0.5, and on the max refinement rule (1.2) computed by Al-
gorithm 7.2 with © = 0.5. The AFEM based on (1.3) performs with
a linear convergence rate that is better than the one displayed by the
AFEM based on (1.2).
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FIGURE 15. Example 7.2: Adapted triangulations
Ty, T1, Ty, Tg, 77, 79 for the Cook’s membrane generated with
the Algorithm 7.1 with © = 1/2. Notice a local higher refinement
towards the upper left corner where change of boundary condition
soccur and at the right end where point loads are applied. For
visualization reason, 7y does not visualize the underlying mesh.
Color legend: black=elastic, dark gray=first yield activated, light
gray=second yield activated. 36
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E =206899.94 v =0.29
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FIGURE 16. Example 7.3: Geometry for a rectangular domain with
a hole under plane strain condition and using perfect plasticity [36].
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F1GURE 17. Example 7.3: Convergence history of 1, for uniform and
adaptive finite element refinements based on the bulk criterion (1.3)
computed by Algorithm 7.1 with © = 0.5, and on the max refinement
rule (1.2) computed by Algorithm 7.2 with © = 0.5. Each adaptive
algorithm performs with a convergence rate with respect to the num-
ber of degree of freedom of about 0.5 in contrast to 0.25 for uniform
refinement. This corresponds to the empirical convergence rate of 1
and 0.5, respectively, with respect to a (uniform) mesh size h.
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F1GURE 18. Example 7.3: Convergence history of 7, with respect to
the number of refinement loops for the adaptive finite element refine-
ments based on the bulk criterion (1.3) computed by Algorithm 7.1
with © = 0.5, and on the max refinement rule (1.2) computed by Al-
gorithm 7.2 with © = 0.5). The AFEM based on (1.3) performs with
a linear convergence rate that is better than the one displayed by the

AFEM based on (1.2).
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