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Symbol Description

U Vector (1st order tensor)
A 2" order tensor
C 4™ order tensor
1 2" order identity tensor
Tensor operations
Tensor product: (d ® B)ij = a,»bjs
Symmetrized tensor product:s(c7®g) ij = %(a,-b ;+a;b;)

Modified tensor product: (a X b); ;; = %(aikbj, +a;bji)
Single contraction: (A - Z),- = A;;b;
Double contraction: A : B =A4;;B;;; (A : B);; = A1, By
- Q-n  Normal double contraction: (7i - Q - 1);; = n, Qi
T Transpose
. Inverse
STo= (.—1)T = (.T>—1

T Moore-Penrose pseudo-inverse

A Cross product
Decorations and conventions
*  Fourier transform
In-plane component perpendicular to 7, e.g. 0 = 0* + v,/ with 7* - i = 0 Fourier

transform reduced to 7' plane $*(£¥) = = [F*  HE* + &, 7) dé,

2 :n:_oo
A Quantity in the reference (transformed) problem
[i@] Displacement discontinuity (jump) across crack surface

X

Crack geometry
#  Crack (generic notation)
&, X Elliptical and ribbon-like crack geometries
A Crack shape tensor (rank-deficient)
S, R Shape and rotation tensors from polar decomposition of A
n Unit normal to crack plane
I,m Unit vectors along major and minor axes
a, b Major and minor semi-axes (a = b)
n = bla Aspect ratio
v, 7 Outer normal and tangent at crack border 9.%
Elasticity

C,S =C~! Elastic stiffness and compliance tensors
o, € Stress and strain fields
2, E Remote (prescribed) stress and strain
f=o0-1 Stress vector on the crack plane
Integral equation kernels
r (E), QA(E) Green kernels in Fourier space
0F (E*) Reduced kernel: % [120 QE* + &, 1) - i de,
A Kernel in crack integral equation
Crack mechanics
[u] Crack opening displacement (COD)
ﬁ Maximum COD vector
x Dimensionless average COD coefficient (% for &, = for &)
B%,B% Normalized COD tensors (elliptical and ribbon-like)
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Symbol Description

B COD tensor for a closed frictionless crack
N (N 7> Ny, Nypp) Displacement intensity factor (DIF) vector and modal components
K (K 1» Krr, Kyrp)  Stress intensity factor (SIF) vector and modal components
G=K-N Local energy release rate
Linear transformation
P Linear transformation tensor: X* = P~! . %
Undecorated symbols Initial anisotropic problem

TI Transversely isotropic (reference material class)

TraTl Transformed transversely isotropic (initial material class)

1 Introduction

The displacement and stress intensity factors (DIF and SIF) of elliptical and ribbon-like cracks embedded in an
infinite matrix of transformed transversely isotropic (TraTl) symmetry are analytically derived in this paper. The
approach combines the integral equation framework of Kunin (1983) and Kanaun and Levin (2009) with the
linear transformation technique between elastic boundary value problems, thereby extending to TraTI the set of
anisotropies for which fully closed-form expressions of DIF and SIF are available.

Stress intensity factors, originally introduced by Irwin (1957) to characterize the singular stress field near a crack
front, are central to fracture mechanics. Their connection with the path-independent J-integral of Rice (1968)
provides an important energetic interpretation. In the context of micromechanics of cracked media (Dormieux and
Kondo, 2016; Kachanov, 1993, 1992; Kachanov and Sevostianov, 2018; Nemat-Nasser and Hori, 1999), the SIF are
also intimately related to the crack opening displacement (COD) and compliance contribution tensors, as discussed
in Rice (1975), Kachanov and Sevostianov (2018) and Sevostianov and Kachanov (2021). Kassir and Sih (1966)
showed that, for an elliptical crack in an infinite isotropic matrix, the stress state near the crack front decomposes
into a combination of local plane-strain and antiplane-shear problems, a result that has since formed the basis of
many SIF analyses (Budiansky and O’Connell, 1976; Hoenig, 1978; Rice, 1968). Closed-form formulas for the SIF
in isotropic media can be found in, e.g., Kachanov et al. (2003) and Fabrikant (1987).

The problem of a crack in an anisotropic matrix was pioneered by Willis (1968) who expressed, via Fourier
transforms, the stress field and COD for an arbitrary crack in a compact contour-integral form. Kassir and Sih (1968)
computed the three-dimensional stresses around elliptical cracks in transversely isotropic (TI) solids, showing that
the local plane-strain/antiplane-shear decomposition remains valid when the crack is aligned with the isotropy
plane. Hoenig (1978) derived integral-form expressions for the SIF and COD in a generally anisotropic medium,
establishing that closed-form evaluation is feasible for a crack aligned with the isotropy plane of a TI matrix.
Further closed-form results for such geometries were provided by Laws (1985) and Sevostianov et al. (2005). The
relationship between the asymptotic coefficient of the COD and the SIF in the framework of an arbitrary crack shape
in an anisotropic matrix was derived by Kanaun (1981) under an integral form. For a planar crack aligned with the
plane of isotropy of a TI matrix, this relationship was obtained from a boundary integral equation approach by Zhao
et al. (1998), and subsequently extended to coupled multi-field problems by Zhao et al. (2007) and Li et al. (2020).
The effective elastic properties of anisotropic materials with arbitrary orientations of multiple cracks, relying on the
SIF and COD tensors, were studied by Mauge and Kachanov (1994a), Mauge and Kachanov (1994b), Tsukrov and
Kachanov (2000) and Gruescu et al. (2005) among others. A systematic integral equation approach for elliptical
cracks in 3D anisotropic media was developed by Kanaun and Levin (2009), leading to compact expressions for the
COD via a reduced Fourier transform. When closed-form solutions are out of reach, the semi-analytical method
of Barthélémy (2009), requiring only a one-dimensional numerical quadrature, offers an efficient alternative for
elliptical cracks in arbitrary anisotropy.
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A powerful strategy to extend the class of anisotropies amenable to analytical treatment consists in applying a linear
transformation to the elastic boundary value problem, as introduced by Pouya (2000) and developed by Pouya and
Zaoui (2006). This technique establishes a correspondence between two elastic problems through an invertible
linear mapping of the spatial coordinates, so that the solution of a complex anisotropy problem can be inferred from
that of a simpler reference problem on a body of different geometry. Pouya (2007) showed that the TraTI symmetry
is linearly connected to transverse isotropy and provided the first explicit analytical expression of the Green tensor
for TraTI materials. The approach was exploited for ellipsoidal inhomogeneities in elliptically orthotropic (EO)
matrices by Sevostianov and Kushch (2020) and Kushch and Sevostianov (2020). In the crack context, Barthélémy
et al. (2021) used this strategy to derive the compliance contribution tensor of an elliptical crack in an EO matrix,
and Barthélémy et al. (2023) extended it to the compliance contribution tensor and average COD tensor of an
arbitrarily oriented crack in a TraTI matrix, covering configurations in which the COD tensor is not diagonal in the
crack frame.

The present paper extends the framework of Barthélémy et al. (2023) by going beyond average compliance quantities
to derive the full local COD profile and the associated DIF and SIF distributions along the crack front, for both
elliptical and ribbon-like cracks in a TraTI matrix. The derivation follows a different resolution strategy from
Barthélémy et al. (2021) and Barthélémy et al. (2023), relying directly on the integral equation formulation of Kunin
(1983) and Kanaun and Levin (2009). The paper is organized as follows. Section 2 recalls the integral equation
framework and establishes general expressions for the COD tensor, DIF and SIF of elliptical and ribbon-like cracks
in a matrix of arbitrary anisotropy; the framework is further extended to the practically important case of a closed
frictionless crack. Section 3 presents the linear transformation method, derives the corresponding transformation
rules for the COD tensor, DIF and SIF, and applies them to the EO and TraTI cases to yield fully closed-form
analytical expressions. Section 4 illustrates the approach through a numerical example: the local energy release
rate is computed around an elliptical crack embedded in a monoclinic TraTI matrix. Semi-analytical and finite
element computations are used to validate the closed-form solution. The appendices provide auxiliary material
used throughout the text: among them, Appendix 6.3 collects closed-form expressions of the COD tensor for the
reference cases of an isotropic matrix (Appendix 6.3.1) and a TI matrix with the crack aligned with the isotropy
plane (Appendix 6.3.2); these expressions are rewritten in a unified notation that makes the limiting transitions
from the TI to the isotropic case, and from elliptical to circular or ribbon-like crack shapes, straightforward.

2 lIsolated crack in an anisotropic unbounded elastic matrix: background and extension
to a closed frictionless crack

Within the framework of linear elasticity, the present paper deals with the problem of a plane elliptical crack
embedded in a homogeneous unbounded anisotropic 3D matrix and subjected to remote prescribed tractions (see
Fig. 1), especially when purely analytical solutions are available. A ribbon-like (translation-invariant) crack is also
considered as a limiting case and plays an important role in the framework of the calculation of stress intensity
factors even in the case of an elliptical shape.

This section aims at recalling the background of the resolution of this problem leading to the crack opening
displacement tensor and stress intensity factors with a carefully detailed proof. Such a derivation prepares the
application of the transformation method in Section 3 to extend the set of anisotropic behaviors for which analytical
solutions are reachable.

In Section 2.1, the crack is defined from a rank-deficient quadratic positive form. Then the linear elastic equilibrium
of this crack is considered in Section 2.2 followed by a reformulation of the problem as an integral equation in
Section 2.3 without any particular assumptions made on the material symmetries. The general expressions of the
crack-opening displacement tensor and stress and displacement intensity vectors are then derived in subsequent
sections for any elastic matrix and any orientation and aspect-ratio of the elliptical crack.
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Fig. 1: Graphical illustration of the problem under investigation. The crack .# is embedded in an infinite matrix
and subjected to remote stresses. Note that at this stage, no asumption is made on the material symmetries
of the matrix, nor on the direction of loading.

2.1 Geometric description of the crack

The crack .# under consideration is embedded in the unbounded space R3. It is defined as the following set of
points
Xes < X-i=0 and ¥ (AT-A)7-X<1 (1)

where A is a second-order, singular tensor of rank 1 or 2 such that # € Ker A, ||#|| = 1 and (AT - A)" denotes the
Moore-Penrose inverse (pseudoinverse) of AT - A (not invertible in the usual sense because A is not of rank 3). Tt
results from the above definition that crack .# is embedded in the plane perpendicular to 7.

In the elliptical case (see Fig. 2, left), the crack is denoted & and the tensor A is of rank 2 (Ker A = Span(n)). In the
ribbon-like case (see Fig. 2, right), the crack is denoted & and the tensor A is of rank 1 (Ker A = Span(f, 1), where
I is a unit vector, orthogonal to 7). The general definition (1) of an ellipse/ribbon might seem overly complicated. It
will be seen later that it is well-suited to further applications of linear transforms. It is briefly verified below that it
indeed defines an ellipse (resp. a ribbon) when A is of rank 2 (resp. 1) and some useful characteristics of A are
particularly extracted. The general form of A is (see Appendix 6.1)

A=aUQI+bV @in )
where a,b > 0 and I, m, U and V are unit vectors such that
I-m=m-i=i-1=U-V=0 3)
completed by W =U AV sothat (U,V, W) form a right-handed orthonormal basis.
It results from (2) and (3) that

AT-A=8? with S=dalQI+bm®

as well as

-

S

QI m®
a2 + b2

+ and (AT-A)f =

AJ(:l(X)U meV @)
a b
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If A is of rank 2, then both a and b are positive and it can be assumed that a > b > 0. If A is of rank 1, then only b
is positive and a cancels out. However it would be an error to write A with a = 0 in (2) since the right mechanism
to topologically deform an ellipse to a ribbon is actually @ — +oo while keeping in memory the direction of I. In
fact the limit when @ — +co may be taken in the pseudo-inverses A” or (AT - A)' so that

lim AT ="V hd  lim (AT-A) = LB (5)
a—+oo b a—>+o b2
It follows that definition (1) writes
30 ()
. oo + <1 if Aisofrank?2
XeJ << X-i=0 and 4 _d* b? (6)
'xbmlgl, if A is of rank 1

The above characterization indeed defines an ellipse when A is of rank 2 and a ribbon when A is of rank 1. When
A is of rank 2, the orthogonal unit vectors T and i are directed along respectively the major and minor axes, a is
the major radius and b is the minor radius. It will be convenient to also introduce the dimensionless aspect ratio
n = bla < 1 of the ellipse. When A is of rank 1, the crack is translation-invariant (ribbon) along T and its in-plane
width is 2b. As mentioned above, the ribbon & appears as the limiting case of an ellipse & with infinite major
radius (a — +o0) or, equivalently, vanishing aspect ratio # — 0. In the ellipse case, the knowledge of A is sufficient
to fully define the crack since, on the one hand, it contains all information about the directions of the axes and the
radii and, on the other hand, 7 spans its kernel. This is no longer true for a ribbon since A only defines the direction
m in (5) whereas it does not contain any more information allowing to locate T and 7 in the plane orthogonal to
m. The direction of either of these two vectors is therefore additionally required. This observation highlights the
interest of considering a ribbon as a limit case of an ellipse.

The following definitions of the crack .#, which are rigorously equivalent to (1), will also prove useful in the

sequel

g={3=A1-5 je(KerA) =ImA=W [FI<1}={Fei, AN -F<1} @

or alternatively
J={x=8-3 jyer, Wi<1}={xen, |Is"-3I<1} 8)

where ST denotes the pseudo-inverse of the (singular) tensor S

§=Eﬂ+mfm(J=& and §=m?m

(J =2R)

To close this section, we introduce a useful notation. It is recalled that the direct orthogonal sum R = Span (i) ELB nt
holds. In other words, any vector 7 of R* can be decomposed uniquely as & = 0* + v,/ with 5* - 7i = 0. In the
remainder of this paper, quantities living in the plane that contains .# will systematically be starred, like 7* in the
previous orthogonal decomposition.
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(a) Elliptical crack (b) Ribbon-like crack

Fig. 2: Models of cracks

2.2 Linear elastic equilibrium of the crack and definition of COD tensor

Equilibrium of the cracked system under consideration is governed by the following boundary-value problem %

(dive =0 (R3\.7)
c=C ¢ (R¥~.7)
(P) de= %(gradﬁ+ grad i) (R3\.7) )
c—X (IX]l = +o0)
lo-7i=0 (%)

where X is a prescribed, symmetric, second-order tensor (see also Fig. 1). The last equation of (9) means that the
stress vector acting on the crack ¥ cancels out, which corresponds to a hypothesis of open crack. The extension
to a closed frictionless crack will be addressed in Section 2.6. For an open crack, the kinematic counterpart of a
null stress vector entails that the displacements are discontinuous at the crack .7 : the displacement of the upper
lip (directed towards +#4) is é*, while the displacement of the lower lip is 4~ # #*. The displacement jump
[4] = u* — i is referred to as the crack opening displacement (COD). For problem &, the general expression of
the COD is known for both elliptical and ribbon-like cracks (¥ = &, ) (Hoenig, 1978; Kanaun and Levin, 2009;
Willis, 1968) after the pioneering work of Eshelby (1957) considering that the ellipse is a degenerated form of an
ellipsoid in which the smallest radius tends towards 0

Vit e s, [iGE) = V1-3*-82 . %% F=1-|ST- 3|2 F (10)

where § denotes the maximum COD. Introducing the cartesian coordinates x = X* - I and y = X* - i of point X*,
the above equation also reads

v_,* ST Sk X2 y2 - _ ST 2%\ y2 e —
x* ez, [[u]](x )= 1——2——ﬁ (S =98) and [[u]](x ) = 1-=p4 (F=R) (11)
az  b? b2

Of particular interest is the average COD over the crack. Indeed, it allows the evaluation of the crack compliance
contribution tensor, which is central for the homogenization of cracked media within the framework of classical
micromechanical models (see Barthélémy et al. (2023) and references therein). It results from the above expressions
that the average COD is proportional to ﬁ

([a)y=xF8 (12)

where the dimensionless coefficient y = ;(g, ;(92 reads, for elliptical and ribbon-like cracks
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Owing to the linearity of problem &, E depends linearly on the loading parameter 2. In addition, the superposition
principle allows to show that the COD is the same if the remote loading vanishes and is replaced by a traction
X - 11 on the upper lip and —X - # on the lower lip so that ﬁ actually depends only on the components of X - ii. The
following expression of the average COD then holds

(@) _

; B-X.i, (14)

where B = B%, BZ denotes the normalized COD tensors (Kachanov, 1993, 1992). Note that in the present work,
for both elliptical and ribbon-like cracks, the COD tensor is normalized by the width b so that B is size-independent
(it depends only on the shape of the crack, through its aspect ratio). For an elliptical crack, B is a function of the
crack orientation (defined by the vectors 7 and /) and aspect ratio n: B (7, i, 7). For a ribbon-like crack, BZ is a
function of 7 and i only: B% (i, 7i). When no confusion is possible, the arguments 7, /i and  will be ommitted.

Before deriving in the sequel the strategy to exhibit B tensors, it is worth here emphasizing the importance of taking
two different notations for elliptical and ribbon-like cracks since B is not the limit of B® when 1 — 0 (as already
observed by Barthélémy et al. (2021), albeit with a different normalization of the COD tensors). Geometrically
speaking, the ribbon is indeed the limiting case of the ellipse when the major radius tends to infinity and the
expressions of the COD in (11) are also consistent by the same limit. However the asymptotic expression of the area
of an ellipse differs from that of a finite-length ribbon of the same major length, which entails different normalization
factors and thus different y coefficients in (13). Considering (12) together with the definition (14) leads to

_B s (15)

X

SRS

so that the consistency between the elliptical and ribbon-like shapes is given by the limit

R
B G, = £ lim B ) = 5 i B G ) (16)

2.3 Reformulation of Problem & as an integral equation

This section recalls an efficient strategy based on integral equations (Kanaun and Levin, 2009; Kunin, 1983) for
solving the problem of a single crack embedded in an infinite matrix and in particular the crack opening displacement
and stress intensity factors induced by a remote stress state.

The starting point is Eshelby’s problem of the inclusion (Eshelby, 1957) embedded in an infinite, homogeneous,
linearly elastic matrix (C denotes the elastic stiffness and S = C~! the elastic compliance). It is recalled that an
inclusion is defined by Eshelby (1957) as a bounded domain @ C R? subjected to the eigenstress ¢*. A uniform
remote strain E being applied at infinity, the local strains at equilibrium read’

&(X) = E—/ I'G-x):c*(x)dQ, =E—/ IrG-x"): (c(x)-C:e@x)) dQ, (A7)
X'eP X'eP

where I’ is the fourth-order Green kernel associated to C in R>. Without entering into details not necessary in the
present work (see for example Willis (1977) or Mura (1987)), it is recalled that I’ is the sum of a local singular part
supported by a Dirac distribution (Gel’fand and Shilov, 1964; Schwartz, 1966) and a regular part defined as the
opposite of the symmetrized hessian of the Green tensor associated to C in R>. By invariance by translation in an
infinite medium, I" operates over any prestress field as a convolution product in (17).

'Note that by convention integration elements are denoted by dQ (resp. by d.S) for volume (resp. surface) elements with a subscript about
the integration variable.
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A dual version involving the stress field o consistent with (17) can be obtained by introducing the remote stress
X = C : E, the eigenstrain ¢ = —§ : ¢ and the second Green kernel Q(X) = C8(X) — C : I'(X) : C (where 6
denotes the Dirac distribution)

o(X) = / O —X'): 5(X')dQ,, =2—/ 0 —x"): (ex)= S :0(x)) dQ,  (18)
X'e

The idea is now to apply (18) to the case of an interface .# supported by a surface of normal unit vector 7. Although
not strictly required in the general integral expression, it is assumed here that 7 is uniform over the interface
consistently with the description of Section 2.1, which means that .7 is included in the plane 7+ orthogonal to 7.

In the sense of dlstrlbutlons a displacement jump [u] = i#* — i~ across a surface domain ¥ corresponds to a strain

field € = [u] ®n 8 » where ® is the symmetrized tensor product” and & ¢ 1s the surface Dirac distribution supported
by #. Assuming that the stress state is regular at the interface, its contribution to the integral of (18) vanishes and
as shown by Kunin (1983), (18) becomes, using the minor symmetries3 of O

o) =% - / <Q(5c’ _3%). ) [E]G'*) dS, e (19)
X'*es

Note that the variable integration in (19) has been changed in X'* so as to recall that the integration is performed
over the plane surface .¥. The stress vector applied on a facet of normal 7i i.e. f = & - 7i of the same plane as that of
the crack writes

) =X i / (7- 0" —%'%)- ) - [d]Z'™*) dS,- (20)
X'*es

Although analytical expressions of I" or Q are not available in the general anisotropic case, it is possible to resort to
the reduced Fourier transform introduced in (106) in Appendix 6.2, to transform (19) to

Ik +oo
a(x*)—Z—m/ / N SN ><21”/ OCE* + £, 7i) - ndg) [E](R'*)dSex dS,re (21
X'*es JExen =—

where I and Q are the first and second fourth-order Green kernels, expressed in Fourier space (Mura, 1987; Willis,
1977)

ré=%e (- C-E) ® wmd 0f=C-C:rd:C (22)
The stress vector (20) is also conveniently rewritten
(R*)=X-i-— / / el =5 x (F%) . [a] (37%) dSex dS, (23)
X'*xe g Jexent
where o
() = /_ i Q" +&,7) - iidg, 24)

The convergence of the integrals over &, in (21) and (24) requires to be analyzed. It comes after some algebra that

x
Q(E*+¢nﬁ)-ﬁ=Q<f—+ﬁ>-ﬁ=l((c-ﬁ)-(ﬁ-c-ﬁ)—l-(ﬁ-c-é*)—cf*)m<i2>

1 A = 1
~5 0 & +0 <?>

n

2(a®b)u = (a;b; + a;b)/2
3Minor symmetrles lek, Oiji = Qjjuu- Major symmetry: Qy;; = O,
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and thus
ﬁ~Q(E*+:nﬁ)~ﬁ=@<i2> (26)
¢

n
It follows immediately that, as mentioned in Kanaun and Levin (2009), the integral (24) converges since the
integrand is O (1/53). It also appears that some components of Q(E* + &, 1) - n vary in 1/&, at infinity. However the
integral is performed over the whole real set ] — oo, +oo[ so that a regularization based on the replacement of the
integrand by its even part (Q(E* +&,n) + Q(E* — &, 1)) - /2 ensures the convergence. Although interesting to
reach all components of the stress state in the crack plane, the sequel relies only on (23) and thus (24) to derive the
COD tensor and the intensity factors.

Introducing (10) in (23) while adopting a change of Varlables y* =ST. ¥  and y'* ST X"* belonging to the unit
disk of the plane 7+ as shown in (8) as well as C =S 5 describing all the plane 7it, yields

(=X -i-AG) - 27)

with

AG* =8 -7%) =13 /e/ N el T VT 1572 QST - %) dSyx dS) (28)
¢*en

ﬁ/‘)«'||<1

Using (109) and integrating with respect to ¥’ * provides

2n E*EnL N

To simplify (29) it is useful to introduce E * = rk* withr = ||E *|| and ¥* which describes the unit circle of 7+
(With an ang]e (- Varying from O to 2x) and to remark from (108) that Q,’;‘n is positively homogeneous of degree 1,
i.e. Q (/15 )= |/1|Q (5 ) for all A # 0, so that

1 2 +00 ok ok A .
AR* =8-y) = 2—/ / rji(r) €7 QST KY) dr dgp,x (30)
T (p,(*:O r=0
Using the properties Q% (—=&*) = Q* (%) and j,(=r) = —j, (), (30) rewrites
1 27 +oo0 REE A
AG* =S -7 = —/ / rji(r)e'’* Q (ST K*)drdg,« 3D
4z @ *x=0Jr=—co

which finally yields thanks to the Fourier transform result (110)

2
AG* =879 = i / (H(:z* D) —HES T - 1) = SR - FF 4 1) — (R - T — 1)) (ST %% dg
=0
(32)
where H is the Heaviside function (104) and 6 is the Dirac distribution (102).

2.4 Crack opening displacement tensor for an open crack

The interface .¥ behaves as a frictionless open crack: the traction 7 vanishes at any point of the interior of .7.
Moreover, taking ||y*|| < 1 and thus ¥* - y* < 1 in (32) entails that, among the terms depending on ¥* - ¥* in
the expression of A in (32), only the first Heaviside function remains and is equal to 1, which confirms that A is

uniform within #. Finally inserting (32) in (27) provides a result already found in Kanaun and Levin (2009)

T-Ai=A-§ (33)
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with

2r
A=t / QS 7% dgyn (34)
4 @, x=0

The comparison between (15) and (33) allows to identify the COD tensor as
B=y(bA)™ (35)

which will take different values depending on the shape (elliptical or ribbon-like) of the crack.

Recalling that Q,’{n is positively homogeneous of degree 1, it follows from (34) that A is inversely proportional to
the size of the crack, which could have been deduced from a simple dimensional analysis. Indeed A writes in the
case of an elliptical crack with bounded radii

2z COSQ, .« - sin
b A® (i, 7, a, b) = 3 / Q;n< P T4 ;p’(* m) dg s
@

=0 a

(36)

1 2 R N . .
= Z/ Q, <71 oS @« | + sin @« m) de, .«
®

x=0

which leads to the COD tensor for an ellipse using (13)

-1
2
B = B¥(n, 7i,n) = 4% (bA® (i, 71,0, b)) = % </ x (n COS @ ox [+ SiN @ s ﬁ%) d(pK*> (F = %)
®

x=0
(37
Further simplifcations occur in the case of a ribbon-like crack. Indeed, since st - @
a—oo
Ry o 1 [ Ax o Ax o
b A i ii.b) = § / 150 @,ox | Qs () dpyox = Qs (1) (38)
@,x=0
which entails with the help of (13)
- - - - -1 A >\ —1
B =B i) = ¢” (bA”(m.7.0)" =T (Qn@)” (7 =R) (39)

for a ribbon.

For an open crack embedded in an isotropic matrix or aligned with the isotropy plane of a transversely isotropic
matrix, closed-form expressions of the COD tensors B and B¥ have been derived by various authors (Barthélémy
et al., 2023; Barthélémy et al., 2021; Hoenig, 1978; Kachanov et al., 2003; Kachanov, 1992; Kachanov and
Sevostianov, 2018; Kanaun and Levin, 2009; Sevostianov and Kachanov, 2002) and are recalled in Appendices
(6.3.1) and (6.3.2).

2.5 Displacement and stress intensity factors

In order to introduce the displacement and stress intensity factors (DIF and SIF) a point X* belonging to the
crack-plane is considered in the vicinity of the crack-tip, i.e. X* = X} + rv, where X} belongs to the crack-tip 0.7,
V is the outer unit normal to 0.7 and 7 = 7i A V is the unit tangent (see Fig. 3). For r > 0, the point X* is located in
the (uncracked) solid; for r < 0, it is located inside the crack.
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Fig. 3: Local frame and coordinates at crack border

The displacement intensity factor N and stress intensity factor K are two vectors that characterize at X* the
asymptotic behavior when » — 0 of the COD (r < 0) and the traction f=0c-i(r>0), respectively (Irwin, 1957,
Kassir and Sih, 1968; Willis, 1968)

-

K

==k > —ry 2ok SN
[a] (X5 +rv) . 8 N and ((X) +rv) o (40)

—0” 2m 2rr
Whereas the definition of the SIF K is rather classical in the literature, the factor appearing in the term introducing
the DIF N in (40) is chosen by consistency with the local energy release rate provided in Barnett and Asaro (1972)
and Rice (1989)

G=K-N (41)

This calibration confers to the DIF N the status of a vector energetically conjugate to the SIF K, rather than of a
mere relabelling of the asymptotic coefficient of the COD: any other scaling choice would introduce additional
material, geometrical or simple constants in (41). Furthermore, the DIF will turn out to be the natural primary
unknown for the transformation strategy developed in Section 3, since the transformation rules act directly on the
COD tensor, and therefore on the DIF, whereas their counterpart on the SIF additionally involves the transformation
of the COD tensor associated to a fictitious tangent ribbon-like crack (see Section 3.3).

It is emphasized that the above asymptotic behaviors of [u] in \/——r and 7in 1/ \/; in the vicinity of the crack border
holds for any anisotropy of the matrix, as shown in the sequel devoted to the derivation of the expressions of N and
K. To begin with, it is convenient to introduce the associated point of the unit circle )‘/’g such that ?cg =S. j/'g. The
outer normal to the crack at X* is classically expressed as follows (see Fig. 3)

St.y* yr.st.st. p*
v=—"9 therefore yr.8t.v= 0 - 0 IS™- 35X (42)
+ —k 0 T =k 0
IS - yyll IST- ¥yl

Plugging X* = X} + rV into (10), using the second identity in (42) and keeping only the dominant term in r, the
first equation in (40) is retrieved

G +r) ~ \/—ZrU-SZT-)_c'(’;E: \/—2r3-s*-;gﬁ= \/—2r||ST-§g||E= 3/ N

where N is given by

A e
N == \JIsT- 515 43)
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Then, in order to prove the second equation in (40) and to identify K, the parameter y* = S'- Xy +rV) =Yy +r ST.v
is plugged into (27) and (32). Besides, only the terms likely to produce singularities when r tends to 0% are kept. In
particular, the terms X - 7 and those involving the Heaviside function are bounded so they are neglected. Exploiting
the z-periodicity of the integrand of (32) leads to

G =8-5) ~ <1/ (6(:2*~§*+1>+6<z?*-i*—1>)A:,,<S"~r?*)d<p,<*>~/? (44)
P

r=0+ \ 2 K =0

where ¢, « is the polar angle of ¥* with respect to the fixed unit vector )7'8‘ (i.e. K* = cos @« 556‘ +sin @« i A )_58‘ ).

Introducing the new integration variable s = cos @, .« K* =5 5/’3 +V1—=s2HA )73 ), the above integral is transformed
as follows

M =S.5%) ~ 1/1 S(s+rk*-ST-V+ 1) +8(s+rk*-ST-V-1)
r—=0* \ 2 s=—1 m

The calculation of (45) requires to identify the values of s for which the arguments of the Dirac distribution &
vanish between —1 and 1 taking into account that  remains infinitesimal. Turning to the first occurence of the
Dirac distribution, it is seen that s + r £* - ST - ¥ + 1 vanishes when s approaches —1 or ¥* is in the vicinity of — -

Q.S :?*)ds> B (45

Consequently s e -1+ rig -S". V. Similarly, cancellation of the argument of the second Dirac distribution
r—

occurs fors ~ 1—r j/'g -S" . V. The dominant term in (45) as r = 07 is therefore

r—0t

AKX =k
- nn(ST i/ ) g
(=87 ~ ——_ .3 (46)

r—=0% -k -
\/2ryy STV

Finally, observing that Q,’{n is positively homogeneous of degree 1, it results from (42) that

/7 IS8T 511 Q@) - B

2rr

Qr(ST- ) =QpIST-F V) = IS"- 5 1Q() and IE*=S-7%) ~

r—0%

which confirms the form of the second equation in (40) where

K=1/z|IST-F51Q}0) - § (47)

Eliminating E between (43) and (47) provides the following relationship between DIF and SIF vectors

K=4Q5)-N (48)

The relationship (48) recovers a result already proven in Kanaun (1981), Kunin (1983) or Kanaun and Levin (2009)
in the more general framework of arbitrary crack shape by a reasoning which consists in inserting the asymptotical
form (40) of [u] (55(’; + rv) in the integral equation (20). Equivalent linear relationships between the SIF and the
asymptotic coefficient of the COD have also been derived, by means of boundary integral equations, in Zhao et
al. (1998) for a planar crack in the plane of isotropy of a TI matrix, and extended to coupled multi-field problems
in Zhao et al. (2007) and Li et al. (2020). The present derivation (48) generalizes these relations to an arbitrary
anisotropic matrix and an arbitrarily oriented elliptical or ribbon-like crack, the dependence on the local geometry
being entirely carried by the kernel (A),’;‘n(\_/'). It is worth pointing out again here that the linear relationship (48)
between K and N is purely local: it depends on neither the macroscopic loading nor the crack radii and not even on
the crack shape according to Kanaun (1981), Kunin (1983) or Kanaun and Levin (2009) provided that [[i] (558( +rv)

be of the form (40). It involves the tensor Q,’;‘n(\_}) which is recognized in (39) as the inverse —up to a multiplicative
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constant— of the COD tensor BZ (v, /i) of a fictitious open ribbon-like crack of transverse direction V i.e. tangent to
the border at the observation point
K=z (B*@.m)" - N (49)

The local energy release rate G (41) can then be expressed as the quadratic forms

G=nﬁ-(B‘%(\7,Fz))_l-N=%I§-B@(\7,FD-IZ (50)

This highlights the relevance of a local 2D reasoning in the plane spanned by v and 7 as depicted in Fig. 3. Such a
reasoning, assuming that local stress components result from a combination of plane strain and antiplane shear
problems, is often taken as a starting point to analyze the DIF and SIF (see for example Kassir and Sih (1968),
Budiansky and O’Connell (1976) and Hoenig (1978)).

The link between the DIF (respectively the SIF) and the macroscopic loading X - 7 is also obtained by eliminating [7
between (33) and (43) (respectively (47)), which yields

., n R 3/2 _
N=4\/||ST-93||A‘1-Z-Z and K=”T\/||ST-§(’;|| (B# (v, 7)) LAl x5 (51)

Note that in (51), A corresponds to the actual crack and is given by (36) and (38) for elliptical and ribbon-like
cracks, respectively.

Thus for an elliptical crack with bounded radii, (51) can be rewritten in terms of (fictitious and actual) COD tensors
thanks to (37), finally delivering

N¢ = blISt- ¥yl BE (i, ii,n)-E -7 and K bIIST- 531l (B, )" - B (i, ii,m) - T - i
(52)
where it is emphasized that b ||ST - )78‘ || is a dimensionless quantity. The local energy release rate (50) becomes

> 3vVzb ~g_3n3/2\/3
8 -8

_ 972 b

G%
64

(b1IST- F31I) 7i - = - BE (i, i, m) - (B (Y, ﬁ))‘1 -BEm, i, n) -7 (53)

For a ribbon-like crack thanks to (39) and noting that ?6‘ =+m,V=+mand ||S - fa‘ | = %, DIF and SIF are given
by

ﬁ‘%z\/EB‘%(ﬁe,ﬁ)-E-ﬁ and K% =+\zbX-ii (54)
s
and the local energy release rate (50)

G% =bii-X-BZ@m,n)-= 7 (55)

Quite remarkably, in the case of a ribbon-like crack embedded in an infinite elastic matrix, the SIF vector is
proportional to the resolved stress X - 1 and does not depend on the matrix stiffness. This is no longer true for
elliptical cracks as clearly put in evidence in (52). However the remarkable finding issued from the previous
developments is that DIF or SIF vectors of an elliptical or ribbon-like crack write by means of only COD tensors,
either the one attached to the actual crack or a combination of the latter and the one related to the tangent ribbon at
the considered point of the crack front.
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2.6 Extension to the case of a closed frictionless crack

A closed frictionless crack is characterized by a normal stress vector acting on the crack .# and a purely tangential
displacement discontinuity so that the last equation of (9) is replaced by

f=c-fi=t,ji and [u] -i=0 (5) (56)

where ¢, is an arbitrary scalar (possibly restricted to negative values in case of unilateral conditions allowing opening
and closing).

Beside strategies relying on the introduction of adequate 3D fictitious crack material within a flat ellipsoid (Deude
et al., 2002; Dormieux and Kondo, 2009), the contribution of a closed frictionless crack may be simply addressed
using the integral equation formalism presented in Section 2.3. In particular it is shown herein that the COD tensor
of such a crack (denoted here with an overbar B) can easily be deduced from its open counterpart, i.e. the COD
tensor of the open crack of the same geometry embedded in the same medium still denoted B.

The reasoning starts by assuming that the dlsplacernent discontinuity still remains of the form (10) depending on
the maximum COD ﬂ which must here satisfy ﬂ i = 0 according to (56). As 7 does not vanish anymore on the
crack surface, (33) does not hold anymore but (27) applied at any point of ¥ implies now

ti=%-i—A-f (57)

where the uniform tensor A is still given by (34) and the normal stress 7, is uniform over the crack surface. The
condition g - n = 0 finally yields

= —1
tn=%?£}:?2~ﬁ (58)
and
- . _ ATT®ATT _
=A - (Zed—t) = (AT = X 59
B (T —1,0) < A7 ) i (59)

The normalized average COD is then given from (12)

(@) _ z (o _iA @A R
b b n-A"l-n

i (60)

Consistently with the general definition (14) of the COD tensor, a new COD tensor for the closed frictionless crack
B can be defined from (60) recalling that A~ is related to the COD tensor of the corresponding open crack by
(35)

B:B—n.P®B_,'n
n-B-n

(61)
It is immediatly retrieved from (58), (59) and (61) that, whatever the anisotropy of the matrix, a remote uniaxial
stress directed along the crack normal does not produce any crack opening displacement and the remote normal
stress is fully transferred to the crack normal stress. The stress and strain fields are then indeed uniform in this
case.

If B is diagonal in the crack axes i.e. of the form (120), for instance in the conditions of isotropic or transversely
isotropic matrix of Appendix 6.3, the cracking modes are then uncoupled and the closed COD tensor B is simply
the projection of B onto the crack plane

B=B,[Q[+B,,nQm+B,,i®Qi=>B=B,/Q[+B,,nQn (62)
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In the general case of arbitrary anisotropy, B is a symmetric second-order tensor with possible non-zero off-diagonal
terms inducing coupling between opening and shear modes. The closed counterpart B writes from (61) as

_ B2\ . . B, B R R B2
B=<B,,-B”’>1®l+<3,m— ”; '””>(1®;71+r71®1)+<3mm—3’”" nQ i (63)

nn nn nn

Again as expected, a closed frictionless crack cannot exhibit any mode I so that the only possible couplings occur
between shear modes in B. In addition it is shown on (63) that, in presence of initial couplings in open state
(off-diagonal terms in B), crack closure with frictionless condition implies a possible change of all (diagonal and
off-diagonal) COD tensor components.

The subsequent calculation of DIF and SIF vectors may now stem from a careful adaptation of the results presented
in Section 2.5. As already recalled in Section 2.5 invoking adequate references, the relationship (48) between K and
N is very general and it has been shown in (49) that it involves the COD tensor of a local fictitious open ribbon-like
crack tangent to the border at the observation point. The reasoning leading to the relationship (49) remains valid
even in the case of a closed frictionless crack being understood that the fictitious tangent COD tensor is still that of
an open crack and is still invertible so that (50) holds. What is changed in the case of a closed frictionless crack is
the link between the local properties (COD, DIF, or SIF) and the remote loading X through the definition of the new
COD tensor obtained from its open counterpart by (61). It follows that (64), (65), (66) and (67) are respectively
modified as

e 3Vmh _ . 37 /b n R R .
N& = 2=\ [bIIST- 5511 B¥ i) - X+ and K%=%f\/bns*-ygn (B, )" - B G ji.n) - - i

(64)
g _97°b tomkn) 2 BE - - R -l &= = ~
G¢ === (bIIS"- 57 1) 7i- = - BE G i, ) - (B @, 7)™ - B, i) - 2 - (65)
NZ = \/zﬁﬂ(m,ﬁ)-z-ﬁ and K# =+\/zb (B*@m,i) " -BR(m, i) - L7 (66)
T
G* =bii-X-BE(m,i)-X -7 (67)

To sum up the present section, the calculation of the COD tensor and subsequently the SIF vector of an open or
closed frictionless crack embedded in an infinite matrix is reduced to the calculation of the integral (32), which
specializes to (36) for an elliptical crack and (38) for a ribbon-like crack, being recalled that Q,’fn is itself defined by
an integral (24). Analytical evaluation of these integrals is possible in a priori a rather limited number of cases of
material symmetries, such as cracks embedded in an isotropic matrix or a transversely isotropic matrix and aligned
with the isotropy plane (Kanaun and Levin, 2009). Appendix 6.3 recalls the corresponding analytical expressions of
the COD tensor. For more general cases of anisotropy, the COD tensors must be evaluated numerically by cubature
(Kanaun and Levin, 2009). Note that an alternative numerical strategy relying on the application of the Cauchy
residue theorem by Masson (2008) was proposed by Barthélémy (2009) to build the fourth-order crack compliance
contribution tensor related to the COD tensor.

Linear transformations, as introduced by Pouya (2000) and exploited by Pouya and Zaoui (2006), Pouya (2007),
Kachanov and Sevostianov (2018), Kushch and Sevostianov (2020), Sevostianov and Kushch (2020), Barthélémy
(2020), Barthélémy et al. (2021) or Barthélémy et al. (2023), allow to widen considerably the class of material
symmetries for which analytical expressions of the COD tensor and the SIF vector can be derived. In particular, the
so-called elliptical orthotropy (EO), can be reached by transforming an isotropic matrix. Similarly, transformed
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transversely isotropic materials (TraTI) result from the linear transformation of a transversely isotropic (TI)
matrix; the TraTI class contains not only a subset of orthotropy but also a subset of monoclinic symmetry. Linear
transformations of the crack problem considered above are introduced in the next section.

3 Transformation of the crack problem

Linear transformations were introduced by Pouya (2000) within the framework of linear elasticity: from the solution
to a well-posed problem of linear, elastic equilibrium, a variety of solutions to transformed problems can be
produced by linear transformations. In particular, the known solution to the problem of a single crack embedded in
a transversely isotropic (TI) matrix and aligned along the isotropy plane produces a new solution for a transformed
crack embedded in the corresponding transformed transversely isotropic (TraTI) matrix. In particular DIF and SIF
tensors can be calculated at any point of the boundary of the transformed crack.

The linear transformation involves two problems 9 and 2% with the convention such that the symbol ¥ refers to the
problem with known solution. In concrete terms, a linear relationship X +— X is applied to the coordinates

F=pl.3 = x=P.-% (68)

where P denotes an invertible, second-order tensor.

As shown by Pouya and Zaoui (20006), the field solutions to & can be linearly related to those of P*. Besides,
in principle, the SIF and DIF vectors can then be retrieved from the asymptotic expansions (40) of # and ¢ near
the tip of the crack .¥. However, instead of resorting to these asymptotic expansions, it is chosen here to relate
the (known) transformed COD tensor B to the initial COD tensor B and consequently the SIF and DIF vectors K
and N from their expressions as functions of B, see (52) and (54). Such a derivation first requires to analyze the
geometrical transformation of the crack as presented in Section 3.1 (with details in Appendix 6.5) and to recall that
the relationship between the actual elastic stiffness C and its transformed counterpart C fis given by Pouya and
Zaoui (2006) and Barthélémy (2020)

N

C=(P|Z|P):C112(P|§|P)T (69)

3.1 Transformation of the crack

This section aims at examining the effect of a linear transformation on an elliptical or ribbon-like crack and concretely
derive the relationships between the initial crack and its transformed counterpart. The main results are simply
collected here whereas detailed proofs are provided in Appendix 6.5. It is first remarked that the present study of a
transformed elliptical crack slightly differs from that in Barthélémy et al. (2021) and Barthélémy et al. (2023) in
which the crack is seen as a flat ellipsoid.

Through the linear mapping (68), the initial crack .# is transformed into .% /
Yest = prPies (70)

The equation of the transformed crack relies then on the introduction of (68) in the ellipse parametrization (7) which
yields the correspondence between the characteristic tensors A and Al respectively attached to ¥ and .% d

A=A".PT < A=A.PT (71)

The characteristic tensor A? of .7 is associated with new radii a” > bﬁ, major * and minor " directions and
normal 7. Since P is invertible, it preserves the rank of A so that the transformed crack remains elliptical (resp.
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ribbon-like). The results fully describing the transformed crack are collected here, all the derivations being detailed
in Appendix 6.5.

The normal 7" to the transformed crack is given by

1.3 -1. 74
g P G B PR s — (72)
1P - 7l BT - 7| =T - 7|l

From the proof presented in Appendix 6.5, it comes that the radii a" and b* (d* > bﬁ) read

V@ IZ12 + 02 RI2 +2ab IZ ARl + /@ 112 + B2 17 — 2abl|g A
. . (73)

and

. V@ 112 + 02 IRl +2abIE A Tl - \/a® 112 + B2 17 — 2abl|g A
b = . (74)

where g and h are the images of the initial axes by the inverse transformation
g=P'.7 and h=P .- (75)

and ||g A ﬁll is the area-stretch factor, equal to ||PT - 7]|/|det P| by Nanson’s formula (see Appendix 6.5.1).

The major I* and minor 7" axes write in closed-form

Sy

=

=2 and AF=iAT (76)
[|zo]|

where w0 denotes the vector of largest norm between

oy = (@ I3IP - b2) g+ @ W h
)

Sy

=@ g+ (VIR - 52)

These expressions fully rely on the characteristics of the initial crack since b is given by (74). This choice guarantees
a non-zero direction, except in the circular case " = b for which the axes are arbitrary (see Appendix 6.5).
In the ribbon-like limit (a, at - o), the major axis aligns with g and the ratio b¥1b degenerates into

B IEAR

b adi-o gl

P~ £ =@ AT and

ad—oo |IENl 7

(78)

3.2 Transformation of the crack opening displacement tensor

The starting point of the derivation is the transformation of the Green kernels in Fourier space. First, it is worth
noting that g;ﬂ =PT. 5 in order to satisfy the consistency of the scalar product X - E =x*. Eﬁ. Then, after some
algebra, the kernels I and Q defined in (22) are related to their transformed counterparts I'* and QTi associated to
the transformed stiffness C* (69) as

FO=PRPT: P -5: PP (@

- . ) ) ; (79)
06 =PXP): O'PT-&: (PP (b)
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It follows that the reduced Fourier transforms Q,’:‘n and Qﬁ: (see definition in (105) being understood that O and
0" are reduced along and are left and right contracted by respectively # and Fiﬂ) can be related thanks to (72) after
adequate calculations and change of integration variable

A —> +oo A =
=g [ 0@ v e,
1 +o0 N " N N
- ﬁ~(P[z|P):Qﬂ(PT~g*+g,,PT~ﬁ>:(PxP)T-ﬁdgn
2717 52_00

1 +00
-P. / (PT - 7) - Qﬁ(pT EX 4 e Pl ).(PT.ﬁ)dgn PT
27 o

+o0 N
— ||PT - /|%P - (%/ i . O (PT E* e |IPT | ﬁﬂ) it dfn) PT
,=—00

(80)

+00 R N
=||pT.,7||p.<2L/ ﬁﬁ.Qﬁ<pT.§*+§/ﬁﬁ).ﬁﬁd§f>.pT
T £ 00

= |[PT -Gl - Q}i(PT - E%) - PT
Before exploiting (80) in (34) to identify the relationship between the operator A and its counterpart AF, it is worth
recalling the following identity proven in Appendix 6.5.3
PT.ST=8.RT.R4+7#¥ @Y 81

where R*T . R is a rotation sending 7 to 7" and 7 to 71 and Y is an undefined vector. Using (34) together with
(80) and (81) provides

A= I / QX (ST - ¥*)de, «
Rreit ||R*|=1
=|PT-4||P- (l/ an(PT St ﬁ*)dqu*) P
4 Jrreit |7 =1

=||PT-#|P- (1/ i: SHT . ﬁ*)d(pk.ﬁ*> .PT
4 Jrmeitd et |=1

= ||PT-7||P- Al PpT %P-AWPT
IP=T - 7|
where in the third equation, (81) is used to replace PT - S . ¥* by SHLRIT.R . &* 4 (Y - ¥%)i". This last term is
removed by virtue of (107) and i 1n the first term &% = R*T - R - ¥* describes the unit circle of the plane i+, since
RT. R is a rotation mapping 7t to itk

(82)

For elliptical cracks, the COD tensors B® (i, 7, ) and Bgﬂ(mﬁ ", n") can be related by invoking (37), delivering

v

B (i, i, 1) =
R T

PT - BERGH ity Pl = P *ﬁ||%P-T-B%“ﬁ(mﬁ ity Pl (83)

where the dimensionless quantities b*/b and ;1ﬁ = b/a" are given by expressions (146) and (147).

In the case of ribbon-like cracks, (39) and (78) providing b?/b are used to transform (82) into

1 v PT.BA it i) P! = !

_ L pT.BHGE . P! (84)
|PT-n| b |P-1 -7 |detP|

B (i, i) =

Note that, up to a different normalization of the COD tensors, the above results coincide with previous results
presented in Barthélémy et al. (2021) and Barthélémy et al. (2023). The derivation proposed here is however more
straightforward and more elegant.
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3.3 Transformation of the displacement and stress intensity factors

In the present section, the above results are used to derive a strategy allowing to express the DIF and SIF vectors of
cracks embedded in a transformed matrix before application to the TraTI case in Section 4.

The starting point is the initial problem & of an elliptical crack (possibly degenerated in a ribbon-like crack)
embedded in an unbounded elastic matrix of stiffness C. The expected outcomes of the analysis are the DIF and
SIF vectors N and K of the crack embedded in the matrix of interest C, together with the local energy release rate
G which usually governs crack propagation. It is assumed that a linear transformation P has been identified, that
transforms problem & into 9*, for which the COD tensor is known (for example, the transformed matrix C s
isotropic or transversely isotropic while the transformed crack .7 #is aligned with the isotropy plane, see Appendix
6.3).

Ideally, a direct relationship between initial and transformed DIF and SIF vectors should be derived, similarly to
the relationship between initial and transformed COD derived in Section 3.2. However, the derivation of such
relationships seems complex (if possible at all) and an alternative approach is presented here, based on the general
results presented in Section 2.2. Indeed, for any stiffness tensor C and crack .# € {&, X}, the DIF and SIF vectors
can be expressed as function of the COD tensors, see (54) and (52). Note that for elliptical cracks, (52) involves the
true COD tensor as well as the COD tensor of the fictitious tangent ribbon-like crack. From this observation, the
proposed strategy becomes quite clear.

For a ribbon-like crack, first, the SIF vector KZ is readily found from (54). The COD tensor B%" of the transformed
ribbon being known, the COD tensor of the initial ribbon BZ is obtained from (84). The DIF vector N 2 of the
initial problem then results from (54). The local energy release rate G* finally follows from (41) or (55).

For an elliptical crack, the strategy is more involved and detailed below. The initial crack is defined by the tensor A
and its decomposition (99). The initial stiffness tensor C and linear transformation P are also given.

1. Use (72) to find the normal ii* to the transformed crack.

2. Find the transformed axes /* and " from (76), together with the transformed radii a*, b* and aspect ratio
n* = b¥la* from (73), (74) and (147).

3. Identify the transformed stiffness tensor C ¥ from (69).

4. Calculate the transformed COD tensor Bgﬁ(n?ﬁ, fzﬁ, nﬁ). If the transformed matrix has simple symmetries, use
Appendix 6.3.

5. Use (83) to evaluate the initial COD tensor B® (i, 7, ).

6. Choose a point ?cg € 0& at which the DIF and SIF vectors are to be evaluated. Use for example the
parametrizations proposed in Section 6.4 where )7(’; and ?cg are expressed as in (134).

7. Find the DIF from (52) and (136)

- 3V/nb o 5 o
N& = ——1/blIS* - 5| BE G, i) - 2 - (85)

8. Use (135) to find the initial tangent frame (V, 7).

9. Compute the transformed tangent frame (%, 7%) from the following identities

-4 P!

- ' Z and VF = 7P A i (86)
P17
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10. Calculate the COD tensor of the transformed, fictitious, tangent ribbon-like crack B‘(}'ﬁ(Uﬁ, ﬁﬁ). If possible,
use Appendix 6.3. Beware that the transverse vector is v¥ and not .

11. Calculate BZ (v, n) from equation (84). Beware that the longitudinal vector of the fictitious ribbon is 7 and

not / |
B2(¥,7) = PT. B i) . P! 87
(v, n) P 7] [detP| ( ) (87)
12. Use (52) and (136) to evaluate the SIF vector K
. 372 4/b " - . .
K? = %f bIST- 5l (BE@.7) ™" - BE (i, fi.y) - X - 7 (88)

13. The local energy release rate G? then follows directly from (41) as G® =K% . N%, or equivalently from the
quadratic form (53).

The SIF vector can classically be decomposed in modes

K;=|K® i, K;;=|K® V|, K;=I|K® 7 (89)

The strategy above extends to a closed frictionless crack within the same framework. Following Section 2.6, it
suffices to replace the COD tensor of the actual crack by its closed counterpart B defined in (61), the fictitious
tangent ribbon-like crack remaining open. The DIF, SIF and energy release rate are then obtained from (64) and
(65) for an elliptical crack, and from (66) and (67) for a ribbon-like crack, instead of their open-crack analogues.

4 Application to a transformed transversely isotropic material

In this section a short example is proposed. In this application, the stiffness tensor C that stems from a TI tensor
C? of axis ¢; and parameters E, H, v|, v, and I (see (126)) and a transformation tensor P depending on three
parameters, a ratio @ > 0 and two angles 6 and ¢, of the form

P=we Qe +e,Q0¢, +¢.(0,p) ®e; with €.(0,¢) =cosbes;+sinf(cosgpe; +singe,)  (90)

where the angles 6 € [0, z/2[ and ¢ € [0, 2z] induce a monoclinic material symmetry by inclination of the axis €;
towards €,.(6, ¢) and w allows to break the isotropy in the plane Span (€}, €,). The effect of the latter parameter can
be observed on the Kelvin-Mandel representation of the transformed compliance tensor (127) for 8 = 0

1 -V —v
Ew* 15?12 Ew22 0 0 0
B P op 0 0 0
—Vy —Vy 1
—_— = 0 0 0
Mat(S©@=0)=| E=* £ EH oD
0 0 0 Gl J? 0
Vi
o 0 0 0 1 J?v
0O 0 0 0 0 =

The ellipse is chosen in such a way that €| is the major and €, the minor axes, which implies that the transformation
of the type (90) leaves the orientations of axes unchanged but applies a homothety on the radius a, in other words

¢ ®e

A=b<el®e1+52®52> and Aﬁ=A-P—T=b< +52®52> (92)
n
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It follows that the aspect ratio 5" is min <11 w, #) and the orientations of major and minor axes are possibly

inverted between the two ellipses depending on the magnitude of n w.

Application of the strategy proposed in Section 3.3 delivers the local stress and displacement intensity factors K
and N, from which the local energy release rate G (41) can be evaluated.

As regards remote conditions and numerical values, an elliptical crack of aspect ratio = 1/4 is considered,
subjected to a uniform remote traction X = X33¢3 ® €5. The initial TI matrix, from which the actual TraTI matrix
derives, is defined by the following parameters

H=2 v,=04, v,=03 and I'=3,

with various values of 8, ¢ and @ for the transformation P (90). As the energy release rate G is always normalized
in the sequel, the modulus E doesn’t play any role. It is however emphasized that the normalization value for G is
systematically unique, taken from the analytical derivation, for different methods used in the same figure so that
absolute and not only relative values remain comparable: practically, for each (¢, @) pair, the local energy release
rate is normalized by the maximum local value of the present closed-form solution. This maximum occurs for
6 = z/4 in the following results.

The closed-form solution is first assessed in 4.1 against two independent numerical methods, a direct finite element
simulation and a semi-analytical evaluation with the Echoes library (Barthélémy, 2026), the former being limited
to a moderate stiffness contrast for the reason explained therein. It is then exploited in 4.2 to study the influence
of the transformation on the local energy release rate over a wide range of contrasts, for which a direct numerical
resolution would be impractical.

4.1 Numerical and semi-analytical validation

The closed-form distributions are first verified by a direct finite element (FE) simulation. The infinite medium is
truncated by a sphere of radius R = 5 a, meshed with tetrahedra refined in a torus around the crack front (element
size b/12 at the tip) with Gmsh (Geuzaine and Remacle, 2009), the elasticity problem being solved with cubic (P;)
Lagrange elements (of the order of 7.3 x 10° degrees of freedom) in the FEniCSx/DOLFINx environment (Baratta et
al., 2023).

Truncating the medium to a finite sphere would, on its own, bias the crack opening by a term of order O((a/R)3).
This bias is attenuated by the finite-distance correction of Adessina et al. (2017) and Du et al. (2020), revisited here
for a crack. Far from the crack, the opened crack radiates as an elastic dipole, so the displacement prescribed on the
outer boundary superposes the remote affine field and this dipole field,

g = LD
-4

ii(X) CE %) -X-bS% (gradGR) : C-7i)-U,  S€=nmab, U (93)

where grad G is the gradient of the Green tensor of the actual TraTI medium (Pouya, 2007) and U is the a priori
unknown normalized average opening. Because the opening of a planar crack is governed solely by the traction
7 = X - 7, the dipole amplitude is identified from rhree traction problems (prescribing ii = (S : £?) - X on the
boundary, with £ - 77 = e;), which yield the columns of an apparent COD tensor B,, and three dipole problems
(prescribing (93) for U= €,,), which yield a dipole-response tensor By, in place of the 2 X 6 elementary problems
required for a general ellipsoidal inhomogeneity. Enforcing self-consistency U= B,-7+By - U then yields the
infinite-medium COD tensor

B,=(1-By)™'-B, (94)

directly comparable, term by term, with the closed-form. The six problems share a single matrix factorization,
and B_, is found identical for R = 54, 10a and 30a. The solution corresponding to a given prescribed X
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(e.g. T = X33¢3 ® €3) is eventually provided by the addition of both (homogeneous traction and dipole) problems
ensuring the boundary condition (93) together with the consistency rule U =B, - X - i

Two independent estimates of G are then extracted at each azimuth 6, of the front. The first is an energy based
domain integral (G-6 method) (Destuynder and Djaoua, 1981; Li et al., 1985; Shih et al., 1986): a virtual crack-
advance field 8 = q v, where V, is the in-plane outward normal to the front at 6, and g a hat function supported on
a tube of radii r; < r, around the front point, gives

G(©,) / q (- V)ds = / [a : (gradﬁ-gradé) ST e)divé] dQ, (95)
F Q

where F is the crack front the right-hand side is the domain integral of the Eshelby energy-momentum tensor
contracted with grad 7] (it reduces to the shell r; < ||X — Xyl < r, where grad9 # 0), and the left-hand 81de
normalizes the local advance, with no contour to choose. The second is a modal estimate G = & N- (B‘% W, n)) -N

that combines the FE crack opening (N is estimated by least-square method along a radial leading to the considered
front point) with the closed-form ribbon relation between K and N established above. As shown in Fig. 4, both
reproduce the closed-form solution to about 3% on average. The residual deviation is not the same for w = 3 and
w = 1/3, even though both share the contrast w* = 81: the modal estimate departs most for @ = 3 (about 5%,
against some 2 to 3% for w = 1 and w = 1/3), the best agreement being reached for the unstretched case w = 1.
This asymmetry shows that the residual discrepancy is controlled by the orientation of the stretched direction
relative to the crack, and not by the contrast magnitude alone.

The stiffness contrast of the transformed material scales as w*. The strongly stretched transformations (w = 10 or
w = 1/10, contrast 104), as considered in Section 4.2, render the matrix nearly inextensible along the stretched
axis and make low order elements lock, underestimating the crack opening regardless of the mesh size. The direct
FE validation is therefore restricted to the moderate contrast w € {3, 1, 1/3} (contrast wt < 81). However, such
a contrast already has a slightly noticeable effect on numerical FE calculations, as seen in Fig. 4. The severely
contrasted configurations, where a direct FE computation becomes impractical, are precisely those for which
the present closed-form solution is the most valuable; they are the ones explored in 4.2 and are cross-checked
semi-analytically as follows.

For an arbitrary anisotropy, the COD tensors of the actual medium can be obtained, without any transformation,
from the crack compliance computation of Barthélémy (2009) implemented in the Echoes library (Barthélémy,
2026). The average COD tensor B¢ of the elliptical crack and the COD tensor BZ (v, i) of the fictitious tangent
ribbon both follow from the corresponding crack-compliance (Hill) tensors H & and H? of the actual medium,
evaluated as the flat-inclusion limits of Barthélémy (2009) (normalized respectively by the major semi-axis and by
the in-plane half-width). As the COD is normalized here by the minor semi-axis b, and not by a as in Barthélémy et
al. (2023), the conversion reads

QB ®ii = 3i H? and 7QBZ®i = %H%, (96)
n

the two prefactors involving the area coefficients 2% =23 and y% = z/4 of (13). Feeding the resulting B? and
B into the local relations of Section 3.3 yields a semi-analytical estimate of G valid at any contrast. As reported
in Fig. 4 and Fig. 5, it reproduces the closed-form solution to better than 0.25% at every azimuth and contrast,
including the strongly stretched cases out of reach of the FE computation; the average COD tensor agrees to four
significant digits, for instance Bs3 = 2.168 for § = 7/4, ¢ = 0 and w = 3.

4.2 Parametric study of the local energy release rate

Fig. 5 displays both the closed-form energy release rate and the semi-analytical counterpart from Echoes for a high
contrast between moduli: here w € {10, 1, 1/10} (contrast 104)
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p=m/2. w=3

1.0 mpe

¢=0, w=1/3 p=m/2. w=1/3

=0
analytical
—- - Echoes

Fig. 4: Finite element and semi-analytical validation of the normalized local energy release rate at moderate stiffness
contrast (w € {3, 1, 1/3}, contrast ot < 81), ellipse aspect ratio # = 1/4 and matrix properties H = 2,
v; =04, v, = 0.3, I' = 3. The closed-form solution (solid) is superimposed with two independent finite
element estimates sharing the same analytical normalization, the modal Ggo = N - (B‘%)_1 N (dashed,
circles) and the domain integral G-0 (dotted), together with the semi-analytical Echoes evaluation (dash-

dotted, diamonds). The finite element estimates agree with the closed-form to about 3% on average and the
Echoes evaluation to better than 0.25%.
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¢= 0. w= 10 o= 1/2. w= 10

0.75

0.5

o= 1/2. w= 1/10

1.0

0.75

0=0
analytical —= = Echoes

0=m/6

0=m/4

Fig. 5: Normalized local energy release rate around an elliptical crack (shaded areas in the figure) embedded in a
monoclinic TraTI matrix. The ellipse aspect ratio is # = 1/4 and the matrix properties are H = 2, v; = 0.4,
v, =03,T=3



Displacement and stress intensity factors of elliptical and ribbon-like cracks in a transformed transversely isotropic matri26

For w = 1 and 6 = 0, P reduces to the identity, and the crack is embedded in a TI matrix. In that case, it is observed
that the local energy release rate is maximum on the minor axis. Upon propagation, the aspect ratio of the crack
is therefore expected to increase (the crack becomes a circle). This effect was recently observed numerically by
Villani et al. (2023).

The left and right columns correspond to two extreme cases: for ¢ = 0, €, leans towards the major axis of the
crack, while for ¢p = x/2, it leans towards its minor axis. In both cases, it is observed that the maximum of the local
energy release rate always occurs at the same location: whether the crack tends to circularize of flatten depends
only on the value of @w: for @ = 0.1 and @ = 1, the minor axis of the crack increases, while for @ = 10, the major
axis increases due to very high stiffness along axis €.

These strongly contrasted configurations are out of reach of a direct FE computation (Section 4.1), but the semi-
analytical Echoes evaluation, overlaid in Fig. 5, again confirms the closed-form distributions at every contrast.

5 Conclusion

The present paper has derived general analytical expressions for the crack opening displacement (COD) tensor,
displacement intensity factor (DIF) and stress intensity factor (SIF) vectors for elliptical and ribbon-like cracks
embedded in an infinite matrix of arbitrary anisotropy. The framework, based on the integral equation approach of
Kunin (1983) and Kanaun and Levin (2009), provides closed-form relationships between these quantities and the
material properties of the matrix. It has also been extended to the case of a closed frictionless crack, for which the
COD tensor reduces to a simple projection of the open crack COD tensor that removes the normal component.

The method of linear transformation of elastic boundary value problems has then been applied to derive transforma-
tion rules for the COD tensor, DIF and SIF, connecting a problem in an arbitrary matrix to a reference problem —
isotropic or TI — for which analytical solutions are available. In the specific case of a TraTI matrix, which encom-
passes a broad range of anisotropies including orthotropic and monoclinic symmetries, the transformation connects
the original problem to that of a crack aligned with the isotropy plane of a TI matrix, for which closed-form COD
tensors are recalled in the appendices. The resulting analytical procedure, more direct than those of Barthélémy
et al. (2021) and Barthélémy et al. (2023), yields fully closed-form DIF and SIF vectors for both elliptical and
ribbon-like cracks.

The numerical application to an elliptical crack embedded in a monoclinic TraTI matrix illustrates the sensitivity
of the local energy release rate distribution along the crack front to the transformation parameters. In particular,
whether the crack tends to circularize or flatten upon propagation is governed by the in-plane anisotropy of the
transformation. These results open perspectives for the analytical prediction of crack propagation paths in anisotropic
media and for the implementation of homogenization schemes for cracked TraTI materials.

6 Appendices

6.1 On the polar decomposition of a tensor

In the present appendix, it is shown that for any second-order tensor A or rank 2, there exists a symmetric, diagonal
and positive, second-order tensor S of rank 2 and a rotation tensor R such that A = R - S. This classical result is
known as the polar decomposition when A is invertible and extended here to tensors of rank 2.
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The kernel of A is spanned by the unit-vector 7. The tensor AT - A is symmetric and positive: it can therefore be
diagonalized in an orthonormal basis. Since 7 belongs to the kernel of AT - A, it is an eigenvector of AT - A. Then,
two other unit eigenvectors, namely / and m, can be found, such that # = [ A m and

AT A=TQI+MPm®im, 97)

where a® and b? are the associated non-null eigenvalues (note that these eigenvalues are positive since AT - A is a
positive tensor). With no loss of generality, it can be assumed that a, b > 0. Recalling that A -/ #0and A - m # 0
by construction (since Ker A = Span 1), the following unit vectors are then defined

AT - A7 - S
and V=—"_ (U|=VI=1

U=—- 4
IA -7 1A - m|

Note that U and V are orthogonal vectors, since from (97)

-

o@D A TATA) R _

_— T - _O
A7) lA-ml A TIA - m

and, the three vectors f], Vand W =U A 17, in that order, form a right-handed orthonormal frame. Since A - 1 = 6,
the following expression holds

A=A-DRI+A-mM@m+A-HQ@i=|A-IURI+|A-m|V Qm
Comparison with (97) necessarily delivers
Z=|A-T)? and B*=|A-m|?* therefore a=|A-I|| and b=|A -

and it has been shown that A writes by means of two orthonormal vectors U and V spanning the image of A
(Im A = Span (U, V')) such that
A=aUQI+bV @m (98)

The orthogonal to Im A is then a line spanned by the unit vector W and
R=UQI+VQ@m+W®i

- - 99)
S=al@I+bm@m

A=R-S with {
where R is a rotation tensor since it maps the right-handed orthonormal frame (7, m, i) onto the right-handed
orthonormal frame (U, V', W). Note that the Moore-Penrose inverse of S and A are simply

g [®]

4m®m o d A=s .r =8V MmOV (100)
a b a b

As explained in Section 2.1, the case of rank-one tensors should be addressed with care since now A does not

contain anymore all required information for geometrical characterization of the crack since 7 and the direction of

invariance / both belong to its kernel. It is actually necessary to consider that a ribbon is a degenerated ellipse for

which a — +o0 and explicitly provide the information about the direction of [ or 7 in addition to A.
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6.2 Useful results of Fourier transforms

Let ¢ be a tensor function defined on R¢ (d = 1,2,3). Its Fourier transform and its reciprocal are defined by

2By — —iEX 4= . =y 1 iER 2%
3 / e, 6=l /EeRde 43 do, (101)

where 5 - X denotes the usual inner product of R?.

The Dirac distribution of R? is classically defined as an operator acting as ((Gel’fand and Shilov, 1964), (Schwartz,
1966))

/ 8 (D)p(¥) dQ, = p(Oga) (102)
xeRd

and satisfies 8 (P - X) = & (¥)/|det P| for any invertible second-order tensor P (in particular & (%) = & (¥)/|4|¢ for
any A # 0) as well as

8@ =/ I E@AQ =1 8(F) = — / e/ ¥ dQ, (103)

XeR (277)d FeRd
Note that the last integral of (103) must actually be considered in the sense of distributions. In addition the same
notation 0 is adopted for all Dirac distributions whatever the dimension d since the information of the space is
given by the nature of the variable. The Dirac distribution of R? can be seen as a product of Dirac distributions
over each component § (X) = 8 (x;) --- 8 (x,). Besides, the Heaviside function H*, which satisfies H' = & in the

sense of distributions, can also be expressed by integration of the right term of (103) with d = 1 recalling that
+o00 Sin(t)dt _z
=0 2

iéEx :
lgerdio L[ WE0, 1 (104)
ieR 1€ 2 27 Jzer ¢ 2

() = _i. _ 1
H() =7 5(5) P H(X)—M/

It is also useful to introduce the notion of dimension reduction of a Fourier transform along a line directed by a unit
vector 7 i.e. Span (i7). The Fourier transform of ¢ on 7+ is defined by means of its Fourier transform on all R? by

- +oo N
@) = zi / HE* +&, ) de, (105)
T 5,,2—00

The function (,1'3*(5*) can indeed be interpreted as the Fourier transform of the restriction of ¢ to iit. Indeed,
invoking the reciprocal Fourier transform in (101) restricted to 7t and assuming that Fubini theorem applies to
decompose the integration over R? as an integration over the line Span 7 and over 7+ of dimension d — 1, it comes

that
1

2y

1 -k =k 1 tooo
=W/E Le“f x (ﬂ/g ¢(§*+§nh)d§n> dQex (106)
*Eeit ,=—00
_ 1 PEX Y fk B
= G /é € * (%) dQex

The function ¢* has the following properties

() =

/ d & BE* 1 ¢, i) dQ;
£eR

*Hx)=1lifx>0and Hx)=0if x < 0
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e ¢* can be seen as a function over all R? but it is insensitive to any component along 7 of its variable by
simple change of variable of integration &, — &, 4+ 4 in (105)

VAER, @X(E* + A7) = ¢*(E¥) (107)

e if ¢ is positively homogeneous of degree w then ¢* is positively homogeneous of degree w + 1 which is also
proven by a change of variable of integration in (105)

A - +oo ~ -
vieR\ {0}, ¢*<xs*)=%/ BAE* +¢&,7)de,

=|A|‘”i/+°° ¢3<5*+‘f—"ﬁ> de,
27 Jg=-co A (108)

—ar L [ g (E )

27[ ‘fn:_°°
= 141" §* (&)

In particular, if ¢ is insensitive to the norm of its variable (@ = 0) then ¢* is positively homogeneous of
degree 1.

Besides the following results are recalled since they are needed in the paper

VE € R?, / e 8% \/T - |RI2dS; = 2 AAED L 16 = M (109)
ZeR [7I<1 €]l ¢

+0o0 .
VxeR, - el € gjl(g)d§=1(H(x+1)—H(x—1)—6(x+1)—6(x—1)) (110)
27[ E=—00 2
where j; is the spherical Bessel function of the first kind and first order (Abramowitz and Stegun, 1972).
The proof of (109) relies on an integration in cartesian coordinates X = (x, y) such that E is oriented along the
direction of the first coordinate x. The notation £ = ||£|| is introduced for convenience. By symmetry it comes
that

- 1 V1-x2
/ e SF A1 —||X|2 dS; :4/ / cos (Ex)V1 —x2 — y2dydx (111)
XeR2,|¥X|I<1 x=0J y=0
Adopting the change of variable y = s1/1 — x2 and noting that fslz o V1-— s2ds = %, (111) becomes

- 1,1
/ eI EF V1 - |X)12dS; = 4/ / cos (€x)(1 — x)V1 — s2dsdx
3eR2,|%|I<1 x=0 J s=0

1
=7z / cos (Ex)(1 — x%) dx

=0

(112)

The end of the proof is simply obtained by integrating twice by parts.

The proof of (110) simply consists in identifying inverse Fourier transforms of Dirac (103) and Heaviside (104)

m
+oo +oo 1 —
r e’f%n@)dflf oléx TEZEEE g
T oo 27 Jimoo ¢ (113)
_ L +00 l <ei§(x+1)_ei5(x—l) _eif(xH)_eif(x—l))dé:
2w E=—00 2 lg
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6.3 COD tensors

The present Appendix gathers analytical expressions of the COD tensor of an elliptical crack in an isotropic matrix
or a transversely isotropic matrix of isotropy plane aligned with the crack. The following expressions are rewritten
from those proposed in the literature by using the quantities %, and &, introduced in 116 in order to make the
limits for circular or ribbon shapes more straightforward. Note that the COD tensors reported in this section are
consistent with the definition (14) based on the normalization of the average COD by the second radius b for easier
correspondence between elliptical and ribbon-like cracks.

6.3.1 COD tensors in an isotropic matrix

For details about the derivations of formulas, see Kachanov (1992), Sevostianov and Kachanov (2002), Kachanov
and Sevostianov (2018) or Barthélémy et al. (2021) (it is worth recalling however that the length normalization
of the COD tensor has been changed between this last reference and the present paper). Young’s modulus and
Poisson’s ratio of the matrix are respectively denoted by E and v.

o Elliptical crack

— 2 7 7 s " n n
_8(1 v)< I®1 + m®m +n§n> (114)
n

1-vE,+n*S, (1-Vn*S$,+%,

where €, and &, are built by means of the complete elliptical integrals of first %, and second &, kind
(Abramowitz and Stegun, 1972)

x d x
Hy=[° ¢ : gﬁ/z \/cos2¢+n2 sin ¢ d¢b (115)
$=0 1/cos2 ¢ + 2 sin ¢ $=0
as
_%n—nzﬂfn_/g cos® ¢ dg o _‘%/n_%n_/g sin® ¢ d¢b (116)
! 1-n2 $=0 1/cos2 ¢ + 2 sin? ¢ S 1—-n? $=0 \/cos? ¢ + 2 sin2 ¢

Note the useful limits for circular and ribbon cases

T T

i, =In,= 50 InG, =g =3 @
im&, =1; lm&,=1; lmps,= 117
}g%%,] 1; %5%%,1 l; %13(1)'7 S, =0 (b) (117)
e Circular crack
16(1 =) (20 Q1+m® i
BE1S0( = 1) = 10U V) (2UBIAnBM 55 (118)
3 E 2—v

e Ribbon-like crack

1— 2 7 T — — - -
BZ#1SO _ %’” %i_l’)l’(l)Bg’ISO(”)= z - ) <l®l +m®m+n®n> 119)
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6.3.2 COD tensors in a transversely isotropic matrix of isotropy plane aligned with the crack

1
the following expressions) and the unit normal to the crack is assumed to be oriented along the same axis 7 = 3,

which means that / and i form a rotated orthonormal basis of the plane spanned by ¢, and €,. The elliptical or
ribbon-like shape of the crack and the orientation of C are then such that the COD tensor is expected of the form

In this paragraph, the matrix obeys a TI behavior of axis €5 (for convenience of writing the components C; ki 10

B=B,IQ[+B,, mn®mn+B,,i®n (120)
e Elliptical crack

The following expressions result from the derivation proposed in Barthélémy et al. (2023) but other expressions
(consistent but written under other forms) can be found in Hoenig (1978) and Kanaun and Levin (2009).

%, 1
B” TI(”) = 5 B (a)
3 (Ra323 6, + R3131 17 ) Cozng
&.TI 1
By (M) = (b)
3 (Ryzo3 % Sy + Rap31 6,) Coypyg (20
BE () = 2 4 2 (©)
3 (R1111 Cli3s 72 Ry133 Cri33 Cazzz + Razzs C3333) &,
with
1 1 1
Rijn=-— < + > (@)
oy \ 2323 /Cyyy; Cazs
R L Gz + Cosny (b)
1133 = —
o, Cp323Cs333
Roven = 1 Ciin €133 (Crizs +2 Cozg) ! (c) (122)
3333 — -
o, Cs333 Cr303 C3333 Cs333
1 Cin—Cun
Ry323 = 3 (d)
44/2 Coans
1 Ciini Caazs — Chizs
R3i31= 7 — 2 (e)
4o, Ci303 C3333
and

(123)

2
Cri11 G333 = €33 = 2C1i33 Coans Ciin
o, = +2

C2323 C3333 C3333

Note that the components R;,, finding their origin in the solution derived in Barthélémy et al. (2023),
depend only on the matrix moduli but do not satisfy TI symmetry, in particular Ry353 # R3j3;.

e Circular crack
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. 4
By n=1)= 2 @
37 (Raz03 + R3131) Cisps
& Tl 4
Bml,n (7/ = 1) = (b)
37 (Ry3p3 + R3y31) C22323 (29
%. 8
BnnTI(’? =1)= 5 2 ©
3z <R1111 Clizz + 2 Ry133 Cp133 Caza3 + Raazs C3333>
e Ribbon-like crack
Bﬁ?,TI _ ;2 (a)
8 Ry323 Ciaps
R TI L3
By = —— )
8 R3;3 C22323 (12
&,
AT _ i (c)

2 2
2 (Rl 111 Ciya3 T 2 Ry133 €133 Ca333 + Razaz C3333>

Alternatively the TI matrix can be written in terms of engineering parameters defined on components of the
compliance tensor S = C~!. By consistency with Hoenig (1978), these parameters are chosen as E, Vi, Vo, H and
I such that

E=—l . o S, E: v=e-S uE: He—\ . pr=_1 1tv (126)
= o Vi=Tonn ks Vvp = oss b = > =
St S3333 E Sz 2E
with a Kelvin-Mandel representation of the form
1l v v
T 5 g o
L 5 F
-2 =2 — 0 0 0
Mat(S)=| £ B EH (127)
0 O 0 Erl 0 0
0 0 0 0 =2 990
o 0 0o 0 0 =
SettingA=1—-v, -2H vg, it follows that the TI components C;; write
E(1-HVv)) E(vi+HV))
Cim=—FmgT—: 1122 = — 77 7. N
A(l+v)) A(l+vy) (128)
C _EHVZ‘ _EH(I—VI) _ ET

o, (123) becomes

1-T 1-HV?
6, = V2| 2 4| —— = (129)
Cl—=v) H(1-v})
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and the components R;;;; (122) write

o A H(-v) 2H(1-v)
= T E T H (=) > Y TaAT @
4 1 1—I{V2

A 2HV2(1+V1)
Ryj33 = 1+ b
U3 Ee, H(1-v) ( AT )

2
o _ A I-Hv; 2y, <1+Hv2(1+v1)> © (130)
PB T Eo, H(1-v)) H(1-v}) 1-v AT

1+ Vl
Ry3p3 = 3 (d)
2ET2
1+ Vl
R3131 = (e)

Ec,I2(1-v))

Inserting (128), (129) and (130) in (121), (124) and (125), the COD tensors can now be rewritten in terms of
engineering parameters.

o FElliptical crack

2 - - S 2
B‘é”,TI(n)=4GV(1_V1) [®1 4 mem + I-Hv, jigi
3E A ZVTa-wG+1S, ZVTU-vw) S, +5, JH(I—@ &

(131)

e Circular crack

8o, (1 —v?) el 7R 1—HV?
B =n=— L |28l GNEN i@l (132
n ZVT-v)+1 ZyYra-vy+1 NHO-v)

e Ribbon-like crack

z(1=v?) T o, m® m 1—-HV? 6,i®F7
B:%TI_377 lim BE-Tl () = 1 I®1 L2 + 2; ¥ (133)
- E\vra-v 2 H(l-v) 2

Note that the formulas for the isotropic case can be retrieved from those of the TI one by setting vi = v, = v,
H=T=10,=2and A= (1+v)(1-2v).

6.4 Alternative expressions of the SIF and DIF vectors

Adopting the polar angle 6, of )7(’)( or alternatively the polar angle 6, of fcg (see Fig. 3), the following parametrizations
are obtained

e - N . > . _  cos 0X7+ sin 6, m
Yo =cosf,l+simb,m ; Xj=acosb,l+bsind,m= (134)
2 in2
cos- 6, sin” 0,
a? + b2




Displacement and stress intensity factors of elliptical and ribbon-like cracks in a transformed transversely isotropic matriz4

The normal V at 55(’; directed from the crack to the matrix and the tangential unit vector 7 such that (v, 7, n) form a
right-handed orthonormal basis (see Fig. 3) are given by

cos 9y - sin 9y N

_ ST. 5;(’)( I+ o m R -
V= —— = — =cosf,[+sinf,m  (a)
”S-Jr Yo I cos?6,  sin?0,
a? + b2
smG 7 coiey 7 | 3 (135)
T = = —sinf,/ +cosf, m (b)
cos?f,  sin?0,
a? b2
Several equivalent expressions of the dimensionless quantity b ||S™ - ig || can be established
4 cos2 6, +sin% 0
bIIST- 551l = /n? coszey+sm29y=\/”2 = . (136)
n= cos= 0, +sin- 0, \/cosz 0, +n? sin2 6,

Upon combination of equations (43), (47) and (136), the following equivalent expressions of N and K are found
\/’\/ 20+ 20[3 \/7 n* cos? 0, + sin® 0, x 5
cos sin =
1 n? cos? 0, + sin? 0,
cos? @, +sin? 6, -
\/‘\/’1 cos20 +sm29 Q (V) - f= [ L (V) - B
n* cos? 0, + sin® 6,

6.5 Supplementary results for the transformation of a crack

and

6.5.1 Identification of the transformed ellipse

This appendix gathers the detailed derivations of the geometrical features of the transformed crack for which results
are reported in Section 3.1. As obviously seen from (71), A and A’ share the same image so that the parametrization
of 7% is consistently deduced from (7) by

Jﬁ={;ﬂ=P-1.AT.;=AﬂT-§, ¥ € (KerAT)" = ImA = ImA” = W, ||y||<1} (137)

As P is invertible, the ranks of A and A" are equal so that these tensors define cracks of similar (both either elliptical
or ribbon-like) nature. Moreover, as seen in Section 2.1, the normal of an elliptical crack (rank-two A) is defined as
the unit vector (up to a multiplication by —1) spanning the kernel of the characteristic tensor (Ker A = Span (#)).
It follows then from (71) that the normal ii* associated to AY, i.e. the direction of Ker A, is necessarily oriented
along PT - 7, which yields (72). Note that, since PT- (AT-A)" - P#£ (P~ . AT- A . P in general for arbitrary
non-singular P and rank-two A, it would have been wrong to abruptly introduce (68) in the quadratic form of (1) to
deduce A?. Indeed these quadratic forms coincide only if they apply on vectors %* such that x* - 7i* = 0. That is why
a reasoning based on the parametrization (7) may be clearer. However, the quadratic definition (1) of the crack in
problem & can eventually be transposed here to the crack of problem Pp*

Fest o= F.if=0 and ¥ @AT.AH .3 <1 (138)
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The features of the transformed crack in terms of radii and orientation are derived from the diagonalization of
APT AP appearing in this quadratic form. Introducing the conjugate semi-diameters g = P~ - Tandh=P'-m
defined in (75), it must be noted that the eigenvectors of AT - A are in general not transported to those of APT . AP
since g is in general not orthogonal to h. The identification of the ellipse defined by AP, namely the axes ¥ and ",
and the radii o” and b* (a” > b¥), requires then to perform the diagonalization

AT A =25 QF+ P h@h=d? TP Q1 + b2 it @ i’ (139)

After the previously identified expression of i* in (72), closed-form expressions of a*, b*, 1" and " can fully be
derived here.

In order to specify the relationships between initial and transformed radii, a first equation is obtained by taking the
trace of (139)
a? + b = @ ||g|1* + b ||| (140)

Another equation is obtained from the formula of surface vector transformation

-
W = +abEAh = ab 1" 141
GUmERans “%detp] (141
since the cofactor (Nanson) identity gives
T - . P -(Am T.7
gAh=CP - DA@P-m) = Unm) _PT-7 (142)

detP  detP

Note that the + sign and the absolute value sign affecting det P in (141) just aim at choosing the orientation between
the normal and its opposite without any consequence on the results of the paper. It is interesting to note that (141)
is then consistent with (72). Eventually the second relationship involving " and b* is given by taking the norm of
(141)
[IPT - |

|det P|

AP =ab||gAh|=ab (143)

Recalling that b < af by convention, (140) and (143) can be exploited in the expressions

VP22 Va1 62 —2ab 0y Va2 420 0 - Va2 + 52 - 2dF
B 2 B 2

which deliver the closed-form radii a* and 5" reported in Section 3.1 in (73) and (74).
Owing to the symmetrical roles played by & and PF, equations (73) and (74) can readily be inverted if necessary.

Introducing the conjugate semi-diameters of the inverse mapping §ﬁ =P-Fand 2* =P i (symmetric to (75)
underP - P land/ & Tﬁ)’ the initial radii read

V@ G2+ 2 A2 + 208 B8 188 A FEIl + /a2 18912 + 652 112 — 2,08 F 128 A )|
a= 2 (144)

and

A @ G2 + 52 A2 + 2 a8 BF 18 A oIl — /a2 8012 + B2 IEI12 = 2,08 (188 A
b= 3 (145)

where the inverse area-stretch factor is ||§ji AR || = |detP| ||P7T- ii* ||, again by the cofactor identity.
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It is further found that

bt \/I|§||2 +n?|nl2+2n 118 ARl - \/Ilg*ll2 +n?||hl2 =211 ARl
b 27

N - 2

4 212 + 2 WRI2 2112 + 12 [|Al12

= 2 LB+ _«ngu + o Il > . (147,
a 2nllg Al 2nllg Al

(146)

and

obtained by normalizing b by b and introducing the initial aspect ratio n = b/a.

There remains to identify the axes I* and m", which are the eigenvectors of the rank-two symmetric tensor APT AR
the kernel of which is spanned by ii*. The diagonalization (139) is therefore a two-dimensional symmetric
eigenvalue problem in the plane 7i**, which admits a closed-form solution. Introducing the in-plane identity
1-i @it =F @I+ m' @, the spectral projector onto the major axis reads (provided a* # b

ATTLAR P2 (1 - i @ i)

el =
Frel = e (148)

The vectors g and 7 both lie in the plane 7"+, since (PT - 7) - g=n- T = 0 and likewise for A. Recalling from (139)

that A*T - A" = 42 EQF+ b h® R, applying the projector (148) to g (resp. 71) delivers a vector parallel to ¥,
namely the candidate 12)7 (resp. w;;) given in (77). As g and h are linearly independent (since P is invertible) and
span /'L = Span (I, "), they cannot both be orthogonal to /%, so that retaining the candidate of larger norm in (77)
always provides a non-zero direction, the construction being indeterminate only in the circular case a" = b*¥ where

the axes are arbitrary. The minor axis then follows as m* = i A%, which establishes (76) reported in Section 3.1.

6.5.2 ldentification of the transformed ribbon

The transformed ribbon can be identified as the limiting case for a — 400 of the transformed ellipse considered in
Appendix 6.5.1. It results from (73) that

a ~ a3l (149)
a— o0

Therefore @ — oo and the transformed crack is also of ribbon-like type.

The second radius 5" is deduced from the Taylor series of (74), or even more easily from (143), which delivers the
ratio b*/b (78) reported in Section 3.1, together with its inverse counterpart

i AR

a,aF—co g1

In the case of a ribbon, the transformed crack can in fact be fully identified (including the eigenvectors ¥ and n?ﬁ).
Indeed, (139) gives, to first order in AR AP

AFTLAY ~ 2E®E ~ dPIPQTF (150)

a,ab—co a,ab >0

The quadratic form is therefore consistent with (149) and, together with (72), delivers the eigenvectors * and "
(78) reported in Section 3.1.
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6.5.3 On the transformed polar decomposition

In order to proceed to a decomposition similar to (99), it is first recalled that (71) implies that A and A’ share the
same image so that the orthonormal vectors U i and 14 playing the same role for A% as U and V for A, both belong
to Im A which is also the hyperplane normal to W. Thus, up to a change of sign of U or V¥, it is possible to
assume that W = U" A V¥, The decomposition of A" then writes

b - lelteiteat —
f_Ri.qt Wi R—U®I+V®m+W®n
and A itself
A= U @F+ VP @m* with ImA* =ImA = Span (U, V%) = Span (U, V) = W+ (152)

Note that U* and V* are then related to U and V by a rotation around W which is not straightforward nor useful to
precise particularly for later developments of the present work. On the contrary the following relationship giving
the projection on Im A = W+ will prove important

-

AAN=UQU+VRV=1-WQW =A" A" (153)
Replacing A by AP PT, equation (153) becomes

AP (PT Al —Aﬂ) —0 (154)

which means that the image of PT - A" — AT belongs to the kernel of AP = Span (nﬁ) so there exists a vector X such
that
PT-A = A 4@ X (155)

Recalling from (100) that A" = §™ - RT and thus At = gtt R"T, equation (155) can be rearranged as
PT.ST=5" . RT.R+i#"®Y (156)

where R*T - R is a rotation sending 7 to ii* and 7+ to 7i*L and Y is an undefined vector. This equation shows a great
importance in the derivation of the transformed COD tensor in Section 3.2.
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