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Abstract

We show that continuum models for ideal plasticity can be obtained as a rigorous
mathematical limit starting from a discrete microscopic model describing a visco-
elastic crystal lattice with quenched disorder. The constitutive structure changes as
aresult of two concurrent limiting procedures: the vanishing-viscosity limit and the
discrete-to-continuum limit. In the course of these limits a non-convex elastic prob-
lem transforms into a convex elastic problem while the quadratic rate-dependent
dissipation of visco-elastic lattice transforms into a singular rate-independent dis-
sipation of an ideally plastic solid. In order to emphasize our ideas we employ
in our proofs the simplest prototypical system mimicking the phenomenology of
transformational plasticity in shape-memory alloys. The approach, however, is suf-
ficiently general that it can be used for similar reductions in the cases of more
general plasticity and damage models.

1. Introduction

Continuum models involving rate-independent hysteresis appear in various
solid mechanics problems ranging from friction and earthquakes to plasticity and
damage. Typically, the associated systems of phenomenological equations contain
empirical functions characterizing failure thresholds and the hardening rates. In
sharp contrast to elastic moduli, these characteristics of out-of-equilibrium behav-
ior can rarely be rigorously linked to the structure of the underlining small-scale
system. The main difficulty originates from the fact that at finite temperature the
mesoscopic dissipation is necessarily rate dependent (see for example [44]) while
the observed macroscopic dissipation may be rate independent. This means that the
correct coarse graining, implying an averaging of the mesoscopic time and space
scales, must necessarily involve the basic change of the model structure. We use the
notion “mesoscopic” here to indicate that we are interested in inherently discrete
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phenomena at a scale that is larger than the microscopic level (atomistic length
scale) but still smaller that the macroscopic level of a sample.

To be more precise, we need to understand the limiting transition from models
with quadratic dissipative potentials of the Onsager type (employed in modeling
kinetics of lattice defects) to models with singular dissipative potentials used in
the description of rate-independent dissipative processes (continuum plasticity).
The main physical ingredients of such a limit were identified in [53], and here we
present the first mathematical limit analysis of the corresponding discrete system
leading to a system of partial differential equations in space and time.

The foundations of the general phenomenological theory of rate-independent
systems have been set in [23,36] (see also [14,18,21,43,45,47]). For our models
we need to consider the nonconvex version of the theory which can be treated in
the framework of the general concept of energetic rate-independent systems (ERIS)
introduced in [35,38]. This approach has been already used in the description of
fracture [11,12], plasticity [8,9,29], delamination [25,55], damage [4,17,19] and
phase transformations [24,38,54,62].

The microscopic models in all these areas rely on the existence of characteristic
defects carrying inelastic deformation (for example dislocations, phase boundaries,
fracture fronts, etc.) The microscopic dynamics of the individual defects is under-
stood only in simplified settings and their interaction is so complex that a detailed
bridge in the sense of rigorous coarse graining of quantum mechanical or atomistic
models does not seem feasible. In this situation turning to simple prototypical mes-
oscopic models, like the extremely schematic one discussed in this paper, still offers
mathematical and physical insight. The fundamental value lies in the identification
of spatial and temporal scales whose averaging ensures the transition between the
two different dissipative mechanisms.

In the framework of plasticity, the microscopic origin of rate-independent dis-
sipation was first studied by using models describing a single particle on a periodic
landscape (for example [10,48]). Later, such models were applied to a wide range of
rate-independent dissipative phenomena from charge density waves and friction to
phase transitions [7,16,20,22,46,58]. The study of discrete chain of particles cou-
pled through bi-stable springs (sometimes also called soft spins) represents the next
level of schematization allowing one to model realistic hysteretic behavior without
explicitly introducing a periodic landscape [15,39,51,53,63]. Higher-dimensional
models with bi-stable or multi-stable springs allow one to go much further and study
pinning—depinning transitions, criticality and power-law structure of fluctuations,
for example [49,56].

Despite the considerable literature on the subject, only few attempts have been
made for bridging the gap between viscous and rate-independent systems by rigor-
ous mathematical analysis. In the simplest zero-dimensional case (a single “mass
point” in a multi-dimensional configurational space) hysteretic models have been
derived in [1,30,57,59] starting from macroscopic potentials with superimposed
microscopic periodic perturbations. In the present paper we establish exact conver-
gence results for the simplest one-dimensional system (a chain of “mass points”
having both configurational and spatial dimensions). Already, here we are con-
fronted with several major mathematical difficulties associated with coarse graining
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in both space and time, and we expect that some of our techniques are also useful
for more general systems. In this relation we mention that somewhat related models
for crack propagation, which also rely on the passage from a viscous system to a
rate-independent one, have been recently considered in [26,28,40].

In mechanical terms our meso-scale model can be viewed as a quasi-statically
driven discrete chain of bi-stable, visco-elastic springs and our goal is to obtain,
in the slow-loading limit, a coarse-grained model that is equivalent to continuum
rate-independent plasticity. The main ingredient of the discrete model making this
reduction possible is the rugged energy landscape incorporating some quenched
irregularity. Due to quasistatic external driving, our system remains in a local equi-
librium (metastable state) until it is forced to undergo a fast transition from an
unstable state to a new metastable state. An important conclusion of our work is
that the energy dissipated by viscosity during such fast transitions can be described
in the continuum limit by a dissipation potential that is a homogeneous function
of degree one. Some formal computations justifying this limit have been presented
in [53]. In particular, it was realized that the transition from a viscous to a plastic
model must involve simultaneous averaging over the fast relaxational time scale
and homogenization over spatial discreteness. In this paper we provide a first rig-
orous analysis of the discrete dynamical system and show that in order to obtain
in the limit a spatially nontrivial rate-independent plasticity it is necessary to intro-
duce disorder. Previously, disorder has been used to obtain hardening and generate
realistic inner hysteresis loops for a bi-stable chain viewed as a mass-point system
in the high dimensional phase space, see [52].

In mathematical terms, our starting point is a constrained gradient system sys-
tem of N ordinary differential equations, where the constraint makes the system
non-autonomous through time-dependent applied displacement on the boundary
(that is, a hard loading device). We first identify two main small parameters which
control the dynamics. The parameter § is the rate of viscous relaxation on the time
scale of the loading. This parameter goes to O either when driving is quasi-static
or when the internal relaxation is fast. The second small parameter ¢ = 1/N is the
normalized reference length of the bi-stable springs, which prescribes the scale of
the inhomogeneity.

By performing a series of numerical experiments (see Section 2.2) we motivate
the need of a third parameter that breaks the permutational symmetry arising from
the original spatial homogeneity. Indeed, given that the coupling between differ-
ent elastic units is only through a mean-field, the system with identical springs
is highly degenerate and is predisposed to the Neishtadt type phenomena [42] of
delayed bifurcation. Hence, we introduce random inhomogeneity characterized
by its variance r. We fix a finite value »r > 0 and focus on the double limit:
first § — 0, then ¢ — 0. Our main result is that in this limit the original finite
dimensional visco-elastic system converges in some well defined sense to an infi-
nite-dimensional continuum model describing elastoplasticity and exhibiting rate-
independent hysteretic behavior.

The constitutive structure changes as a result of two concurrent limiting pro-
cedures: the vanishing-viscosity limit and the discrete-to-continuum limit. In the
course of these limits a non-convex elastic energy functional, formulated in terms
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of mesoscopic strains, transforms into a convex elastic energy in terms of two mac-
roscopic variables, namely the macroscopic elastic strain and the averaged phase
indicators, which we interpret as plastic strain. Simultaneously, the quadratic rate-
dependent dissipation of the visco-elastic lattice, which is given in terms of the rate
of mesoscopic strains, transforms into a singular rate-independent dissipation of an
ideally plastic solid (given in terms of the rate of the plastic strain). As intermediate
constructions we encounter jump discontinuities in time and parametric measure-
valued solutions in space. The proof of convergence involves three main steps. The
first step is the reduction of a finite-dimensional ODE gradient system to a discrete
automaton, which prescribes a truly quasi-static evolution on the time-dependent
set of local energy minima. In the second step this automaton is reformulated as an
ERIS characterized by an energy functional and a dissipation distance. The third
step is the discrete-to-continuum passage in the spirit of I'-convergence for ERIS,
see [37]. Here we exploit the Young measures generated through the disorder and
thus are able to pass to the limit in both the energy functional and the dissipation
potential.

The paper is organized as follows. In Sections 2 and 3 we set the general dynamic
problem for the overdamped ODE system and present the results of direct numeri-
cal simulations justifying the subsequent regularization through quenched disorder.
We then define the macroscopic variables by embedding the discrete system into
L2(2) where Q = 10, 1] is the reference configuration of a continuum bar. Most
of the rigorous analysis is done under the assumption that the spring potential ®
is bi-quadratic, that the total length £ of the chain (Dirichlet loading) is piecewise
monotone with |é(t)| = L > 0 almost everywhere, and that the body forces gext
are time independent, see (3.7). These assumptions are not essential and are used
only to make calculations simpler and the proofs more transparent.

In Section 4 we deal with the vanishing-viscosity limit § — 0 for fixed e.
We present careful estimates comparing the viscous solutions to the limiting dis-
crete automaton, which is rate independent. The control of the phase state in the
individual springs is possible because both the quenched (that is independent of
time) disorder and the dynamics are consistent with a suitable ordering property,
see (4.2); this property is analogous to the no-passing property in the depinning
dynamics, see [31]. We show that the evolution of ordered states splits into periods
of slow conservative evolution along a branch of the family of equilibria and rapid
dissipative transitions between different branches. In the zero viscosity limit the
dissipative stages can be replaced by jump discontinuities in isolated moments of
time. We show that the limiting system can be reformulated as ERIS, and we can
take advantage of the fact that the energetic solutions (see Definition (4.3)) are
controlled only by the energy functional and the dissipation potential, rather than
by their derivatives.

In Section 5 the limite = 1/N — 0 is obtained through embedding the system
into 2 = L2()? and controlling the joint Young measures for elastic and plastic
strains. The convergence to the limiting plasticity model is interpreted in terms of
I"-convergence of energetic rate-independent systems by using the methods devel-
oped in [37]. In Section 5.3 we show that in the case of a bi-quadratic potential a
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more general double limit (g, §) — (0, 0) with § < iy ¢ for some «, > 0 produces
the same plasticity model and we do not expect the restriction § < i & to be sharp.
In Section 6 we return to the case of general (not necessarily bi-quadratic) poten-
tials ® and general time-dependent body forces. We first study the ordered double
limit “lim,_, ¢ lims_.o”" and present a formal calculation showing how the effective
dissipation potential and the effective stored-energy density can be obtained from
the microscopic elastic potential and the probability distribution of the quenched
disorder. We then sketch the proof of the convergence, heavily relying on the cor-
responding proofs in the case of bi-quadratic potential. Finally, in Section 6.5 we
briefly discuss convergence along more general sequences in the (¢, §) plane.

2. Setup and Modeling

2.1. Description of the Discrete Mesoscopic Model

Consider a macroscopic interval [0, 1] containing N —1 massless particles at
the reference positions xj.v = j/N,j=1,..., N—1. The boundary points j = 0
and j = N are assumed to be controlled and undergoing prescribed displacements.
The remaining points are linked in series by N identical bi-stable springs, which
we call simply snap-springs from now on. The chain is springs is depicted in Fig. 1.

The most important ingredient of the model is the bi-stability of the individual
elastic springs. To be more precise we write the normalized elastic energy of the
chain in the form

N

. 1

Ee) = N_le(ej) withe = (ey, ..., en) € RV,
j:

where e is the strain in the jth snap-spring. We assume that the elastic energy of
a snap-spring ® : R — R is a non-convex two-well potential. This means that
the function ¢ = @’ is decreasing on the interval ]e,, et [, which is called spin-
odal region. Moreover, we assume that ¢ is strictly increasing on the two intervals
]—oo, e_[ and ]e+, oo[, representing phase “+” and phase “—”, respectively (see
Fig. 2). We can formally define the corresponding energy wells by setting

or = dles) > o = pley).

For future convenience we denote by ¥4 : [o_,00[ — [es, 00 and ¥_; :
|00, 04] = ]—00, e_] the inverse functions of ¢ : [e4, o[ — |o—, oo[ and

| | |
I I I
€j-1 € €j+l

Fig. 1. Viscoelastic chain with “massless points” (black), bi-stable springs, and viscous
dashpots
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Fig. 2. Left non-monotone stress—strain relation o = ¢(e). Right two branches ¥4 | and
¥_1 of the inverse strain—stress relation

¢ : |—00,e_] = ]|—00, 04 ], respectively. We also define €% = v41(04) > ey
and e* = ¢¥_1(0_) < e_ (see Fig. 2).

In what follows a prominent role will be played by a particular bi-quadratic
potential

Dpig(e) i= gmin{(e+a)2, (e—a)?}, 2.1)
giving

) | k(e+a) fore <0,
Pia(€) =1 4 (o—a) fore > 0.

Note that in this case ¢ is not continuous at e = 0, where ¢ can take the value either
ka or —ka. For the bi-quadratic energy ®y;q we find

1
ex =0, €} =+2a, oy = tka, I/fil(a)zzo:l:a.

We impose a time-dependent Dirichlet boundary condition (hard device) rep-
resenting external control of the total average strain £, namely

N
1 ~ .
%E(e):zﬁjzzlej(r)zw) withe = 1/N and e=(ey,...,en) € RV,
(2.2)

In addition, the chain is loaded by a time-dependent macroscopic body force with
potential

_ JIN
G(z. j/N) :/o Zext(T, y)dy, (2.3)

and the total energy of the chain can be written as

. 1< ~ _
Fre) = D (dD(e.,') + G, j/N)ej). (2.4)

j=1
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The normalization is such that in the continuum limit (see below) this expression
converges to

1

1
/ @ (uy (x)) + G (T, X)uy (x) dx =/ D (e (%)) — ext (T, X)u(x)dx,
0 0

if u(1) = 0. Note that our Dirichlet conditions impose only u (7, 1) —u(t, 0) = Z(r)
such that translation invariance allows us to fix any one of the ends.

In the framework of quasi-static elasticity the mechanical problem for the driven
chain reduces to the minimization of the energy &(t, e) for each t. Due to bi-
stability of the individual springs the number of critical points is exponentially
large with respect to N, which shows that &(z, -) has a wiggly energy landscape.
One can also expect that the corresponding metastable (local minimum) branches
e(7) are not continuous with respect to the parameter t. In this situation, knowledge
of the dynamics is necessary to uniquely define the evolution of the system.

In the overdamped, viscous case (see [13] for the inertial limit) the dissipative
forces are obtained as the differential of a dissipation potential Z(¢é). Taking into
account the constraint ¢, (e) = 17 (1), see (2.2), we find the following abstract force
balance:

0 =DsZ(é) + D& (1, e) —5(1)DC,(e),  Cile) = U(7). 2.5)

Here & acts as a Lagrange multiplier that determines the strength of the constraint.
Note that (2.5) has the form of a constraint gradient flow. From now on, we will
restrict our attention to the standard viscosity model with the dissipation potential

N
5= 2
H(é) = 2Nj§e],

where v is the viscosity parameter. In this case, the Lagrange parameter & can be
calculated explicitly, viz. We have

_ 1 & ~ o
50 = D (¢(ej ) + G, j/N)) +vi(0). (2.6)

j=1
We further assume that the loading rate is small, that is,
i(z) = £(37),

where £(-) is a given smooth function and § is a measure of the loading rate. By
introducing the slow time ¢ = 7 and defining G(z, j/N) = G(t/é, j/N) and
&(t,e) = &(t/8, e), system (2.5) yields our final ODE system, namely

8éj=—¢(ej) +ul =G, j/N)+o@) forj=1,...,N,

Ly 2.7)
Ce(e) = 5 2 () = L(D).

J=l1
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The new non-dimensional parameter § = v is the ratio of the rate of loading and
the rate of viscous relaxation (see also [53]).

In (2.7) we already introduced the components of the external point force vec-
symmetry of the system for the case G = 0, see below. Thus, the component
,ull.v represents the stress bias of the jth spring, as now the springs are no longer
identical.

2.2. Numerical Experiments

To gain some insight into the behavior of system (2.7) when subjected to quasi-
static loading, we perform several numerical experiments. In all these experiments
we set G = 0 and assume ¢ (e) = e3 — e. We also assume that viscosity is small
and fix it to 6 = 0.015. The initial data are chosen to be randomly distributed
around the value ¢;(0) ~ —1.3, which is well in phase “~”. For the loading we
choose the simple function £(¢) = min{a+pB¢, y — Bt} and study the behavior of

N .
the average stress ¢ = % > ¢(gj) = o(t) — 8€(r) as well as the individual strains
1

e; as functions of £ and of 7, respectively.

The first experiment is conducted with a homogeneous chain where all snap-
springs are identical, that is ,ujly = 0. The resulting stress—strain diagram (¢ versus
¢) and the strains ¢; inside individual snap-springs are shown in Fig. 3. Instead of
plasticity-like hysteretic behavior we observe a “snap phenomenon”, where a large
number of springs transform simultaneously from phase —1 to 41 while the rest
of the springs relaxes within the phase — 1. To understand the unusual stress—strain
diagram on the left plot of Fig. 3, one must recall that for this model the spinodal
region is between —1/+/3 ~ —0.57 and 1/+/3 ~ 0.58. Looking at the right plot of
Fig. 3, we start at t = 0 with ¢;(0) ~ —1.3. For t < 57 all strains remain approx-
imately identical, even though they have reached the spinodal domain at r &~ 35.
Only at time ¢ &~ 57 is the instability of the homogeneous state realized, when five
springs jump to phase 41 while the other four relax back. At time ¢ ~ 80 the four
formerly relaxed springs reach the spinodal region again and then jump to phase
+1 and join the others. Again the springs synchronize quickly and upon unloading

o 15F ej(l)

a4t
10 F
s2r 05
t
s . .

L L
100 150 200 50

=0.2F

~04F

1

Fig. 3. Simulation of system (2.7) for N = 9. Left 6 = ~ 29 (ej) versus £. Right

_Mz

el,...,e9 versus t
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they jointly move into the spinodal region at ¢+ ~ 177 but remain on the unstable
branch until ¢+ &~ 213.

We interpret the “snap behavior” as synchronization, which leads to a delayed
bifurcation, known as the Neishtadt phenomenon [41,42]. Recall that in order to
leave the state of unstable equilibrium the system must be perturbed. In the stable
regime £(t) < e_ the strains ei.v (t) are always close to the quasistatic equilibrium
value £(¢) and the deviations from the homogeneous state decay exponentially.
More precisely, the decay rate iS —Amin/8, where Apin > 0 is the smallest eigen-
value of the Hessian of the energy at e = (£, ..., £). Hence, if a solution starts in
the stable regime at t = o with perturbations of order 1 and reaches the spinodal
region at 7 = 1, the deviations will be of order e ~*min(1=%)/5 Now, the instability
of the steady state e(#) = (£(2), ..., £(t)) in the spinodal region needs some time to
establish itself; the unstable eigenvalue will be of the form 3:/ 8, and to obtain per-
turbations of order 1 we need to wait until #, satisfies /):(tz—tl )/8 = Amin(t1—10) /9.
The point is that (t2—#1)/(t1—%0) = Amin /5: is independent of §. Recalling e1 =
+1/+/3 ~ +0.58, Fig. 3 shows that the triple (7o, #1, 2) is given approximately by
(0, 30, 50) for the loading phase and by (100, 170, 210) in the unloading phase.
Hence, in both cases we have (t,—t1) /(11 —1y) ~ 0.67.

To obtain more realistic hysteresis loops, one has to allow for a better sep-
aration of the trajectories. One possibility is to replace our visco-elasticity by
an environmental viscosity represented by a dashpot connection of each “mass-
less point” to a rigid foundation. Another possibility, which we pursue here, is
to break the permutational symmetry of the problem. To this end, in our sec-
ond numerical experiment we choose nontrivial biases ,uy = 0.05(j—5) in (2.7)
while keeping N = 9. Such inhomogeneity allows us to generate an unsyn-
chronized response, where each spring transforms at its own critical stress start-
ing from the weakest one, see also [52]. The results are shown in Fig. 4. Now,
instead of one big “snap”, we observe a series of small “popping events” so
that the inhomogeneous system produces realistic plasticity-type behavior (with
hardening).

However the plastic deformation in this model (phase transition in our case)
propagates through the system in the form of a single front. This is not realistic
because we know that (outside very special “easy glide” regimes) plasticity usually
develops simultaneously all over the sample. To achieve the stochastic separation

Fig. 4. Stresses and strains for a model with N = 9 and linear bias ““;V = 0.05(j—5). Left
o versus £. Right e, ..., eg versus t
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Fig. 5. Simulation of ODE with N = 15 and random bias. Left o versus £. Right e j versus

of the trajectories we need to assume that parameters . ; are stochastically inde-
pendent.

The results of a numerical loading-unloading test for the case when u; are
equi-distributed in the segment [—0.1, 0.1] is presented in Fig. 5. We see that the
overall behavior of the system is basically the same as in the previous case modulo
the dispersion of the “popping events”. The important difference, however, is that
now the strain distribution inside the sample is no longer monotone and instead
becomes strongly oscillatory, making the system macroscopically homogeneous.
The ensuing homogeneity at the coarse-grained scale is exactly the property which
is necessary to obtain a nontrivial continuum limit.

3. General Description of the Main Results

To formulate the main results we first specify the random nature of the biases 7

representing quenched disorder. We assume that all ,ui.v are random variables that
are identically and independently distributed according to the probability density
f € L' (R), which satisfies the following natural constraints

=y /Rf(u)du =1, /Ruf(u)du ~0, and 2 =/Ru2f<mdu - 0.
3.1)

Thus, our dynamical system (2.7) now depends on the three non-dimensional
parameters

e=1/N>0, §>0, and r >0,

where ¢ is the discreteness level, § > 0 is the normalized viscosity, and r > 0
measures the strength of the quenched disorder. As our numerical experiments
suggest, one can expect to obtain a macroscopic continuum rate-independent plas-
ticity model only in a certain triple limit of the form (e, &, r) — (0, 0, 0).

We have seen that the limit »r — 0 at fixed ¢, § may lead to “snap behavior”,
and the subsequent driving ¢ and § to 0 does not save the situation. To obtain “pop
behavior” we need first to assume that » > 0 and consider the limit (g, §) — (0, 0),
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e=1/N
pop
(plasticity)

snap

e—=0

r—0

Fig. 6. Schematic phase diagram in the space of small parameters indicating location of the
‘popping’ domain which we associate with rate-independent plasticity response. The ‘pop’
domain is separated from the ‘snap’ domain by a crossover line

see Fig. 6. We can then continue along the parametric path »r — 0 leading to ideal
plasticity limit.

At fixed r > 0, as is assumed for all our rigorous results, one can find for each
& and § a set of solutions of the microscopic problem Pl [0, T] — R, where
() = (ej"s(t)) j=1,..,N. In the vanishing viscosity limit § — O the solutions
e>3 (1) can be expected to stay close to elastic equilibrium most of the time. The
corresponding elastic problem reduces to solving the equations

0=—¢e))+u =G j/N)+c" (@) forj=1.....N, %.(e) =L(0).
(3.2)

Since @ has a double-well structure, that is ¢ = @’ is non-monotone, there may
be many equilibria. In fact, for £(¢) € ]e_, e+[ the number of equilibria is of the
order 2%, giving rise to a complex energy landscape.

The challenge now is to determine the limiting trajectory e®° : [0, T] — R”
through the set of all local minima (metastable equilibria). To facilitate the book-
keeping we introduce the phase indicators

z; = sign(e;) € {—1,0, 1},

specifying three individual sheets of the inverse function yr;; () (two stable phases
and the spinodal region, see Fig. 2). In terms of these new spin-type variables we
can rewrite (3.2) explicitly as

ej =Yz, (N O+u) =G, j/N)). (3.3)

The phase indicators identify individual branches of the equilibrium stress—
strain relation and, if the solution remains close to a particular branch, the phase
indicators remain unchanged. The spin variables z; are the discrete precursors of
continuum plastic strain variables, which we introduce in the next section. One can
see that if the phase configuration (z;) j=1,.., n5 is given, the elastic strains e; can
be easily recovered from the solution of the monotone system (3.3).

In Section 4 we first establish the convergence e () — eg’o(t) for§ - 0
and characterize the path 20 : [0, 7] — R¥ as the solutions of an integer valued
discrete automaton (see also [49,50,56]). Here we use the crucial observation that
all the relevant equilibria are given by special phase indicators in {—1, 1}V, see the
“ordered states” discussed in Section 4.1.
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To obtain the limite = 1/N — 0 (see Section 5) we use the fact that due to the
quenched disorder the phase indicators zg*‘s(t) e {—1,0, l}N and, consequently,
the strains %% (1) € RY fluctuate spatially in a random fashion. The independence
of the random choices at different spatial points leads (due to central limit theorem)
to controllable properties of the mean values and thus allows one to construct a
coarse-grained theory and explicate the macroscopic properties.

More precisely, we assume that the quantities varying at the scale ¢ are meso-
scopic, while those varying at the scale 1 are macroscopic. To define the macro-
scopic averages we first need to introduce a spatial averaging operator. We begin
by embedding the solutions e € RY into L?(£2) via the characteristic functions

1 forxe](j—1)/N, j/NI,
XJN P 2R x> [0 otherwiié.] VI (3.42)
This allows us to define the elastic strain field 2% € L2(2) as follows
N
e x) = e 0 (). (3.4b)
j=1

Similarly, we introduce a continuum phase indicator (plastic strain) pasal= LZ(Q)
via

N —1 fore<e_,
7201, x) = Z§(e§’5(t)))(]].v(x), wheres(e) =1 0 fore_ <e < e,
j=1 +1 fore = e;.
(3.4¢)
In the discrete-to-continuum limit ¢ = 1/N — 0 the strong limits of the

pairs (ES’O(I), Zs'o(t)) e L2(2)? do not exist due to the fluctuations induced by
the quenched disorder. Using explicit error bounds established in Theorem 4.5 we
obtain [|2°% (1) —e®(r) ;2 + 1125°(1)=75°(t) ;2 — 0, and the remaining task is
to characterize the weak limits

@0, ), 700, ) = @1, ),7¢,) in 2 =127,

that is [, e"0(r, x)v1 () +250 (1, Vv (x) dx — [ e(t, x)vy (x)+2(t, X)va (x) dx
for ¢ — 0 for all test functions vy, vy € L2().

Quite expectedly, the limiting mixtures of phases cannot be fully characterized
by the value of the average elastic strain e. The missing information, allowing one
to close the coarse-grained description at the macro-scale, is exactly the limit of the
indicator function z. To control the nonlinear terms we use the Young measure of
the pair (e5°(r), 75°°(r)), which can be characterized using the ordering property
and the strong law of large numbers associated to the quenched disorder.

The final result states that there exists ks > 0 such that in the limit (g, §) —
(0, 0) under the constraint § < &, the functions (2°°(¢), 5% (1)) converge to the
unique solution (e, 7) of a one-dimensional elasto-plasticity problem in the form

0=D;&(t,2,2(t) + o(r) forx e Q, / e(t,x)dx = £(t); (3.52)
Q

0 € 0Z(Z(1)) + DzE(e(1), Z(1)). (3.5b)
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Here the macroscopic elastic energy & is given by
E.e.2) = / D(e(x), 7(x) + G(t, x)e(x)dx,
Q

where G is defined in (2.3) and the macroscopic energy density ® depends on ®
and the probability density f from (3.1). In the bi-quadratic case ® = ®piq (see
(2.1)) we obtain the explicit formula

D7) = g(z —a?’ +HQ), (3.6)

where the kinematic hardening potential H is determined by f, see (5.2). In the
general case @ is given in (6.5), and the macroscopic rate-independent dissipation
potential # takes the form

— . — . — >
%) = /Q RGE(x))dx with R(v) = [ p”j& 1{2; ; z 8:
where p4 and p_ can be expressed in terms of @, see (6.7). In the bi-quadratic case
® = Ppiq we obtain p+ = 2ka?.
While we described above convergence result for general double-well poten-
tials ® and general loadings G and ¢, we will give the detailed proofs only under
more restrictive conditions. Our main assumptions are the following:

all /,L;V are identically independently distributed with law f; (3.7a)
D = Dpig  (cf. (2.1)); (3.7b)
G(t,x) = G(x) with G € H (Q); (3.7¢)

£: [0, T] — Ris piecewise C' with [£(t)| Z Ao > 0a.e.on[0,T]. (3.7d)

Despite those simplifying assumptions, we believe that our methods can be extended
to handle the more general situation as well.

The most unexpected feature of our result is the fundamental change in the
nature of the dynamical system in the limit. Indeed, while (2.7) is an N-dimensional
ODE derived from the constraint gradient flow (2.5) with quadratic dissipation
potential Z; s, the limit is a rate-independent system, where the dissipation-related
forces 8@(%) are homogeneous of degree 0 in z (as the dissipation potential R(-) is
homogeneous function of degree 1). The origin of the change in the structure of the
dissipation is the “constructive interference” of micro-elasticity and micro-viscos-
ity in the continuum limit (see also [1]). Notice also that the memory of the specific
nature of the microscopic dissipation has been lost in the macroscopic double limit,
suggesting that linear viscosity is not the only microscopic dissipative mechanism
leading to our rate-independent macro-model.

If introduction of quenched disorder is perceived as an auxiliary technical step,
it may be of interest to perform yet another limit » — 0 by following a well-
established path known in classical elasto-plasticity, see for example [5]. From the
definition (5.2) of the hardening potential H 7 in (3.6), it follows that it depends
on f in such a way that r*> = [ u? f(n) du — 0 implies H s(z) — 0 for all



590 ALEXANDER MIELKE & LEV TRUSKINOVSKY

z € -1, 1[ (while Hf(z) = oo if |z| > 1), see for example (5.3). Therefore
the limiting model, given again by (3.5) with ® from (3.6), has the property that
H(z) = 0for|z| < 1.One can see that the resulting ®, and hence &, are degenerate
(while convex), which means that the model is not well-posed. Indeed, as is well
known in ideal plasticity, several solutions may exist for given initial data.

4. The Vanishing-Viscosity Limit

In this section we fix e = 1/N > 0 and r > 0 and consider the limit 6 — 0. In
fact, the assumption r > 0 is not crucial in this section; the only required property
of the parameters ,uiv, ey /L% is that the effective biases i; = /L;v — G(t, j/N)
are pairwise different.

4.1. Energy Landscape and Ordered States

We begin by reviewing the structure of the elastic energy landscape at the given
loads (see [51]). Here the elastic potential ® is a general double-well potential as
specified in Section 2.1.

Let us fix the time ¢ = #( and consider the problem of minimizing the energy

N

1 N
Elto, €) = NZ(‘W’) hje;) subject to & (e) = &+ > ej = £ = L(tp).
1 1

The critical points of (2.7) can be obtained as solutions of the algebraic equations
N

0=—¢le))+hj+o forj=1,...,N, &e)=x>e; =L (4l
1

Metastable equilibria (local minima of the energy) are selected by the condition
of the positive definiteness of the Hessian matrix D%&,(tg, ) — oD*%,(e) =
D2&, (19, e). For sufficiently large N none of the metastable strains e j can lie in the
spinodal region ]e_, e+[, see [51]. To identify the remaining two phases, —1 and
+1, we define the phase indicator z = (z;); € {—1, +1}V, such that (3.3) holds.
Hence, a metastable equilibrium exists when the equations

1 & hi+o =2o_ ifz; =1,
N;wz-/‘(hf“’) = ¢ and [hj-w 0. ifz =1

j=
can be satisfied simultaneously. For each metastable branch parameterized by z we
can define the equilibrium response functions o = o (¢, z).

A crucial observation allowing us to advance is that, due to imposed inhomo-
geneity, not all metastable equilibria are accessible by our dynamics. Indeed, we
work under the assumption that the bias coefficients / ; are pairwise different, which
allows us to define the subclass of ordered states via the following condition:

ordering condition: VY j ke {l,...,N}: hj <h, = ej<e. (42)
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It will turn out that the knowledge of the set of ordered states is sufficient for
the study of the limiting macroscopic problem because the set of ordered states
is invariant under the evolution for both the viscous and for the limiting inviscid
systems (see (4.8) and (DA1)-(DA3) in Definition (4.2)). Moreover, one can see
that a system that starts non-ordered will have the tendency to return to an ordered
state. For instance, the chain will acquire ordering if it is ever stretched beyond the
transformation thresholds and will then maintain its ordering at all future times.
Nevertheless, the system may have an initial nontrivial virgin curve involving some
non-ordered states, which our limiting theory would not capture.

Remark 4.1. The disorder entering through the random microscopic body forces
is special in the sense that it leads to a particular simple structure of the inner hys-
teresis loops. A different way of bringing disorder into the model would be through
a randomization of the thresholds o_ and o4 as in [52]. Such choice, however,
brings additional technical complications, which we would like to avoid here.

In this section it will be convenient to simplify the ordering condition by using
the permutational symmetry of the system. Indeed, without loss of generality we
can assume that the biases & ; are ordered as h1 < hp < --- < hy, such that (4.2)
reduces to the condition

ep<ey<---<ep. 4.3)

In Section 5, however, we would need to return to the original ordering condi-
tion (4.2) because the strains (e;) j—1,..., y of the springs in a one-dimensional bar
2 = |0, 1[ are naturally ordered according to the material points x; = j/N, see
(3.4).

The class of ordered equilibria in the sense of (4.3) has a simRIe characteriza-
tion: for each ordered equilibrium state there exists a threshold % such that all j
with h; 2 T2 are in phase z;j = +1 while those with i; < T2 are in phase zj =—1
We can then associate with each threshold a particular distribution of snap-springs
between the two energy wells

z;j = sign(h;—h), (4.4)

where sign(hj—fz\) = 1for h; = 7 and sign(h —ﬁ) =—lforh; < T, It will also
be convenient to introduce the following two functions

hy(h) =min{h; |h; 2]}, h_(h) =max{h;|h; <h). (4.5)

Notice that 7+ : R — R are nondecreasing piecewise constant functions such
that h_(h) < h < hy(h). We shall also define 74 (h) = oo if all h; < h and
h_(h) = —occifallh; > h.

The main advantage of the restriction to ordered states is that there are only
N + 1 different branches of equilibria, which are parametrized by the number
m € {0, ..., N} of phase indicators with z; = 1. Our analysis below will show that
the dynamics of the ODE (2.7) is such that none of the other possible 2" equilibria
is relevant.



592 ALEXANDER MIELKE & LEV TRUSKINOVSKY

Fig. 7. Eight monotone stress—strain equilibrium branches ¢ = M (iz\, o) representing
ordered choices of the phases

For a given threshold 7 € R the average strain £ = % > ej of an ordered
J
equilibrium e depends only on the stress o. It is given by the function M (h DI
[U_—h+(h) cr+—h (h)] — IR such that

N
—~ 1
M(h,o) = N Z wSign(hjfﬁ)(hj—i_o—)’
j=1

Of course, there are only N+1 different functions M (ﬁ, -). Each of these functions
is strictly increasing, which means that the equation M (h, o) = £ has at most one
solution (see Fig. 7), giving rise to the stress—strain relation

o=0,§&), where§ =m/N € [0, 1]. (4.6)

Hence, for ordered states the metastable branch is defined by the single parameter
& € [0, 1], which characterizes the fraction of transformed springs and serves as a
precursor of the plastic strain appearing later in the limiting continuum problem.

For the case of a bi-quadratic potential ®p;q in (2.1) the functions M (7{, -) take
the form

N N
~ 1 1 a . ~
j=1 j=1

These are N+1 parallel lines shifted by the same constant 2a/N. Under the sim-
N

plifying assumption that > & ; = 0, we can then find the explicit representation of
1

the equilibrium branches

ej =L +asign(ej) +hj/k+a(1-28). 4.7
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4.2. Jump Discontinuities

This subsection motivates formal quasistatic dynamics €? : [0, T] — R" on
the set of equilibria, denoted by e? in Section 3. Here we dropped the superscript
e = 1/N, as N is fixed throughout Section 4. The reduced dynamics via motion
along equilibrium branches is discussed in the following two subsections, while its
status as a true limit for § — O will be established in Section 4.5.

Suppose again that (h;); is strictly ordered and time-independent, while
le CLip([O, T]) is a function of time through £(¢). The main system of ODEs
can be written in the form

N
déj=—¢(e)) +hj+o@), Cleo)=y X e =100, (4.8)
j:

and we restrict our attention to the evolution of ordered configurations.

Moreover, for simplicity of describing the limiting system, we restrict ourselves
to the easily computable case of the bi-quadratic potential ® = ®p;q. However, the
mapping ¢ = <I>{)iq . e > k(e—a sign e) is not continuous and therefore, even for
the viscous problem with § > 0, we may not have unique solutions. The existence
of solutions is easily obtained by using set-valued analysis for ODEs (see [2]) and
setting ¢ (0) = [—ka, ka]. This leads to a set-valued inclusion with compact and
convex right-hand side, which is upper semicontinuous.

The encountered non-uniqueness is not a major problem, as in the limit § = 0
uniqueness is lost anyway. Nevertheless, for fixed § > 0 we select for each ordered
initial state a unique solution as follows. Observe that if all the ¢ (¢) are ordered and
are different from 0, then the solution of the ODE (4.8) can be extended uniquely
as a differentiable function. Such a differentiable extension will work up to the
time 7, when e; (z,) = 0 for some j, (here e;(s™) = lim, »; e;(f) means the
limit from the left), and until that time the solution is unique. If the solution is
smoothly extendable, then we choose this as the unique extension, that is, ¢;, does
not change sign at #, (and we ignore the other solution where ¢;, would change
sign and é has a jump at #,). If there is no extension where é is continuous, we
can construct a unique differentiable solution on [#y, t.+7] with initial condition
e(ty), which is uniquely determined by choosing e, (-) such that its signs differ for
t <ty and t > t,. Concatenating this to the solution on [0, #,] defines the unique
global solution, which is still Lipschitz continuous in time. Observe that the system
always remains in the set of ordered states.

We shall now describe the limit solution €°(¢) for €®(z) while referring to Sec-
tion 4.5 for the proof. The limiting trajectory stays in the time-dependent family of
ordered equilibria (described in the previous subsection), which consists of finitely
many separated branches. As we show later the solution corresponding to €°(r)
stays on such a branch as long as it remains metastable. If e () reaches the end of
a branch, it jumps to the neighboring branch, meaning that only one of the springs
changes phase. Of course, the jump is such that it dissipates energy, which is the
only memory of the viscous dissipative mechanism (see also [53]).
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The parameter defining plastic dissipation in the coarse-grained model is the
release of energy in a jump of a single spring. The energy is defined as follows

N N

1 o1

= DOpig(ei) —hie;) if + e; = £(1),

E(t.e) = szl( biq(e;) — hje;) NJE‘I j () 4.9)
o0 else.

Using the form ®p;q the energy release can be calculated explicitly

E(ty,e(t])) — E(ty, e(t])) = py/N > 0 where py = 2ka*> — 2ka’/N.
(4.10)

"
Here the first term in ppy corresponds to the integral f::f o+—@(e)de, see Lemma

6.2. The second term is due to the relaxation of the stress from o (f,) = o4 to
o (1) = o+ F 2ak/N. Because of our special choice of the type of disorder the
critical values e_ and e are not affected by the disorder. For ®y;q both thresholds
are equal to 0 and the strains satisfy the following explicit jump relations

ej(th) =ej(t;) —alA/N for j # ju, e, (t;) =0, e, (t7) =a(l-1/N)A,
4.11)

where A = z(t;}") — z(t]) € {—2,2}.

4.3. The Discrete Automaton

The resulting dynamics consists of two different regimes, namely (i) when the
system remains on one of the metastable branches with parameter £ fixed and (ii)
the jumps, when £ changes and the system switches to another metastable branch.
The limiting dynamical system then takes the form of a discrete threshold-type
automaton, see [49,50,56]).

Definition 42 Assume that ® = ®Pyjg, (h}); is a strictly ordered bias vector, and
that £ € CHP([0, T']). Then, a function e : [0, T] — R is called a solution of the
discrete automaton if the following conditions hold:

(DA1) For all ¢ € [0, T'] the state e(¢) is an ordered equilibrium (that is (4.1) and
(4.2) hold) with &, (e(t)) = £(¢).
(DA2) There are at most finitely many times 0 =#9 < t; <, < ---tf = T such
that for/ = 1, ..., L the function e|],H,t1[ has a C! extension to [7,_1, ;]
(DA3) Ateach jump time 77,/ = 1, ..., L—1 the following holds:
(i) one of strains is critical, that is, there 3 j, : e;, (f, ) =0,
(ii) the jump conditions (4.11) hold for ¢, = f;, and
(iii) the energy release E (1, e(t;)) — E(1, e(t[Jr )) is exactly pn/N.

Recall that all ordered equilibria are locally stable, which is crucial for the
subsequent convergence analysis. Moreover, we will show in the next subsection
that solutions of the discrete automaton are globally stable in the sense of rate-
independent systems, see (S) in (4.12). The jump conditions in (DA3) are redundant
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and it would be sufficient to state only (iii), since the special form of ¢ = @{)iq

implies that (i) and (ii) must hold. This will be implicitly shown in the proof of
Proposition 4.4. We stated the redundant conditions here to highlight all the special
features of the jumps.

Another technical issue is that, as in the case of the viscous ODE system (4.8),
the solution of the discrete automaton is not unique. A non-uniqueness can occur if
asteady state reaches e}, (t,) = 0 exactly at amoment when ¢ has a local extremum.
Then, the phase jump may occur or may not occur. We define a unique extension by
asking the solution to stay continuous as long as possible, that is, we assume that
jumps occur only if they are necessary. This additional “rule” for the bi-quadratic
problem can be obtained rigorously if one considers an additional limit when a
finite spinodal region is asymptotically shrinking to 0.

4.4. An Energetic Rate-Independent System

Before giving the convergence proof for § — 0, we show that the automaton
(DA1)—(DA3) can be reformulated in terms of an energetic rate-independent sys-
tem (ERIS) in the sense of [33]. This reformulation will serve as a basis of the
subsequent continualization of our discrete dynamical system in Section 5.

A general ERIS is given in terms of the state space @, time-dependent energy
functional E : [0, T] x O — R U {oo}, and a dissipation distance D : Q x Q —
[0, oco]. Our state space is Q = RY and the energy functional E is defined in (4.9).
The new quantity is the dissipation distance D, which measures the energy that is
dissipated due to fast viscous motion. If the strains vary quasistatically in one of
the two wells, there will be no dissipative contribution in the inviscid limit § — 0.
However, if a strain jumps into the other well (that is by changing sign), then the

N
viscous motion is fast, namely of order 1/4, and the energy fttlz((;)) % > Sé?(t) dr
j=t

has a finite limit (see also [53]).
We define the dissipation distance by counting the number of phase jumps:

pn ifee <0 (phase jump),

N
1
0 ol —_z 0 !y wi 2. 0)=
D, e )= N Dy (ej, ;) with Dy (e, €) 0 if32>0 (no phase jump),

=1

where py is defined in (4.10). Using the triple (Q, E, D) we can further define the
notion of energetic solutions as follows (for example [33,34]).

Definition 4.3. Assume that ® = ®y,q, (h;); is a strictly ordered bias vector, and
that ¢ € CLip([O, T1). Then, a function e : [0, T] — Q is called an energetic
solution of the ERIS (Q, E, D), if for all r € [0, T'] we have the stability (S) and
the energy balance (E):

(S) oo>E(t,e(t)) S E(t,e)+ D(e(t),e) forallee Q,

, t . 4.12)
(E) E(t, et)) + Dissp(e, [0, t]):E(O,e(O))—/ ¥ (e(s))é(s)ds,
0
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M

where Dissp (e, [0, 7]) is the supremum of > D(e(tx—1), e(tx)) over all M € N
k=1

and all partitions 0 < 19 < 71 < -+ < Ty £ 1 of [0,7] and Z(e) =

N
v 2 (Bp—h)).
J:

Note that the dissipation functional Dissp (e, [r, ¢]) gives a counting measure, since
itis equal to py /N times the number of all the phase jumps of e in the time interval
[, 1].

The global stability condition (S) immediately implies a local stability condi-
tion, namely with respect to variations € that have the same phase vector z as e(t),
which implies D(e(t), ¢) = 0. In general, for ERIS with nonconvex energies the
global stability condition is much stronger than local stability. In the present case,
the strength of D is tuned via Dy or py in such a way that energetic solutions can-
not jump too early; the energy balance (E) enforces that every jump is accompanied
by an energy release compensating for the dissipation.

The following result states that the evolution given in terms of the discrete
automaton is exactly the same as the energetic solution of (@, E, D). To obtain this
result the ordering property of the solutions is, in fact, not necessary and the propo-
sition below also applies to non-ordered solutions. The subsequent assumption that
(h;)j is fixed, means that the external loading through G is time-independent, see
(3.7¢).

Proposition 4.4. Assume that ® = ®p,y, (hj)j is a strictly ordered bias vector, and
that £ € CLP ([0, T1). Then, an ordered functione : [0, T] — Q = RN is an ener-
getic solution of (Q, E, D) given via (4.12) if and only if it satisfies (DA1)—(DA3)
in Definition 4.2.

Proof. (S)&(E) = (DA1)-(DA3). From (S) we conclude that for each ¢ € [0, T']
the solution satisfies the length constraint and is in equilibrium. For the latter, sim-
ply consider variations € such that D(e(t), €) = 0, that is, with no additional phase
jumps. Then, e(¢) is a local minimizer of E(z, -) and thus a stable equilibrium.
Thus, (DAT1) is established. In particular, we know that e(z) lies in the finite set of
stable equilibria. Along these branches the dependence of e(¢) on £(¢) is smooth,
see (4.7).

From (E) we conclude that Dissp (e, [0, T']) is finite. Since D takes only the

discrgte values { koy/N |k =0, 1, ..., N}, we conclude that the monotone func-
tioné : [0, T] — [0, 0c0[; ¢t — Dissp(e, [0, t]) is piecewise constant with finitely
many jump points f; < --- < fy_1, where each jump is an integer multiple of

on/N. Since jumping between the solution branches generates a jump in §, we
conclude that on the intervals ]tl_l, t][ the solution remains on one branch and
hence can be extended smoothly to [#,_1, #;]. Hence (DA2) is established.

Using (E) we obtain energy balance on all subintervals [r, ], namely
E(t,e(t)) + Dissp(e, [, 1]) = E(r,e(r)) — [! S(e(s)){(s) ds. Taking the lim-
its t — tl+ and r — t; we find the jump relation

E(n,e(t") + D(e(1), e(t;") = E(t, e(1))). (4.13)
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However, the choice of py was exactly such that it corresponds to the energy loss
for a jump arising from critical strains ej, (t; ) € {e—, e1}, which establishes (i).
Properties (ii) and (iii) follow from the assumption that all /2 ; are pairwise disjoint.
Then, at most one ¢; can have a phase jump.

(DA1)-(DA3) = (S)&(E). From (DA1) we easily obtain (S): Every stable
equilibrium is globally stable in the sense of (S), since stability with respect to €
satisfying D(e(t), e) = 0 follows from the equilibrium conditions and convex-
ity of ® in the two wells. Moreover, py was chosen as the maximal energy loss
when jumping from one branch to a neighboring one. Thus, the energy release
E(t,e(r)) — E(t, ¢) will be always less than D(e(¢), €).

Using (DA2) and (DA3), the energy balance (E) is obtained by joining the
smooth parts in ]tl,l, min{z, tl}[ and the jumps. In the first case set #, = min{¢, #;};

the smoothness gives E(t, e(t,)) = E(tj—1, e(tl'tl)) — ™ (e(s))€(s) ds. At

11

the jumps we have (4.13) and (E) follows by addition. O

4.5. Convergence Proof for § — 0

We finally prove the convergence for § — 0 of the viscous ODE system (4.8)
to the automaton (DA 1)—(DA3), and consequently to the ERIS system (Q, E, D).
The proof is constructive and provides explicit error estimates in terms of the small
parameters § and ¢ = 1/N.

Notice that different sources of error would need to be estimated in different
norms. During the equilibrium phase, when the system slides close to a particular
metastable equilibrium branch, the non-zero viscosity prevents the solution from
relaxing to the exact equilibrium state, and this gives rise to an error (i) of order § in
all of the components. Two other errors occur during jumps: (ii) one of the strains,
namely ej,, is far away from a stable steady state, while (iii) all the other strains
have an error of order ¢. The first and the third types of error are most efficiently

measured in the maximum norm |R|» = max{|R;||j =1,..., N } whereas the
N

second type of error is better evaluated in the 1-norm |R|; = D |R il
1

For the following result, which is the first of the two main steps in the theory,
we have to strengthen our assumptions a little bit further by assuming that the time-
derivative ¢ is bounded away from 0. This assumption is very helpful (but probably
not essential) in controlling the jumps in the limit § — 0. We would simply like to
avoid the technicalities in the situation that £ has a local extremum at t = ¢, with
é(t*) and Z(t*) # 0. In such a case it would be delicate to control the number of
springs with a phase jump in the case of ¢ = 1/N — 0. Since this limit is our main
goal, we decided to incorporate assumption (3.7d), which allows us to decompose
the time interval in finitely many pieces where £ is smooth and ¢ is bounded away
from 0.

Note also that the assumption of time-independence of (;); (see (3.7¢)) is
essential to guarantee that the ordering property (4.2) is independent of time. Drop-
ping this assumption would destroy the strict validity of the ordering property;
however, it would still be true in large regions as the stability requirement would
pull the system always back into ordered states.
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Theorem 4.5. Assume that ® = Dy, (h); is a strictly ordered bias vector, and
that € satisfies (3.7d). Take any ordered steady state € € RN associated with
¢ = £(0). Then, the solution e® € CHP([0, T1; RN) of (4.8) with °(0) = € con-
structed above converges to the unique solution €0 [0, T]1 — RY with e (0) = 2’
of the discrete automaton (DA 1)—(DA3) constructed above, that is, for almost every
t € [0, T] we have €*(t) — €°(r) as § — 0.

Moreover, there are positive constants C and k. such that for all § € 10, 1] and
N € Nwith SN < ky, we have € (1) = €°(t) + R'(t) + R%(t) with

IR ()00 £ C(8+1/N) and |R* (1)} £ C. (4.14)

Proof. To simplify the notations we drop the superscript § for the viscous solutions
but keep the superscript O for the limit. Throughout the proof the constant C may
vary, but it is always independent of §, N and the given solutions. We sometimes
use constants Cy, Ca, ... to indicate how certain estimates follow from others.
Using (3.7d) we decompose [0, 7] into finitely many subintervals, on each of
which £ is monotone. If we allow for a suitable error for the initial condition it
is then sufficient to consider only one of these intervals. Indeed, without loss of
generality we can assume that ¢ is monotonically increasing on [0, 7], however, to
be able to concatenate several pieces we allow for a nontrivial shift e(O)—e0 (0).
From the monotonicity of £ and the ordering of the solutions e we obtain jump
times 0 < f; < --+ < tr < T. For the following it is more convenient to reor-
der these numbers and to use as the switching times parameters s;, j = 1,..., N
defined such that signe;(r) = sign(r—s;). Then, 0 < sy < 5,1 < ---51 = T,
where strict inequality holds as soon as the times are different from O or 7. With
m(t) we count the number of ¢;(¢) and e(}(t) bigger than 0, namely m () = N—j

fort € ]s i—1,8j [ Similarly, for the solution eo, where § = 0, we define s? and

mO () having exactly the same properties.
For sufficiently small § 4+ 1/N we conclude that m (0) = m®(0). Using m® and
m the average stresses 0 and o can be calculated as

1Y : k
0(1) = = D (§(ej(0) + hj +56;(1)) = ke(r) +8E() + %(Zm(t)—N),
j=1
a0(t) = ke(t) + %(mo(z)—]v).

With these stress histories known, the strains solving (4.8) have the explicit repre-
sentation

13
1
ej(t) =e k% (0) +/ e—k“—”/ag(ak sign(s—s;) +hj —o(s))ds, (4.15a)
0

0 : 0y, L 0
€; (t) =a 51gn(t—sj) + §(hj+a (1)). (4.15b)
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We write the difference p; () = e (t) — e(} (¢) in the form
1 2 3 4 .
p(t) = p; (1) + pj (@) + pj (1) + pj () with

t
pj0) =eMPpi0),  pj(1) = /O e K=k (s) ds,

4 2ak
pj3.(t) =/0 e*k(’*s)/‘s%(mo(t) —m(s))ds,

to o sak .
pj.‘(t) =/0 ek S)/BK(Slgn(t—sg)—s1gn(s—sj))ds.

We immediately find | ,0]1- )| + |pj2.(t)| < C(84+1/N) as desired.
To estimate the other terms we have to control s; — s}). The nontrivial s? are
defined via
0=—a+h;/k+Ls)+a2j—N)/N, (4.16)
which implies E(s?) — E(S?Jrl) = (hjy1—hj)/k+2a/N > 2a/N. Hence, we find

- ‘
|s§?—sl°|z% for j,l=1,...,N, where C = a||f|s0/2. (4.17)

For the moment we assume a similar estimate

m-mg% for j,l=1,...,N, (4.18)

where the constant C,, is still to be determined by choosing SN < «, sufficiently
small. Using this assumption we can estimate ¢ (sj_) (limit from the left) via the
explicit form of e; in (4.15a). Note that o is piecewise smooth with jumps of size
O(1/N) at each s;. The contributions of the initial condition and the smooth parts
are bounded by a constant C independently of §, N and C,,. Including the terms
from the jumps gives the estimate

N .
16 (s SC1 4 CCuy (1/(CudN)), where y(r) = > re” =" <147,
I=j+1
As the nontrivial s; satisfy
0=ej(s;) =—ah;/k+L(sj) +a2j—N)/N + S(E(Sj)—éj(sj_)),

we can compare with (4.16). Using A < [£(r)| < C and € (s;)] < C(+Cp) we
find a constant C such that '

lsj — 91 < $(CA+C) + 1€]lo) =2 8C2(1+Cpy). (4.19)
From this we derive (4.18) as follows. For nontrivial j and [ with j 7~ [ we have
lj =1l
lsj=s1l 2 Is)=sf1 = Is=s1 = Isf=s1] = 7 = 28C2(1+Cp)
s Vsl

v

—— (1 —=25NCCr(1+C, > -
CN ( 2(1+Cw)) 20 CoN
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To justify “2(y” we use SN =k, with k. := 1/(4Co max{C, 2C?}) and set
Cn = (2k4C>)~'/2. Thus, (4.18) is finally established.

Using the above estimates between the jump times s; and slo we are able to con-
trol the difference between m®(r) and m (s). First assume m () = N— Jj= mO(t) =
N —I, then by the definition of m and m we have s g > slofl. Thus, we find

I-1—j
CN

which yields /—j < 14+8NC?. Hence, [—j < N, := |14k,C?] € N. With a
similar argument for m(r) = N—j < m®(t) = N—I and using (4.17) we obtain

s9+5C§Sj§s?71§s?+

)

Im(s) —m°(1)] £ Ny+CN(i—s) for0<s<t<T.

Hence, ,oj3- can be estimated via |pj3(t)| <C@B+1/N)forj=1,...,N and

t € [0, T]. Let s™" and s;.na" be the minimum and maximum of {s;, s(/.)}. Using
(4.19) yields '

0 fors < s;.“i“,
4 min <  max
|pj(¢)| < 2 for si <s =57,
—k(t—sT%)/8 > . max
2e j fors = 57

To conclude the theorem we define R! via le. (1) = ,ojl. 1)+ pjz.(t) + p]3. (1) and
obtain immediately |R!(f)|oo £ C(8 4+ 1/N). For Rjz.(t) = p*(r) we use the fact
that, in a given time ¢, only for a few js has there been a recent jump, namely

N N
lp*Oh = ) 1p7 (] < 2(Ny + ;e*kﬂc‘”) < Cs.
j=
Thus, estimate (4.14) is established.

We still have to show the convergence R () + R*2(t) — O0fors — 0
but N fixed. We now display the dependence on § again by adding the super-
script § where convenient. We show that this convergence holds for all ¢ in .7 :=
[0, TT\ {s?, A sg,}, which is a set of full measure.

It is now easy to see that ,of.’l(t) + p?’z(t) — 0 for all ¢. To estimate ,oj,’3
and pjn“ we fix t € 7 and let T = Jdist(t, {s), ..., s%}). Then, for all suffi-
ciently small § the interval ]¢t—t, #[ does not contain any slo or sl‘s. Whence m®(1) =
m%(s) and sign(t—s?) = sign(s—sf.) for s € [t—,t], because sf — slo, and

p?’3(t) + pj.’4(t) — 0 follows easily.
Thus, the proof of Theorem 4.5 is complete. O

5. The Continuum Limit
We now focus on the limit ¢ — 0, by assuming that the number N of springs

goes to infinity. This means that we apply the second limiting procedure to the dis-
crete automaton, or equivalently to the energetic rate-independent system (ERIS)
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(On, En, Dy), representing the primary inviscid limit of the original ODE sys-
tem. The main challenge is to replace the automaton-type evolution of the plastic
variable formulated in terms of discrete space and discrete time by a dynamical
system employing a continuous time variable ¢ and continuous space variable x.
This is feasible because in the limit ¢ — O the elastic stages become progressively
shorter while the plastic jumps becomes weaker and more frequent (see also [53]).
As aresult, the limiting evolution involves simultaneous elastic and plastic stages
and the corresponding continuum variables change all the time.

To justify this picture it will be convenient to use the formulation based on the
energetic system (Qy, Ey, Dy). The strategy is to embed our system into a system
defined on 2 = L%(Q) x L%(Q), which contains the strains and a plastic variable.
For the embedded ERIS (2, &y, D) the limit passage ¢ — 0 can be performed
in the pure rate-independent setting, following the philosophy developed in [37].

Recall that now we are treating a sequence of problems with N as a parameter.
Hence, for each N there is a bias vector with components hjv = ,u?/ — G(j/N),
j =1,..., N. All considered solutions e(r) € R" satisfy the original ordering
condition (4.2), which is independent of 7 by the assumed time-independence of
G, see (3.7¢).

The embedding in L?(2) x L2(2) is done as explained in (3.4), but now with
e_ = e; = 0, the piecewise constant interpolants " and pV = az" for the elastic
and plastic strains are given by

Py RN > 2:=1L2Q) x LA(Q), Pn(e):=@",zV) with

y S v 4 w51
N, x) =D "ejxN () and PVt x) =a Y sign(ej()x] (x).

J=1 J=1

For notational convenience and implying similarity with classical notations in elas-
toplasticity, we denote the plastic strain by p = az € [—a, a], where z € [—1, 1]
is our phase indicator function introduced earlier.

5.1. Macroscopic System

To specify the structure of the limiting energy, which incorporates kinematic
hardening, we associate with each probability density function f satisfying (3.1)
an auxiliary function .%*. We first define

n u
F:M'—>/ f(y)dy and 9:M'—>/ F(y)dy,
—0Q —0Q
which gives .7 (n) = f(u) = 0. Now, .Z* : R — R U {00} is the Legendre
transform 7 *(n) := sup{ un — F(un) | © € R}. Thus, F* is convex and with

F*(n) = oofor u ¢ [0, 1]. The (kinematic) hardening potential H : R — RU{oo}
associated with f is defined as

H(p) =2a.7"((a=p)/20)), (5.2)
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which is convex and satisfies H(p) = oo for |p| > a, by definition. In the special
case when f(u) = ﬁ)([,“*,u*] we obtain H(p) = pus(p*—a®)/(2a).

Consider now a family of densities f; satisfying f.(un) = % fl(%). Then, we
obtain F,(u) = Fi(u/r) and %, (n) = r.Z(u/r). For the Legendre transform
this leads to .%,*(n) = r.%#(n). Thus, we obtain that

H,(p) =rHi(p) > 0 forr — 0and |p| < a fixed. (5.3)

By using the definitions above we can now describe the limiting continuum
problem. We define an effective macroscopic energy functional & : [0, T] x 2 —
R U {o0o} and the macroscopic dissipation functional & as follows:

éo(e,p)  for [oe(x)dx = £(1),

s e p) = [ o0 otherwise and (5.4a)

D(Po, P1) = /Q 2kalpy (x)—Po ()] dx, (5.4b)

where &y(e, p) = / D(e(x), p(x)+Gx)e(x)dx — Iy (5.4¢)
Q

= k _ _ _ 1
with ®(2, p) = 5(@=p)* + H(p) and Ty = Ruzf(u)du. (5.4d)

Here @ is the continuum energy density depending on the macroscopic elastic and
the plastic strain variables.

Using the uniform convexity of H one can show that the macroscopic ERIS
(2, &, 2) has a unique energetic solution for each stable initial condition (EO, ﬁo).
This solution (e, p) is Lipschitz continuous in time and satisfies the following plas-
ticity problem (see [6,27,33,64]):

k(e(t, x)=p(t,x)) + G(x) = o (1), / et y)dy = €(t),  (5.5a)
Q
0 € ka Sign (p(t,x)) + k(p(t, x)—e(t, x)) + dH (p(t, x)),  (5.5b)

where “Sign” denotes the set-valued function with Sign(0) = [—1, 1] and
Sign(v) = {sign(v)} for v # 0. Introducing the displacement u(¢,x) =
f(f e(t, y)dy we can rewrite the system in the more classical form

_8x(k(axu(tsx)_ﬁ(t1x))) :gext(x)s M(I,O) :Os M(t, 1) ZE(I)v
0 € ka Sign(p(t, x)) + k(p(t, x)—dxu(t, x)) + dH (p(t, x)).

Note that H, and I" 7, are the only terms in &’ and & depending on the probability
distribution density f. Obviously, I' s, is irrelevant for the elasto-plastic evolution,
whereas the hardening potential H, is essential. When » — 0 one can show that
Fr() — max{0, u} and H,(p) — Hp(p) = 0 for|p| < a, see (5.3) for a special
case. As we have already mentioned, there is no hardening in the case H = Hy,
therefore existence of solutions can still be established but uniqueness fails.
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5.2. Convergence Proof fore = 1/N — 0

In this subsection we prove our second main theorem, which justifies the
discrete-to-continuum limit ¢ = 1/N — 0 from the discrete automaton (DA1)-
(DA3)) to the elastoplastic system (5.5). More precisely we consider the sequence of
discrete ERIS (RN , En, Dy) describedin Section 4.4 with solutionsey : [0, T] —
RY and show that the embedded functions (", p") = Py(ey) : [0,T] - 2
weakly converge to the unique solution of the macroscopic ERIS (2, &, ), where
Py is defined in (5.1). We show that the associated energy and dissipation con-
verge and ensure that the limit is an energetic solution for (2, &, ). While we use
the methods from the general I'-convergence theory for ERIS developed in [37],
the limit passage relies on the law of large numbers applied to the quenched disor-
der, which allows us to control the full Young measure of the weakly convergent
sequences Py N (1)) (see Step 3 in the proof).

Theorem 5.1. Assume that (;L;-V)j, ®, G and ¢ satisfy (3.7). For N € N choose
initial conditions e(})v € RY that are ordered and satisfy
Pr(ed) = (@0, Py) in 2 =1%(Q) x L*(Q) and
En(0,¢e)) — &£(0, 2, py) < 0.

Then, with probability 1 the embeddings of the ordered solutions of eV : [0, T] —
RN of RN, &y, Dn) with e (0) = e(l)v constructed in Section 4.2 converge to the
unique solution (e, p) : [0, T] - 2 of (2, &, Z) with (e(0), p(0)) = (eo, Do),
Viz.

Py 1) — @), p@)in 2 forallt €0, T).
Moreover, Ey(t,e" (1)) — &(t,e(t), p(t)) and Dissp, (e", [0, t]) — Diss (P,
[0, z]).
Proof. Since with probability 1 the biases h?j = /Lj»v — G(j/N) satisty th # h?’
fori # j, the theory of Section 4 is applicable.

Step 1: For the proof we use our precise knowledge of the solutions e”. Note
that the ordered states are uniquely determined by the function m® (¢) : [0, T] —
{0, ..., N} counting the number of j such that e;.v () is bigger than 0. Moreover,
we have

oN (1) = ke(t) — ak@m™ (1)—N)/N. (5.6)
Thus, o™ (¢) also allows us to recover the solution e” (¢) completely as follows.
For given t we define 1%} (t) > 1™ (t) such that m™ (t) = #{ j | h; =Rl (1) },
hY (1) = min{AY | hYZRY ()}, and  AY (0) = max{h) | b)Y <} (1) }.

Along solutions, the values of /.t are equal to those of h (see (4.5)), but now they
depend on ¢ € [0, T]. We have

e (1) = sign(el ()a + 1@V ()+Y)
for nY = n (1), (5.7)

, 1
and  sign(e}/ (1)) = {—1 for kY < 1 (1)
j =%
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Step 2: We prove that convergence holds along a subsequence. However, since
the limit problem has a unique solution, we know a priori that the whole sequence
must converge. To find a convergent subsequence we consider the functions o
By (3.7d) the interval [0, T'] can be decomposed into finitely many, let us say P,
subintervals where ¢ is monotone. However, each m” is also monotone in these
subintervals. Since the variation of m" in a monotone part is bounded by N, the
variation of each m”" is at most PN. By (5.6) the variation of ¢ is bounded by
k||€| L1 +2ak P, and Helly’s selection principle yields a subsequence (not relabeled)

such that o™ (t) — o®(¢) for all t € [0, T], giving
m™ (t)/N — £%(t) = (k(ﬁ(t)—a) — a‘x’(t))/(Zak). (5.8)

Step 3: Next we show that this convergence implies convergence of (eV, p) =
Py (eV) as well as that of the energy and the dissipation. In fact, we show that for
each t € [0, T'] the sequence (EN (1), ﬁN (t)) nen generates a well-defined Young
measure v(7) :  — Prob(R?) (Radon measures on R with total measure 1). This
follows from the independent random choices of 1Y using the law of large num-
bers. It is here, where we exploit the disorder in an essential fashion. Because the
biases u”Y are chosen independently and identically distributed (see (3.7a)), the law
of large numbers can be applied to any continuous function E : [0, 1] x R — R to
obtain

N

1
N BN /Q/RE(x,u)f(u)dudx- (5.9)
j=

For a general test function ¥ € C°(Q x R?) we consider the limit of

N
YN () = [, eV, x), PN (L x)dx = & _zl \I-’;V(ej.\’(t),asign(Ej(t)))
i=

for N — oo. Here we used the abbreviation \IJﬁ.V(e, p) = % f('é'/*Nl)/N Y (y,e, p)dy
and the definition of (", ") = 2y (e"). Substituting e’,.V (¢) via (5.7) we find

1 1
yN @) = 5 > ¥ (—a + §(0N(t)+h§y), —a)
L1 n <h¥ )}
1 1
+ > wW (a + %(GN(tH-héV), a) .
{j1hYZnY @)
Recalling h;v = /L?’ —G(j/N), where all the ,u?/ are independently chosen accord-

ing to the density distribution f, we can pass to the limit N — oo. First observe
that hﬁ (t) converge to h3°(¢) defined by

h=(t) = sup{h | Fg(h) < &> (@)} and A3 () =inf{h | F(h) > §7(1)},

where Fg(h) = [ [ f(n+G(x)) dn dx € [0,1] and £ is defined in
(5.8). Note that Fg is a probability distribution with compact support since f has
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compact support and G is bounded. Subsequently, it suffices to take any 2*°(¢) €
[A°(t), hY (2)]. Using oV — ¢ and the law of large numbers on ,ujy (see (5.9))

we find ¥V (1) — ¥ (r) with
h® (1)
(1) =/ / V(x, —a+(c®@)+h)/k, —a) f (h+G(x))dhdx
QJ—o0
+/ / W(x, at+(6X ) +h) [k, @) f (h+G (x)) dh dx.
Q)

The Young measure v is defined via fQ fRZ V(x,e, p)v(t, x,de,dp)
dx = ¢¥°(1):

/RZ (e, p)v(t, x,de,dp) = /R@(a sign(u—p(t, x)) + (6°°(t)
+u—G (x))/k, asign(u—(t, x))) f(u)du,
where i(z, x) is any solution of £%°(¢) = Fg(u—G(x)), for example
w(t,x) =h>*@) + G(x). (5.10)

Using fR sign(t—u) f () dp = 2F (it)—1 and the test functions \/IJ\(E, p) = e and
W(e, p) = p, we obtain the weak limits e(¢) and p(t), respectively, via

e, x) = /R (a sign(u—7a(t, ) + @) +u—G () /k) f ) dpe

= aF(u(t, x))—1) + (6> @1)—G(x))/k, (5.11)
Pt x) = a(2F (1(t, x))—1).

Step 4: For the convergence of energy we use

Ef (" (1) = E\ (" (1) + E) (" (1)), where
1 <k al
ENEY) = ~ > E(ej?’—a sign(e}))? and  E} (") = — Z hYel).
1 1
Using the explicit form (5.7) of ej.v we obtain

N
ElN(eN(r»:%Zik 6" 0= ) = [ R 0-Gw) a4,

where Iy is defined in (5.4). For Eév we proceed as for ¥V (¢) and obtain

E2N<eN(r))
=-% > n(-a+ - (aN(z)+hN) Z WY (a+ — (UN(t)—i-hN))
hN <n(r) h_N >nN (1)
=/ R(M—G(x))(a Sign(u—ﬁ(t,X))+(0°°(t)—G(x)+M)/k)f(u)dudx-
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Using (5.11) the limit of E {V can be identified as a function of (e, p), namely
N/ N k _ — 2
E{' (e" (1) — E(e(t,x)—p(t,x)) dx +I'y.
Q

To identify the limit EY' (e" (1)) we define F(1) = 1 [ y sign(1—y) f(y)dy, and
denote by u = 1t(n) € [—o0, oc] any solution of F(u) = n € [0, 1]. We claim:

(a) Forn € [0, 1] we have Z*(n)) = F((n)).
(b) Forall u,n € Rwehave: n € d0.7*(n) < n=F(u).

Indeed, the standard Legendre—Fenchel theory gives
n=F'(w)=Fu) & nedF () & unp=7Ww+F ().

Thus, differentiating n = F(1t(n)) yields 1 = f(u(n))i’ (). Moreover, the def-
inition of F easily gives F/(/L) = wuf (). Thus, the function J : n — F(ﬁ(n))
satisfies J'(n) = 11(n) which leads to J”(n) = ' (n) = 1/ ({t(n)). The properties
of the Legendre transform give (#*)"(n) = 1/Z"((n)) = 1/f((n)) = J"(n).

Finally, using F(+00) = 0 we obtain J(0) = J(1) = 0. The definition of .%
gives % (u) = max{0, u} + m(u) with 0 < m(u) — 0 for |u| — oo, which
implies .#*(0) = Z#*(1) = 0. Since J and .% coincide at n = 0 and 1 and have
the same second derivative, they are the same on all of [0, 1]. Thus, (a) and (b) are
established. B

Based on these properties of the function F we can now write

EY (" (1) — / 2aF (i(t, x)) + G(x)e(t, x)dx — 2T
Q

Then, by using the representation of p in (5.11), the definition of H via .#*,
and the equivalence u© € dH(p) < p = a(1-2F(n)) we find H(p(t,x)) =
2aF(ji(t, x)). The convergence EN(z,eN (1)) — &(t,e(r), p(r)) is therefore
shown.

Step 5: To show convergence of the dissipation we use the piecewise monoto-
nicity (3.7d) of £, that is, there exist times 0 =ty < t; < --- < f;, = t such that ¢
is monotone on [#;_1, #;]. As a consequence the solutions eV and P are monotone
on these intervals. The definition of the functionals Dissp, and Dissg then gives

L
Disspy (e, [0,1]) = > Dy(e" (1), " (1)),
=1

L
Diss (p, [0,1]) = > 2(p(ti-1), P(1)).
=1

Thus, it suffices to show convergence for only these time increments. Without loss
of generality we consider the case £(#/—1) < £(#7). With py — poo = 2ka? we
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have

Dy (€N (1), eV (1))

1 N
~ 2 pw (sign(e} (1)) —sign(e} (1))

= BN @) =m" (1-1)) = pooE™ (1) —EX(1-1))
= Joka(P(t, x)=p(t-1, x))dx = Z(p(t-1), p(tr)).

Thus, Dissp, eV, [0,1]) — Dissg(p, [0, t]) is established as well.

Step 6: It remains to show that (e, p) is the unique energetic solution for the
macroscopic ERIS (2, &, Z). We first consider the energy balance. For all N we
have the microscopic energy balance

t
En(t,e" (1)) + Dissp, (eV, [0,1]) = Ex(0, e{)V)+/ oV (s)€(s)ds.
0

Since all four terms converge to the desired limits for N we immediately obtain the
energy balance (E) for the limit (e, p) with respect to the ERIS (2, &, 2).
To establish the stability condition

E(t,et),pt)) S &, e, p)+ 2(p(t), p) forall (e, p) € 2,

we use the stability of e" (1) with respect to (RY, Ey, Dy). We test the stability
using states ?]X defined like eV (1) but with a different function G replacing G.
For arbitrary G € H'(Q) with fQ G(x) dx = 0 we define the new bias vector
(h)); € RY via

N
TN _ N _ A TN TN _
hi =p; —G(j/N)+ 17, where Zhj =0.

1

It is essential here that the random biases ,ujy are the same as the ones used for the

construction of eV . We define FgviaFg(h) = fQ F (h—i—é(x)) dx. Then, for every
pair (&, h) satisfying

1—& = Fz(h) and [6+h| <ka, where & = k€(r) —ak(2E—1),
there exists a sequence of thresholds IV such that

N > 'N
Uit Ry = aV,
-1 ifij<hN,

1 ~
SN _ o ion N 4 =N TN con 3N _
e; =asigne; +k(o +h;) and signe; _[

VN >5, BN —>h @ea¥-1)/N —E,

N
where " = (N + > signe)) /2, 5N = kt(r) — ak@m" ~1)/N.
1
Repeating the calculations in Step 3 we obtain Zy (¢V) — (e, p) in 2, where

0=k(@—p)+G —5 and p(x) =a(1—-2F (h+G(x)). (5.12)
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Repeating the calculations in Step 4, while carefully distinguishing between the still
relevant 2 and the artificial A, which differ only by G (j/N) =" =G (j/N)+2",
we find the convergence Ey (¢, e") — &(t, ¢, p).

Moreover, we are able to calcglate the limit of Dy (eV (r), eV) as follows (using
WY = hﬁ(r) and neglecting AN S0y

N
Dy eV (1), V) = %N > |signel (1)—sign?)|
j=1
o . . —
= S (# 18V +GG/N) £ i) <BN+GG/N))

+#J |TIN4G(/N) £ i) < hV+GGi/N)Y)

N poo/ ([F(Z+6(x))—F(h°°+G(x))]+
Q

+H[Fe+G )~ Fh+G (0] ) de

:2ka2/ |F (h®+G (x))—F (h+G (x))|dx
Q

= 2ka? / ‘i(a—ﬁ(r,x» - i(a—ﬁ(x))‘ dx = ka / [P, )= 5(x)] dx
Q 2a 2a Q
= 2(p@®), p),

where [a]T = max{0, a}. Hence, we can pass to the limit in the stability condi-
tion Ey(t,eN (1)) < Eyx(t,e") + Dy(e"(r),e") and obtain &(z, e(r), p(t)) <
& (e, p)+ 2(p(t), p), where the comparison states (¢, p) are the ones constructed
in (5.12). Via the free choice of G we are able to generate a dense set of p in
L%(Q; [—a, a]). However, the associated strains ¢ are the equilibrium strains. By
the quadratic nature of &, we easily find & (1, e, p) = &(t, ¢, p) foralle € L*(R).
Thus, the stability of (e(t), p(t)) is established, and (e, p) : [0, T] — 2 is shown
to be an energetic solution for (2, &, ). O

Notice that the crucial assumption regarding the presence of quenched disor-
der was used in Step 3 of the above proof, see (5.9). In fact, much less than the
assumed randomness in (3.7a) (allowing for the application of the strong law of
large numbers) is sufficient to derive (5.9). We need only a type of weak ergodicity
that could, for instance, be also generated by quasiperiodic functions.

5.3. Double Asymptotics (e, 8) — (0, 0)

Finally, we prove that in the case of bi-quadratic potential the limit does not
change if one performs the double asymptotics (g, §) — (0, 0) under the constraint
that § tends to O faster than €. The result is a consequence of the estimates obtained
in Theorem 4.5, which allow one to show that the L2 difference between the viscous
solutions and the discrete solutions tends to 0 with (g, §) — (0, 0). Since the latter
converge weakly, it follows that the former also converge weakly.
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Theorem 5.2. Assume that (3.7) is satisfied. Then, there exists a constant i such
that the following holds. Consider the solutions e>" : [0, T] — R of the viscous
problem (4.8), where hy = ,uﬁ.v — G(j/N) with initial conditions €N (0) that are
ordered equilibria and satisfy

PN (0) — (0, py) in 2 and EM (0, "N (0)) — £(0, e, Po)

as (&,8) = Owith0 < § < k¢e. Then with probability 1 with respect to the random
biases u?’ we have

2NN @) = @), p1) in2 forallt €[0,T]as (e,8) — 0 withO < § < kxe,

where (e, p) is the unique solution of the elastoplasticity system (5.5) with initial
data (e(0), p(0)) = (eo, po)-

Proof. The crucial observation is that the definition of the norms | - |, in R¥ and
in L? () together with the embedding Zy lead to an additional factor 1/N!~1/7,
For (¢, p) = Py (") and (e, p) = Pn(@") we have

_ s . .
e =l ey = 7 1€ =@, forpell ool withg =min{1/2,1/p),

- 2a S~ . 1/2
1P = Plhiey = 7= (# | signe? # signe? })'/.

If § < ky/N = Kkye, where i, is the same as in Theorem 4.5, estimate (4.14) (with
p =ooand p = 1 for Ry and Ry, respectively) yields

€Y @) = eVl = C(3+1/N'2).

Moreover, the number of different signs between e®" () and eV (1) is bounded
by N, (independently of § and N), which leads to the estimate

125 (N (1)) — Py (€N ()l 20y < C2(8+1/N'?) < C3/N'? = C36'/2,

where we have used § < /N = k¢ again. Combining this with the convergence
obtained in Theorem 5.1 the desired convergence result is established. O

6. General Potentials

In the previous sections we have restricted our analysis by assuming in (3.7)
that: (a) ® = ®yq, (b) the loading G(x) = fox gext(¥) dy is time independent, and
(c) £ is piecewise monotone. Here we discuss the necessary changes in the results
if these assumptions are dropped. More precisely, we argue that, in the case of a
general double-well potential and rather general time-dependent body forces, the
sequence of limits, first 6 — 0 and then e = 1/N — 0, leads to basically the same
general picture modulo appropriate modification of the hardening potential and the
dissipation potential in the limiting model.
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6.1. Microscopic Model

To replace G (x) by a general time-dependent function G (¢, x) we need to gen-
eralize the concept of ordered states. Indeed, since the loading may now depend on
time, a state that is ordered for #; may no longer be ordered for #, > t;. Therefore
we need to interpret the order condition locally in (¢, x) € [0, T] x €. This is
possible, since G (¢, x), £(t), and o (¢) vary only on the macroscopic scale while the
bias coefficients fluctuate on the microscopic scale and are independent of time.

Moreover, since the general double-well potential ® does not allow us to define
a plastic strain p = a sign(e) as in the bi-quadratic case, we need to use the micro-
scopic phase indicator variable z; € {—1,0, 1} as in Section 2. The threshold
11(z, x) is now active in a microscopically large but macroscopically small region,
which can be defined as follows |j —xN| < V'N. For J in this domain, the condi-
tion ,u?’ > u(t, x) then implies e;y(t) > ey and zi.v(t) = 1, whereas /JL;V < n(t, x)
implies e;.v(t) < e_ and Z;V(t) =—1.

In the formal proof which follows, the important issue will be to control the
evolution of the threshold 1z (z, x). Looking at the dynamics of the discrete autom-
aton in Definition 4.2 we see that phase changes should occur only if the strain is
critical. In terms of the macroscopic stress o (z, x) =o(t) — G(t, x), we need to
have o, = i1+ 7,if L < 0,and o_ = i + @, if ;1 > 0. Moreover, the threshold
value j1(¢, x) must always satisfy & + & € [o_, o4].

6.2. Macroscopic Energy

As in the special case of bi-quadratic energy, we begin with formally computing
the limiting continuum energy and determining the hardening potential.

Notice that the relation (3.3) provides a strong correlation between e; and u ;
and thus controls the joint Young measures v generated by (2", z"V), which takes
the form

/ @(e, 2)v(t, x, de, dz)
R2

= /R ‘T’( sign(u—7a(t, x)), Ysign(u—n(.) @ (¢, x)+w)) f () due.
In particular, we can define the macroscopic constitutive relations
G2 [ bt G f din, 2602 [ signu—) fG)dn,
6.1)
such that the limits e and 7 satisfy

et,x) = E(a(t,x), i(t,x)) and Z(t,x) = Z({(t, x)).

Byo = §(e, w) we denote the unique solution o of ¢ = E (o, u). We can now
compute the effective potential as a function of ¢ and jx via

(I)(e )= / wmgn(u ) (S(e M)+M)) MWsign(p,—ﬁ) (3\(?, ﬁ)"‘,u))f(ﬂ) du.
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The joint Young measure V(g ;) generated by (e;, u;) and associated with the
macroscopic pair (e, i) has the form

[ e e.di = | B i G@ D+, ) £ dp

where U € Co(R?) is an arbitrary test function. In particular, it can by checked that
the definitions of S and ® are compatible in the sense that S(e, 1) = 3:D(e, ).

To calculate the partial derivative of @ with respect to & we introduce the
functions

¢+(0) = Y+(0)o — ®(Y+(0)), (6.2)

which satisfy the relations

¢1(0) = Y1(0), ¢+(0) = sup oe — P(e), and ¢_(0) = sup oe — D(e).

ey eSe_

For the derivative we obtain (after some elementary calculations involving the chain
rule)

A PO S
58@ M) = 3= | [ (@01 ) — whr G ) £ G0)
+ [ (@ GE R+ — 1 G +10) £ G0 du]
M

= (p+(S@, W+ — 9— (S, W+ f ().

Notice that the disorder threshold 7 enters our formulas as a parametrization
and that the energy representation in terms of elastic and plastic variables is still
implicit. To abolish the auxiliary variable (¢, x) and to replace it by the continuous
internal variable z (¢, x) = VA (i), we assume that the latter relation is invertible.
We write it = 1(Z) and apply the chain rule in (6.1) to obtain

_ -1
w(z) = m <0
We can now define the stored energy density ® and the stress S via
$@.7) =3@ i) ad 5@7)=5@nk),
which still satisfy the relation 3;® = S. Moreover, we find the identities
3:®(2,7) = 0O = ¢_ (5@ D+AR) — 945, D+AR)). (6.3)
028(€,7) = (V- (S@ D+ @) —¥+ (5@, D+®@)) (3:S(e, D+ 7zy) > O-
Next we show that the function (e, Z) — ®(e, Z) is convex, which is an impor-

tant property for proving existence and uniqueness of solutions for the associated
plasticity problem. For this we introduce the auxiliary functions

E(0,Z, 1) = Ysign(u—iiz) (0 +1) and E(0,7) = /]R E(0,Z, ) f()du,
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which satisfy dzE (0, 2) = ¢— (0 +1(2)) —¥4 (0 +/1(2)). We thenhave o = S(e,2)
if and only if e = E(0,7) = E (0, t(Z)). Moreover, we define

E@ 7, 1) £ ES@72),7, 0

and find the relations
e= /R E@ 7z, w)f(wdu and ¢(E(e,zZ, w)—u = S(,2). (6.4)

Then, the stored-energy density takes the form
®@.2) = /R (@(E(E, Zw) — RE@.Z, u)) fGodp. (6.5)

Lemma 6.1. The derivatives of ® take the following form

#P =S8, 3P =9¢ (5 D+1@) — 9_(SE, D+AQ),

025 — ( S AdS )
2
A3%S A0S + b

where 335 = Wi,m > 0and A = Y (S(e, 2)+1(2)—v_(S@, ) +i(2) >

0. Hence, ® is uniformly convex.

Proof. The formula for 3;® follows by differentiation under the integral and using
(6.4). The formula for 835 follows by using i’'(z) = 1/f(jt(z)) and E(e, z, nw) =
v+ (S(e, 2))+mu for p > ﬁ(z) and pu < [t(z), respectively.

Differentiating e = E(S(e, z), z) with respect to e and using the definition of
E we obtain the formula for 3;5 = 82d> For the mixed derivative we can use

¢l (0) = Y+ (0) to find dz(3z®). For 82d> we differentiate ¢ = E(S(e, 7), z) with
—a E

respect to z and find o, S(e, 7) = = AJ,S. Together this gives

= (w;—<p’_>(Aae§+ﬁ(z>) = A(A0S+1/f(11(2))),
which is the desired result. O

The above calculations can be done explicity for the bi-quadratic potential ®pjg,
see (2.1). We have ¥4 (0) = 0/k £ a and find

E(.7) = /R (0/ k +asign(u—Fi@)) f (W du = T +az.

Hence, S(e, 7) = k(e—aZ), which results in
E@7.p0) =2 a7+ +asign(u—fi@).

Inserting this into the definition (6.5) of ® (with ® = ®pig) we can use the crucial
identity dDbiq(E(E, Z,0) = %(E—aﬁl—%)z. This follows from the stress relation
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Fig. 8. Evolution of the play operator generated by (6.6)

S@,2)+ iR € lo_,04] = [—ka, ka], which implies sign(u—Ji(z)) = sign E.
Hence, on the one hand we have fR Dpiq(E(e, z, w) f(w)du = %(E—af)z +2T,
while on the other hand we have

/R (—WE@.Z w f(wdu = —Ty +aF (i) = —Ty + H(z/a).

This gives the desired formula in (5.4).

6.3. Macroscopic Dissipation Potential

We now turn to the analysis of the dynamics of z, which is strongly linked to
that of 72 via Z = Z(J1). From the above we know that & + & € [o_, o4 ] and that
or = +0,if il <0,and o_ = [i 4+, if & > 0. These conditions can be
formulated as a play operator in the form

0 € AR, 1)) + [i(t, ) + (1, %), (6.6)
where the 1-homogeneous friction potential R:R— Ris given via

S . |=o_p forp 20,
R(1) = —0_sign()lt = [ —oyp forp 0.
This is a classical hysteresis operator that provides for each & a unique solution /z,
see [6,27,64] and also Fig. 8. Note that it + & always lie in the interval [o_, ot ].
Moreover, it can change only if & + o is either o_ or 0.

To define the macroscopic dissipation potential we introduce the two quantities

et [+ at [
O+ :/ oy —¢(e)de >0 and p_ =/ ¢(e) —o_de > 0. (6.7)
e Y—(0-)

Recalling ¢+ defined in (6.2) we have the following identities, see also Fig. 9:
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AC
O

\\\
P&

Fig. 9. The areas p and p_ correspond to energies dissipated during jumps

Lemma 6.2. For the areas enclosed by the the graph of ¢ and the hysteresis loop
we have

p+ =¢4(04) —9—(04) >0 and p-=¢_(0-) —¢4(0-) >0,
Moreover, we have the force relation S(€,7) +i(Z) = 0+ = 3D (€,7) = Fp+.

Proof. The integral formulae follow easily using e = E (o+) and the definition
of ¢4 in (6.2). The second statement follows directly from (6.3). O

The above computations show that the critical thresholds —o for o+t are
reached if and only if 9,®(e, z) reaches the critical values p4. Hence, the play
operator in (6.6) is equivalent to

0€dRE@) + 8:®(2,7) with R(D) = pign(m [7]- (6.8)

6.4. General Elasto-Plastic System

We can now formulate the general macroscopic equations in terms of the vari-
ables e and Z. Consider the solutions e™% : [0, T] — RY of (2.7). Under the
above hypotheses we expect that the embedding ("%, z" 3y 1[0, T] — L2(Q)?
converge in the limit “limy_, o lims_.o” (weakly in L2(2)?) to the solutions (e, 7)
of the macroscopic elastoplasticity system:

0= 08;P(e(t, x),z(t,x)) — G, x)+o(r) forx e Q, / e(t,x)dx = £(1);
Q

(6.9a)
0 € OR(Z(1, x)) + 8-@(e(t, x), Z(t, x)). (6.9b)

The convergence proof must follow the proof of Theorem 4.5 for the limit
8 — 0 and the proof of Theorem 5.1 for N — oo. While the former convergence
is tedious and lengthy it does not need any substantial new ideas. For the second
limit we easily see that by construction and the definition o (¢, x) = o (t) — G (t, x)
the macroscopic equilibrium equation (6.9a) is a direct consequence of (4.1).

For the flow rule (6.9b) one can start from (6.6), which is stated in terms of
7. Since 71 = [i(Z), we have the identity 7t = I’ (7)z. Since [’ is assumed to be
strictly negative and the limit problem is rate independent, we can replace 1t by
—z in any 0-homogeneous subdifferential. At first sight, R and R are not directly
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related. However, since we are dealing with a simple play operator, we only have
to match the thresholds. While (6.6) corresponds to the boundso_ < i +0 < oy,
the flow rule (6.9b) corresponds to —p_ < —3-® < p,. Now we can apply the
relations derived in Lemma 6.2 to obtain system (6.9).

6.5. Other Scalings

In this subsection we briefly discuss how one can study the case when the order
of the limits is reversed and we first perform a limit ¢ — 0, and then the limit
& — 0 (see also [53]).

Choose a finite § > 0. In the case p; = 0 for all j (that is » = 0) the formal
pointwise limit N — oo leads to the following continuous system

1

Se(t,x) = —¢(e(t, x)) —/ gext(t, y)dy + o (1), / e(t,x)dx = £(2).
0 0

Introducing the displacement u(t, x) = fox e(t, &) d¢ and taking the derivative
with respect to x we obtain the classical quasistatic visco-elastic problem in space
dimension 1:

0= (P () +8ix) +gexa (£, X), u(t,x)=0, and u(t, N=£(r). (6.10)

In general we cannot expect the convergence of solutions of (2.7) to solutions of
(6.10), because of the nonconvexity of .

The limiting behavior may be analyzed by introducing distribution functions
F(t,x,-) € L'(R x R) that account for the fluctuations of the strains e;.v and the

biases ,uiy via

/ F( EY (i, EYd(u, E) = lim ———— > vl Ny

| B EYAGr B) = 2SN ey ),
jeJ(x,N)

where J(x,N) = {j € {l,...,N}||j—Nx| < N'/?}. The fluctuations of the

initial strain (e;.v (0)); may be chosen independently of the bias (,u§V ) and they do

not disappear in finite time because of the viscosity § > 0. Assuming that the above

limits exist, we obtain the following transport equation:

80 F(t,x,w,e) + (—p(e) +u—G(t,x) +0(1)dF(t,x, u,e) =0, (6.11a)

///eF(t,x,/L,e)d(x,u,e)=Z(t), / F(t,x,u,e)de = f(u).
QJRJR RxR
(6.11b)

The first constraint in (6.11b) gives the total length of the deformed body, while
the second says that the quenched disorder has the bias distribution f, which is
independent of ¢ and x. System (6.11) may also be seen as transport equation for a
Young measure v; x € Prob(R x R) and can be treated as in [3,32,60,61].

The problem can be simplified substantially if we choose initial data such that
F (0, -) degenerates to a §-distribution. This property is preserved by the dynamics
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and leads to solutions e = ¢(t, x, i) and F(t, x, i, €) = 85(,x,.0)(e) f (10). Then,
(6.11) reduces to a transport equation for e:

80re(t, x, 1) = —p@(t, x, W) + u — G(t, x) + o (1), 6.12)
/ /E(t,x,,u)f(,u)d,udx = 0(1). 6.13)
QJR

The convergence of the ODE-system in R is now trivial, as the discrete setting
can be embedded via functions that are piecewise constant in x € 2. Moreover,
the right-hand side is locally Lipschitz continuous on L*° (2 x R), and classical
continuous dependence on the initial data yields convergence.

The limit § — O™ forces the solutions to stay in equilibria for all ¢ € [0, T].
This means that for small é the solution should satisfy 0 ~ —¢ (e(t, x, 1)) + p —
G(t,x) 4+ o(t). Thus, it should be possible to establish the second convergence
for § — 07 and to obtain the same plasticity limit as in the case lim,_, lims_¢.
Again we face the problem that the limiting system is governed by steady states
which are non-unique because of the non-monotonicity of ¢. In the ODE case we
were able to derive the corresponding jump rules by hand (see (DA3)), but in the
general case the problem remains open.
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