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Energy release rate and stress intensity
factors in planar elasticity in presence of
smooth cracks

Stefano Almi® and Ilaria Lucardesi

Abstract. In this work we first analyze the singular behavior of the dis-
placement u of a linearly elastic body in dimension 2 close to the tip
of a smooth crack, extending the well-known results for straight frac-
tures to general smooth ones. As conjectured by Griffith (Phys Eng Sci
221:163-198, 1921), u behaves as the sum of an H>-function and a lin-
ear combination of two singular functions whose profile is similar to the
square root of the distance from the tip. The coefficients of the linear com-
bination are the so called stress intensity factors. Afterwards, we prove
the differentiability of the elastic energy with respect to an infinitesimal
fracture elongation and we compute the energy release rate, enlightening
its dependence on the stress intensity factors.
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1. Introduction

In this paper we are concerned with the stability properties of cracks in brittle
materials. We consider a linear elastic, isotropic, and homogeneous body, whose
reference configuration is represented by an infinite cylinder of the form € x
R, where the cross section 2 C R? is an open bounded set with Lipschitz
boundary 9€). For simplicity of exposition, we also assume that the origin 0
belongs to €. In the setting of plane elasticity, we assume that the applied
boundary and volume forces produce a horizontal displacement, namely the
deformed configuration is described by

QxRS (21,22, 23) — (21,22, 23) + (u1(z1,2), ua (21, 22),0).

This assumption allows us to work in the planar domain 2.
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As usual, the behavior of the elastic material is fully described by the
elasticity tensor C, which is interpreted as a linear operator on the space szm
of squared symmetric matrices of order 2. Under our assumptions, C can be
expressed in terms of the so called Lamé coefficients A\, u € R of the material.

Namely, for every F € M2, we have

CF:= Mr(F)I+2uF,

where I is the identity matrix and tr(F) denotes the trace of the matrix F.
Under the conditions

w >0, A4 p >0,

we also have that C is positive definite (see, e.g., [13]).

The physical model of brittle fracture we deal with goes back to Griffith
[10] and has been formulated in [9] in a variational language: the crack evo-
lution is the result of the interplay between the energy released by the elastic
body when the fracture increases and the energy needed to produce such a
new crack. Therefore, if we assume that the elastic body 2 is fractured along a
sufficiently smooth curve I' C €2, that no volume force is applied, and that no
force is transmitted across the fracture lips (traction free condition), we define
the elastic energy as

E(u,T):= 1/ CEu:Eudz, (1.1)
O\

where u € H'(Q\I'; R?) is the displacement field and Eu denotes the symmetric
part of the gradient of u, i.e., Eu:= (Du + Du”)/2. In what follows, we will
assume the crack set I' to be a simple closed C*°-curve in ) with initial point
belonging to 92 and endpoint in the origin.

In this framework, our aim is first to study the regularity of the displace-
ment of the body € at the equilibrium for a given crack set I' and boundary
datum g € H*(Q\I'; R?). As usual, the equilibrium condition is expressed by
the minimum problem

min {£(u,T) : u € HY(Q\I;R?), u = g on 9Q}. (1.2)

We denote by &, (L) the value of the minimum. Clearly, a solution u €
HY(Q\I'; R?) to (1.2) exists unique and solves, in a variational sense, the PDE
system

div (CEu) =0 in Q\T,

u=yg on 0f2, (1.3)

(CEu)vr =0  onT,

where vr is the unit normal vector to I'. Notice that the first equation in (1.3)
is intended in the sense of distributions, the second one in the sense of traces,
and the third one in the duality H~/2(I")—H'Y/*(T").

Our main result is then the following: we show that the solution w to (1.2)
is of class H? far from the crack tip, while close to the origin it exhibits
a singularity, approaching the crack tip with a profile similar to the square
root of the distance from the tip. Indeed, denoting by (p,6) the usual polar
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coordinates, we are able to prove that there exist two regular functions ¢1(0),
¢2(0) and two constants Q1 and Q2 such that

u—Q1p"2p1 — Qup'/ s € H*(QU\I';R?), (1.4)

for every ' cC Q. We emphasize that the functions p'/2¢;, i = 1,2, belong
to H'(Q\I'; R?) but not to H?(Q\I'; R?). For this reason, they are referred to
as the singular solutions of elasticity (see, e.g., [12] and Remark 2.6 for further
discussions). Moreover, denoting with o (u):= CEu the stress field associated
to the deformation u, the decomposition (1.4) implies that o (u) blows up
as p~ /2 in the origin, that is, the elastic body develops an infinite stress close
to the crack tip, unless Q; = Q2 = 0. Therefore, the constants Q; and Qa,
which depend only on the crack set I' and are uniquely determined, are called
stress intensity factors. As we discuss in Remark 2.7, Q; and Qg are related
to Mode I and II of crack growth.

The singularity (1.4), which is a consequence of the linearization (1.3)
of the elasticity system, was already formally noticed by Griffith in [10] while
studying the behavior of the stress field in elastic bodies with elliptic cracks
degenerating into lines. After [10], the decomposition (1.4) has been widely
studied: in [11,12] Grisvard proved it rigorously for domains with a straight
crack. The proof is based on sophisticated tools in differential operator the-
ory and complex analysis. Roughly speaking, problem (1.3) is recast in the
variational form

/ CEu:Evdz =0 for every v € H}(Q\I'; R?),
O\T
u—g € Hy(Q\IsR?),

and, because of the absence of volume forces, it is shown to be equivalent to a
biharmonic problem in the fractured planar domain

A?w =0 in Q\T,

w =0 on T, (1.5)
8—w =0 onI’
ov ’

where w is the so called Airy function satisfying

2, _ 1. oo(u) —oiz(u)
D*w = o(u)" = (0_12(u) o1 (1) ) . (1.6)
The behavior of w close to the crack tip is then investigated following the
Kondrat’ev method in suitable weighted Sobolev spaces (see [15-17] for more
details). These techniques make strong use of the particular geometry of the
crack set near its tip. Indeed, being I' a straight line, with the help of a suitable
change of variable and of a Fourier transform, system (1.5) reduces to the study
of the singularities of an ODE with constant coefficients and whose solutions
are explicit. The same strategy in the case of a curved crack (even if smooth)
would lead to the study of a more complicated ODE with coefficients depending
on the fracture and whose solutions could not be easily computed. Therefore,
another approach is in order.
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In the context of in-plane linearized elasticity, we also mention the work
[3], in which the authors find a characterization of the form (1.4), by studying
the asymptotic behavior of the displacement near the crack tip, under very
weak assumptions on the fracture: I is assumed to be a closed set whose density
with respect to the Hausdorff H'-measure at the tip equals 1/2. The idea of
add-crack of density 1/2 at the tip, and the corresponding generalized notion of
energy release rate, have been introduced in [5], in the case of a straight initial
crack. The strategy in [3] is to reduce the equilibrium problem (1.2) (or (1.3)) to
the biharmonic system (1.5) and study the blow-up limit of a proper rescaling
of w near the origin. Such a blow-up approach was successfully proposed in
[6] for the anti-plane case, that is, when the elasticity system (1.3) reduces to
the Poisson equation. However, in [3] the lack of regularity of the crack does
not allow one to determine in a unique way the blow-up limit and, hence, the
stress intensity factors Q.

In this paper we follow the lines of [11,18], in which a similar problem
is tackled in the simplified setting of anti-plane linearized elasticity. Thanks
to classical results, we reduce the elasticity system to the biharmonic prob-
lem (1.5) for the associated Airy function w € HZ?(Q\I') in the fractured
domain Q\I', where the crack set I', as mentioned above, is assumed to be of
class C*°. As in [18], we perform a change of variables that straightens T' close
to the tip and, clearly, perturbs the coefficients of the biharmonic equation.
The C*°-regularity of the fracture allows us to apply the regularity and pencil
operator theories in weighted Sobolev spaces (see Sect. 3 for a short discussion
and [16,17] for full details) in order to show that w behaves, close to the ori-
gin, as p3/2. The splitting (1.4) can then be deduced by the relation (1.6). We
stress that, similar to [18], with our approach the stress intensity factors Q;
and Q2 are uniquely determined (see Theorem 2.5).

Going back to the comparison with Griffith’s theory [10], we have already
discussed the postulated relation between the elastic energy released during
the crack extension and the energy dissipated in order to create a new fracture
surface. In the mathematical language, the above interaction is expressed in
terms of the so called energy release rate, i.e., the opposite of the derivative of
the elastic energy (1.1) with respect to the crack elongation. More precisely,
if we assume that we are given an increasing family 'y of sufficiently regular
crack sets in ) parametrized by their arc-length s, the energy release rate G(I'y)
is formally defined as

In other words, G(T's) represents the amount of elastic energy released as a
consequence of an infinitesimal elongation of the fracture. Griffith’s original
model is therefore based on the comparison between G(I's) and the toughness
of the material, a positive parameter that depends on the physical properties
of the material and represents the energy needed to produce a new fracture of
length one.
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Exploiting the decomposition result (1.4), we show the differentiability
of the energy s — &in(I's) and we explicitly compute its derivative. This
allows us to show the dependence of the energy release rate G(I's) on the
stress intensity factors Q1 (T's) and Qo(T's) at the configuration I'y, and on the
Lamé coefficients A, p of the material. Namely, we get (see Theorem 4.1)

G(Ts) = 2m(QT(Ts) + Q3(Ls)) (A + p) (A + 2p0). (L.7)

In particular, we remark that G(T's) depends only on the actual crack set T's.
Moreover, in the proof of Theorem 4.1 we actually show that the energy release
rate admits an integral representation involving the displacement at the equi-
librium and on the geometry of the crack I';. As a consequence, G turns out
to be continuous with respect to the Hausdorff convergence of the fracture set,
under suitable regularity constraints. We refer to Remark 4.2 and Corollary 4.3
for further details.

We mention that in the anti-plane setting a similar result was obtained
in [18] with weaker regularity of the crack set, and then applied in [19] to the
study of the vanishing viscosity approach to the quasi-static fracture evolu-
tion problem. In [7], instead, the authors computed, always in the anti-plane
context, higher order derivatives of the elastic energy for a straight crack set.

1.1. Plan of the paper

In Sect. 2 we present the mechanical problem, we show the relationship with
the biharmonic problem in the plane (1.6), and we state the decomposition
result (1.4) (see Theorem 2.5), together with the corresponding property for
the Airy function (Theorem 2.4). Section 3 is devoted to the proof of the
decomposition result: in Theorems 3.11 and 3.12 we show the singular behavior
of the Airy function exploiting the already mentioned regularity theory of
PDEs in polygonal domains. Finally, in Sect. 4 we prove the differentiability
of the energy with respect to an infinitesimal increment of fracture length and,
taking advantage of the decomposition (1.4) of the displacement, we compute
the energy release rate, enlightening its dependence on the stress intensity
factors.

2. The planar elasticity system

In this section we specify the standing assumptions, we show the relation
between the elasticity system (1.3) and the biharmonic equation (1.5), and we
prove the decomposition result (1.4) for the displacement.

Let us consider an open bounded subset 2 of R? containing the origin 0
and with Lipschitz boundary 0€2. The set {2 represents the reference configu-
ration of the horizontal cross section of a cylindrical vertical elastic body. As
already pointed out in the Introduction, we assume that the applied boundary
and volume forces produce a horizontal displacement, thus we are allowed to
work on the planar cross section, without mentioning the vertical component,
which is unchanged during the deformation. The material under considera-
tion is assumed to be isotropic, homogeneous, and linearly elastic, so that its
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behavior is completely described by the elasticity tensor C: M2 =~ — M?2

sym sym?
where ngm denotes the space of symmetric matrices of order 2. In particu-
lar, C is independent of the position z € €2 and can be expressed in terms of

the Lamé coefficients of the material A\, u € R by
CF:= Atr(F) I+2uF for every F € M2 (2.1)

sym>»

where tr(F) denotes the trace of the matrix F. We work under the typical
hypotheses that ;4 > 0 and A + p > 0, which ensure the positive definiteness
of the elasticity tensor C.

Furthermore, we suppose that the elastic body 2 presents a crack along
a smooth set I', which is a simple and closed C°°-curve, having one endpoint
on ) and the other one, the crack tip, in the interior of €. Without loss
of generality, we assume that the crack tip is at the origin 0 and that, if we
choose the arc length parametrization of the crack set which starts on 92 and
ends at the origin, the unit tangent vector to I" at 0 is —e; = (—1,0). These
assumptions are summarized in Fig. 1.

Q

FIGURE 1. The crack tip is assumed to be at the origin 0, and
the tangent vector to I' at 0 is assumed to be —e;

In this framework, the energy of €2 subject to a displacement u €
HY(Q\I'; R?) is given by the functional

E(u,I):= L CEu : Eudz, (2.2)
o\l
where the colon denotes the scalar product between matrices and Eu stands
for the symmetric part of the gradient of u, namely Eu := (Du + Du”)/2.
Given a Dirichlet boundary datum g € H'(Q\I';R?), we consider the
usual elasticity equilibrium problem

min {£(u,T) : u € HY(Q\I;R?), u = g on 9Q}. (2.3)
Clearly, a solution to (2.3) exists and is unique, by strict convexity of the
integral functional £(-,T'), ensured by the positive definiteness of C. More-
over, (2.3) is equivalent to the PDE system
dive(u) =0 in Q\T,
u=g on 0€2, (2.4)
o(wrvr=0 onT,
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where o (u): = CEu denotes the stress tensor induced by the displacement u
and vr is the unit normal vector to I'.

In order to describe the regularity of u, we first reduce (2.4) to the bihar-
monic problem. To this aim we make use of the so called Airy function (see,
e.g., [3]), whose construction is possible thanks to the absence of external vol-
ume forces.

Lemma 2.1. Let u € HY(Q\T;R?) be the solution of the minimum problem
(2.3). Then there ezists a function w, € H?(Q\I') solution of the system

A2w=0 inQ\T,

w =70 on I,
a—w =0 on I’ 29)
ov ’
and such that
_{ Doow, —Diow,
o(u) = (_D12wu Dyyw, ) . (2.6)

Proof. Even if the statement is well-known, for the benefit of the reader, we
recall the proof. Since Q\I' is simply connected, the divergence free condition
on o(u) in (2.4) implies that

_(—D20 Dio
o(u) = (—DQT/) Dlw) ’
for some ¢,9 € H'(Q\I'). The same trick can be applied a second time:
since o (u) is symmetric, the vector field (¢,1) is divergence free in Q\I', thus
there exists w € H?(Q\I') such that ¢ = —Daw and ¥ = Djw, namely (2.6)

holds true. In particular, w is biharmonic: given a test function ¢ € D(Q\TI'),
we have

(A%w, ) = Viw: Vipdz = /
O\ O\

= —(dive (u), V) =0,

where V is a suitable vector field in D(Q\I'; R?), the brackets denote the duality
product in the distributional sense, and

My, —M
1. 22 12 2
M ._<_M12 Mo > for M € M2,

o(u): (Vip)tde = /Q\Fo'(u) :VVdx

Here we have exploited again the fact that Q\I" is simply connected: since the
rows of (V2p)1 are irrotational, there exists a potential V such that (VZp)t =
VvV.

As it is clear from its construction, because of three constants of inte-
gration, the function w is not unique. In particular, in view of the boundary
condition o (u)vr = 0, we infer that Vw is constant on T'; therefore, by choos-
ing such a constant to be zero, we may impose w and its normal derivative to
be zero on the crack. To sum up, w solves (2.5). O

As an immediate consequence, we have the following result.
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Proposition 2.2. Let u € HY(Q\I';R?) be the solution of (2.3) and let w, €
HZ(Q\T) be the associated Airy function found in Lemma 2.1. Then, for every
open subset Q' C Q, u € H*('\I'; R?) if and only if w, € H3(Q'\I).

Proof. Let € be an open subset of Q. The statement follows immediately
from the identity (2.6) and from the invertibility of the elasticity tensor C.
Indeed, the latter allows us to express the elements E;ju of the symmetric
gradient Eu in terms of the stress components o;;(u). Therefore, taking the
derivatives D, E;;(u) and combining them, we obtain that all the third deriva-
tives of u belong to L2(Q'\I') whenever w, € H3(Q'\T'). The converse impli-
cation is obvious. g

The regularity of the Airy function far from the crack tip is described
in the following proposition, and follows from standard regularity theory in
fourth order systems (see [4]).

Proposition 2.3. Let w € H?(Q\T') be a solution of (2.5). Let Q' and Q" be
two open subsets of Q such that 0 € Q' C Q" CC Q. Then, for every ¢ €
C(V\Y) we have pw € H3(Q\T).

By combining Propositions 2.2 and 2.3, we infer that the displacement u
belongs to H? far from the tip. In order to complete the regularity analysis, we
shall describe the behavior of w,, close to the origin. To do this, we introduce
the polar coordinates system (p,®), where p stands for the usual distance
from the origin, and ¢ is the determination of the angle between x — 0 and the
vector e; continuous in Q\I'. Furthermore, we set

2 .
b1(p,9):= p*/? <§ sin ? — 2sin g) and  ¢o(p,¥):= p°/? (cos ? — cos g) .
(2.7)
With this notation, we have the following result, whose proof is postponed to

Sect. 3.

Theorem 2.4. Let T" be a C°°-crack set with a vertex in the origin, and let w,, €
H2(Q\D) be the Airy function determined in Lemma 2.1. Then, there exist
unique two constants C1 and Cy such that

wy — Cr1 — Cagpy € HP(QY\T) (28)
for every Q' cC Q.

Thanks to Proposition 2.3 and Theorem 2.4, we deduce the decomposition
result for the displacement u, solution to (2.3).

Theorem 2.5. Let I' C Q be a C*°-crack set with a vertex in the origin and
let u € HY(Q\T;R?) be the solution of (2.3). Let us set

7)\—’—“005%—75)\—’—9”005@
n) — | 2 2 2 2
U O +a 39 a—3u . w9 |

—_— — + sin —

5 M5 2 2
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Adp . 39 A+bu . 0

—— sing————sing
o(0) = , (2.9)

mcosﬁ + 3/\+7Mcosﬁ

2 2 2 2

and
D1 (p,0):=p' 21 (9),  Da(p, V)= p'/Pa(0). (2.10)
Then, there exist unique two constants Q1 and Qs such that

u— Q1P — Qs € H*(V\I'; R?) (2.11)

for every Q' CC Q.

Remark 2.6. In the language of Grisvard [12], if T is straight, say I' C {as =
0, 21 > 0}, the functions ®; and 5 are the singular solutions of the elasticity
system. Indeed, for every R > 0, ®; and ®5 belong to H'(Bg\{z2 = 0, 21 >
0}; RH\H?(Bg\{x2 =0, 21 > 0};R?) and solve

dive(®) =0 in D'(R?\{z2 = 0}),

o(®P)ea =0  on {z3 =0},
where eg:= (0, 1).
Remark 2.7. In literature the stress intensity factors Q; and Qs are related
to Mode-I and Mode-II crack growth, respectively: indeed, as it can be seen
from formulas (2.9)—(2.10), the function ®; corresponds to a pure opening of

the fracture, while ®5 describes a sliding of the fracture lips in the plane of
(see, for instance, [21]).

We now prove Theorem 2.5.

Proof of Theorem 2.5. By a direct computation it can be shown that
pA+p)D?p1 = —o(®a)t and  2u(A+ p)D?hs = (P1)*, (2.12)

where ®; and @5 have been defined in (2.9) and (2.10), respectively.
Let us fix ' cC Q. By Theorem 2.4 we know that there exist two
constants C; and Cy such that

wy — Oy — Capy € HP(Y\I). (2.13)

Exploiting the equalities (2.12) and Proposition 2.2, we easily deduce (2.11)
for

Cy 4
Qi=——— and Q= — ————.
YT 2u(N+ ) T+
The uniqueness follows by the uniqueness of the decomposition (2.13). O

Remark 2.8. The hypothesis of constant Lamé coefficients is here important
to determine the functions 11 and 5 in (2.9) and to prove the relation (2.12),
involving the functions ¢; and ®;, ¢ = 1, 2. Indeed, if A and p were not constant,
in (2.12) we would have some extra terms depending on their derivatives, so
that the splitting (2.11) would not follow.
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We conclude the section by briefly describing the strategy of the proof of
Theorem 2.4. First, we localize the biharmonic system (2.5) around the crack
tip by multiplying the Airy function w, by a cut-off function n € Cg°(Q),
which is identically 1 in a neighborhood of 0 and has compact support in €.
The product w,, ,:= nw, solves

A2w=f in Q\T,
(et

where f € H-Y(Q\I') is such that 0 ¢ supp(f). System (2.14) is obtained
by taking into account that w, solves (2.5) and by splitting its bilaplacian
as A%w,, = nA?w, + [A% nlw,, where [A? 5] is a differential operator of
order 3 whose coefficients contain the derivatives of the cut-off function 7.
Note that, by construction, the forcing term f depends on the cut-off function
chosen.

As a second step, we introduce a change of variables that straightens
the crack close to the origin and keeps the domain 2 unchanged far from it.
Without loss of generality, we may assume that in the open ball Bs of center 0
and radius 0 > 0 the crack set I' can be extended to a C*°-curve A in such a
way that A is the graph of a C*°-function ¢ = ((x1) in By with ¢'(0) = 0. We
consider S: Bs — R? given by

S(x):= (I(x1,((x1)), 72 — ((21)), (2.15)

being {(z1,{(x1)):= 011 /14 ¢’(t)? dt the signed length of the portion of T
between the origin and the point (z1,{(x1)). It is clear that S is a C°°-
diffeomorphism such that S(I' N By) C {5 = 0, 1 > 0}, that is, S straightens
the crack close to the tip. Moreover, we can extend S to a C'°°-diffeomorphism
on the whole domain € in such a way that S is the identity in a neighborhood
of 9. Note that, thanks to the regularity of ¢ and to the conditions S(0) = 0
and VS(0) = I, we have [|VS —I|[~q) < C4, for some constant C' > 0. We
recall that I denotes the identity matrix.

By applying the change of variables S, system (2.14) becomes a fourth
order problem set in the fractured domain Q\f, with T := S(T") horizontal
near the origin, of the form

(A2 + B)yw = f in O\T,
w € HY(Q\D),

(2.14)

(2.16)

where B is a fourth order differential operator with C°°-coeflicients and fis a
suitable element of H~1(Q\I') such that 0 ¢ supp(f).

Remark 2.9. For the sake of completeness, we show here the variational formu-
lation of (2.16), which can be directly deduced by the variational formulation
of (2.14): for every v € HZ(Q\T),

/ MV M+ QVw] - [MTV2e M 4+ QVy]  det VS(z) ' da
O\T

2.17
= (f,vo0S), ( )
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where the brackets in the right-hand denote the duality product in H1-H{
over Q\I', and M, QVwv (and, similarly, QVw) are the matrices

M(z) = VS(S~' (),

(QVv);;(z) = Z(VQSk)ij (S~'(x))Dpv(z) for every = € Q\L.
2

(2.18)

In view of (2.17) and (2.18) we could also deduce the explicit formula of the
differential operator B, but we limit ourselves to notice that its coefficients of
order 4 are é-close to 0 in Q\f and that B(0) contains only terms of order less
than or equal to 3.

Remark 2.10. We mention that the results of Theorems 2.4 and 2.5 do not
depend on the choice of the extension A, which is only needed to define in a
rigorous way the change of variable (2.15).

3. The Airy function close to the tip

This section is devoted to the proof of Theorem 2.4. In view of the discussion
in Sect. 2, we will deduce the decomposition (2.8) by investigating the behavior
of the solution of the auxiliary “perturbed” biharmonic problem (2.16), related
to the Airy function w, through the localized system (2.14) and the change of
variables S defined in (2.15). We refer to Theorem 3.12 below for the precise
statement.

We start by recalling some notation and results concerning differential
operators with smooth coefficients in domains with conical points. Since we
are interested in an asymptotic expansion close to the tip 0 of the straightened
crack T' in the domain Q\f, we will adapt all the results to our particular
setting. For further details and more general assumptions we refer to [16,
Section 6].

Since S is such that S(I' N Bs) € {z2 = 0, 2y > 0}, it is convenient
to represent, in a neighborhood of the origin, the domain Q\f in the polar
coordinates (p, 0) € [0,+ o) x (0,27), where p denotes the distance of x € R?
from the origin and 6 is the usual angle between the vector x —0 and e;, having
its discontinuity line on the set {z3 = 0, 1 > 0}. For simplicity of notation,
we denote by K, a neighborhood of the crack tip in Q\f described by (p, 6),
namely,

Ke:={(p,0) :0<p<rv,0€(0,2m)}
for a suitable t > 0. We also set Ko := R*\{zy = 0, 21 > 0}.

Remark 3.1. We notice that the angle 6 used above and the angle v introduced
in (2.7) do not coincide, since they have two different lines of discontinuity
({x2 =0, z; > 0} and T, respectively).

We now define a family of weighted Sobolev spaces in K. The same
definition can be given in K.
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Definition 3.2. For every integer £ > 0 and every 3 € R we set

V;(IC‘):: {v: K—R: / p2(572+m‘)|Dﬂv\2dz < + oo for every multi-index a, |a| < l}.
Ke

The space Vé (K,) is a Hilbert space endowed with the norm

ol .y = Z/ 2B Doy 2 g
laf<e K

For £ < 0, the space VJ(K) is defined as the dual space of V:;(Kt).

Remark 3.3. We notice that, in view of [12, Theorem 1.2.16], we have
that HZ(K.) € VZ(K.). Moreover, every element of V; '(K,) with compact
support belongs to H1(C,).

The following embeddings hold true.

Proposition 3.4. Let 31,532 € R and {1 > {5 > 0 be such that By — {1 < (B — 5.
Then V;ll (K:) is continuously embedded in Véj (Ke).

The following two definitions are given for a general differential operator
of order k
P(2,0:):= > pa(x)ds (3.1)

la|<k
with coefficients p, € C*(Q) (see, e.g., [17, Chapter 6]). We will later on
specify them in our setting.

Definition 3.5. Given a differential operator P(z, d,) as in (3.1), we define the
leading part of P in the origin 0 as

P°(0,):= Y Pal0,0) 05,
la| <k
where the coefficients p, € C*°((0,+ 00) x (0,27)) are such that
palz) = Plalikﬁa(pa 0),
(p9,) 93 (Pa(p, 0) — Pal0,0)) — 0 as p— 0, for every j,7 € N.

Definition 3.6. We say that a differential operator P(x,d,) of the form (3.1)
is d-admissible in the origin if the following conditions are satisfied:

(a) the coefficients p, () are of class C> in Q\{0};
(b) there exist pao € C([0,27]) and po1 € C*°((0,4+00) x [0,27]) such
that, in a neighborhood of the origin, we can write

Pa(@) = pF (pao(0) + p°pa,i(p,0))

(¢) for every pair of non negative integers j and +, there exists a positive
constant C' such that

(p8,)” 0y Pa1(p,0)] < C for every (p,0) € (0,4 00) x [0, 2.
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Remark 3.7. If the coefficients p, belong to C*°(Q), then the operator P(z, d,)
in (3.1) is d-admissible with ¢ = 1 and its leading part reads

P°(0,):= Y pal0)05.
la|=k
The last definition we give here involves a general boundary condition
problem

(3.2)

L(z,0,)u=f inQ\T,
Ci(z,0)u=gx on QUL k=1,...,m,

where L(z, 9,) is a differential operator of order 2m with coefficients in C°>°(£2)
and Cy(z,d,) are differential operators of order py < 2m with smooth coef-
ficients. We rewrite the leading parts L°(0,) and C;(9;) of L and Cj in the
origin 0, respectively, in the polar coordinates (p,0) € K, as follows:

L°(8;) = p>™L°(0, 0o, p0,),
Ci(9z) = p~"*Ci(0, 0, p0,)-
In order to study the behavior of solutions of a boundary value problem of the

form (3.2) close to the origin, it is customary to introduce the so called pencil
operator.

Definition 3.8. Given A € C, we define the pencil operator $4(\) of (3.2) in 0
as the map $()\): H?™(0,27r) — L?(0,2m) x C?>™ such that

U v = (£°(0, 89, N, CF (8, 8, \elo=o, C5 (6,09, Mvlo=r,
€30, 90, N)vlo—0,C5,(0: 00, Mvlo—ar ).
We say that A € C is an eigenvalue of the pencil operator il if ker ${(\) # {0}.

According to the definitions above and to Remark 3.7, the differential
operators defining the boundary value problems (2.16) are 1-admissible in the
origin 0. From the properties of B (see Remark 2.9), we have that the leading
part of A% + B at the origin coincides with A? and the corresponding pencil
operator () reads

U(\)v:= ((ag (A = 2)2)(82 + X2) v, 0(0), v(21), p v(0), By U(Qw)), (3.3)

for every v € H*(0,2m). As it can be checked in [17, Chapter 7], the set of
eigenvalues of (3.3) is

5:{1+’;: keZ\{O}}. (3.4)

We now state two results that relate the operator pencil L(\) with the
solvability of the system (2.16), and that will be exploited in the proof of
Theorem 3.11. The first proposition asserts that the system

{A2¢:0 in D'(Kuo), (3.5)
(b(pv O) = ¢(p7 277) =0, 89¢(p70) = 89@25([), 277) =0, .
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admits a unique solution ¢ € Vﬁz (Kso) for every | € Z and every § € R out of
a countable set. The proof can be found, for instance, in [16, Chapter 6].

Proposition 3.9. Let £ € Z and B € R be such that — 3+ —1¢ S. Then, the
system (3.5) admits only ¢ =0 as a solution in Vg(ICOO).

For the following theorem, it is useful to introduce some notation: for
every A € S, we denote by m(A) the algebraic multiplicity of the eigenvalue A
and by uE\i), 1 < < m(A), the family of linearly independent functions solving
() ug\i) = 0. Notice that all the eigenvalues of the operator pencil (3.3) have
multiplicity 2, except for A = 0 and A = 2, which are simple.

Theorem 3.10. Let ¢1,¢5 € Z and 3,7 € R be such that 0 < (ba—v)—(l1—0) <
1 and that

—B+l—-1¢S8 and —y+l—1¢S8S.
Moreover, assume that
SN(=B+0—1, —y+Ll—1)={A,...,An}.
Ifw e Vél (K¢) is a solution of (2.16) with fe Vf2_4(lCt), then there exist a

function wg € V,f2(lCr) and constants cj», t=1,...,m(};), 7=1,...,N such
that
N m(X\j;)
w=wgr+ Z Z cé- p’\fu&?.
j=1 i=1
Proof. We refer to [16, Theorem 6.4.1]. O

For the sake of clearness, we introduce two auxiliary functions $1 and QASQ,
which simply correspond to ¢; and ¢ computed in the usual angular coordi-
nate 0 (continuous in Bs\I', for 4 small enough). Namely, we set

61(p.0):= 61(p,6)  and  Ga(p,0):= a(p,6). (3.6)
Although this notation seems to be redundant, it will be very useful in Propo-

sition 3.13. We clarify the difference between the angles 6 and 9 in Fig. 2.
We are now in a position to state the main result of the section.

___ Bs(0) ____Bs(0)
// \\ // N .
’ =0 / R
/ \ / \
/ 5
/ I ‘\ /’ \\
h -
I ! ,’ T \
] —
\ 0 T I l\ 0 !
1 !
\ / / T 7
\ / \ /
9=0-2n AN / 9 =0 AN , 9 =0-21
N 4 N 4

FIGURE 2. Relation between ¢ and 0 in Bs(0), when T' C
{zx1 >0, xo >0} (left) and T C {x1 >0, x5 < 0} (right)
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Theorem 3.11. Let w € Hg(ﬂ\f) be the solution of (2.16). Then, there exist
unique two constants Cy and Co such that

@ — C1y — Cady € H*(Ky). (3.7)

Proof. In view of Remark 3.3, since @ € HZ(K.), we have W € VZ(K,).
Moreover, since f € H~Y(K.) has support far from the origin, we deduce
that f € V-1 (K.) for every € > 0.

Choosing 0 < € < 1/2, we are in a position to apply Theorem 3.10
with £; = f3 = 2, f = 0 and v = —e. Since the set of eigenvalues S in (3.4)
does not intersect the interval (1, 1+ ¢), we conclude that @ € V2 (K,).

We now apply a second time Theorem 3.10 with 8 = —¢, {1 =2, {5 = 3,
and —e < 7y < 0. Since

SN(l+eg2—79)= {g, 2},
there exist C, Cy, C3 € R such that
@ — C1pY %) (8) — Cop® 2D (0) — Cap?ua(9) € VE(KL),  (3.8)

2

where u(;)7 u(;), and uy are the eigenfunctions of the pencil operator (3.3)
2 2

associated to the eigenvalues % (with multiplicity 2) and 2 (simple). By Propo-
sition 3.4, we have that V*(K.) embeds in Vi’ (K,) and, recalling Remark 3.3,
VE(K,) € H3(K,). Therefore, the difference in (3.8) belongs to H?(IC,).

By standard computations regarding the bilaplacian (see, for instance, [17,
Section 7]), we have that

2 . 30 ) 30 0

u(%l)(e) =gsing — 2sin 2 u(;)(e) = Cos - — €08 o, uz(f) =1 — cos 26.
Clearly, the function p?uy(6) belongs to H3(K.). Hence, (3.8) reduces to (3.7).
The uniqueness of the constants C; and Csy follows by Proposition 3.9.

Indeed, if C1,Ca € R are such that (3.7) is satisfied, we deduce from (3.8) that
(C1 = C1)1 + (Co — Ca)pa € VA(K). (3.9)

By a direct computation, it can be shown that the functions c;l and g/b\g extended
to the whole of Ko are solutions of the Dirichlet problem (3.5), so that the
same holds for the function in (3.9). Since 2 — ¢ S, applying Proposition 3.9
we get that

(Cr = C1)é1 + (Cy — TCa)pz = 0,
that is, C1 = C1 and Cy = C4, and the proof is thus concluded. O

Thanks to Theorem 3.11, we can easily deduce the next regularity result
regarding the Airy function w, € H?(Q\I') defined in Lemma 2.1.

Theorem 3.12. Let I' C  be a C*-crack set with a vertex in the origin, and
let w, € H?(Q\T') be the Airy function satisfying (2.5) and (2.6). Then, there
exist unique two constants Cy and Co such that

Wy — Cidy 08 — Cagpp 0S € H¥(Q'\I) (3.10)
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for every Q' ccC Q.

Proof. We recall that, with the notation introduced in Sect. 2, w, , = nw,
(for a suitable cut-off function 7)) solves the system (2.14) and is related to the
solution @ € HZ(Q\T') of (2.16) by the change of variable Wy, = WoS. Hence,
Theorem 3.11 implies that

Wy — C11 0S — Cachy 0S € H(K,),

with the same constants Cy and Cy determined in (3.7). Proposition 2.3 allows
us to get rid of the cut-off function, since w, is an H3-function far from the
crack tip. Hence we deduce (3.10). O

As in [18, Proposition 1.6], the last step of the proof of Theorem 2.4 con-
sists in showing that the singularities (3.10) of the Airy function w, € H?(Q\T)
can be expressed by the simpler functions ¢1(p, ) and ¢o(p, ) introduced in
Theorem 2.4. We stress that the advantage of using ¢, ¢ instead of (bl, (/52 is
that they do not require the explicit computation of the change of variables S
n (2.15). In order to make the presentation simpler, in the following proposi-
tion we assume that, at least in a neighborhood of the origin, the crack I' is
contained in the cone {z1 > 0, x5 > 0}. We will briefly specify in Remark 3.14
what happens in the other scenario, when I' C {x; > 0, 29 < 0} (see also
Fig. 2).

Proposition 3.13. Let I' C Q be a C°°-crack set with a vertex in the origin and
assume that, in a neighborhood of the origin, it is contained in the cone {x1 >

0, 2 > 0}. Then ¢; +¢;08€ H3(Q\TD), fori=1,2, and for every Q' CC Q.

Proof. Let us consider ¢ = 1. Since both the functions ¢; and (El o S belong
to H2(Q\I') and are regular far from the origin, we only have to estimate the

sum of their third derivatives Dji¢1 + Djkl($1 o S) close to 0. By a direct
computation, we have that

IDjié1 + Djra(¢1 0 S)|
< ‘Djkztlh + Z Dnmr%(s(w)) J

n,m,r

+ ‘ ZD"W% ))DiSy Djksm‘ + ‘ ZDmr¢1 (S(z))DgSmD;

+ ’ Z Dmr¢1

m,Tr

r¢1 ( )) J

(3.11)

Adding and subtracting in (3.11) the term Zn,m,r Dynmr$1D;S, DS, DS, and
taking into account the smoothness of S, we deduce that there exists a positive
constant C such that
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o~

IDjkid1 + Djri(é1 0 S)|
< C(IVér| + [V261])

n,m,r

+ > D80 DiSm DS Danr 61(S(2)) + Dyr 1 ()], (3.12)

n,m,r

where 65 denotes the usual Kronecker delta. In view of the 3/2-homogeneity

of ¢y (see (3.6)), of the regularity of S, and of the fact that VS(0) = I, we
easily see that, at least in a neighborhood of the origin,

Z ‘Dnmrﬁﬁl”a?(sl?ézn - DanDkSleST| < O|$|7%|$| = C‘xr%v (3'13)

n,m,r

for some positive constant C' independent of x. In particular, we notice that
the function @ — |#|~2 is square integrable in Q\T.

We now estimate the last term in the right-hand side of (3.12). Of course,
|D;S;.DS:D;S,| is uniformly bounded by definition of S (2.15). Therefore,
it remains to estimate the sum \Dnmr&i(S(m)) + Dpmr 1 (z)] for x € Q\T.
To this end, we notice that, by definition of the angles # and ¢ and of S
in (2.15), we have either ¥(z) = 6(xz) — 27 or 0(S(z)) = ¥(S(z)) + 27. In view
of these relations, we can always find a new function ¢, continuous on the
segment [z, S(z)] and such that

61(x) = $1(2) <= 6,(S(x)) = —b1(S(2)). (3.14)

Indeed, when the segment [x,S(x)] meets ', we set ¢;(y): = fal(ﬂ(y)),
while we define ¢,(y): = ¢1(9(y)) whenever [z,S(z)] N T = §. By direct
comparison, it is easy to check that (3.14) holds true. Therefore, the sum
|DnmrqA51(S(x))+Dnmr¢1(x)\ takes the form |D 01 (S(2)) = Dymr 1 ()| and,

in view of the above discussion, the angle used to define ¢, is continuous along
the segment [z, S(x)].

Applying the mean value theorem to ¢;, we find a point Z € [z, S(x)]
such that

|Dnm7'$l(s(x)) + Dnmr¢1 (x)l - |Dnm751(s(x)) - Dnnw‘al (.13)|

< |VDnmry (3)]J2 = S()]. (3.15)
Since S € C*° with S(0) = 0 and VS(0) = I, we have that, close to the origin,
v — S(2)] < LlzP, (3.16)

for L:= Lip(V28)/2, Lip(-) denoting the Lipschitz constant of a function. If
we indicate with d the distance between the origin 0 and the segment [z, S(x)],
by [18, Lemma 1.7] we have that, at least for || small enough, d > }|z|. Hence,
we deduce that

-

ojon
ojon
| &
[N

Z|7% <d % < 28|z (3.17)
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Combining (3.16) and (3.17) with the behavior of the fourth order derivatives
of ¢; and the estimate (3.15), we get that

D1 (S(2)) + Drmrdr (2)| < Clz| ™2, (3.18)

for some positive constant C.

Finally, inserting (3.14) and (3.18) in (3.12), we deduce that the sum
IDjkip1 —D ki ((El 0S)] is square integrable close to the origin, and this concludes
the proof of the proposition. O

Remark 3.14. If the crack set I' is contained, at least close to its tip, in the
cone {x; > 0, 25 < 0}, the statement of Proposition 3.13 needs to be slightly
modified: we can prove that ¢; — ggl oS € H3Y\I'), for i = 1,2 and for
every ' CC . The strategy of the proof remains the same, apart from (3.14).
In this case, we can find a function ¢, such that

¢1(z) = d1(x) <= ¢,(S(x)) = d1(S()).

The immediate consequence of this fact is that the constants appearing in the
decomposition (2.8) of Theorem 2.4 could not coincide with the ones found
in Theorem 3.12. Precisely, as shown in the proof of Proposition 3.13, the
definition of the angle ¥ could result in a change of sign in the definition of the
constants Cy, Cy when passing from ¢;0S (Theorem 3.12) to ¢; (Theorem 2.4).

Nevertheless, we stress that this possible “uncertainty” of the sign of
the constants C; and C3 does not affect the results in Sect. 4. Indeed, in
Theorem 4.1, only the squares of the stress intensity factors Q; and Qs appear.
Hence, their sign, which depend on C7, Cs, is not of particular interest for us.

Proof of Theorem 2.4. The splitting (2.8) follows from Theorem 3.12, Propo-
sition 3.13, and Remark 3.14. O

4. The energy release rate

In this section we are concerned with the computation of the so called energy
release rate, i.e., the opposite of the derivative of the elastic energy with respect
to the crack elongation. In order to define it rigorously, we first need to prove
that the elastic energy at the equilibrium is in some suitable sense differentiable
with respect to the crack length parameter. To do this, we start by considering
an increasing family of C'*°-curves I'y parametrized by their arc-length s €
[0,L], L > 0, and having an endpoint in 9. It will be useful to write the
curves I'y in the form

Is:={y(0): 0 <0 < s}, (4.1)
where v is the arc-length parametrization of T's, with v(0) € 99Q. Given s €
[0, L], we denote by us, € HY(Q\I's; R?) the solution to the minimum problem

min {&(u,T) : u € HY(Q\Ts;R?), u = g on 9Q},

where g € HY(Q\I'; R?) is the usual boundary datum. For what follows, it
is not restrictive to assume that 0 ¢ supp(g). Moreover, we set E,in(Fs):=
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E(us,I's) and we notice that the functions s — &, (I's) and s — wug are
continuous from R to R and from R to H', respectively.

Let us fix sgp € (0,L). Without loss of generality, we may assume that
v(s0) = 0 and 7/(sg) = —ej. Therefore, Theorem 2.5 ensures that there exist
two constants Q; and Qg2, which depend on I'y,, such that

Usy = UR + Q1P1 + Q22 (4.2)

where ug € H2(Q\I's,; R?) for every Q' CC Q and ®;, ®5 are defined in (2.9)—
(2.10). With this notation, the following result holds.

Theorem 4.1. The energy Enin is differentiable at sy and

dgmin (Fs)
ds

= 2 (QU0,) + Q3C))nO + (A +20),  (43)

$=s0

where \ and p are the Lamé coefficients.

Proof. In order to prove the differentiability of the energy s — &,,:,(T's) in sg
we adapt the argument of [18, Theorem 2.1]. For simplicity, we adopt here the
Einstein notation of summation over repeated indices.

In order to make explicit computations, for r > 0 small enough we may
assume that the curve I'y N B,., s > sq, is the graph of a C*°-function ¢ in a
neighborhood of y(sg) such that (’(y1(sp)) = 0. For 6 > 0 small, we introduce
a C*°-diffeomorphism Fy, s that maps I's, in I's 45 and coincides with the
identity of R? far from the origin (see, e.g., [1,14]). Therefore, for x € B, /2 we
set

F

S0,

._ (71 (80 +6) —71(s0)) ()
o(@) =+ <c<z1 + (11 (50 + 6) — 1 (50))p(2)) — <<z1>> IS

where p € C°(B,/2) is a suitable cut-off function equal to 1 close to the origin
and such that

supp(¢) Nsupp(g) = 0. (4.5)

We extend Fy, s with the identity out of B, 5.

By the regularity of ¢, we deduce that Fj, 5 is a C*°-diffeomorphism of R?
such that Fy, 5(I's,) = I'sy+s5. Moreover, the following equalities hold:

@)= 0 Fup im0 = 216000 () ) = =90 (o) )

T 1)
(4.6)
Os(det VFy, 5)|o=0 = divps,,

» (4.7)
05s(VFs 5)lo=0 = —05s(VFs,5)" |s=0 = Vps,-
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For what follows, let us denote by Us,15:= usy+50Fs, 56 € H (Q\Ls,; R?).
Since Fy, s = id on 0S1, we clearly have Us,45 = g on 0€2. Moreover, it is easy
to check that

1
Usy+s = arg min {2 C(Vu(VFs5) ") :Vo(VFy, 5) tdet VF,, sda :

Q\T',
i (4.8)
RS Hl(Q\FSO;R2)7 v =g on aQ} .
In particular,
Emin(Lso+5) = E(Usy+s,'sg+5)
= % / (C(VUSO+6(VFSO,5)71) :VUSO+5(VFSO,5)71 det VFy, 5 dx.
Ty,

We also notice that, since ug 15 — ug, in H' as 6 — 0, Ugyys — Us,
in H(Q\Iy,; R?).

We now show that the function 6 +— Us,4s is differentiable in § = 0.
Indeed, by definition of us,, the finite difference (Us,4s — us,)/d satisfies, for
every v € H(Q\I'y,; R?) with v = 0 on 99,

/ C (VUSOJF‘S_uSO> Vo dz
Ly, J

- CV@;Vde:/ (C(VUSO+5
AN g O\, 8

1—(VE, ;)

+ / C (VUsy15(VEsy6)7") :VUM
M\ lsg )

1— det VF,
+/ C (VUso45(VFy,5)7") :VU(VFSOyé)*lw
T,y

<I—<Wa>>> Vude

dx

dx.

The previous equality implies that (Usy1s — us,)/0 is the solution of

-~ —1
min {1/ (CVU:Vvdx—/ C VUSOHM :Voudx
2 Q\FSO Q\FSO 6

—/ C (VUso46(VEs5)7") : Vo
Q\L'y,

*/ C(VUSO_F(;(VFS()’(;)*I) :V’U(VFSO_’(;)il
O\

(I—(VFs,) ")
5 dx

(1 - det VF,, )

5 dx

S0

ve HY(OQ\I,,;R?), v =0 on 89}.
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Thus, we deduce that the function § — % is bounded in

H(O\Ty,; R?) and, up to a subsequence, it converges weakly to some function
U e HYOQ\Is,;R?) as § — 0. Since it turns out that U is such that

U:argmin %/ (CVU:Vvd:r—/ CVus,Vps, : Vode

O\, O\,

—/ CVug, : VoV, dx
O\l

+ / CVus, : Vodivps, dz : v € H (Q\Ty,; R?), v =0 on 99 p ,

O\l
(4.9)
we also deduce that
. U30+5 — Usy . . 1 2
(%IH%) — 5 = U strongly in H(Q\I';,; R?). (4.10)
We now estimate the finite difference quotient
gmin (Fso+§) - gmin (Fso) _ g(uso+57 Fso+5) 7 E(uso’ FSO)
) ) '
By the minimality of us,, we have
1 1
Emin(Tsy) = = CEus, :Eug, dz = = CEus, :Egdz. (4.11)
2 Jar,, O\Ty,
In a similar way, recalling (4.4) and (4.5), we deduce that
1 1
Emin(Lsgrs) = 3 CEusy4s:Egdx = - CEUsy45:Egdx.  (4.12)
O\l Ly,

Combining (4.11) and (4.12) we get that

EonCott) ~Ennlle) _ L [ (05— ;B
5 2 Jorr,,

Passing to the limit as 6 — 0 in the previous equality and taking into account
the convergence (4.10), we obtain that 6 +— &in (sy4s) is differentiable in 6 =
0 and

1

dgmzn (Fs) dgmzn (Pso+5) ’ / g
_— =" == EU :Egdzx. 4.1
ds s=so dd 6=0 2 Q\stj v g cx ( 3)
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Considering the minimum problem (4.9) and the Euler-Lagrange equation
associated to it and recalling that U = 0 on 0S2, we can rewrite (4.13) as

d&min(Ts) 1 .
_— = - CEU :E(g — us,)d
ds s=sq 2 AT, U (g u 0) €T
1
. / C(Vus,Vps,): V(g — us,) da
IQ\FSO (4.14)
+ = CVus, : V(g — usy)Vps, d
2 Jar,,
1
- = CVusg, : V(g — us, )divps, dz.
2 Jar,,

In view of (4.5) we have that supp(ps,) Nsupp(g) = 0, so that (4.14) can be
rewritten as

d min Fs
dEmin(l’s) 1 (Ts) = - CEus, : Vus,Vps, dz
S S=So Q\Fso
1
+ - CEus, : Vug,divps, dz
2 Jor.,
(4.15)
= - / U(USO) Vg, Vps, d
Q\ls,
1 .
+ / o (us,) : Vug, divpg, dz,
2 Jar.,

where we have used the notation o(u):= CEu.

In order to compute explicitly the right-hand side of (4.15), we first inte-
grate out of the closure of the ball B, centered in the origin and of radius ¢
and then pass to the limit as ¢ — 0. By integration by parts and writing the
integrands in components, we get

1
- / o (us,): Vus,Vps, dz + 3 / o (usy) : Vug,divps, do
(Q\I's()\Be (\Tsp)\B:

= D;oij(tsy)Ditisy,ipsy,k A
(O\T's)\Be

+ / 0 (Uso )DjDrtsg i psg i da
(2\Isy)\Be

1
+ / 0 (Uso )Vom.,jDrtsg,i Pso,k AH
OB,
1
+ / O'ij(uso)yrso,jDkuso,i Pso.k dH
F50\§6

1
— 5/ Dyoij(us,)Djusy i Psy .k dx (4.16)
(\sy)\Be
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0 (Usy)DiDjusy i psy ik d
(Q2\Tsq)\Be

1
- */ 0ij(Uso)Djtsy i Psy kVon. k dH
OB,

1
- - 0 (Usy)Djtsy i Psg.vr, K dH,

Fso \Es
where vpp. denotes the outer unit normal to the ball B. and vr, is the unit

normal vector to I'y, . In the right-hand side of (4.16) we have that, by definition
of us,, dive(us,) = 0, so that

e

/ Djoij(tsy)Ditisy,ipse,e dz = 0.
O\B.
The remaining volume integrals sum up to

1 1
5/ o'ij(uso)DjDkuso,i pso,k dl‘ — 5/ Dko'ij(uso)Djuso,i pso,k dI
O\B. Q\B.
Recalling the definitions of the stress o(us,) = CEus, and of the elasticity
tensor in terms of the Lamé coefficients (2.1), we can show that

0 (Uso)DjDitsg i psok — Di0ij(tsy)Djtisg.i pso,k =0 in Q\B..

Hence, the sum of the volume terms in (4.16) is zero.
As for the surface integrals, due to the stress free condition o (us, )vr, =
0 on I'y,, we obtain that

/ oij(uso)vr,,  Ditisyi psg.r AH' = 0.
I

S0
Moreover, since I'y, is the graph of the function ¢ close to the crack tip, we

have that vp, = \/1+ ("?(', —1). Hence, recalling the definition (4.6) of ps,,
pso - vr,, = 0 and

1
/Uz‘j(uso)Da‘uso,z‘Pso,erso,de =0.
T

50
Collecting all the previous equalities, (4.16) reduces to

-

1
(usy) : Vg, Vps, do + 2/ o (us,) : Vug,divps, da

o
\B. O\B.
1
= o (s, )VoB, + Vs, Pso dH' — 5/ o (us,): Vs, ps, - VoB. dHt.
0B 0B,

(4.17)

To compute the limit as ¢ — 0 of the right-hand side of (4.17), we recall
the splitting (4.2), which, combined with (4.15) and (4.17), allows us to write

P — = ;1_1)% a: + b: + c. + dg, (4.18)



43 Page 24 of 28 S. Almi and I. Lucardesi NoDEA

where we have set

2
aei= Q%/ o(®1)vep, - V@1 ps, dH' — %/ o (®1):E®py, - vop, dH'
OB, 0B¢

2
+ Q%/ o (Da)vap, - VPaps, dH! — %/ o (P2) : EPaps, - von, dHt,
OB, 0B,

be:= Q1Q2/ o (®1)ves, - VP2ps, dH' + Q1Q2/ o (P2)von. - VO1ps, dH'

OB, OB,
- Qi1Q2 / o(®1) : E®aps, - vop. dH',
OB,
Cei= Ql / U((I)l)VQBS . VUR,DSO dHl —+ Q1 / U(uR)V{)BS . V(I)lpso dHl
OB. 0B.

— Ql / O’(‘I)l) :EuRpSO . 1/5}35 dHl + Qg/ U((I)Q)V@BE -VuRpso dHl
OB, OB

+ Qz/ o(ur)ves. - V®aps, dH' — Q2/ o (®2) : Eugps, - vop. dH?,
OB, 0B,

1
de:= / o(ur)vos. - Vurps, dH' - 5/ o(ur):Eurps, - vos. dr'.
6B, 0B,
Here, for brevity, we have omitted the dependence of Q; on I'y,.
In view of the regularity of Fy s and of ps, (see (4.6)), we have that
pso(2) — (=1,0) uniformly as 2 — 0. Therefore, by a long but elementary

computation, we can show that

lim az = —27(QY + Q3)u(A + p)(A + 2p),

lim b. = 0. (4.19)
e—0

It remains to prove that c.,d. — 0 as e — 0. Let us consider the first term
in c.. By Holder inequality, by the regularity of ug, and by definition (2.10)
of ®1, we have that
1 C
‘ U((I)I)VBBE -VURPSO dH § ﬁHVuRHLl(aBE)
OB,

C
< ElﬁHl(aBe)l/gHVURHLz(aBE)
= C||Vugl|r2(s8.)

for some positive constant C' independent of €. The same estimate can be
obtained for the remaining terms of c., so that

lce| < ClVullz2om.)-
As for d., again by Holder inequality we simply get
|d:| < C||Vur|Zz298.)-
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Therefore, we are led to prove that ||[Vugl/z2s8.) — 0 as € — 0. Employing

the change of variable y = £ and defining v(y):= ur(cy), we can write

1
2 2 39,1
IVunlrn, =2 [ 1VoP i
0B,
By the continuity of the trace operator (recall that v € H?(By;R?)), there
exists a positive contant C' such that

C C
WmﬁmmS*/IWW@+*/IWﬁm
19 B 13 B,

C
= Ca/ |V2ug|? dz + 7/ |Vug|? dz. (4.20)
B. € JB.
By Sobolev embedding and Hélder inequality, we may further estimate (4.20)
with

IVurl?20m,) < CellVurlizom.) + ClVurlis.)-

By the absolute continuity of the integral and the H?-regularity of ur, passing
to the limit in the previous inequality we finally get |[Vurl|z298.) — 0 as
€ — 0. This concludes the proof of the theorem.

Remark 4.2. Although the theory of pencil operators exploited in Sect. 3 has
been developed for PDE systems with smooth coefficients, and, as a conse-
quence, our analysis only applies to the class of C*°-crack sets, we notice that
the sole proof of Theorem 4.1 works even if we consider a C''!-extension of
a C*°-crack set I'y,. Indeed, repeating all the computation above, we would
obtain exactly the same result, since the splitting (4.2) of us, only depends
on I'y, and not on T’y for s € (sg, L), and since the derivatives in (4.6)—(4.8)
are defined for almost every x and are uniformly bounded. This allows us to
give a definition of energy release rate as the opposite of the derivative of the
elastic energy &,,;, with respect to the crack elongation:

dg%r;(m =27 (QF(Tsy) + Q3 () ) (A + ) (A + 2p).

From formula (4.15) in the proof of Theorem 4.1 we also deduce an inte-
gral formula for G. Namely,

1
G(Ts,) = / 0 (usy) : Vs, Vps, dz — = / o (us,): Vug, divps, dz, (4.21)
O\l 2 Q\Tg,,

where pg, has been defined in (4.6). Moreover, we notice that (4.3) and (4.21)
are actually independent of the choice of the cut-off function ¢ made in (4.6).

g(rso):: -

S§=S80

We conclude the paper by proving the continuity of the energy release
rate G with respect to the Hausdorff convergence of the fractures, always under
the assumptions that the crack sets are smooth. Let us fix g € H!(Q\Ip; R?),
M > 0, and T'y a closed C*°-curve without self-intersection, contained in {2
except for its initial point (belonging to 99), and such that Q\I'¢ is the union
of two Lipschitz sets. We define R j; as the set of closed and simple C'*°-curves
in 2 containing I'y and such that



43 Page 26 of 28 S. Almi and I. Lucardesi NoDEA

e N\I'y CC O
e denoted by 7: [0,H}(T')] — R? the arc-length parametrization of T,
[7*) || oo < M for every k € {0,1,2},

where the superscript (k) denotes the k-th derivative. It is clear that Rps is
compact with respect to the Hausdorfl convergence of sets.

Given a sequence I'™ € Ry converging in the Hausdorff metric of sets to
some ['™® € Ry as n — + o0, we denote by u" € H'(Q\I'";R?) the solution
of

min {€(u, ") : u € H'(Q\I'"™;R?), u = g on 9N}. (4.22)
Similarly, we indicate with u> € H!(Q\I'*°;R?) the solution of the same
minimum problem for n = + co.

Moreover, if s": = HYT") and 4™: [0,s"] — € is the arc-length
parametrization of I'™ and, similar to (4.6), we assume that I'", in a neighbor-
hood B, (7™(s™)) of its tip, is the graph of a suitable C'*°-function (", and we
set

3 n n n 1
o= 616 (o) (4.23)
for a suitable cut-off function " € CZ°(B,/2(7"(s"))). Recalling (4.21), we
can write
1
Gg(Ir") = / o(u"):Vu"Vp"de — - / o(u™): Vu" divp"™ dz. (4.24)
Q\r» 2 Jorn
Formulas similar to (4.23) and (4.24) hold also for I'*°, setting s> := H!(I'*),
denoting by v*°: [0,5°] — R? its arc-length parametrization, and assuming
that T'°° is the graph of a C°°-function ¢*° in B,(y>°(s°°)). In view of the
convergence of I'" to I'*° in the Hausdorff metric, we notice that, at least
for n sufficiently large, in the definition (4.23) of p™ and of p*> we could fix a
common cut-off function ¢, independent of n.

We are now ready to prove the continuity of the energy release rate G
with respect to the Hausdorff convergence of sets in the class Ry;.

Corollary 4.3. Let M > 0 and I'",T'>* € Ry; be such that T™ — T'° as
n — + oo with respect to the Hausdorff metric of sets. Then, G(I'™) — G(I'>°).

Proof. Following the lines of [20, Lemma 3.7] and of [2, Lemma 5.5], it is possi-
ble to construct a family of C2-diffeomorphisms ¥ : Q — Q which, for every n,
map I'™ into I'>°, keep the boundary 9% fixed, and such that ¥" and (¥")~!
converge to the identity function in C'(Q;R?). With the notation introduced
in (4.22), setting u” := u™ o U" we clearly have that u”, € H'(Q\I';R?),
ul — u® in L2(Q;R?), and Vu — Vu™ in L2(Q;M?) as n — + oco.

We now prove that Vu™ — Vu®™ in L2(Q;M?). In view of (4.22) and of
Korn inequality (see, e.g., [8, Theorem 4.2]), we have that, up to a subsequence,
Vu" — Vv weakly in L2(; M?) for some v € H1(Q\I'**; R?). Again by (4.22)
and by lower semicontinuity, we have that

E(, I'*?) <liminf (", T") < limsup E(u",T") <limsup E(ul,,I')

=E(u™>,T>),
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from which we deduce that v = u* and that Vu" — Vu® in L?(Q;M?) as
n — —+ oQ.

In view of the Hausdorff convergence of I'" to I'>*° and of the regularity of
the family R, we have that, up to a reparametrization, 4™ converges to 7>
weakly* in W2°°([0,5°°];R?) and (¢")" — (¢*°)" uniformly in B, (y%°(s*)).
Therefore, p" — p> in W1>°(Q; R?) and, passing to the limit in the expres-
sion (4.24) of G(I'™), we deduce that G(T") — G(I'*°) as n — + 0. O
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