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We study the evolution of a single crack in an elastic body and assume that the crack
path is known in advance. The motion of the crack tip is modeled as a rate-independent
process on the basis of Griffith’s local energy release rate criterion. According to this
criterion, the system may stay in a local minimum before it performs a jump. The goal
of this paper is to prove the existence of such an evolution and to shed light on the
discrepancy between the local energy release rate criterion and models which are based
on a global stability criterion (as for example the Francfort/Marigo model). We construct
solutions to the local model via the vanishing viscosity method and compare different
notions of weak, local and global solutions.
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1. Introduction

The prediction of the growth of cracks in brittle materials is of importance in many
practical applications. However, mathematical models involving the full elastic
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interaction as well as the evolution of a freely growing crack are rare. Only within
the last decade such models were developed based on the pioneering work in Refs. 17
and 18 that developed a quasistatic framework based on energy minimization. In a
series of technical papers,® 1516 the necessary analytical results have been devel-
oped to provide the existence results for such solutions. In this setting the crack
path may be an arbitrary set of finite Hausdorff dimension d—1 with the restric-
tion that it is a non-decreasing family as a function of time. The displacements are
allowed to lie in the function space GSBV (generalized special functions of bounded
variations), where for each time instant the jump set of the deformation has to be
contained in the corresponding crack set.

These solutions are in fact special cases of the so-called energetic solution for
rate-independent processes as developed in Refs. 32, 33 and 5 for modeling the
evolution of phase transformations in shape-memory materials or elastoplasticity.
The energetic solutions can be considered as weak solutions of the flow laws usually
posed in engineering. For the crack problem this relates to the Griffith criterion?!
which states that a crack grows as soon as the energy release rate is larger than the
fracture toughness and it is stationary otherwise. The energetic concept is based on
a global energetic stability principle which says that a crack grows if there is any
bigger crack such that the total energy release is larger than the energy dissipated
by creating the crack (surface). Otherwise the state is (globally) stable. A process
is called an “irreversible quasistatic evolution” or, equivalently, an “energetic solu-
tion”, if for each time instant the state is (globally) stable and the total energy
balance holds.

In this work, we are interested in the discrepancy between the local energy-
release-rate criterion (Griffith) and the global stability criterion. The problem is
that energetic solutions tend to jump earlier because global minimizers are used.
In many systems it is expected that physical systems will stay in local minimizers,
and hence crack growth will occur later.

To generate solutions staying in local minimizers, we will use the vanishing
viscosity limit which is again close to the physical modeling. In fact, true physi-
cal systems are not strictly rate-independent but have some internal time scales
(relaxation times) that are usually neglected when very slow loading is considered.
However, if the rate-independent solutions are not continuous, then the correspond-
ing solution with small viscosity develops very large rates that are governed by the
viscosity. The aim is to understand the limits of viscous solutions when the viscosity
is made smaller and smaller, see Refs. 13 and 31 for the general philosophy. For
nontrivial PDE applications see also Refs. 7 and 34.

The application of this idea to crack problems turns out to be technically very
difficult. Hence, all of the rigorous results are restricted to problems where the
crack path is prescribed in advance and either (i) the position of the crack tip is
to be determined (cf. Ref. 35 or 37) or (ii) a function along the crack path, which
measures the maximal opening of the crack, is to be calculated in so-called cohesive
zone models or delamination problems, cf. Refs. 4 and 26.
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In this work we mainly study the motion of one crack tip that is driven by
stresses arising from elastic deformations. We fix an arbitrary crack path that is
assumed to be twice continuously differentiable. We consider small strains and
assume that the elastic energy is coercive and strictly convex, but not necessarily
quadratic or uniformly convex. The external loading occurs through time-dependent
displacement boundary conditions as well as volume and surface loading. Having
given these data, we define the stored energy functional £ on [0,7] x Q, for a
suitable state space Q, as the elastic energy minus the work of external loadings.
The dissipative nature of the crack propagation is encoded in a fracture-toughness
function & : [sg, s1] — ]0,00[, which we assume to be continuous, and a positive
viscosity parameter v. The viscous crack-tip propagation problem for determining
the displacement u(t) and the crack-tip position s(t) reads

u(t) = argmin{&(t, v, s(t)) | v € Q},

) . (1.1)
0 € 0;Ro(s(t), s(t)) + vs(t) — G(t, u(t), s(t)),

where Ro(s, $) = k(s)$ for s > 0 and oo otherwise. The generalized energy-release
rate G takes the form

G(t,v,s) :=— %EI(I) %(5(1?71) o TS_’;, s+0) — E(t, v, 5)),
where T 5 is a diffeomorphism between the domains with crack length s and s+,
respectively (see Sec. 3.2 for details).

In Sec. 2 we give the precise definitions and state the existence result that (1.1)
has a solution (u”,s”) € L>([0,T]; WP) x H([0,T]) for each v > 0. The proof is
done in Sec. 4 using a time-incremental minimization procedure.

The main goal of this work is to study the limiting behavior of (u”,s”) for the
vanishing viscosity limit ¥ — 0 and to identify a rate-independent limit problem,
which is satisfied by all possible limit solutions. For this purpose we use the convex-
ity of £(t, -, s), which guarantees that v — £(t,u, s) has a unique minimizer U(¢, s).
We define the reduced functional Z : [0,T] X [so,s1] — R by minimizing out the
displacements:

I(t,s):=E(,UL,s),s).

The first major result (see Theorem 3.2) states that under fairly general conditions
on the elastic energy £ the reduced functional 7 is continuously differentiable and
satisfies the relation

G(t,s) := —0sZ(t,s) = G(t,U(t,s),s). (1.2)

Moreover, we obtain an explicit formula for G(t, s) in terms of the Eshelby tensor
associated with U(t, s). Actually, we provide simplified proofs for more general sit-
uations and derive Theorem 3.2 from an abstract Theorem 3.1. In this theorem,
we study the differentiability properties of reduced energies, which correspond
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to rather general (elastic) energy functionals depending on a finite number of
parameters. Theorem 3.1 is also applicable to the case with interface cracks, non-
interpenetration conditions and to finite-strain elasticity, where the energy density
is no more convex, but polyconvex and may take the value +o0o0. We refer to Refs. 12,
23-25 for the discussion of representative special cases.

In Sec. 5 we study the limit behavior. Using suitable a priori estimates, we show
that a subsequence converges pointwise on [0, 7] to a limiting process s € BV([0,11).
Moreover, defining the jump set J(s) = {¢t € [0,T] | s(t+) # s(t—)} and the set of
differentiability D(s) = {t € [0,7] | $(t) exists}, then any such limit has to satisfy
the following rate-independent limit problem: u(t) = U(t, s(t)) and

(a) s:[0,T] — [so, s1] is nondecreasing;

(b) w(s(t)) — G(t,u(t),s(t)) = 0 for all t € [0, T]\J(s);

(c) if w(s(t)) — G(t,u(t),s(t)) > 0 then t € D(s) and s(¢) = 0;

(d) for all t € J(s) and all s, € [s(t—), s(t+)] we have k(s.) — G(t,U(t, $x), %) <O0.

Here (a) provides the irreversibility saying that a crack can never heal. In (b) we
see that the release rate G can never exceed the fracture toughness except in jumps,
while (c) says that a crack cannot move if the release rate G is strictly less than
the fracture toughness . Condition (d) states that along a jump path, the release
rate can never be smaller than the fracture toughness as then the crack would
immediately stop, see (c).

Our formulation of the limit process via (a)—(d) is essentially the same as that
given in Ref. 35. However, our approach using the vanishing-viscosity method is
completely different from the monotonicity approach there. In fact, our approach
can be generalized in several aspects. First we may allow healing of cracks by
adding to the stored energy a suitable surface term and redefining Rg as 1 (s)$ for
$ >0, and as k™ (s)|$| for § < 0. Moreover, we are able to treat the case of several
noninteracting cracks in one body, see Sec. 7 for details. In the latter case we rely
on the theory developed in Ref. 13.

2. Problem Formulation and Results
2.1. Setting of the problem

Throughout the paper we assume that the conditions described in this paragraph
are satisfied.

Let © C R? be open, bounded with Lipschitz boundary 9. We assume that
09 is the union of two disjoint subsets I'p and I'y, with 2#(I'p) > 0, where 5#*
denotes the one-dimensional Hausdorff measure.

The prescribed crack path is a simple C2-path C C Q with 2#*(C) := L and let
v : [0, L] — C be its arclength parametrization. We assume that for every s € |0, L]
we have v(s) € Q\09, while the endpoints of C, that is v(0) and y(L), can meet
the boundary 0. Let us fix 0 < s9 < 51 < L and for each s € [sg, s1] we define the
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admissible crack set by Cs := {y(0) |0 < 0 < s}. The cracked domain is then the
set Qg := Q\Cs.

We consider small strain elasticity and assume that the stored energy density
W : R2X2 — R belongs to CH(R2X2;R) and is strictly convex. Furthermore, there

Sym sym?
2x2

exist p € (1,00) and constants ¢; > 0 such that for every A € Ry we have

1 |AIP — co < W(A) < es(1 + |A]P). (2.1)
The convexity of W and (2.1) imply that there is a constant ¢4 > 0 such that
IDW(A)| < es(1+ AP (2.2)

for every A € R2X2. Here, DWW : R2X2 — RZ%> denotes the derivative of W. The

sym* sym

given Dirichlet datum and the applied forces bhall satisfy

upir € CH([0,T]; WHP(Qy, /2; R?)),

(2.3)
Fe (0, T);Wh(R2)), he CL([0,T]; LUT y; R2)),

where p~! + ¢~! = 1. The rather strong assumption f(t) € W4(Q) is made for
technical reasons and could slightly be weakened, see Remark 3.2. For shortness,
we put

(1), v) = / £ -vde+ [ h(t)-vdo
Q I'n
for every v € WP (Qq,;R?). For given t € [0,T], x € Q and A € R?*? we define
W (t, 2, A) 1= W((A+ Vupic(t))sym),
where Agym = $(A+ AT) is the symmetric part of A. Furthermore, we set
Wplg’(Qs;RQ) = {w e WHP(QR*) |w=0onTp},

and the equality is understood in the sense of traces. We assume that the state
space Q is the product

Q = WpP(Q,;R?) x [s0, 51].

On this state space we define energy functional € : [0, 7] x Q@ — Ry, = RU {00} by

/ W (t, 2, Vu(x)) de — (0(t),u) if u € WEP(Q,:R2),

E(t,u,s) (2.4)

00 else.
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The assumption on W and the data guarantee that for every ¢ € [0,7] and s €
[s0, s1] there exists a unique element U(t, s) € W;;’(Qs) with
U(t,s) = argmin&(t, -, s). (2.5)
The reduced energy Z : [0,T] X [so, s1] — R is defined as
Z(t,s) :=min{E(t,v,s) |v E W;g’(ﬂsl;}l@)} =E(t, UL, s),s). (2.6)
We observe that for any ¢ € [0,7] and any s € [so, s1] we have
I(t,s)=E(t, U, s),s) <E(O0,s) < oo.

By the definition of £, our assumption (2.1), and Holder’s inequality we derive

/ [Cl|(vu(t7 8) + quir (t))sym|p - 02] dx

s

< E(t,0,5) + He(t)”(Wllg’(Qs;RQ))/||u(t7 3)||W;S(QS;R2)~

Applying then Korn’s inequality to the left-hand side and Young’s inequality to the
last term on the right-hand side and using the assumptions on the data ¢ and upjy,
we finally obtain that there exists a positive constant (independent of ¢ and s) such
that

||U(t»3)”w;g @.r2) < C
We fix once and for all uy := U(0, sp) and we are interested in finding an evolution
starting from (ug, so).

The energy-release rate is defined by

d 0
)= —— =——1(t,s%). 2.
Glt,5%) o= —EGU5).5)| =21, 57) (27)
In Theorem 3.2 we show Z € C*([0,7] x [so, s1]) and, hence, G is continuous. For
the explicit formula and further properties of G, we refer to Theorem 3.2 again. In
particular it holds that G(t,s) = G(t,U(t, s), s) and

Gumax = sup{G(t,s) | (t,s) € [0,T] X [s0, 51]} < o0.

The motion of the crack tip is associated with the dissipation of energy via a
dissipation potential R. Let x € C°([0,L]) be positive and v non-negative, and
define the dissipation potential

. V.o ...
— fs>0,
Ro(s,d) w4 (BT RE 82 (2.8)
00 else.
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The function x takes into account the toughness of the material. Throughout the
paper we will assume

k(s51) > Gmax. (2.9)

This condition will prevent the evolution s(t) from reaching the endpoint s;. On
the other hand, in order to obtain a nontrivial evolution, we will assume

k(s0) < Gmax- (2.10)

We are now ready to define the viscous crack evolution model (Sec. 2.2) and
to formulate the rate-independent limit problem (Sec. 2.3). In the remainder of
this section we formulate the different types of solutions (u,s) in terms of the
elastic equilibrium condition and a crack-propagation law. To highlight the cou-
pling between these two balance laws we use the full energy functional £ and
the generalized energy-release rate G. Of course, using the elastic equilibrium
u(t) = U(t,s(t)) we have Z(t,s(t)) = E(t,u(t), s(t)) and the crucial identity (1.2),
namely G(t,s(t)) = G(t,u(t),s(t)). In fact, in Secs. 4 and 5 the proofs depend
essentially on this reduction to a problem in s alone.

2.2. Viscous problem

We start with our notion of viscous solution, depending on a (small) parameter v.

Definition 2.1. For v > 0, a wviscous solution associated with £ and R, is a
map ¢ — (u”(t),s”(t)) with u” € L®([0, T]; WP (Qq, 5 R?)), s¥ € HY([0,T7; [s0, 51])
satisfying

1)

u”(t) =U(t, s¥(t)) := argmin E(¢, -, sV (t)) for every ¢ € [0,T7], (2.1
2.12)

0€ IR (s"(t), 8" (L) — G(t,u”(t),s"(t)) forae. te0,T]. (

We note that from the definition it follows that uw”(f) € W;g’(qu(t);ﬂ@)
for every t € [0,7]. Moreover, it is not difficult to prove that any viscous
solution (u”(-),s"(-)) associated with £ and R, guarantees that the map t —
0 E(t,u” (t),s”(t)) € LY(0,T) and that the following energy balance condition is
satisfied for every 0 < t; < to < T (for a proof see Lemma 4.4 below):

E(ta,u”(t2), 8" (t2)) + / ’ (K(s¥ ()8 (t) + v|s(t)[?) dt

:g(tl,u”(tl),s”(tl))—l—/28t5(t7u”(t),s”(t))dt. (2.13)

1

The main result of this section is the following, the proof is given in Sec. 4.2
after Theorem 4.1.

Theorem 2.1. There ezists a viscous solution t — (u”(t), s”(t)) associated with €
and R, such that (u”(0),s¥(0)) = (uo, So)-
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2.3. Rate-independent limat

We are now interested in the limit of the solutions (u”,s”) in the case of vanishing
viscosity, i.e. v — 0. The limit s : [0, 7] — [so, $1] will in general not stay continuous
but will lie in BV([0,T]) only. We want to make precise what can be said about
the limits and define a limit problem that contains as much information about the
limits as possible, in particular at jump points.

We recall some basic properties of general functions in BV([0,T]) and introduce
some notations to formulate the limit problem. For a function s € BV([0,T]) the
limit from the right s(t+) and the limit s(¢—) from the left exist for all ¢ € [0,T7, if
we let s(0—) = s(0) and s(T+) = s(T). As common in rate-independent evolution
problems we consider the function s to be defined everywhere such that the three
values s(t—), s(t), and s(t+) may be different. We define the jump set J(s) C [0,T]
to be the set of points where s is not continuous.

The distributional derivative Ds of s is a bounded, signed measure that can be
decomposed into three parts, namely Ds = D7s + §dt + D% = D7s + Ds. Here
Ds = $dt + D¢ is the diffuse part of the derivative Ds, while D7s is the discrete
part associated with the jumps, namely D7s = Dte(s) (s(t+)—s(t=))d:.

Let D(s) C [0,7] denote the set of points where s is differentiable, $(t) =
limp, o (s(t+h) — s(t))/h, then D(s) has full measure and $ € L'([0,T)).

Note that the fundamental theorem of calculus, s(t2) — s(t1) = ttf 5(t) dt, in
general does not hold because of jumps and because of the singular part. However,
we have

s(ta) — s(t1) = A t [Ds(dt) + (s(t2) — s(ta—)) — (s(t1) — s(t1+)) (2.14)

because we did not enforce continuity from the left or from the right, and there
is a suitable generalization for the chain rule (see (5.9)). To avoid all these com-
plications, the following formulation does not make usage of derivatives like in the
global energetic formulation (GES) given in Definition 2.3.

Definition 2.2. A local energetic solution to the rate-independent problem asso-
ciated with £ and Rg is a map ¢ — (u(t), s(t)) with u € L ([0, T}; Wll;f(Qsl;RQ))
and s € BV([0, T7; [s0, s1]) such that

u(t) =U(t, s(t)) := argmin &(¢, -, s(t)) for every t € [0,T] (2.15)
and the following four conditions hold true

(a) s:[0,T] — [so, s1] is nondecreasing;

(b) kr(s(t)) — G(t,u(t),s(t)) >0 for all t € [0, T\J(s);

(c) if k(s(t)) — G(t,u(t),s(t)) > 0 then t € D(s) and s(t) = 0;

(d) for all te J(s) and all s, € [s(t—), s(t+)] we have k(s.) — G(t,U(t, s4), 5+) < 0.

Condition (b) states that the energy-release rate has to be smaller than the frac-
ture toughness everywhere except at the jump times. However, assuming continuity
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from the left or from the right and continuity of x and G would even prove this esti-
mate at the jump times ¢ € J(s). Condition (c) states that the crack cannot move
if the energy-release rate is strictly less than the fracture toughness. Thus, so far
the evolution is in full accordance with the Griffith criterion. Finally, condition (d),
which is the essential new feature of the present formulation, states that during a
jump the energy-release rate is not allowed to go below the fracture toughness. It is
clear that this formulation is local in the sense that the evolution of s is determined
solely by local properties of k and G.

We observe that if (u(),s(-)) is a local energetic solution, then since
E(t,u(t),s(t)) < oo we have u(t) € W;g’(Qs(t);RQ).

As a consequence of Definition 2.2, we deduce that any local energetic solution
t — (u(t), s(t)) associated with £ and Ry satisfies t — ;€ (¢, u(t), s(t)) € L*([0,T7])
and the following energy inequality

s(t2) to
E(ta,u(t2), s(t2)) —|—/ k(s)ds < E(t1,u(tr), s(t1)) + HE(t,u(t), s(t))dt,

S(tl) tl
(2.16)

holds true for every 0 < t; <ty < T (for a proof see Corollary 5.1).
For each jump time ¢ € J(s) we define the non-negative quantities A™(¢) and
A~ (t) by

s(t+)
AT(t) = / (G(t,U(t,5),s) — k(s)]ds > 0,

© (2.17)

s(t)

AT (t) == / (G(t,U(t,5),s) — K(s)]ds > 0.
s(t—)

Through them, we can define a non-negative function g on closed subintervals of

[0,T] as follows:

pltn b)) == AT () + A (L) + D> (AT +A (@) (2.18)

te |t1,ta[NJ(s)

Note that p is finite, since G and x are bounded and the sum of all jumps does
not exceed s; — sp. Using a chain rule for BV functions, (see, e.g. Theorem 3.96 of
Ref. 2 and (5.9)), it is then possible to derive an exact energy balance, i.e. we are
able to characterize the energy missing in (2.16) via the function p (see Lemma 5.3).
For all 0 < t; <ty < T we have

s(t2)
Eltayulta). () + [ w(o)da + ptr. o)

s(t1)
to

= E(ty,ultr), s(t) + [ OE(r,ulr), s(7))dr. (2.19)

t1

We are now in a position to state the main result of this section.
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Theorem 2.2. There exists a local energetic solution t — (u(t), s(t)) to the rate-
independent problem associated with € and Ro such that (u(0), s(0)) = (uo, s0). In
particular, every limit point of a subsequence of viscous solutions t — (u”(t), s”(t))
starting from (uo, so) is a local energetic solution.

2.4. Discussion and comparison with other types of solutions

We give now three different notions of solutions. For this reason we need some
preliminary additional notations. Via the dissipation metric Ry we introduce the
dissipation distance D : [sg, $1] X [s0, 51] — [0, o0] defined by

D, 51) = / Ro(s,ds) for st > s,

*

00 otherwise.

Obviously, D satisfies D(s., s«) = 0 and the triangle inequality, but we put in
evidence that due to the definition of Ry, it turns out that D is a non-symmetric
distance, since D(s,5) = oo for § < s.
The D-dissipation of a curve s is defined by
M
Dissp(s; [t1, t2]) := sup ZD(s(rj_l),s(rj)ﬂM eENty <rg <o <ry <ty
j=1
We observe that Dissp(s; [t1,12]) < oo implies that s : [t1,t2] — [0, L] is nonde-
creasing and then

DiSSD(S; [tl, tg]) = D(S(tl), S(tQ)).
Definition 2.3.
(LS) A local solution to the rate-independent problem associated with £ and

Ro is a map ¢t — (u(t),s(t)) with u € Lw([O,T];Wﬁg’(QSI;R%) and s €
BV([0,T7]; [s0, $1]) satisfying the following three conditions:

(1) local stability:
u(t) =U(t, s(t)) := argmin E(¢, -, s(t
r(s(t) — Gt u(t), s(t)) =
(2) irreversibility: the map ¢ — s(t) is nondecreasing,
(3) energy inequality: the map t — 9:E(t, u(t), s(t)) lies in L*([0,7]) and

s(t2)

E(ta,u(ta), s(t2)) +/(t ) k(o)do

)) foreveryte [0,T], (2.20)

)
0 forae. tel0,T], (2.21)

ta

<E(trult),st)) + | €t ult),s)dt,  (2.22)

t1
for every 0 < t; <ty < T}
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(GES) a global energetic solution associated with £ and D is a map ¢t — (u(t), s(t))
with t — 0;E(t, u(t), s(t)) € L*([0,T]) satisfying for every t € [0, T] stability
(S) and energy balance (E):

(S) for every (u,s) € W;f(Qsl;RQ) X [s0, 1]
E(t,u(t),s(t)) < E(t,u,5) +D(s(t), ),

(E)

E(t,u(t),s(t)) + Dissp(s; [0,¢]) = 0),s(0))

£(0,u(0)
L /0 DE(t,u(t), s(t)) dt;

(AS) an approzimable solution associated with the energy functional £ and the
dissipation metric Ry is a local solution ¢ — (u(t), s(¢)) which is the point-
wise limit of a subsequence of some viscous solution ¢ — (u”(t), s¥(t)) asso-
ciated with £ and R,.

Remark 2.1. We note that if ¢ — (u(t),s(t)) is a local solution to the rate-
independent problem associated with £ and R, then

0 € 9:Ro(s(t),5(t)) — G(t,u(t),s(t)) fora.e. te[0,T].
Indeed, from the energy inequality we derive
(k(s(t)) — G(t,u(t),s(t)))s(t) <0 for ae. t € [0,T],

but actually we can substitute inequality by equality due to the irreversibility con-
dition and to stability (2.21).

By the previous definition it follows that the weakest notion of solution is
the local one (LS) and therefore any other solution (among those defined in this
work, including the local energetic one) is in particular a local solution. Its left-
continuous version corresponds to the notion of irreversible quasistatic evolution
given in Definition 3.1 of Ref. 37.

The study of global energetic solutions (GES) is well developed in the literature,
see, e.g. Refs. 29, 30 and 19 (and references therein). Moreover, the notion of global
energetic solution in the case of a non-symmetric dissipation distance (like in this
work) corresponds to the definition of irreversible quasistatic evolution considered
in Refs. 18, 16 and 8 (see also references therein).

We note that the left-continuous version of an approximable solution (AS) fits
the definition of approximable irreversible quasistatic evolution given in Defini-
tion 3.7 of Ref. 37. Anyway, in that paper, the authors considered a different
viscous approximation, taking into account viscosity also for the bulk energy in
the dissipation metric, and confined themselves to the case W(Vu) = |Vu|? and
k(s) = 1.
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In general, we expect that a global energetic solution (GES) is different from a
local energetic one. On the other hand, as stated in Theorem 2.2, we will prove that
any approximable solution (AS) is a local energetic solution. On the contrary, maybe
not any local energetic solution is approximable. For a specific situation comparing
global energetic solution (GES), local energetic solution and approximable solution
(AS) with each other, see Example 6.3.

The more general concept of BV-solution has been recently introduced in
Ref. 31. This notion works on general metric spaces, but in the context of the
present work it coincides with the local energetic solution.

We would like to mention also another notion of evolution which was recently
introduced in Ref. 35:

(WS) a weak solution associated with & and R is a mapping ¢ — (u(t), s(t))
with v € LO"([O,T];W1 P(Qg,;R?)) and s € BV([0,T);[s0,s1]) such that
(u(0), s(0)) = (U(0, so), 30) and the following three conditions are satisfied:

(1) local stability condition: for every ¢ € [0, 7]
u(t) =U(t, s(t)) == argmin E(¢, -, s(t
r(s(t) — Gt u(t), s(t) =

(2) irreversibility: the map ¢ +— s(t) is nondecreasing,
(3) weak activation criterion:

);
0,

s(+) not constant in |t — n,t + 7|
= G(t,U(t,5),8) > k(5) Ve s(t—),s(t+)\{s1}

The weak solution (WS) is defined according to Definition 2.2 of Ref. 35. In that
work the authors consider the case of bulk energy W(Vu) = |Vu|? and fracture
toughness x(s) = G, > 0. This notion is very close to our definition of local energetic
solution, and the main difference with the previous definitions is that they both do
not require any condition on energies and that on the contrary they are given
in terms of “slopes”, involving energy-release rate and toughness. Moreover, both
notions satisfy the extended energy balance (2.19), which easily implies the usual
energy inequality (2.22). In general, a weak solution is a local energetic solution and
vice versa, any local energetic solution s(¢) can be modified to be a weak solution,
with s(t) € {s(t—), s(t+)} for every t.

3. Reduced Energy and Energy-Release Rate

In the proofs of Theorems 2.1 and 2.2 we use frequently that the energy-release
rate G is continuous. We will therefore investigate in this section the continuity
and differentiability properties of the reduced energy Z and derive a formula for
G. We treat first a rather general case, where the energy £ may depend on several
parameters and have non-unique minimizers. Afterwards, the results are applied to
the situation with a crack as described above.
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3.1. Variation of reduced energies with respect to a finite number
of parameters

Let V be a topological Hausdorff space and ¥ = [of,03] x -+ x [0]",05'] C R™ a
set of parameters. For the energy functional & : ¥ x V — Ry, = RU{oco} we define

I(o) = inf{&(o,v) |v € V},
U(o) = Argmin&(o,-) = {v e V | E(o,v) =Z(0)}.
The following assumptions are imposed on &, cf. Ref. 19.

Compactness of energy sublevels:
VoeXIEeR: Lyg:={ucV|&(o,u) < E} is not empty. (E1)
Furthermore, L, g is compact for every o € ¥ and every E € R.

This assumption implies that for every o € X the set U(o) is not empty and that
7:3¥ — R is well defined.

Uniform control of 0,Ey:
Jeo €R3e; >0V (0,u) € ¥ x V with E(o,u) < oo : (E2)
Eo(-,u) € CY(X) and [9,& (0, u)| < e1(co + Eo(o,u)) Vo € 3.

Using Gronwall’s inequality, the following fundamental estimate can be deduced
from assumption (E2), see Ref. 19: For every 1,02 € ¥ and u € V with & (o1, u) <
oo it holds

50(01,u) < (C() +50(02,u))601|01702‘ — Cp.

This inequality implies in particular that for every 01,09 € ¥ and u € U(o2), we
have

I(O’l) S 80(0’1,’(1,) S (Co +Z(O’2))ecl‘dl_a2| — Cp,
and therefore,

supZ(o) < oo, sup{&(o,u)|o €, u € UrexU(T)} < 0. (3.1)
oEY

Proposition 3.1. Assume that (E1) and (E2) are satisfied. Then the mapping
7 : Y — R 1s Lipschitz continuous. Moreover, for every sequence o, — o and every
sequence (Un)nen with u, € U(oy,) we have lim,, .o E(o,u,) = Z(0).

Proof. Let 01,09 € ¥ and ug € U(o2). By condition (E2) and estimate (3.1) we
obtain

I(o1) — Z(o2) < Eo(o1,u2) — Eo(02,u2)
1
<oy — 02|/ |05E0(02 + s(01 — 02),us2)| ds < ¢|oy — o9,
0

and the constant c¢ is independent of o1 and o9. Interchanging o7 and o5 in the
previous inequality shows that 7 is Lipschitz continuous.
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Let (04, un)nen be a sequence as described in the second statement of Proposi-
tion 3.1. Again by property (E2) and estimate (3.1) we see that

1
I€0 (0, un) — Eo(o, un)| < |oy — a|/ |05E0(0 + s(on — 00),un)| ds < c|oy, — o]
0
Together with continuity of Z it follows that & (o, u,) — Z(o) for n — oo. m|

For the proof of differentiability properties of Z, we need also a continuity
assumption for 0,&y along sequences (o, Uy )n, where u, € U(r,) for some 7,,.

Continuity of 9, along sequences (o, Un )n:
For n € N let 7,,0, € X, u,, € U(7,). Then the implication holds: (E3)
(Una Tn, un) - (07 g, u) with u € Z/{(O') = aago(gna un) - 8080(07 U’)

If V is identified with a Banach space, which is equipped with the weak topol-
ogy, then there are at least two cases such that assumption (E3) is satisfied. In the
case, where &) has nonunique minimizers (like in finite-strain elasticity), a sufficient
condition for (E3) to hold is: For every E € R there exists a modulus of continu-
ity wg : [0,00) — [0,00) such that |0,&(01,u) — 0,E (02, u)| < wg(|or — o2|) for
every u € V with &y(o1,u) < E. Property (E3) is then an immediate consequence
of the fundamental convergence theorem in Ref. 19, where it is proved that the con-
vergence of a sequence (U, )nen together with the convergence of the corresponding
energies implies the convergence of 9,&y (0, uy, ). The case, where (o, -) is strictly
convex, is discussed in detail in the next section.

For 7 € R™\{0} and o € ¥ the right and left directional derivatives of 7 are
denoted by

01 Z(0) = lin %(Z(cﬂ—hr) (o), (3.2)
0;Z(o) = I}bl{r%) %(Z(O’) —I(o—h7)). (3.3)

Theorem 3.1. Let (E1)—(E3) be satisfied. For every o € ¥ and 7 € R™\{0} with
o+ht € ¥ for small h > 0, the right and left directional derivatives with respect to
T exist and are given by

0 Z(0) = min{0,E (o, u) - 7 | u € U(o)},
07 I(0) = =0T I(0) = max{0,E(0,v) - 7| v € U(0)}.

Moreover, 07T and 07T are measurable and 9} Z(c) = 0-Z(o) for a.e. 0 € 3.
Finally, if hy, > 0 with lim, o0 hy, = 0, then 0FI(o+h,T) — 0FZ(0).

Remark 3.1. From the last assertion we may conclude the following, using
Theorem 2.5.1 of Ref. 6: Let ¥ = [o0g,01] C R. Then, under assumptions
of Theorem 3.1, the Clarke generalized gradient of Z is given by 9“'Z(c) =
[0%Z(0),0Z(0)], o € (00,01). This fact will be used in a forthcoming paper.
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Proof. Let 0 € ¥,7 € R™\{0} such that o+h7 € X for 0 < h < hg, where hg is
chosen small enough. The goal is to calculate the limit in (3.2).

Upper estimate: Let u € U(o) be arbitrary. Then
1 1 !
E(I(a—!—hr) - I(a)) < E(SQ(O'—FhT, u) — &o(o, u)) = / 05E0(o+rhT,u) - Tdr.
0

By assumption (E2) and inequality (3.1), the integrand is bounded by a constant,
which is independent of s and r. Therefore, Lebesgue’s Theorem of dominated
convergence implies

limsupl(I(a—Fhr) —Z(0)) < hm/ 0-E(o+rhr,u) - 7dr = 0:& (o, u) - T.
o h 3N)

Since u € U(o) is arbitrary, we can take the infimum on the right-hand side. In
fact, the infimum is a minimum, which can be seen as follows. Let (uy,)nen C U(0)
be an infimizing sequence for 9,&y(o,-) - 7 with respect to U(o). By assumption
(E1) the set U(o) is compact and therefore, there exists an element u € U(0)
and a subsequence (U, ), en, which converges to u. Assumption (E3) implies that
0-E0(0,Uun )+ T — 0p&p(0,u) - 7. Thus, u is a minimizer of 9,& (0, )7 on U (o) and
we have proved that

1

lim sup 7 (Z(o+h1) —I(0)) < min{0,E(o,u) -7 |u € U(o)}.
AN

Lower estimate: For every h € [0, ho| let ug4pr € U(o+h7). The lower semicontinu-

ity of & (assumption (E1)) and Proposition 3.1 imply that there exists a sequence

hn, — 0 and an element u, € U(o) such that usyp,r — u.. By assumption (E3)

and Lebesgue’s Theorem we obtain therefore

lim inf hi (Z(o+hy7) — Z(0))

1
2 nh—{lgo h_ (50 (U+hn77 uo’+hn‘r) - 50 (07 ua+hn‘r))
1
= lim 05E0(0+ThnT, Ugih, ) Tdr = 0xE0 (0, uy) - T.

n—oo 0

A proof by contradiction shows finally that
1
1i}ln\i%)1f E(I(O’—FhT) —Z(0)) > min{9,& (o, v) - 7 |v € U(0)}.

This finishes the proof of the first part of Theorem 3.1.

For the proof of the second part we extend Z by reflection to a Lipschitz con-
tinuous and bounded function Z : R™ — R. For 7 € R™\{0}, h > 0 and ¢ € ¥
we define Z7, (o) = h™'(Z(o+h7) — Z(0)) and I, (0) = h~'(Z(0) — Z(o—h7)).
Obviously, the functions I*, and Z— o are measurable with respect to ¥ and we
have due to the first part of Theorem 3.1 that Ii (o) — 0FZ(o) for every o € .
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Therefore, 7 is measurable. Let ¢ € C§°(int ) be arbitrary. Lebesgue’s Theorem
and a change of coordinates imply that

= lim ! ~U T —~0 o)do
[ o:7@)e(o)o = fimnt [ (Fohm) ~ Tl

= lim h™* | Z(o)(p(o—h) = ¢(0))do
L— =

—/I(U)(ch - 7T)do.
b

And similarly

/ 0 I(o)p(o)do = —/ Z(o)(Vp - 7)do.
b b

Since ¢ € C§°(int X) is arbitrary, we finally obtain - Z (o) = 9 Z (o) for a.e. o € X.
For the proof of the last part of Theorem 3.1 let o, := o+h,,7 and v,, € U(o},)

such that 9} Z(c,,) = 0,E(0p,vy,) - 7. In view of (E1) and Proposition 3.1 we may

assume that v, — v with v € U(o). Thus, by (E3) and formula (3.2) we have

0FT(0y) = 05E0(0n,vn) - T — 0p&o(0,v) - T > 01 I(0). (3.4)

Moreover,
077(0) > lim hl—n (E0(0n, vn) — Eo(0vm)) = (0, 0) - 7. (3.5)
Combining (3.4) and (3.5) finishes the proof. m|

Corollary 3.1. Let (E1)—(E3) be satisfied. If for every o € 3 the corresponding
minimizer of Ey(o,-) is unique, then T € CY(X). Moreover, DI(0) = 0,Ey(0,v),
where v = v, is the minimizer of &y(o,-).

Proof. Note first that for every 7 € R™\{0} and every o € X it holds
0;Z(c) = 0 Z(0) = 0-Z(0) = 0p&o(0,vs) - T,

where v, is the unique minimizer of &y(o, ). It remains to prove the continuity
of 9;Z(c). Let (0)nen C ¥ be a sequence with o, — o and let (up)neny C V
be the corresponding minimizers. The uniqueness assumption and Proposition 3.1
imply that w,, — u, where v € V is the minimizer of (o, ). Assumption (E3) now

guarantees that 9, (o, un) — 05E0(0, 1) and the proof is finished. O
_( r©®
Cs 540 = (ot )
-0 ‘ r(d) o r

Fig. 1. Local description of the crack C via ¢s
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3.2. Application to the problem with prescribed crack path

The scope of this section is to show that the reduced energy 7 : [0, 7] % [so, s1] — R,
which is defined in (2.6), is well defined and belongs to C* ([0, T] x [so, s1]). Moreover,
we provide a formula for the energy-release rate G(t,s) = —0sZ(t, s).

In order to study the differentiability properties of Z with respect to s, we
introduce a family of diffeomorphisms T s : 25 — Q445 for s € [sg, s1] and 6| < do,
where dg > 0 is some small enough constant. Due to the smoothness assumptions
on the crack path C, the subsequent considerations can be carried out uniformly
with respect to s € [sg, s1].

Since the crack path C is a simple C?-curve, after a suitable rotation, it can
locally be described as the graph of a C2-function. Let s € [so, s1], 70,9, 0 > 0 and
s € C%([~7r0,70],R) such that for § € [~d;,,] we have (for simplicity, we neglect
the rotation):

Y(s48) = (L[ ))r Coro\Comsy = {(r,05(r)) |7 € )=r9,7()]} and  r(0) =0,

see Fig. 1. Choose 6 € C§°(By, (0)) with 0| , 50y = L Similar to Ref. 27 we define
o

the mapping T 5 : R? — R? via

(71(s 4+ 6) = 71(s))0(~(s)

frolo) = (m:l + (115 +6) = 31()0((5) — 7)) %(xl)) '

Lemma 3.1. (Properties of Ts 5) There exists a constant g > 0 such that we have

(a) Ts,. € C*([—d0,d0] x R%R?) and for every |6] < &y the mapping Ts s is a C?-
diffeomorphism. Moreover, T 5(2s) = Qsis, Ts,5(7(s)) = v(s+6), Tss(Cs) =
Csts and Ts 5(x) = x for every x € R?\ By, (y(s)).

(b) The norms ||T5»5||02(R2) and HT;;’

; ly bounded with ¢
- are uniformly bounded with respec

to 0. There exist constants cs,cq > 0 such that for every |§] < g and © € R2
we have cg < det VT s(x) < ca.
(¢) Some derivatives:

0.(2) :=85<Ts,a<x>>|5_o:wus)ems)—x)( ! ) (3.6)

@, (1)
95(det VT 5)|,_y = divos, 95 (VTes) |s_y = —Vos (3.7)

(d) There is a constant ¢ > 0 such that for every u € Wlllf(ﬂs) and |6 < dp we
have

HUHWLP(QS) <c ||(VU(VTs,E)il)symHLp(QS) . (3.8)
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Proof. The proofs of parts (a)-(c) of Lemma 3.1 are carried out in Ref. 20 for
C*°-diffeomorphisms. Without any changes, the arguments are also applicable to
C? mappings T 5. Part (d) follows by a perturbation argument. O

We make use of the following abbreviations

ws(y) = Tos(y),  as(y) = det VIus(y), Bs(y) = (VTss(y) "
For elements v € Wllg’(Qs) and (t,0) € [0,T] x [—do, 6] we define

Ealt.5.0) = [ asu)W (e, Vo(a) Bilo) dy
- [ aststas) vy — [ ne)-ode. @9)
The definition of &y is chosen in such a way that for every v € W;f(QsH) we have
E(t,v,s+08) =E(t,0,v0Ts ). (3.10)

Note that T,s induces an isomorphism between the spaces erDp(Qs) and
Wll;f(ﬂs“) through v +— w o Tsfél. Therefore, for every |0| < §p the following
identity is valid with Z as in (2.6):

Z(t,s+9) = min{&(t,,v) |v € erg’(Qs)},
and argmin &y (¢, 0, ) = u o Ty 5, where u is the unique minimizer of £(t, -, s + 9).
Theorem 3.2. Assumptions (2.1) and (2.3) imply that T € C*([0,T] x [so, 51]) and
the following formulas are valid with os from (3.6)
0Z(t:5) = | aW(ty.Vuw)dy~ [ f(0)-udy~ [ (o) uds
Qs Qs I'n
(3.11)
—G(t,8) = O, I(t,s) = / (W(t,y, Vu)l — Vu DAW (t,y, Vu)) : Vos dy

s

—/Q u-div(f(t) ® os) dy. (3.12)

In both formulas, u is the unique minimizer of £(t,-, s).

The quantity Vu DsaW (t,y, Vu) — W(t,y, Vu)l is the Eshelby or Hamilton
tensor. It follows from the proof of Theorem 3.2 that

G(t,s) = G(t,U(t,s), s). (3.13)
Moreover, we observe that Gu,.x which appears in (2.9) is in fact a maximum.

Remark 3.2. Integration by parts yields [, div(f®os)-v dz = — [, f-(Vves,)da.
This indicates that it would be sufficient to assume f(t) € L9(92;R?) instead of
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f(t) € Wha(Q; R?). In Ref. 25, we deduced a formula for the energy release rate in
the stationary case with this weaker assumption on f.

Proof. In order to prove Theorem 3.2, we apply Corollary 3.1 to the energy density
&y. Thus, we only have to show that & satisfies conditions (E1)-(E3) from the
previous section. The formula for the energy release rate can then be calculated
using 95Z(t,s + 0) = 95&p(t,0,u), where u = ug is the minimizer of Ey(t,d,-). We
choose V = erlf(Qs) together with the weak topology and ¥ = [0,T] x [—do, do]-

Condition (E1) is an immediate consequence of the growth and convexity prop-
erties of the energy density W and relies on identity (3.10). Moreover, for every
(t,6) € ¥ and v € WP(Q) the partial derivatives 9;&y and 9s5&, exist and are
given by

BrEo(t, 6,0) = / 4510V (£, 9, Vo(y) Bs(y)) dy

Qs

- / 45 ()t 25(y)) - v(y) dy — / () - vds, (3.14)
Qg I'n
and
Dot 6.0) = / D545(y) W (1,9, Vo) Bs () dy
+/Q as(y) (Vo(y) "DaW (t,y, Vu(y)Bs(y))) : 0sBs(y) dy
- / 9545 (y) £ (t, 75(y) - v(y) dy
- / 43 (0) (V£ (¢, 25(1))B525(1)) - v(y) dy. (3.15)

These formulas can be verified using Lebesgue’s Theorem, see also Theorem IV.5.7
in Ref. 14, and by applying a generalized variant of Lemma 4.1 from Ref. 25.
There, for a straight crack it is shown that f(¢,zs,) — f(¢, x5) strongly in L(€y)
for &, — 0 and that 0, *(f(t,xzs5,) — f(t,zs)) — Vf(t, x5)05zs strongly in LI(Qy).
The generalization of this lemma to a smooth, curved crack is straightforward.

Furthermore, 0;&y, 0s&y : X X erDp(Qs) — R are strongly continuous. This
is again a consequence of Lemma 4.1 from Ref. 25 together with properties of
Nemytskij operators®® (for the terms with W) and the Lebesgue Theorem.

It remains to verify the estimate in (E2) and property (E3). Taking into account
the uniform bounds of the family T s and assumptions (2.1) and (2.3), we obtain,
based on the generalized Korn’s inequality (3.8) and relation (3.10), the following
estimate for elements v € W;g’(QS):

Eo(t,6,v) = c2 HUH%/LP(QS) —cs(1+ ||UDir||z();1([o,T];W1,p(QS))

+ A1 o, 21w 100 + IRIE o,71,20 (00 )- (3.16)
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The constants ¢; > 0 are independent of v, § and ¢. On the other hand, from (3.14)
and (3.15) by Hélder’s inequality we obtain the estimate

10:E0(t, 6, v)| + |0s&0(t, 6, v)| < C(||”H€vl,p(gzs) + Hf”tél([o,T];Wl,q(Qs))

+ llwniell o rwe .y + 1R1E o 73 Larny)

and ¢ > 0 is independent of v, t and §. Together with (3.16) this proves (E2).

Let now t,t,,t, € [0,T], 6, 8, 0n € [—d0, 0] With (tn,t,) — (¢,1), (s 0p) —
(8,0) and assume that u,, is the unique minimizer of E(f, o, -) with u, — u weakly
in Wllg’(Qs), where u is the minimizer of (¢, d, -). Proposition 3.1 implies that the
sequence (uy)nen 18 a minimizing sequence for £y(t, d, ). Since the energy density
W is assumed to be strictly convex, it follows from a result by Visintin3® that
the minimizing sequence converges also strongly in W1?(Q,). From the continuity
properties of 9;&y and Js&y we conclude therefore that

atgo(tm 67’7,7’“’7’7,) - atgo(t767u)7 aégo(tmémun) - 8550(t7 67 ’LL)

This proves condition (E3). Corollary 3.1 now implies that Z € C1([0, 7] X [so, s1])-
The formulas for the derivatives of Z follow from (3.14) and (3.15) with § = 0 taking
into account relations (3.6) and (3.7). O

Remark 3.3. Non-interpenetration can be included in our model for both, straight
and curved cracks. This means that we have to restrict the space W;g’(QS; R?) to
the convex cone V() = {v € W;;(QS) | [v]v > 0}, where [v] = vt — v~ denotes
the difference of the traces of v on the positive and negative side of Cs, and v
is the unit normal to Cs pointing from the negative to the positive side. If the
crack is straight, the proof of Theorem 3.2 is still valid, since T s induces an iso-
morphism between V> (£25) and V> (Qs44). In the case of a curved crack we use
the Piola transform Ps : V> (Q45) — V>(Qs) with Psv = (cof VTS’g)TUOTS,&
where cof denotes the cofactor matrix. The Piola transform generates an isomor-
phism between V> (545) and V> (€5). The energy & from (3.9) has to be replaced
by &> with

E(1,5,v) = / 45 W (t,, V ((cof VTus)"T0) By) dy
Q

s

- [ st (et VT ) dy = [ ()
Q. I'n

Note that E(t,v,s + 0) = E>(¢,9, Psv) for every v € V>(Qs4s). Now the same
arguments as in the proof of Theorem 3.2 can be applied to £> under the additional
assumption that the crack is C3-smooth. The energy-release rate is given by (with
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u=U(t,s)):

—G(t,s) = 05E>(t,0,u) = / (W(t,y, Vu)l — Vu DAW (t,y, Vu)) : Vo, dy
Qg

—/ v-div(f ® o) dy —/ [ ((Vos — div g,I)v) dy
Q Qs

—|—/ DAW (t,y,Vu) : V((Vos — div g,I)v) dy. (3.17)
If the crack is straight, then this formula reduces to (3.12). It remains open whether
this is also true in the general case. This investigation will be continued in a sub-
sequent paper.

4. Solutions for the Viscous Problem

In this section we deal with the reduced functional Z (¢, s) defined in (2.6) and with
the corresponding energy-release rate G(t, s) defined in (2.7).

The existence of a viscous solution s” is obtained by minimizing a sequence
defined through time-discretization, i.e. using the minimizing movements theory of
De Giorgi'! (see also Refs. 1 and 3). In this section the viscosity parameter v > 0
is fixed.

4.1. Time-incremental problems

For N € N\{0} we define the time-step 7 = T'/N and t := k7 for k =0,1,..., N.
We define by induction sj as follows: s§ := sg and for k > 1 the value s} is
defined by

s — sy
sy, € argmin {I(tk,E) + 7R, (3217 %) se [so,sl]} . (4.1)

The existence of s}, is an easy consequence of the direct method in the calculus

of variations, since s — Z(t,s) is continuous and s — R, (s}_;, S_ST""I) is lower
semicontinuous. We observe that s} satisfies
v SZ - 8271 v v
0€ Ry ( sk_1, — ) G(tr, 5%) + OX[s0,51](5F)s (4.2)
forevery k=1,...,N.
If s} < s1, then by (4.2) we deduce that
sy — s¥ sy —s¥
(st = Gt sy o BT ) g, (43)

Indeed, let us first observe that (4.2) is equivalent to

5 —s” sY — s¥
v k—1 v k k-1
Ro <3k1» T) —Ro (51@1» -

s” — s? 5 — sY
n (yi’“ bl —G(tk,sg)> "% >

T T
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for all 5 € R. Using Ro(s,$) = oo for § < 0, it is sufficient to consider 5 > s}_,
which gives

vo_ v
Sk

- G(thZ)) iy,

v
Sk—1

T

(w(st )+

v v
Sk Sk—1

In particular, for any 5 > s} we obtain k(s}_;) + v — G(tg, s) > 0. If we

choose now § = s}_; then we derive
SV _ SV Sl/ _ Sl/
k— Sk—1 k— Sk—1
(n(szl) +v — G(tg, sg)) <0.
T T

The last two inequalities together with the fact that s} > si_; give (4.3).
Let 37 and s¥ be the left-continuous and right-continuous piecewise constant
interpolants of s}, such that 3% (tx) = s¥(tx) = s}, i.e.

gi(t) = sy, VtE]tk,htk], §Z(t> =s5_, Vte [tk—htk[, k=1,...,N. (4.4)
Let ¢, : [0,7] — [0,T] be given by
t-(0):=0, & (t):=tr fort € Jtp_1,t

Moreover, we define the piecewise affine interpolants
t—tp—1

() = s+ —

(SZ — 8%71) Vit e ]tk_l,tk] . (4.5)
Hence, we can rewrite the time-incremental problem (4.2) by

0 € OsRu (87(1), 5, (1)) — G(Er (1), (1)) + Oxfsg,51) (7 (2)). (4.6)
We now prove that these interpolants satisfy suitable a priori bounds.

Lemma 4.1. There exists a positive constant C such that for every v > 0 and
every T > 0 the following estimates hold true.

51l Lo 0,75 155 | oo 0,7y < (4.7)
T »
[ RutszSenae <. (45)
0

v C

5,11 22¢0,7) < W’ (4.9)
=V av v av T

152 = ¥l oy sk = 8¥lumiom < CYL. (4.10)

Moreover, for every v > 0 there exists o = 1o(v) such that
SY(t)<s1 VT <1, Vte][0,T]. (4.11)
Proof. Since s} belongs to [sg, s1] for every k =1,..., N, estimate (4.7) is trivially

satisfied by any constant C' > s;. By the minimality of s and taking sj_, as test
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function we deduce

v 174
Sk — 31%1)

T(t,s5) + 7Ry (541, < Tth, 1) + TR (5_1,0)

23
=T(tk—1,55_1) —|—/ I (t, sy, _q)dt,
tk—1

that is
tr

tr sY — g¥
T(te,sY) — T(ti—1,5%_1) + / R, (sz_l, %) dt < O L(t, sy_,)dt.

tr—1 th—1
By adding this inequality we obtain, for every 0 <¢ < k < N,

tk . tk-
Tty sf) = Ity s!) + | Ru(s2(8),52(0)dt < [ OZ(t, s2(8))dt.

ti t'i
Thus

(1) . t-(t)
T30 + [ R0 ) <700 + [ 0T ar

holds true for every ¢ € [0,T]. Since now Z € C'*([0,7] x [so, s1]) by Theorem 3.2,
we deduce the existence of a positive constant C independent of 7 and v such that

/ R0, (0)dt < OT +1) + T(0, 50),
0

which proves estimate (4.8). From the definition of R, given by (2.8) it follows that
(4.8) is equivalent to

/OT (ﬁ(é?(t))éi(t) + g|§:(t)|2> dt < C.

The non-negativity of the first term implies the estimate (4.9).
In order to prove (4.10), let now ¢ € Jtx—1,t;]. Then by the definition of 5%(t)
and §¥(t) given by (4.4) and (4.5), respectively, we derive
1=tk
-

() = $Y(t) = s — sf_y — (s = sp_1) = (T — t+ t1)s, (1) < 7I3,(1)].

Thus,

1/2
b v b sV v
[57(8) = 37(0)] < / |s,(t)|dt < V7 (/ Isr(t)Ith> < V7 18-l 20,1

tp—1 tp—1
which, thanks to (4.9), gives the first estimate in (4.10). The second one is obtained
in a similar way, since for every ¢ € Jt;_1, tx[ we have
. L —tp—1
5410 - stto)] = [

We observe that from (4.7), (4.9) and (4.10) it follows that % € L*°(0,T).
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To conclude, we need to prove the existence of 7y such that (4.11) is satisfied.
We start by defining the quantity Spax as

Smax := max{s € [so, $1] | £(8) < Gmax}-

By assumptions (2.10) and (2.9) it turns out that Spyax is well defined and that
Smax < S1. Moreover, K(8) > Guax for every s € |smax, s1-

Let k* € N be such that s} < spmax for all k=1,...,k* and (for N > k*) let us
assume Sy. | > Smax. If 7., < 81 then k(s}. ;) > Gmax and therefore by (4.3)
Sp = Speyy forall k =k"+1,...,N.

On the other hand, if s}.; = s1, then, by the definition (4.1) we obtain

v
—G(tgey1,51) + K(si-) + ;(31 —55-) <0

or, equivalently, since s; — s7. > 0,

G(tg+1,51) — K(s%.) - Grmax — K(sh.) - k(s1) — K(sh.) - k(s1)
81 — ST - 51 — Sf 81 — ST T 81 — Smax

v < =: L,,
-
where the second inequality is derived from the definition of Gyax and the third
one comes from our assumption (2.9).

Therefore, by taking 79 < v/L, we deduce that this second case cannot occur
and hence sj. | < s1 for every k* and the proof is complete. i

From now on we will consider 7 < 7y so that, thanks to (4.11), the time-
incremental problem (4.6) becomes

v —

0 € OsR.(s%(1), 52(1)) — G(E, (), 34(1)). (4.12)

4.2. Existence of a viscous solution

We consider now the limit in 7 and prove that it is a viscous solution.

Theorem 4.1. There exist a function s* € H([0,T];[s0,s1]) and a subsequence
of 7 (not labeled) such that

Y, 50,80 — s in L>°([0,T7; [s0, s1]) (4.13)
8~ in L*([0, T); R). (4.14)

Moreover, for a.e. t € [0,T]

0 € R, (s* (), 57 (1)) — G(t, s”(1)). (4.15)

Proof. We essentially use the continuous embedding H'([0,T]) ¢ C%'/2([0,T])
and the compact embedding of C%'/2(0,7]) ¢ C°([0,T]) (via the Arzela-Ascoli
theorem).

Using estimates (4.9) the sequence (8%), is bounded in H([0,T7]; [so, s1]) and we
find a weakly convergent subsequence (not renamed). In particular, (4.14) holds.
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By the compact embedding into C°([0,77]) it also converges uniformly on [0, T].
Employing (4.10) we have also proved (4.13).

To establish the differential inclusion (4.15), we pass to the limit in (4.12). First
note that G is continuous, hence we have

g7 (t) := G(T.(1),5“(t)) — ¢°(t) := G(t,s"(t)) for all t € [0, T].

Equation (4.12) is equivalent to

T
/0 R (2(8), w(t)) — Ry (s2(8), 51(8) — " (D (w(t)=32()dt >0 (4.16)

for all w € L2([0,T]). In fact, it suffices to consider w with w > 0 a.e. in [0, 7.
For passing to the limit 7 — 0 note that the first term converges pointwise with a
majorant Kpaxw + %wz, hence its limit is fOT R, (s”,w)dt. The third term converges
because it is a scalar product of a strongly and a weakly convergent sequence. For
the second term, using the fact that §:(t) > 0, we estimate

v v

T . U T .
/ R (87(2), 57(t) = Ru(57(t), 5, ()] dt < we(]ls7 =57 [loc) / 8-(t)dt,
0 0

where w,; is a modulus of continuity of x € C°([0, L]). As the last integral equals
SY(T) — s2(0) < s1 — sp and by (4.10), the difference tends to 0 for 7 — 0. Thus

it remains to show the convergence of fOT R, (8%(t), §i(t)) dt¢ but this equals again
f:OT(T) k(s) ds + & fOT |87(¢)|? dt. The convergence of the first term follows with
(4.13), while according to (4.14) lower semicontinuity can be applied to the second

term. In particular, taking the liminf as 7 — 0 in (4.16) we find

T
/0 R (s (8),w(t)) = Ru(s” (1), 8" (t) — g° () (w(t) =" (t)) dt > 0

for all w € L?([0,T]), which is equivalent to the desired equation (4.15). This
concludes the proof. |

Now we are in a position to prove the main result of Sec. 2.2, which turns out
to be an easy consequence of the previous Theorem 4.1.

Proof of Theorem 2.1. For the given s” : [0, T] — [so, s1] let u”(t) = U(t, s (t))
for every t € [0,T], then (2.11) of Definition 2.1 is satisfied. Moreover, (4.15)
together with (3.13) provides (2.12). O

Lemma 4.2. The subdifferential formulation (4.15) is equivalent to the following
three properties which hold true for a.e. t € [0,T7:

(a”) $(t) > 0;
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We note that by Lemma 4.2 it turns out that the viscous solution ¢ +— s(t)
satisfies the Karush-Kuhn-Tucker conditions (see Refs. 22 and 28).

Proof. It is sufficient to prove that conditions (a”)—(¢”) are equivalent to the
following evolutionary variational inequality

Ro(s"(t), &) — Ro(s"(t), 8" (1)) + [v5"(t) — G(t, 8" ()] (6 — (1)) =0 (4.17)

for every ¢ € R. The direction (a”)—(¢”) = (4.17) is immediate, while the opposite
direction is obtained by an argument very similar to the one proving (4.3) and
therefore it is omitted. O

We define
Smin = min{s > s¢ | £(8) > Gmax
and note that by our assumption (2.9) we have sy, < $1. It turns out that
§7(t) < Smin < 1 for every ¢ € [0,T]. (4.18)

Indeed, if there is t, € ]0,T] with s¥(tx) > Smin then there exist t; < to < ¢, such
that

$Y(t1) = Smin, $”(t) > Smin YVt € Jt1,T] and k(s"(t)) > Gmax Yt € Jt1, 2]

(see also Fig. 2).

Therefore x(s”(t)) — G(t,s"(t)) > 0 for every t € |t1,t2]. Condition (¢”) in
Lemma 4.2 implies then $”(¢) = 0 a.e. on |¢1, t2]. By the continuity of s we derive
Smin = ¥ (t1) = 8¥(t2) > Smin, a contradiction and (4.18) is proven.

Let us note that the same argument can be used to prove the following lemma.

Lemma 4.3. Let s” be a viscous solution for T and R, and let t € [0,T] be such
that k(s"(t)) — G(t,s"(t)) > 0. Then there exists 6 > 0 such that the map s” is
constant in [t — 6,t + ] N[0, 7).

K(s)

Gmax

S0 Smin SU(tQ) Sy(t*) 51 S

Fig. 2. A possible situation for the graph of x and the quantities spin = s”(t1), s (t2) and
SV (ts).
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Proof. By continuity, there exists § > 0 such that x(s"(t)) — G(,s"(£)) > 0 for
every L € [t — 6,t + 0] N [0,T]. Now we can conclude the following same argument
as above (replacing the interval Jty,to] with [t — §,t + ] N[0, T]). O

We end this section by proving the energy balance condition.

Lemma 4.4. Let s¥ € H'([0,T7; [so, s1]) be a function satisfying (4.15). Then the
following energy balance condition holds true

I(t2, 5" (t2)) +/t 2 (k(s”(£))3" (8) + v]3" (1)]) dt

= T(ty, " (t)) + / ’ QI (t, 5" (1)) dt, (4.19)

1

for every 0 <t <to <T.

Proof. By Lemma 4.2 it follows that the map s” satisfies conditions (a”)—(c").
Moreover, for a.e. t € [0, 7] we have, via the chain rule for s* € H'([0,T]),

CG(t, s7 (1) (1) = D, I(t, 8" (1)) (1) = %Z(t, s (1)) — DL(t, s (1)).

Now (4.19) is an immediate consequence of the integral version of condition (¢").
O

We observe that, since u”(t) = U(t,s"(t)), condition (4.19) turns out to be
1

equivalent to energy balance (2.13).

5. Rate-Independent Limit

In this section we want to pass to the limit in v, in order to prove the existence of a
local energetic solution associated with Z and Rg. This procedure is usually called
vanishing viscosity method. We begin by stating some a priori estimates.

Lemma 5.1. Let s* € H'([0,T); [s0, s1]) be a solution of (4.15). Then there exists
a positive constant (independent of v) such that the following estimates hold true:

s IlLo<,1) < C (5.1)
[ mw s mazc 52)
0
V/T 5 (1)2dt < C. (5.3)
0

Proof. Since s”(t) € [so, s1] for every t € [0,T], we deduce that estimate (5.1) is
satisfied by any constant C' > s;. Lemma 4.2 guarantees that condition (¢”) holds
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true. Thus we derive
T T
/ [R(s" ())& (1) + v]& ()]?] dt = / Glt, 5" (1)5" (1)t
0 0

T
= —I(T, s"(T)) + Z(0, s0) + /0 OI(t, s” (1)) dt

and the last right-hand side is bounded since Z € C*([0, 7] X [so, s1]), by Theorem
3.2. By condition (¢”) and (2.8) we obtain that (5.2) and then (5.3) hold true, and
therefore the proof is complete. O

Theorem 5.1. There exist a function s € BV(0,T5; [so, s1]) and a subsequence of
v (not labeled) such that

sV 5 s in BV(0,T; [s0, 51]) (5.4)
sY(t) — s(t) for all t € [0,T). (5.5)

Moreover, the limit function s is a local energetic solution for Ry and I as defined
in Definition 2.2, namely

(a) s is nondecreasing;

(b) k(s(t)) — G(t. (1)) = 0 for all ¢ € [0, T\J(5);

(c) if k(s(t)) — G(t,s(t)) > 0, then t € D(s) and 5(t) = 0;

(d) for allt € J(s) and all s. € [s(t—), s(t+)] we have k(s.) — G(t,s.) <0,

where J(s) and D(s) denote the jump set and the set of differentiability, respectively.

Proof. An application of the classical Helly selection theorem (see, e.g. Ref. 36)
together with the a priori estimates of Lemma 5.1 provide the existence of a subse-
quence of v and of a function s € BV([0,T]; [so, s1]) satisfying (5.4)—(5.5). Taking
into account these convergences, we want to derive the limit problem solved by the
map t +— s(t). The idea is to consider the limit in the formulation (a”)—(¢”) which
is equivalent to (4.15) as shown in Lemma 4.2.

First of all, let us note that condition (a) is an immediate consequence of Helly’s
Theorem. It follows that ¢ — s(¢) is continuous at a.e. ¢ € [0,7], and the jump set
J(s) is at most countable, since the sum of jumps is bounded by s; — s¢. Further,
we observe that a priori bound (5.3) implies

v§” — 0 in L*([0,T)). (5.6)
Moreover, by condition (b”)
T
/0 W) [R5 (1)) — Gt s (1)) + vd" ()] dt > 0

for every ¢ € L?([0,T]) with ¢ > 0. Thanks to (5.6) we can pass to the limit and
obtain an integral version of condition (b), namely

T
/0 D) (5(s(8)) — Glt, s(£)) dt > 0 Vb € L2([0,T]), % > 0
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because of convergence (5.5), and continuity of x and of G. This implies that
k(s(t)) — G(t,s(t)) > 0 for a.e. ¢t € [0,7]. In particular, the inequality is true
for every ¢ in which the map s is continuous, and therefore condition (b) is proven.

In order to obtain condition (d), let us fix £ € J(s) and s(f—) < 5% < s* < s(i+).
From the continuity of the map ¢ — s¥(t) we deduce that for every v there exist v
and fi such that

o<y, it =t st() =8t () = sb.

Condition (¢”) of Lemma 4.2 implies

/E " (s (1)) (5(s" (1)) — G(t, 5 (1)) (t)dt < 0 (5.7)

v

for every ¢ € L?([so, s1]) with » > 0. Now we change variables, putting o := s¥(t)
and defining ¥ (o) := min{t € [{*,#]| s”(t) = o} so that inequality (5.7) becomes

b

/S ¢(0)(k(o) — G(t"(0),0))do < 0

a

for every ¢ € L?([so, 51]), ¢ > 0. Passing now to the limit as v — 0, since t” (o) — i,
for every o € [s(f—), s(f+)], and since G is continuous thanks to Theorem 3.2, we
obtain

b

/S ¢(0)(k(0) — G(t,0))do < 0.

a

Therefore, #(s.) — G(t,s.) < 0 for every s, € [s%,5"] and by the fact that s* and
s® were arbitrarily chosen in [s(f—), s({+)] we obtain finally condition (d).

We are left with condition (c). Let ¢ be such that x(s(t)) — G(t, s(t)) > 0. Then
by condition (d) ¢ ¢ J(s) so that the map s is continuous in ¢. By continuity of
r and G and the pointwise convergence (5.5) we derive the existence of vy > 0
and of § > 0 such that for every v € [0,1] and every ¢ € [t — 6,¢ + 6] N [0,T] we
have k(s” (1)) — G(t,s"(t)) > 0. Applying now Lemma 4.3 we deduce that (for some
possibly smaller § > 0) the map s” is constant on [t — d,t + 6] N [0,T] for every
v € (0,vp]. Therefore, the limit map s is constant on [t — d,¢ + 6] N [0, 7], so that
t € D(s) and s(t) = 0.

This concludes the proof of condition (¢) and the theorem is proven. O

We observe that from (4.18) and (5.5) it follows that
s(t) < Smin < 51 Vt€[0,T]

and therefore s(t) does not reach the point s; during the time interval [0, T].
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With the help of the monotone inverse ¢ : [s(0),s(T)] — [0,7] of s : [0,T] —
[s0, s1], we can distinguish between the following three different regimes:

Regime I (sticking crack tip, i.e. no motion of crack tip):

5(t) = 0, t(s) jumps, K(s(t)) — G(t, s(t)) > 0;
Regime II (crack grows slowly):

both ¢ and s are continuous and x(s(t)) — G(t, s(t)) = 0;
Regime IIT (crack tip jumps):

s jumps at t, #'(s) = 0 and s(s(t)) — G(t,s(t)) <0.

When x(s(t)) — G(t, s(t)) = 0 the three different situations are all admissible.
On the other hand, the case k(s(t)) — G(t,s(t)) > 0 will always express Regime
I (i.e. no crack growth), while the case x(s(t)) — G(t,s(t)) < 0 shall correspond
only to Regime III. However, by additionally assuming s(t) € {s(t—), s(t+)} this
last case disappears even though jumps occur along which k(5) < G(¢,35) for 5 €
Js(t—), s(t+)[ is possible.

Remark 5.1. Under the additional assumption that the map s — G(t, s) is Lip-
schitz continuous, uniqueness of the viscous solution s” is guaranteed, and then
s”(t) converges monotonically to the limit s(¢) (personal communication by Negri).
Therefore in this situation ¢ — s(t) turns out to be continuous from the left (i.e.
s(t) = s(t—)), and the situation x(s(t)) — G(t, s(t)) < 0 cannot occur.

Proof of Theorem 2.2. Arguing in the same manner as in the proof of The-

orem 2.1, for the map s : [0,7] — [so,s1] obtained from Theorem 5.1 we

choose u(t) = U(t,s(t)) = argmin&(t, -, s(t)) so that (2.15) in Definition 2.2 is

satisfied. Theorem 5.1 together with equality (3.13) provides conditions (a)—(d).

O

The following lemma implies that any local energetic solution is a local solution
(LS), which was defined in Definition 2.3.

Lemma 5.2. Conditions (a)—(c) of Theorem 5.1 are equivalent to the subdifferential
formulation

0 € 0:Ro(s(t),s(t)) — G(t,s(t)) for every t € D(s).

The proof is very similar to the proof of Lemma 4.2 and therefore it is omitted.
Now we are in a position to prove our extended energy balance. For the sake of
clarity, we recall first the definition of the function p given in (2.18):

plltnta]) = AT () A~ () + S0 (AT + A (),
te Jt1,ta[NJ(s)
where for each jump time ¢ € J(s) we defined in (2.17) the non-negative quantities
AT(t) and A~ (t) by

s(t+) s(t)
AT(t) := G(t,0) — k(o)]do and A™(¢) := G(t,o) — k(o)|do
= [ 16t ko) =] 60 (o)
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respectively. We observe that p is a non-negative set function defined on closed
subintervals of [0, T, that it is finite and additive, so that

,u([tl,tg]) = ,u([tl,tg]) + ,u([tg,tQ]) Vo<t <tz <ty <T.

Lemma 5.3. Every local energetic solution t — s(t) associated with T and Rg
satisfies the following extended energy balance: for every 0 < t; < to <T we have
S(tg) ta

Z(to, s(ta)) + / k(o)do + u([t1, t2]) = Z(t1, s(t1)) + WZL(t,s(r))dr, (5.8)

S(tl) tl

where the function p is given by (2.18).

Proof. The proof is essentially an application of the chain rule in BV. Indeed, we
have that Z(-, s(-)) € BV([0,T]) and

DZ(-, () = OZ(:,s(-))dt + DI(-, 5(-))Ds
+ > (2t s(t4) — Z(t, s(t-))] 6, (5.9)

teJ(s)

where J(s) C [0,7] is the set of discontinuity points of s, and Ds = $dt 4+ D¢ is
the diffuse part of the derivative Ds (for a proof see, e.g. Theorem 3.96 of Ref. 2).
We note that

9sZ(-,s(-))Ds = —rk(s(-))Ds

since by conditions (b) and (c) we have (r(s(-)) — G(-,s(-)))Ds = 0. On the other
hand, for the jump part of the derivative we have
s(t+)
DIZ(s() =~ Y / G(t,o)do d;.
ted(s)” st
Now, by (2.14) we derive

s(t2) s(ti+)
Z(tQ,s(tg))—I(tl,s(tl)):/ DZ(~,3(~))—/ G(tQ,U)da—/ Gltr, o) do.

Jt1,ta] s(t2—) s(t1)
Therefore, (5.9) and
s(t+)

s(t+)
/ Gt 0)do = AT (1) + A~ (1) + / k(o) do
s(t—) s(t—)

yield
to

I(ta,s(t2)) —Z(t1,s(t1)) = OZL(t,s(t))dt — p([t1,ta]) — / k(s(-))Ds

t1 Jt1,t2]

S(tQ) S(t1+)
—/ k(o )da—/ k(o)do
(t2— (t1)

s(t+)
- > / o)do by,

teJ(s)Nt1 ta[

which is equal to (5.8), and the proof is complete. O
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This also proves (2.19).
Now the usual energy inequality turns out to be a direct consequence of the
previous result, (simply by using the fact that u([t1,¢2]) > 0).

Corollary 5.1. Ewvery local energetic solution t — s(t) associated with T and Rg
satisfies the following simplified energy inequality: for every 0 < t1 < to < T we
have

S(tz) t2

Z(ts, s(t2)) —|—/ k(s)ds < Z(t1,s(t1)) + OZ(t,s(t)) dt.

S(tl) tl

This gives energy inequality (2.16).

6. Examples

Here we present a few examples, which highlight the features of the functionals
and solutions constructed above. Throughout we restrict to the case of linearized
elasticity, such that the energy £ is quadratic in u. For Dirichlet boundary conditions
and loading of the form (upi(¢,-),£(t)) = a(t)(u; ., £°) the reduced energy 7 takes
the form Z(t,s) = a(t)2Z(s). Moreover, we will assume that the crack path is the
straight line C := [0, L] x {0} and that the fracture toughness is constant, i.e.
k(s) = k.

Example 6.1. In this example we treat a toy problem, which can be considered
as a singular limit of a very thin body Q = ]0,L[ x |—=h,h[ with 0 < h < 1.
The prescribed crack path is v(s) = (s,0) and the displacement v is restricted
to be symmetric with respect to the z-axis, i.e. u(t,z,y) = diag(1l, —1) u(t, z, —y).
Moreover, for very small h, it is reasonable to assume that the displacement has
the form wu(t,z,y) = (0,v(t, x)sign(y)), where v(t,z) = 0 for > s(¢) (ahead of
the crack). The purpose of the resulting toy model is to show that we are able to
generate a large class of possible release rate functionals G in the form G(t,s) =
a(t)Qé(s). Moreover, we find the asymptotics for crack length going to 0. In our
toy problem we have G (s) ~ s? which indicates that we are not able to describe
crack initiation.

Under these assumptions the PDE problem reduces to the following ODE prob-
lem. For any s € ]0, L[ we set

Vi :={v € H}([0,L)]) | spt(v) C [0,s]} and
= le’xz a(t)f(z)v(z)| dz
)= [ |50@P + af i) an
With Z(s) := min{&(1,v) | v € V.}/a(1)? we find

I(t,s) = a(t)*Z(s) and G(t,s) = a(t)*G(s),
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where G(s) = —Z'(s) > 0. In fact, Z can be determined explicitly using F(z) =
Jo (@ — 6)f(€)dé, ie., we have F(0) = 0 = F'(0), F” = f. The unique minimizer
v="Vs €V, of £(1,-) reads
Vs(z) = s
0 otherwise.

x for x €10, 5],

Some explicit calculations yield

N s 2 s . . < 9

From the last expression we see that every G in the form G(s) = %7(3)2 with
v € WH([0, L]) can be realized as a release rate by taking F(s) = s Os ~v(x)dz, ie.

f(s) = 57 (s)+27(s)-

Example 6.2. Let us recall the example proposed in Sec. 7 of Ref. 37: there,
a(t) = t, £(t) = 0, and E(t,u,s) = fQ |Vu(z)|* do for u = tuf, on I'p. The
reduced energy functional then takes the form Z (¢, s) = t2Z(s). The authors focus
on the shape of the graph of 7 (instead of G) and provide an explicit example in
which 7 is concave on some subinterval of [s0, s1]. Actually the construction goes
by approximation, and a domain . C R? and a prescribed boundary displacement
Uh;,, both dependent on a small parameter ¢, are provided.

Specifically 2. consists of two discs B_5 and By of radius 1 centered at (—2,0)
and (2, 0) respectively, connected by a rectangle T of height ~ 2¢. The boundary
displacement uf, is such that on half part of T, (the left one) the body experi-
ences some “closing” force, while on the other half part (the right one), the body
experiences some “opening” force (see Fig. 3).

Then, the limit of the energy

Z.(s) := min {/ |Vu?dz|u € H' (Q.\Cs; R), v = uf;, on 895\6’5}
Qe\cs
as ¢ — 0 is considered. Note that here the prescribed crack path is C = [-3, 3] x {0}.

U, = sing B2 B>

Fig. 3. The set Q. and the effect of the prescribed boundary displacement.
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As s — I.(s) is a C2-function, in order to obtain that the map is not convex on
the whole interval [—2, 2] the following three facts are established: limsup,_, o, 1. (2)
is finite, liminf. o4 Z.(—2) = +o00; while lim SUp. o4 7/ (—2) is finite.

We note here in addition that it is possible to prove that limsup,_,q fé(2) is
finite, too. The proof follows the lines of the one proving that limsup, fé(—2)
is finite, for which we refer to Sec. 7 of Ref. 37.

Thus, we can conclude that the profile of Z(s) is concave in a first subinterval

of [—2,2] and it is convex in the last part.

Example 6.3. We discuss here the different behavior of our local energetic solution
defined in Definition 2.2, the global energetic solution (GES), and a “generic” local
solution (LS) defined in Definition 2.3, in the particular case of a(t) = ¢, £(t) = 0,
and

A s—sp+1 if sg < s < 259,
G(s) =
3sp+1—s if2sg<s<L.

Thanks to our Example 6.1 such a choice for é(s) is admissible.

In general, we have to compare the position of G(s(t)) with the line 77, which is
moving down as time increases. According to Griffith, we distinguish between three
different situations (see also Fig. 4):

(1) Regime I: no crack growth in the region strictly above the graph of G, since
there we have & — G(s(t)) > 0; X

(2) Regime III: jumps in the region strictly below the graph of G, where & —
G(s(t)) < 0;

(3) Regime II: slow crack propagation when 75 — G(s(t)) = 0.
Let us start with the global energetic solution (GES), that we denote here by

sa(t). According to the stability condition (S), we have

T (sq(t)) < t*T(8) 4+ k(8 —sa(t)) V&> salt), Ytel0,T)

G

=

¥

no crack growth

jumps

S0 L s

Fig. 4. Interplay between G(s(t)) and /t2.
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which is equivalent to
8 A o A
/ ., (Glo) - %) do <0 Vs2sa(), VielT]
sa

On the other hand, energy balance condition (E) gives

(—G(SG(t)) + g) sa(t) =0.

Therefore, assuming sg(0) = sg, we expect that sg will start to propagate (with a
jump) at the first time ¢ = ¢; such that the following equal-area rule is satisfied:

/:G(t) (G’(a) - t%) do = 0. (6.1)

This behavior is represented in picture (GES) of Fig. 5. At time ¢; we have (6.1)
satisfied, so that the two triangles denoted by A in the picture have the same area.
For ¢ € ]t1,T], the global energetic solution will grow continuously.

In our specific example, we obtain

K(1+V2)

s fo<t< | ————F—=:1
sq(t) = 0 1+ v2(1 + s9) !

350+1—ti2 ift, <t<T.

(LS)

Fig. 5. Different behavior of three notions of evolutions. Picture (GES) corresponds to the global
energetic solution, picture (LES) to the local energetic solution, and picture (LS) to a possible
local solution.
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We continue now with the local energetic solution s(¢). As already discussed,
according to Definition 2.2, we expect that for any time ¢, s(¢) will belong to the
epigraph of G. By condition (c), s(t) will remain constantly equal to so until some
time t, > t; for which % — é(so) = 0. The local energetic solution has then
moved, and according to condition (d) it will jump to the next point at which
% — G(s(t2+)) = 0. From this time on, the solution will grow continuously. See
picture (LES) of Fig. 5.

In this specific example, it turns out that approximable solution (AS), weak
solution (WS) and BV-solution introduced in Sec. 2.4 coincide with the local ener-

getic solution. To be precise, here we obtain:

So if0§t<\/ﬁzlt2>t1,

s(t) =

350+1—tﬁ2 ity <t<T.

Finally, concerning the local solution (LS), denoted here by sy (¢), from the
energy inequality (2.22), we derive

2 (Z(sp(t+)) — Z(sp(t+))) + w(sp(t+) — sp(t—)) <0

or, equivalently,

Sb(t+) .
/ (—G(U) + %) do <0.
sp(t—) t

Hence, a local solution can also jump at some time t3 € |1, t2] in the region above
the graph of G, then remaining constant up to time ¢4 at which equality 5 —
4

G(s(ta)) = 0 holds, and hence growing continuously.

A possible local solution is represented in picture (LS) of Fig. 5. Starting from s,
a local solution sz,(t) can jump at any time t3 in the interval [t1,?2]. The maximal
reachable position of sy (t3+) is the one such that the sum of the areas of the
triangles 1 and 2 is equal to the area of the triangle 3.

In our specific case, for any y € [0, %so] and any s € [3s9 — y,3s0 —y +

2(s9 — y)? — y?] we obtain the following local solution

KR
if0<t<,/— =:ts,
S0 1 SUs 1+y 3

sL(t) =43 ity <t< J— D .y
3 1+330—§ b

350+1—ti2 ifty <t<T.

An example using full two-dimensional elasticity and showing the different
behavior of the global energetic solution (GES) and the approximable solution
(AS) is already present in Sec. 4 of Ref. 37. However, our Example 6.3, which is
constructed following a completely different approach, provides some geometrical
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characterization of the two solutions, and, additionally, it also gives a description
of the general behavior of the local solution (LS), which was not discussed in Sec. 4
of Ref. 37.

7. Discussion and Outlook

We have shown that the rate-independent limit problem and its solutions are quite
different from other solutions suggested in the literature. However, they essentially
coincide with the “weak solutions” of Ref. 35 and the BV-solutions in Ref. 31. This
coincidence may be lost if we generalize the model.

First consider a situation where the crack tip may move backward and forward.
This may model the delamination of a tape that is originally glued to a glass plate.
After pulling it off, it is possible to glue it again by pushing hard onto the plate
again. In this case, the surface energy is not totally dissipated and part of it is
stored. Hence, to model this situation we need to consider a new (reduced) energy
functional obtained by adding to the previous one a nonnegative term representing
the created surface energy:

I(t,s) :=E(,UL,s),s)+ /S a(o)do,

50

where £ and U are defined in (2.4) and (2.5), respectively, and a € C°([0, L]) is
positive. The dissipation metric takes the form

) {Ii+(3)$’ for § >0,

Ro (37 8) = . .
k= (s)|8] for § <0,

with x* € C°([0, L]) positive. Note that the case of nondecreasing crack tip
studied in this paper corresponds to the choice Kk = kT 4+ a and K~ = oo.
Then, the viscous problem 0 € 9;Ro(s,$) + vs + 0sZ(t,s) can still be solved
by the same incremental method developed in Sec. 4 and the extraction of a
limit process still works. To have global existence of solutions, we make the fol-
lowing assumptions on % and 7. Let us denote Juyax = max( ) 9sZ(t,s) and
Jmin = ming 5 9Z(t,s). To prevent the crack tip from reaching the endpoint s;
we assume k7 (s1) > —Jmin which corresponds to (2.9), while not to return to the
starting point so we assume £~ (Sg) > Jmax. Moreover, in order to obtain a nontriv-
ial solution we assume k*(sg) < —9,Z(t, so) for some ¢ € [0, 7] (which corresponds
to (2.10)), while for allowing the crack tip to move backward we assume that there
exists (¢,s) € [0,T] x [so,s1] such that k= (s) < 9sZ(¢,s). The corresponding limit
problem then reads

(a) s € BV([0,T7; [s0, s1]);
(b) for all t € [0, T]\J(s) we have O;Z(t, s(t)) € [—rT(s(t)), s~ (s(t))];
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(c) if OsZ(t,s(t)) € |—KT(s(t)), s (s(t))[, then t € D(s) and $(t) = 0;
(d) for t € J(s) and s, between s(t—) and s(t+) we have 9,Z(t,s.) &
= (s2), 5 (521

A second generalization concerns the modeling of several, noninteracting crack
paths Ci,...,Cn. Let s = (s1,...,sx5) € ¥ C RY denote the N-tuple containing
the position of each crack tip. As above we obtain a reduced energy functional
T:[0,7] x ¥ — R, such that G;(t,s) = —0s,Z(t,s) denotes the energy release rate
for the jth crack tip if all the others stay fixed. Moreover, we define the dissipation
functional

N

Z kj(s;)85, fors e |0, oofV,
j=1

0 otherwise.

RQ(S, S) =

Introducing the vector G(t,s) = (G1(t,s),...,Gn(t,s)) of all release rates, the
viscous approximation takes the form

RY 50 € 0;Ro(s,8) +vs — G(t,s).

Again the methods in Secs. 4 and 5 provide viscous solutions s¥ € H([0, T]; RY)
which are bounded in BV([0, T]; RY), independently of v. Hence, Helly’s selection
principle still allows us to select a subsequence that converges pointwise to a limit
function s € BV([0, T]; RY).

However, it is not so easy to see what problem the limit solutions have to satisfy.
The problem is that some cracks may behave well while others jump. In particular,
one should expect that a jump in one crack path changes the other release rates
significantly and hence generates jumps at these cracks as well. One way of obtaining
a limit problem is to use the arclength parametrization introduced in Ref. 13. We
will not give the details here but just state the result if we transform back the
limiting equation from there into the original time setting. For this we introduce

the dissipation potential
RQ(S,ﬁ) for |S|2 S 1,
00 otherwise.

R™(s,8) = {

Here the Euclidean norm |v]y = (v - v)/? corresponds to the viscous dissipation

potential Ryis(s,$) = §|8[3. Now the limit functions s satisfy

(a) s € BV([0,T];RY) with s(t) € 3;

(b) for t € D(s) we have 0 € 0sRo(s(t),5(t)) — G(t,s(t));

(c) for each t, € J(s) there exists o, € W1°([0, 1]; RY) with
(cl) o4(0) =s(ti—), o«(1) =s(t.+), and

(c2) o' (1) # 0 and 0€ R (O'*(T) M) —G(ty,0.(7)) for a.e. T€]0,1].

EACHIP
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Note that s has at most a countable number of jump points in J(s). The function
0. may be considered as connecting the point s(t.—), where the jump starts, with
the point s(t.+) where the jump ends. Condition (c2) says that along the whole
curve o, at least for one of the crack tips the energy release rate has to reach the
corresponding fracture toughness.

Thus, this type of solution is close to the notion of BV-solutions in Ref. 31,
but there the viscosity norm Ryisc(s,$) = 5Ro(s,$)? is used instead of ¥|[$[3. This
simplifies the theory but seems less physical.

To conclude, we point out that our model is not suitable to describe crack
initiation unless the crack toughness vanishes in a similar fashion at the proposed
crack tip or stress concentrations make the release rate much bigger. Example 6.1
shows that the release rate G tends to 0 for the crack length s tending to 0. In that
toy problem the decay is like O(s?), while for the full crack problem we expect O(s)
only. This behavior is justified in Ref. 10.
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