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ABSTRACT. In this work we first analyze the singular behavior of the displacement u of a linearly elastic
body in dimension 2 close to the tip of a smooth crack, extending the well-known results for straight
fractures to general smooth ones. As conjectured by Griffith [10], u behaves as the sum of an H?2-
function and a linear combination of two singular functions whose profile is similar to the square root
of the distance from the tip. The coefficients of the linear combination 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 © C R? is an open bounded set with
Lipschitz boundary 0€2. For simplicity of exposition, we also assume that the origin 0 belongs to 2.
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 (z1,22,23) = (21,22, 23) + (w1 (21, T2), u2(21, 22),0) .

This assumption allows us to work in the planar domain €2.

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 Miym 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 € M?,, . we have

CF:= Atr(F) I +2uF,
where I is the identity matrix and tr(F) denotes the trace of the matrix F. Under the conditions
w>0, A4pu>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 evolution 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
Q, 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

1
(1.1) E(u,T):== [ CEu:Eudx,
o\r
1
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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 Q with initial point belonging to 92 and endpoint in the origin.

In this framework, our aim is first to study the regularity of the displacement of the body 2 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

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

We denote by E,in(T) the value of the minimum. Clearly, a solution v € H'(2\ I'; R?) to (1.2) exists
unique and solves, in a variational sense, the PDE system

div (CEu) =0 in Q\T,
(1.3) u=yg on 0f),
(CEu)rr =0 onT,

where vp 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(T")- HY/*(T).

Our main result is then the following: we show that the solution u 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 coordinates,
we are able to prove that there exist two regular functions ¢;1(0), ¢2(0) and two constants Q; and Qa
such that

(1.4) u—Qip'2p1 — Qup'/hy € H*(Q'\ T;R?),

for every ' cC Q. We emphasize that the functions p'/2¢;, i = 1,2, belong to H*(Q \ T'; R?) but not
to H2(Q\T;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 w, 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 Qo, 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 theory and complex analysis. Roughly speaking, problem (1.3)
is recast in the variational form

/ CEu:Evdx =0 for every v € H} (Q\ T;R?),
O\T
u—g € Hy(Q\T;R?),

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

A2w=0 inQ\T,

(1.5) w =0 onl',
a—w—() onI’
v ’

where w is the so called Airy function satisfying

(1.6) D’w = o (u)":= ( onl) - —ou(y) ) :

—0'12(’&) O’ll(u)
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The behavior of w close to the crack tip is then investigated following the Kondrat’ev method in suitable
weighted Sobolev spaces (see [15, 16, 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.

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 problem (1.5) for the associated Airy function w € H?(Q\T) in the fractured domain Q\ T,
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 I' 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 Section 3 for a short discussion and [16, 17] for full
details) in order to show that w behaves, close to the origin, as p?/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 Q1 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 T',
of sufficiently regular crack sets in  parametrized by their arc-length s, the energy release rate G(T'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(T'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.

Exploiting the decomposition result (1.4), we show the differentiability of the energy s — Epin(Ts)
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 (I's) and Qa(T's) at the configuration T's, and on the Lamé
coefficients A, p of the material. Namely, we get (see Theorem 4.1)

(L.7) G(Iy) = 2m(Q(Ts) + Q3 (L) (A + ) (A + 2p1) .

In particular, we remark that G(I'y) 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 equilibrium and on the geometry of the crack I'y. As a consequence, G turns out
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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 evolution 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.

Plan of the paper. In Section 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 Section 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 sys-
tem (1.3) and the biharmonic equation (1.5), and we prove the decomposition result (1.4) for the dis-
placement.

Let us consider an open bounded subset €2 of R? containing the origin 0 and with Lipschitz bound-
ary 092. The set ) represents the reference configuration 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 consideration is assumed to be isotropic, homogeneous, and linearly elastic, so that its
behavior is completely described by the elasticity tensor C: M?,,, — M2, , where M?,  denotes the
space of symmetric matrices of order 2. In particular, C is independent of the position =z € Q and can
be expressed in terms of the Lamé coefficients of the material A, u € R by

(2.1) CF:= Mr(F)I+2uF for every F € M2

sym

where tr(F) denotes the trace of the matrix F. We work under the typical hypotheses that p > 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 close C°°-curve, having one endpoint on 92 and the other one, the crack-tip, in the interior
of Q). 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 T" at 0 is —e; = (—1,0). These assumptions are summarized in Figure 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 —eq .
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In this framework, the energy of € subject to a displacement u € H'(Q \ I';R?) is given by the
functional

1
(2.2) E(u,I):= - CEu : Eudz,
Q\I
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*(Q2\ T';R?), we consider the usual elasticity equilibrium
problem

(2.3) min {€(u,T) : u € H' (Q\T;R?), u=gon 9N} .
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. Moreover, (2.3) is equivalent to the PDE system
divo(u) =0 in Q\T,
(2.4) u=g on 092,
o(wrvr=0 onl,
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 w, we first reduce (2.4) to the biharmonic 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 volume 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\T) solution of the system

Aw=0 inQ\T,

(2.5) w =0 on T,
ow 0 r
— = on
v ’

and such that

(2.6) o(u) = ( Doswy  —Diowy > .

—Dipw, Diiw,

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

—D2¢ Di¢
o(u) = ;
—D2yp D1y
for some ¢, € H'(Q2\T). The same trick can be applied a second time: since o (u) is symmetric, the
vector field (¢,7) is divergence free in Q \ I', thus there exists w € H?(Q \ T') such that ¢ = —Dow

and ¥ = Dyw, namely (2.6) holds true. In particular, w is biharmonic: given a test function ¢ € D(Q\I'),
we have

(A%w, @) = Viw: Vipdr = /

o(u): (Vi)tde = / o(u) : VVdz = —(dive(u),V) =0,
o\r o\r

Q\I
where V is a suitable vector field in D(2 \ T';R?), the brackets denote the duality product in the

distributional sense, and
M. —M
Ml::< 22 12), for M € M2 .

Here we have exploited again the fact that Q \ I' is simply connected: since the rows of (VZ¢)!1 are
irrotational, there exists a potential V such that (V2p)+ = VV.



6 S. ALMI AND I. LUCARDESI

As it is clear from its construction, because of three constants of integration, 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 choosing 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.

Proposition 2.2. Let u € H'(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*>(Q'\ T;R?) if and only
if w, € H3(QU\T).

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 deriva-
tives D4E;j(u) and combining them, we obtain that all the third derivatives of u belong to L*(€'\ I')
whenever w, € H3(2'\ T'). The converse implication is obvious. O

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 ' and Q" be two open subsets of
such that 0 € ' C Q" CC Q. Then, for every p € C(Q"\ ') 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 = — 0 and the vector e; continuous in Q\T'.
Furthermore, we set

39 0 9

2 30
= 3/2 — i _— in — = 3/2 S —— — —_
(2.7) d1(p,9):=p (3 sin — 2sin 2) and da2(p,9):=p (cos 5 ~ cos 2) .

With this notation, we have the following result, whose proof is postponed to Section 3.

Theorem 2.4. Let T' be a C™ -crack set with a vertex in the origin, and let w, € H*(Q\T) be the Airy
function determined in Lemma 2.1. Then, there exist unique two constants C1 and Cs such that

(28) Wy, — Cl¢1 — CQ¢2 S H3(Q/ \ F)
for every Q' CcC Q.

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

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

A+ 39 BN+ 9 0 Adp . 3¢ A+bp . 9
———Ccos — — cos — ————sin — — sin —
2 2 2 2 2 2 2
(29) 1/’1 (19) = ) 1;[}2 (19) = )
Adp . 39 A=3u . ¥ Adp 39 3A+Tu 0,
sin — + sin — —— COS— + ———COS =
2 2 2 2 2 2 2 2
and
(2.10) ®1(p,9):= p' Py (9),  Ra(p,0):= p"/*a (V).
Then, there exist unique two constants Q1 and Qo such that
(2.11) u— Q1P — Qo®y € H*(Q'\ T;R?)

for every Q' CccC Q.
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Remark 2.6. In the language of Grisvard [12], if T' is straight, say I' C {2 = 0, 1 > 0}, the functions &,
and ®5 are the singular solutions of the elasticity system. Indeed, for every R > 0, ®; and ®; belong
to HY(Bg \ {22 =0, 71 > 0};R?)\ H3(Bg \ {72 = 0, 1 > 0}; R?) and solve

dive(®) =0 in D'(R?\ {xs = 0}),
o(®)es =0  on {z3 =0},
where ez:= (0,1).

Remark 2.7. In literature the stress intensity factors Q; and Qa are related to Mode-1 and Mode-1II 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 Q (see,
for instance, [21]).

We now prove Theorem 2.5.

Proof of Theorem 2.5. By a direct computation it can be shown that
(212) U+ D%y = —a(®2)E and  2u(A+ @)Dy = o),

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

(2.13) wy — C1¢1 — Cagpy € HH(Q'\T).
Exploiting the equalities (2.12) and Proposition 2.2, we easily deduce (2.11) for
CQ Cl
Qi=—7—"— and Qyi=——1—-.
YT 2u(N+ ) 2T+

The uniqueness follows by the uniqueness of the decomposition (2.13). ]

Remark 2.8. The hypothesis of constant Lamé coefficients is here important to determine the functions v,
and 1y in (2.9) and to prove the relation (2.12), involving the functions ¢; and ®;, i = 1,2. Indeed,
if A and g 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.

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 € C°(Q), which is identically 1 in a neighborhood of 0 and has compact support
in . The product wy,,:= nw, solves

(2.14) {AQw—f in Q\ T,

w € HF(Q\T),

where f € H-1(Q2\T) 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?, n]w, , where [AZ, 7] is a
differential operator of order 3 whose coeflicients 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 6 > 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 Bs with ¢’(0) = 0. We consider S: Bs — R? given
by

(2.15) S(z):= (I(z1,¢(x1)), x2 — ¢(21)),

being I(z1,((z1)):= [, /1 + ('(t)2dt the signed length of the portion of I' between the origin and the
point (z1,¢(x1)). It is clear that S is a C'*°-diffeomorphism such that S(I' N Bs) C {z2 = 0, 21 > 0},
that is, S straightens the crack close to the tip. Moreover, we can extend S to a C'°°-diffeomorphism on
the whole domain €2 in such a way that S is the identity in a neighborhood of 9. Note that, thanks
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to the regularity of ¢ and to the conditions S(0) = 0 and VS(0) = I, we have ||[VS —1I||1~q) < C§, 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 € \ T, with T := S(T") horizontal near the origin, of the form

{ (A2+Bw=f inQ\T,

(2.16) we HAQ\T),

where B is a fourth order differential operator with C'*°-coefficients and f is a suitable element of H ! (Q\

T) such that 0 ¢ supp(f).
Remark 2.9. For the sake of completeness, we show here the variational formulation of (2.16), which can
be directly deduced by the variational formulation of (2.14): for every v € HZ(Q\T),

(2.17) / [MTVPwM 4+ QVw] : [MTV M +Q Vo] det VS(z) ' dx = (f,v08),
O\T

where the brackets in the right-hand denote the duality product in H=*-H} over Q\T', and M, QVv
(and, similarly, QVw) are the matrices

(2.18)  M(z):=VS(S(x)), (QVv)i;(@)i=> (V?Sx)i;(S (2))Dyv(x)  for every z € Q\T .

k
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 J-close to 0 in Q\I' 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 Section 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 coeffi-
cients 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 \ 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) C {z2 = 0, z; > 0}, it is convenient to represent, in a neighborhood
of the origin, the domain \ T in the polar coordinates (p,8) € [0,+00) x (0,27), where p denotes
the distance of 2 € R? from the origin and 6 is the usual angle between the vector  — 0 and e,
having its discontinuity line on the set {zo = 0, 1 > 0}. For simplicity of notation, we denote by K. a
neighborhood of the crack tip in Q \ T described by (p,0), namely,

Kei={(p,0):0<p<r,0e(0,2m)}
for a suitable t > 0. We also set Ko :=R?\ {2 =0, z; > 0}.

Remark 3.1. We notice that the angle 6 used above and the angle ¥ introduced in (2.7) do not coincide,
since they have two different lines of discontinuity ({z2 = 0, 1 > 0} and T', respectively).

We now define a family of weighted Sobolev spaces in .. The same definition can be given in .

Definition 3.2. For every integer £ > 0 and every 8 € R we set

Vﬂe(lCt):: {v: K—=R: / p? B~ DY%|? dz < 400 for every multi-index a, |a| < E} .
K

2
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The space V[f (K.) is a Hilbert space endowed with the norm

ol gy = 30 [ 2O
laj<e/Ke

For ¢ < 0, the space VBZ(ICt) is defined as the dual space of V__lf(ICt).
Remark 3.3. We notice that, in view of [12, Theorem 1.2.16], we have that HZ(K.) C VZ(K.). Moreover,
every element of V; '(K,) with compact support belongs to H™(K,).

The following embeddings hold true.
Proposition 3.4. Let 31,82 € R and ¢; > £5 > 0 be such that 81 — {1 < By — £y. Then Véf (Ky) is
continuously embedded in Véj (Ke).

The following two definitions are given for a general differential operator of order &
(3.1) P(z,0;):= Z Pa(x)0Y

o <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(x, 9,) as in (3.1), we define the leading part of P in the
origin 0 as
P(0,):= Z Pa(0,6) 07,
|| <K
where the coefficients p, € C*°((0,+00) x (0,27)) are such that
pa(z) = p‘alikpa(pv 0),
(p95)’ 0 (Pa(p: ) = Pa(0,0)) 0 as p— 0, for every j,7 € N.

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

(a) the coefficients p,(z) are of class C*° in Q\ {0};

(b) there exist po,o € C([0,27]) and pa,1 € C*°((0,+00) x [0, 27]) such that, in a neighborhood of

the origin, we can write
Pa(@) = P17 (Pa,0(8) + P°par(p,6)) ;
(c) for every pair of non negative integers j and +, there exists a positive constant C' such that

(00, 3 pana(p,0)| < C for every (p,0) € (0,+00) x [0, 2] .

Remark 3.7. If the coefficients p,, belong to C°(2), then the operator P(x,d,) in (3.1) is d-admissible
with 6 = 1 and its leading part reads

Po(ax):: Z pa(o) aza

The last definition we give here involves a general boundary condition problem

{ L(z,0,)u=f  inQ\T,

(3.2) ~
Cr(z,0)u=g, ondQUI, k=1...,m,

where L(x,0,) is a differential operator of order 2m with coefficients in C*°(Q) and Cg(x,d,) are
differential operators of order ui < 2m with smooth coefficients. We rewrite the leading parts 1L°(9,)
and C(0;) of L and Cj in the origin 0, respectively, in the polar coordinates (p, ) € K. as follows:

L°(0,) = p72m£0(97 0o, p0p) ,
C3(0.) = " C3(0, 00, p)y).

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

u(A) V= (‘CO (97 89, )‘)U7 Cf(ea 8&9) A)’U|9:0? Cf (97 89a )\)U|9:2ﬂ-, e ,C%(e, 697 )‘)v|9:07 C'ron(97 6(97 A)’U|9:27'r) .
We say that A € C is an eigenvalue of the pencil operator $ if ker ${(A) # {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

(3.3) U(N\)v:= Q@g+«A——%2ﬂag+wV)vﬂ40%v@WL69MD%89M2W0,

for every v € H*(0,27). As it can be checked in [17, Chapter 7], the set of eigenvalues of (3.3) is

(3.4) 5:{1+§;k62\gu}

We now state two results that relate the operator pencil {(A) 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 inD'(Ks),
?(p,0) = ¢(p,2m) =0, Dop(p,0) = Dg(p,2m) =0,

admits a unique solution ¢ € VBZ (Kso) for every [ € Z and every 8 € R out of a countable set. The proof
can be found, for instance, in [16, Chapter 6.

(3.5)

Proposition 3.9. Let £ € Z and 8 € R be such that =8+ —1¢ S. Then, the system (3.5) admits
only ¢ =0 as a solution in Vj(Ks).

For the following theorem, it is useful to introduce some notation: for every A € &, we denote

by m()\) the algebraic multiplicity of the eigenvalue A and by ug\i) , 1 <i <m()\), the family of linearly

independent functions solving I(\) 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 ¢1,0; € Z and B,y € R be such that 0 < ({a — ) — ({1 — ) < 1 and that
*54’6171%8 and *’Y+£2*1¢S.
Moreover, assume that
Sﬂ(—ﬁ—i—él -1, —’}/+£2—1) = {)\1,...7/\1\[}.
If we Vﬁll(lCt) is a solution of (2.16) with fe Vf"‘_‘l(lCt), then there exist a function wgr € sz (Ke)
and constants cé-, i=1,...,m(\;), j=1,...,N such that

N m(})) _
TR S5 ST
j=1 i=1
Proof. We refer to [16, Theorem 6.4.1]. O

For the sake of clearness, we introduce two auxiliary functions (}51 and (/52, which simply correspond
to ¢1 and ¢ computed in the usual angular coordinate 6 (continuous in Bs \ I', for ¢ small enough).
Namely, we set

(3.6) G1(p,0):=d1(p,0)  and  dalp,0):= da(p,0).

Although this notation seems to be redundant, it will be very useful in Proposition 3.13. We clarify the
difference between the angles 6 and ¢ in Figure 2.
We are now in a position to state the main result of the section.
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FIGURE 2. Relation between 9 and 6 in Bs(0), when T' C {x1 >0, xo > 0} (left) and
I'C{z1 >0, z2 <0} (right).

Theorem 3.11. Let @ € H2(Q\T) be the solution of (2.16). Then, there exist unique two constants Cy
and Cy such that

(37) W — Clg/b\l — CQ(’Z;Q S HS(ICt) .

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

Choosing 0 < ¢ < 1/2, we are in a position to apply Theorem 3.10 with ¢; = ¢, =2, § =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 = —¢, {1 =2, ¢, =3, and —¢ <y < 0. Since

3
SN(l+e2—7)= {5, 2},
there exist Cy, Cs, C3 € R such that
(3.8) @ — C1p**u) (0) — Cop®*u)(6) = Cop®us(6) € VI(K)
2 2

where u(;) , u(;) , and ug are the eigenfunctions of the pencil operator (3.3) associated to the eigenvalues %

2 2
(with multiplicity 2) and 2 (simple). By Proposition 3.4, we have that Vf’(ICt) embeds in Vi (K,) and,
recalling Remark 3.3, V@ (K.) € H3(K,). Therefore, the difference in (3.8) belongs to H3(K,).
By standard computations regarding the bilaplacian (see, for instance, [17, Section 7]), we have that

Wiy = 26n 30 _ogn? @) (9) = cos 2 — cos > 1
uy (9)f3s1n2 251112, uy (G)fcos2 cos o us(f) =1 —cos26.

Clearly, the function p?us(#) belongs to H3(K,). Hence, (3.8) reduces to (3.7).
The uniqueness of the constants C; and Cy follows by Proposition 3.9. Indeed, if C1,Cy € R are
such that (3.7) is satisfied, we deduce from (3.8) that

(3.9) (CL = C1)1 + (Ca — Ca) g € VA(K) .

By a direct computation, it can be shown that the functions $1 and q/b\g extended to the whole of K, 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

(CL—C1)e1 + (Ca = Ca)da =0,
that is, C; = C; and Cy = Csy, and the proof is thus concluded. O

Thanks to Theorem 3.11, we can easily deduce the next regularity result regarding the Airy func-
tion w, € H2(Q\T) defined in Lemma 2.1.
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Theorem 3.12. Let T C Q be a C°° -crack set with a vertez 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 C1 and Cs such that

(3.10) Wy — C1p1 08 — Cadpp0S € H3(Q\T)
for every Q' CccC Q.

Proof. We recall that, with the notation introduced in Section 2, w,, = nw, (for a suitable cut-off

function 7) solves the system (2.14) and is related to the solution @ € H2(Q\T) of (2.16) by the change
of variable wy, = W o S. Hence, Theorem 3.11 implies that

Wy — Cr1 08 — Cado 0 S € H3(K,),

with the same constant C; and Co 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). g

As in [18, Proposition 1.6], the last step of the proof of Theorem 2.4 consists in showing that the
singularities (3.10) of the Airy function w, € H2(Q\I') can be expressed by the simpler functions ¢1(p, )
and ¢a(p, ) introduced in Theorem 2.4. We stress that the advantage of using ¢1, ¢o instead of $1 , (Eg
is that they do not require the explicit computation of the change of variables S in (2.15). In order to
make the presentation simpler, in the following proposition we assume that, at least in a neighborhood of
the origin, the crack T' is contained in the cone {z; > 0, 5 > 0}. We will briefly specify in Remark 3.14
what happens in the other scenario, when I' C {27 > 0, x2 < 0} (see also Figure 2).

Proposition 3.13. Let I' C Q be a C°-crack set with a vertex in the origin and assume that, in
neighborhood of the origin, it is contained in the cone {x1 >0, xo > 0}. Then ¢; + ¢;0S € H3(QU\T),
for i =1,2, and for every Q' CC Q.

Proof. Let us consider ¢ = 1. Since both the functions ¢; and <$1 oS belong to H?(Q\T') and are regular
far from the origin, we only have to estimate the sum of their third derivatives Djx¢1 + Djri(¢1 0 S)
close to 0. By a direct computation, we have that

IDjridr + Djkl(qgl o9)| < ’Djkl¢1 + Z Dnmrégl(s(x))

(3.11) +]ZDW¢>1 ))DiS, DjksmMZDWm S(2))DSmD;
+\ZDW¢1 +61(S(2))D

Adding and subtracting in (3.11) the term > nmrgleanDkSleSr and taking into account the
smoothness of S, we deduce that there exists a positive constant C' such that

IDjr61 + Djra(é108)| < C(IVor] + [V201]) + > [Doinr 61 [[07876] — D8, DS DS |

n,m,r

+ Y [D;8uDkSmDiS,|[Dynr 61(S(2)) + Dymrha ()] |

n,m,r

(3.12)

where ¢] denotes the usual Kronecker delta. In view of the 3/2-homogeneity of b1 (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,
3 1
(3.13) > IDume¢n|l070767 — D;SuDkSmDiS,| < Clz| ™% |z] = Cla| 72,
n,m,r

for some positive constant C' independent of x. In particular, we notice that the function = — |z|"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,DxS,D;S,| is
uniformly bounded by definition of S (2.15). Therefore, it remains to estimate the sum |DanqA51(S(m)) +
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Dymrd1(x)| for z € Q\T'. To this end, we notice that, by definition of the angles # and ¢ and of S
in (2.15), we have either J(z) = 0(x) — 27 or 0(S(z)) = J(S(x)) + 27. In view of this relations, we can
always find a new function ¢, continuous on the segment [z,S(z)] and such that

(3.14) 61(2) = $1(x) < 6,(8(z)) = =1 (S(x)).

Indeed, when the segment [z, S(z)] meets T', we set. ¢, (y):= —1(6(y)), while we define ¢, (y):= ¢1(I(y))
whenever [z,S(z)]NT = @. By direct comparison, it is easy to check that (3.14) holds true. Therefore,
the sum Dy @1(S(2)) + Dipmr g1 ()] takes the form IDpimr @1 (S(7)) — Dpnr @1 ()| and, in view of the

above discussion, the angle used to define ¢, is continuous along the segment [z, S(z)].
Applying the mean value theorem to ¢,, we find a point Z € [z, S(x)] such that

(315)  [Dpmr61(S(@)) + Dy 61 (2)] = [Dpinr $1.(S(2)) = D b1 (2)] < | VD ()| = S()]
Since S € C*° with S(0) =0 and VS(0) = I, we have that, close to the origin,

(3.16) |z — S(z)| < Llz|?,

for L:= Lip(V2S)/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 |z|
small enough, d > %|x| Hence, we deduce that

(3.17) 12|72 <d~ 3 <23|z| 3.

Combining (3.16) and (3.17) with the behavior of the fourth order derivatives of ¢; and the esti-
mate (3.15), we get that

(3.18) 1D 61 (S(2)) + Dynrbr ()] < Cla ™,

for some positive constant C'.
Finally, inserting (3.14) and (3.18) in (3.12), we deduce that the sum |D;x¢1 — Djgi(¢1 0S)| is square
integrable close to the origin, and this concludes the proof of the proposition. (Il

Remark 3.14. If the crack set T' is contained, at least close to its tip, in the cone {x; > 0, x5 < 0}, the
statement of Proposition 3.13 needs to be slightly modified: we can prove that ¢; — ggl oS € H3(Y\T),
for i = 1,2 and for every ' CC Q. The strategy of the proof remains the same, apart from (3.14). In
this case, we can find a function ¢, such that

¢y (7) = ¢1(z) < ¢1(S(x)) = $1(S(x)).

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 C;, Cy when passing from ¢; o S (Theorem 3.12) to ¢; (Theorem 2.4).

Nevertheless, we stress that this possible “uncertainty” of the sign of the constants C; and Cy does not
affect the results in Section 4. Indeed, in Theorem 4.1, only the squares of the stress intensity factors Q
and Qg appear. Hence, their signs, 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, Proposition 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 9Q2. It will be useful to write the curves I'y in the form

(4.1) Isi={y(0): 0< 0o <s},
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where 7 is the arc-length parametrization of I'y, with (0) € 9Q. Given s € [0,L], we denote by
us € HY(Q\ I's;R?) the solution to the minimum problem

min {€(u,Ty) : u€ H(Q\Ts;R?), u=gon 0Q},

where g € H*(2\ I'z; R?) is the usual boundary datum. For what follows, it is not restrictive to assume
that 0 ¢ supp(g). Moreover, we set Epnin(s):= E(us, I's) and we notice that the functions s — Epin(Ts)
and s — u, are continuous from R to R and from R to H', respectively.

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

(4.2) Usy = ur + Q1P1 + Q2®2,

where up € H?(V \ Ts,;R?) for every ' CC Q and ®;, &5 are defined in (2.9)-(2.10). With this
notation, the following result holds.

Theorem 4.1. The energy Emin is differentiable at so and

dg%r;(m = —2m(Q3(Tsy) + Q3(Lsg)) (A + 1) (A + 2) ,

where A and p are the Lamé coefficients.

(4.3)

8$=S8po

Proof. In order to prove the differentiability of the energy s — Enin(l's) in sop 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 » > 0 small enough we may assume that the curve ['sNB,.,
s > sg, is the graph of a C'*°-function ¢ in a neighborhood of ~y(sgp) such that ¢'(71(s9)) =0. For § >0
small, we introduce a C'*°-diffeomorphism Fy, 5 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 = € B, /2 we set

(4.4) Frsla)i=a + ( (r1(50 +6) = (50))e() ) |
C(x1 4 (m(so +9) —71(s0))p(x)) — C(x1)

where ¢ € C°(B,/2) is a suitable cut-off function equal to 1 close to the origin and such that
(4.5) supp() Nsupp(g) = 0.
We extend Fy, s with the identity out of B, /5.

By the regularity of ¢, we deduce that Fy, s is a C°°-diffeomorphism of R? such that Fy, 5(T's,) =
I's,+s5. Moreover, the following equalities hold:

1 1
4.6 Pso ()= 05(Fsy5(x))]s=0 = 71 (s50)p(x = —p(z ;
(1.6 (@)= Frs@lizo =h(soe@) 0 ) ==
(4.7) O5(det VFy, 5)|s=0 = divps, , 05(VFy, 5)|s=0 = —0s(VFs5) s=0 = Vps, -
For what follows, let us denote by Us,ys:= us,+5 0 Fs,.5 € H(Q\ Tsy;R?). Since Fs, 5 = id on 012,

we clearly have Ug 15 = g on 02. Moreover, it is easy to check that

1
Usy 15 = arg min {5/ C(Vo(VFys5) ") : Vu(VFEy, 5)  det VFy, sda :
(4.8) Q\Lsg

ve HY(Q\T,,;R?),v=gon 89}.
In particular,

1
gmin(FSOJré) = g(uso+67 Fso+6) = 5 /Q\F(C(VUsoJré(sto,E)_l) :VU50+5(VF80,5>_1 det VFSO,(S dz.
0

We also notice that, since us, 15 — us, in H* as § — 0, Usyys — us, in HY(Q\ Ty, ; R?).
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We now show that the function 6 +— Uy, 45 is differentiable in § = 0. Indeed, by definition of us, , the
finite difference (Us,4s — us,)/d satisfies, for every v € H}(Q\ T's,; R?) with v =0 on 99,

s - Us s I - Fs -1
/ (C(VM) :Vodr = (CVU 0t Yy de = / (C(VUSOMM) :Voude
O\l 0 O\l s O\, )

I—(VF, 5) '
+/ C(VUsy15(VFs0)7") :VUM
O\, 5

dx

1 - det VF,
i / OV 45(TFays) 1) s V(T F, )~ L 0V )
Q

dx.
\T'sy 6

The previous equality implies that (Us,t+s — us,)/d is the solution of

1 I-(VF,,;) !
min{§/ (CVU:VUd:I:—/ C(VUSOMM):VUM

O\Ty, o\r., 0
I-(VF, -1
7/ C(VUsy45(VFsy5)7") :Vv( v 6076)) ) de
OQ\T'y,
1—detVF;
- / (C(VUSO+5(VFSO,6)_1) ZVU(VFS()’(;)_lelx ‘v € Hl(Q\FSO;R2), v=0on aQ} .
O\T's,

Thus, we deduce that the function § — M is bounded in H!(Q\I's,; R?) and, up to a subsequence,

it converges weakly to some function U € H'(Q\ T'y,; R?) as § — 0. Since it turns out that U is such

that

. 1

U = argmin {5 / CVv:Vudr — / CVus,Vps, : Voda — / CVus, : VoV, dz
(4.9) O\Ts, O\, O\,

—|—/ CVus, : Vodivps, dz : v € H'(Q\Ty,;R?), v =0 on 8(2} )
Q\T',,

we also deduce that
(4.10) lim Jootd ~ s _ gy strongly in H'(Q\ ['y,;R?) .

6—0
We now estimate the finite difference quotient
Emin(Lso+6) = Emin(Lso) _ E(uso+6, 'sos) — E(usgs L'sy)
) ) '

By the minimality of us,, we have

1 1
(4.11) Emin(Tsy) = = CEus, : Eu,, doz = 7/ CEu,, :Egdx.
2 Jar,, O\,
In a similar way, recalling (4.4) and (4.5), we deduce that
1 1
(4.12) EminTsors) = 3 CEusy46:Egder = - CEUsy45:Egdx.

O\l O\l
Combining (4.11) and (4.12) we get that

Emin(Loo+) = Emin(Tso) _ 1 CE(Usy+s — us,) :Egdz.
5 20 Jar,, - -

Passing to the limit as § — 0 in the previous equality and taking into account the convergence (4.10),
we obtain that ¢ — Epin(Ts,46) is differentiable in 6 = 0 and
dgnLin (Fa) dgnLin (Fso-‘r(S) 1

413 Lomintl s) = ‘ . CEU :Egdz.
( ) ds s=sq dd 6=0 2 Q\Fso g axr
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Considering the minimum problem (4.9) and the Euler-Lagrange equation associated to it and recalling
that U =0 on 0N, we can rewrite (4.13) as

d&min(Ts) 1 1

= 7/ CEU :E(g — us,) dz = 7/ C(Vus, Vps,) : V(g — us,) da
ds $=s0 2 O\, 2 O\l

(4.14)

1 1
+ - CVus, : V(g — usy)Vps, dx — = CVus, : V(g — us, )divps, dz .
2 Jar,, O\l

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

ds

1
= 7/ CEus, : Vug, Vs, doz + 5 / CEus, : Vug,divp, dz
s=s0 O\T., O\l
(4.15) ) |
=— / o (us,) : Vg, Vpg, dz + = / o (us,) : Vg, divps, do,
o\r 2 Jor,

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

In order to compute explicitly the right-hand side of (4.15), we first integrate 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 (usy): Vs, Vps, dz + 3 / o (ugy) : Vug,divps, do

(2\Ts)\B- (2\I's4)\Be
= / Do ij(tsy)Ditsy,ipso,k AT + / 0j(ts)D;Drtisy,i pso ke dx
(2\Tso)\Be (2\Tso)\Be
(4.16) +/ 0 (tsy ) VoB. jDilsg,i P AH' +/ 0j(Use )Ur,, ; Ditisg.i Pso k dH!
oB Ts\Be
1 1
- 5 Dkaij (uSO)DjuSO,i Pso,k dz — 5 Oij (uSO)DijuSO,i Pso.k dz
(Q\Te)\B- (2\I's)\Be
1 1
B 5 / Oij (uso)Djusoﬂ Pso,kVOB, k dHl B 5 / Gij (USO)DJUSOvi Pso,kVT sk dHl ’
OB. Ts\B:

where vpp. denotes the outer unit normal to the ball B, and vr,, s 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

/ Djoij(usy)Drtisg,ipse,k dz = 0.
O\B.
The remaining volume integrals sum up to

1
5/ o-ij(uSo)DjDkuSO,i Pso .k dr — / D kO ij uSO D i Uso i Pso,k dz .

Q\B. O\B.

DN =

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 (Us)DjDrtisy i Pso.k — Di0ij(Usy)Djlsy i Pso e =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's,, we obtain that

/F Tij (U'SO) Vry,, JDkuso,z Pso,k dHl =0.

50
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Moreover, since I's, is the graph of the function ¢ close to the crack tip, we have that vr, = /1 + ("2(¢’, —1).
Hence, recalling the definition (4.6) of ps,, ps, - vr,, =0 and

/ 05 (Us)Djtgy i Pso,kVT gk dH'=0.
Ty,
Collecting all the previous equalities, (4.16) reduces to
1
_/ o (usy): Vg, Vps, dz + 5 / o (usy): Vug,divps, do
O\B. O\B.

1
= / o (s, )VoB, - Vs, pso AH" — 5/ o (us,): Vg, ps, - Von, dH" .
8B. 9B.

(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

dg’min (Fs )

4.18
( ) ds $=350

= lim a. + b, + c- + d.,
e—0

where we have set
Q2
=1

5 / o(®1) :E®yps, - voB. d#?

aE::Q%/ o (®1)vap, - VO pg, dH' —
OB, OB.

2
+ Qg/ o (Da)vep, - VPaps, dH! — %/ o (Dy) : E®ops, - vop. dH!,
0B, 0B,

bs::Qle/ o (®1)ves, - VOops, dH' + Q1Q2/ o (D2)van, - VP1ps, dH'
B, B,

- Q1Q2/ o(®1):E®aps, - vop. dH',
8B.

ce:=Q1 / o (P1)voB, - Vurps, dH' + Q1/ o (ur)von, - VP1ps, dH'
oB. oB.

- Q1/ o(®1) : Eugps, - vop. dH' + Qz/ o (®2)vom, - Vugps, dH'

OB, 0B.
+Qu [ olunvan. - Vsps, dH — Qs [ o(02):Eunps, -von, dH!.
OB, 0B.

1
ds::/ o (ur)vop. - Vurps, dH' — 5/ o (ur):Eurps, - vop, dH' .
9B, oB.

Here, for brevity, we have omitted the dependence of Q; on Iy, .
In view of the regularity of Fi, s and of ps, (see (4.6)), we have that ps,(z) — (—1,0) uniformly as
x — 0. Therefore, by a long but elementary computation, we can show that

lim a. = —27(QF + Q3)u(A + ) (A + 2u)
limb. =0.

e—0

(4.19)

It remains to prove that c.,d. — 0 as € — 0. Let us consider the first term in c.. By Holder
inequality, by the regularity of ug, and by definition (2.10) of ®;, we have that

C C
’/8 U((PI)VSBE 'VUR/)SO dHl S 871/2 HvuRHLl(aBE) S 751/2H1(6B€)1/2||VURHL2(3BE) = C||VURHL2(8B€)
BE
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for some positive constant C' independent of €. The same estimate can be obtained for the remaining
terms of c., so that

lce| < C|[Vur|lr2(om.) -
As for d., again by Hélder inequality we simply get

|d:| < C||Vur|Zz2m.) -
Therefore, we are led to prove that [|[Vug||r298.) — 0 as ¢ — 0. Employing the change of variable
y = £ and defining v(y):= ugr(cy), we can write

1

2 2 3941
”VuRHLZ(aBE) = */ |V’U| dH".
€ JoB,

By the continuity of the trace operator (recall that v € H?(By;R?)), there exists a positive contant C
such that

C C
(420) ||VUR||%2(6B£) S */ ‘V2U|2 dy + */ IV’U|2dy = CE/
€ JB, € JB,

By Sobolev embedding and Holder inequality, we may further estimate (4.20) with

c
|V2uR|2dx+;/ |VUR|2d$
BE

€

IVurl?zm.) < CellVurlizos.) + ClVurlig.) -

By the absolute continuity of the integral and the H?-regularity of ur, passing to the limit in the previous
inequality we finally get |[Vug| 298,y — 0 as € — 0. This concludes the proof of the theorem. O

Remark 4.2. Although the theory of pencil operators exploited in Section 3 has been developed for PDE
systems with smooth coefficients, and, as a consequence, 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';,. Indeed, repeating all the computation above, we would obtain exactly the same
result, since the splitting (4.2) of ug, only depends on I'y, and not on I’y for s € (sg, L), and since the
derivatives in (4.6)-(4.7) are defined for almost every = 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:

dgmzn Fs
G(r,) =~ S| o (QU(TL) + QAN+ WO+ 20).
From formula (4.15) in the proof of Theorem 4.1 we also deduce an integral formula for G. Namely,
1
(4.21) G(Ts,) = / o (usy): Vug,Vps, do — = / o (us,): Vug, divps, do,
O\ 2 Q\TI',,

where p,, 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).

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 € HY(Q\ T'g;R?), M > 0, and Ty a closed C*-curve without self-intersection, contained
in Q except for its initial point (belonging to 92), and such that Q\ 'y is the union of two Lipschitz
sets. We define R as the set of closed and simple C'°°-curves in € containing I'g and such that

o '\ Iy CC
e denoted by 7: [0,H'(T")] — R? the arc-length parametrization of T', ||[y*)|, < M for every
ke {0,1,2},
where the superscript (k) denotes the k-th derivative. It is clear that Rj; is compact with respect to
the Hausdorff convergence of sets.

Given a sequence I'" € Rj; converging in the Hausdorff metric of sets to some I'*° € Ry, as n — 400,

we denote by u™ € H'(Q\ I'";R?) the solution of

(4.22) min {&(u,T") : u € HY(Q\T™";R?), u=gon dQ}.
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Similarly, we indicate with u> € H!(Q\I'*°;R?) the solution of the same minimum problem for n = +o0.

Moreover, if s":= H!(I') and ": [0,s"] — Q is the arc-length parametrization of I'" and, similar
to (4.6), we assume that I'™, in a neighborhood B,(y™(s™)) of its tip, is the graph of a suitable C'*°-
function ¢™, and we set

n __ n\/ Sn n 1
(4.23) p" = () (s")p ((C")’)

for a suitable cut-off function "™ € C2°(B,/2(7"(s"))). Recalling (4.21), we can write

1
(4.24) g(Ir") = / o(u"):Vu"Vp"dr — 7/ o(u"): Vu"divp™ dz .
o\rn 2 Ja\r»

Formulas similar to (4.23) and (4.24) hold also for I'° | setting s> := H!(I'*°), denoting by 7°°: [0, 5] —
R? its arc-length parametrization, and assuming that '™ 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™ — I'*® as n — 400 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 possible to construct a family of
C?-diffeomorphisms ¥" :  — Q which, for every n, map I'™ into '™, keep the boundary 0 fixed, and
such that U 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?), v — u™ in L?(Q;R?),
and Vu" — Vu™ in L?(Q;M?) as n — +oo.

We now prove that Vu" — Vu™ in L?(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 L?(Q;M?) for some
v € HY(Q\ T*;R?). Again by (4.22) and by lower semicontinuity, we have that

E(v, I'*?) <liminf £(u™,I'™) <limsup £(u",T") < limsup E(ul,,I™) = E(u™, ™),

from which we deduce that v = u> and that Vu™ — Vu®> in L?(;M?) as n — +o0.

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, v converges to v weakly* in W2°([0,s*°];R?) and (¢") —
(¢°*°)" uniformly in B,.(y°°(s°°)). Therefore, p® — p> in W1>°(Q;R?) and, passing to the limit in the
expression (4.24) of G(I'™), we deduce that G(I'") — G(I'*°) as n — +co. O

ACKNOWLEDGMENTS

The work of the authors was partially supported by the European Research Council under Grant No.
501086 “High-Dimensional Sparse Optimal Control”. S.A. also acknowledges the support of the SFB
TRR109.

REFERENCES

[1] S. ALwmi, Energy release rate and quasi-static evolution via vanishing viscosity in a fracture model depending on the
crack opening, ESAIM Control Optim. Calc. Var., 23 (2017), pp. 791-826.

[2] S. Avuwmi, Quasi-static hydraulic crack growth driven by Darcy’s law, Adv. Calc. Var., 11 (2018), pp. 161-191.

[3] J.-F. BaBapJian, A. CHAMBOLLE, AND A. LEMENANT, Energy release rate for non-smooth cracks in planar elasticity,
J. Ec. polytech. Math., 2 (2015), pp. 117-152.

[4] S. CampanaToO, Sistemi ellittici in forma divergenza. Regolarita all’interno, Quaderni., Scuola Normale Superiore
Pisa, Pisa, 1980.

[5] A. CuamBOLLE, G. A. FRANCFORT, AND J.-J. MARIGO, Revisiting energy release rates in brittle fracture, J. Nonlinear
Sci., 20 (2010), pp. 395-424.



20

(6]
(7]

(8]

(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

(18]
(19]
[20]

21]

S. ALMI AND I. LUCARDESI

A. CHAMBOLLE AND A. LEMENANT, The stress intensity factor for non-smooth fractures in antiplane elasticity, Calc.
Var. Partial Differential Equations, 47 (2013), pp. 589-610.

G. DaL Maso, G. OrLaNDO, AND R. TOADER, Laplace equation in a domain with a rectilinear crack: higher order
derivatives of the energy with respect to the crack length, NoDEA Nonlinear Differential Equations Appl., 22 (2015),
pp. 449-476.

I. Fonseca, N. Fusco, G. Leoni, AND M. Morini, Equilibrium configurations of epitaxially strained crystalline
films: existence and regularity results, Arch. Ration. Mech. Anal., 186 (2007), pp. 477-537.

G. A. FrRANCFORT AND J.-J. MARIGO, Revisiting brittle fracture as an energy minimization problem, J. Mech. Phys.
Solids, 46 (1998), pp. 1319-1342.

A. A. GrirriTH, The phenomena of rupture and flow in solids, Philosophical Transactions of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, 221 (1921), pp. 163-198.

P. GRisVARD, FElliptic problems in nonsmooth domains, vol. 24 of Monographs and Studies in Mathematics, Pitman
(Advanced Publishing Program), Boston, MA, 1985.

P. GRIsVARD, Singularities in boundary value problems, vol. 22 of Recherches en Mathématiques Appliquées [Research
in Applied Mathematics|, Masson, Paris; Springer-Verlag, Berlin, 1992.

M. E. Gurrin, E. FrIED, AND L. ANAND, The mechanics and thermodynamics of continua, Cambridge University
Press, Cambridge, 2010.

D. KNEES AND A. MIELKE, Energy release rate for cracks in finite-strain elasticity, Math. Methods Appl. Sci., 31
(2008), pp. 501-528.

V. A. KoNDRAT’EV, Boundary value problems for elliptic equations in domains with conical or angular points, Trudy
Moskov. Mat. Obsé., 16 (1967), pp. 209-292.

V. A. KozLov, V. G. Mazya, AND J. RossMANN, Elliptic boundary value problems in domains with point singular-
ities, vol. 52 of Mathematical Surveys and Monographs, American Mathematical Society, Providence, RI, 1997.

V. A. KozLov, V. G. Mazya, AND J. RossMANN, Spectral problems associated with corner singularities of solutions
to elliptic equations, vol. 85 of Mathematical Surveys and Monographs, American Mathematical Society, Providence,
RI, 2001.

G. LazzaronNi AND R. TOADER, Energy release rate and stress intensity factor in antiplane elasticity, J. Math. Pures
Appl. (9), 95 (2011), pp. 565-584.

G. LazzaronNt AND R. TOADER, A model for crack propagation based on viscous approximation, Math. Models Methods
Appl. Sci., 21 (2011), pp. 2019-2047.

M. NEecr1 AND R. TOADER, Scaling in fracture mechanics by BaZant law: from finite to linearized elasticity, Math.
Models Methods Appl. Sci., 25 (2015), pp. 1389-1420.

A. T. ZEHNDER, Fracture mechanics, vol. 62 of Lecture Notes in Applied and Computational Mechanics, Springer,
London, 2012.

(Stefano Almi) TU MUNCHEN, BOLTZMANSTR. 3, 85748 GARCHING B. MUNCHEN, GERMANY
E-mail address, Stefano Almi: almi@ma.tum.de

(Naria Lucardesi) INsTITUT ELIE CARTAN DE LORRAINE, BP 70239, 54506 VANDOEUVRE-LES-NANCY, FRANCE
E-mail address, llaria Lucardesi: ilaria.lucardesi@univ-lorraine.fr



