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Abstract A constrained problem for a composite material with an interface crack subject to non-
penetration conditions is considered. The response of a composite consisting of two identical homogeneous
orthotropic materials is described with respect to in-plane deformation. The coupling of the materials oc-
curs at an interface with angle between their vertical planes of elastic symmetry. The model is not split
into independent in-plane and anti-plane states. Well-posedness of the problem is proved by variational
methods. For numerical computations, a semi-smooth Newton method is proposed and its convergence
is studied. Using the proposed algorithms, numerical experiments for an interface crack under mode-3
loading are presented and analyzed with respect to the half-angle defining the coupling.

Keywords Composite material - Constrained optimization - Interface crack - Semi-smooth Newton
methods - Variational methods

1 Introduction

Problems with cracks in fracture mechanics are important for the design of structures in engineering
sciences. A mathematical formulation of these problems can be developed within the framework of
elasticity [1-3]. Because of the presence of a crack in the domain, singular solutions are possible. In
the three-dimensional case, the nature of singularities is still subject to research. To gain insight into the
three-dimensional situation, the standard approach is to simplify the elasticity model by splitting it into two
two-dimensional, in-plane and anti-plane, models. However, this leads to a loss of information concerning
the three-dimensional nature of the system. Some experimental investigations in this direction can be
found in [4]. To address these drawbacks, we introduce an intermediate 2.5-dimensional model instead of
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the splitting approach. Although our model takes into account all three components of the displacement
vector, it is formulated in a two-dimensional domain. This model is well suited also for the analysis of the
delamination of a composite with an interface crack. For the formulation of elasticity models in composite
laminates see [5].

For the construction of the 2.5-dimensional model, we consider a homogeneous orthotropic material
with a vertical plane of elastic symmetry rotated by an angle of 8 with respect to a reference coordinate
system. As a specific case, we consider a semi-isotropic material that is fibered along a fixed direction
having angle B with the x3-axis and is isotropic in all orthogonal cross-sections. We compose two pieces
of such a material along the interface x, = 0 such that the corresponding angles in the upper and lower
half-spaces are S and —p, respectively. We further assume that a crack is situated along a part of the
interface. Applying the assumption of plain deformation at x3 = const, due to the rotation, we obtain a
spatial model.

In our numerical experiments we observe three-dimensional effects: mixing of crack modes (mode-1
with mode-3), and contact between opposite crack surfaces. They occur under pure mode-3 loading, which
is ruled out for the in-plane and anti-plane models. Due to the latter phenomenon, we are required to
consider (unilaterally) constrained crack problems with non-penetration conditions. The inequality con-
straint imposed on the jump of the displacement at opposite crack faces prevents the non-physical and
thus inconsistent behavior of overlapping faces that may occur in the linear setting of the crack problem.
The mathematical formulation results in a variational inequality. An account for the variational techniques
for crack problems can be found in [6,7]. The variational formulation provides the appropriate state space
with a singularity at the crack tip.

For plane models, the general approach for the analysis of singularities between two anisotropic half-
planes was described in [8]. The elastic problem determining the corresponding singular solutions can be
reduced with the help of a partial Fourier transformation and the Stroh formalism to a matrix eigenvalue
problem. An analytic realization of such a complicated technique is available only for particular cases. The
analytical solutions obtained in [8] require suitable orientation of the axes of material symmetry to ensure
decoupling of the anti-plane fracture mode from the in-plane modes. Alternatively, in [9] an eigenvalue
problem for power solutions (singular solutions of a specific form) was treated as a self-adjoint system to
formally derive the order of the singularity and to define its eigenvectors with no assumption of symmetry.

We shall investigate the geometric and physical features of the composite model by numerical experi-
ments. For this purpose, a semi-smooth Newton technique is adapted to constrained crack problems. As
a general rule, variational problems subject to unilateral constraints (the non-penetration conditions in
our case) are not Fréchet-differentiable with respect to the dual variable. This requires non-smooth opti-
mization techniques [10-12]. Under suitable assumptions, semi-smoothness concepts will allow a locally
superlinear convergence of the Newton iterates. Such properties are not available for problems with cracks
due to the lack of regularity caused by the geometric singularities of a domain with a crack.

If we restrict our attention to the discretized problem, we arrive at a finite-dimensional linear comple-
mentarity problem (see [13]). In this case, superlinear convergence of the semi-smooth Newton method can
be proved. Moreover, in numerical experiments, global and monotone convergence was observed, which
is supported by the a posteriori analysis in [14]. For a class of variational problems subject to boundary
constraints, an argument was developed in [15] based on perturbation of M-matrices guaranteeing these
convergence properties.

Returning to the continuous setting of the problem, a penalization technique was utilized in [16] to
obtain an approximate Lagrange multiplier, which enjoys extra LP-regularity. As a consequence, the gen-
eralized differentiability and the local superlinear convergence rate of the Newton iterates were derived
for the penalized problem in function space.

For the problems under consideration, semi-smooth Newton methods are equivalent to primal-dual
active-set algorithms [17,18]. They are an efficient tool for the numerical treatment of constrained
variational problems. As suggested by the terminology, these algorithms use the primal as well as the
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dual variables independently to find the active (contact part of the crack surfaces) and the inactive (non-
contact part) sets of the solution. In numerical examples, the primal-dual active-set methods turned out
to produce the exact numerical solution in only a few (typically <12) iterations, even in degenerate cases
where pure primal methods may chatter. In comparison to interior-point methods, see, e.g., [19], the pri-
mal-dual active-set strategy determines not an approximate, but the exact solution of the discrete problem.
Decreasing the mesh-size results only in a moderate increase of the required number of iterations. We will
suggest a combination of a local grid-refinement near the crack with a continuation technique reducing
costly fine-grid iterations. For further numerical aspects we refer to, e.g., [20], where a convergence analysis
of a finite-element discretization of a related crack problem is provided, and to [21,22], where extended
finite-element techniques are used for curvilinear cracks.

2 Constrained crack problems for a composite

In this section, we formulate a model with respect to an in-plane deformation of two identical homogeneous
orthotropic materials with a planar interface and a crack along part of their interface. The specific cases of
material parameters for fibered, isotropic, and orthotropic solids are described in the Appendix. Based on
the corresponding representation of elasticity coefficients on constitutive and equilibrium laws, we deduce
the variational setting of the problem.

2.1 Modeling of composite materials in plane deformation

Consider a homogeneous orthotropic material with planes of elastic symmetry corresponding to the
(x}, x5, x5)-axes, which can be described by nine independent (positive) material parameters (see [23]):

Ey, Ep, E3, v21, v32, v31, Go1, G32, Gay. (2.1)

First, we compose the identical materials with respect to a reference coordinate system (x1,x2,x3) in the
following way. In the “upper” half-space, Ri = {x1,x2 > 0,x3}, the (x/l,x/z,xg)—axes are rotated in the
clockwise direction to (x1, x2,x3) with respect to the common x/2 = xp-axis by the angle 8 between x’3 and
x3. The angle 8 € [—r/2,7/2] is arbitrarily fixed. In the “lower” half-space, R3 = {x,x2 < 0,x3}, the
(x}, X5, x3)-axes are rotated to (x1,x2,x3) with respect to x; = x; in the opposite direction by the same
angle (i.e., —B), as illustrated in Fig. 1. The materials are assumed to be joined along the plane x; = 0 with

an interface defect (crack).

Fig. 1 Composition of a
body in R
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For a displacement vector u = (u1,uz,u3)' (x) (at a point x = (x1,x2,x3)" € R3) in the composite
material,

B | ut inR3,
u=41 _ .3
u in R,
we introduce a strain tensor ¢ = {g;;} according to the linear Cauchy law,
Eij(l’t) = 05(”1,] + uj,i)a lv] = 1’ 2’ 3’ (22)

and a 3 x 3 symmetric tensor of stress o = {0},

Byt ; 3
o) = [ N (23)
o Pu”) mnR’.

Here and throughout we utilize the standard tensor notation common in linear elasticity and the summation
convention for the repeated indices i,j = 1,2, 3.

Second, we apply the assumption of plane deformation at every cross-section x3 = const, which means
that none of the three components of the displacement vector u depends on x3. Hence ¢33 = 0, and the
strain tensor in (2.2) takes the particular form

enn(u) = ury, éex() =u,
e1p(w) = 0512 +uz1), (2.4)
e13(u) = 0.5u31, e23(u) = 0.5u3).

In Ri, the relevant components of the stress tensor (2.3) satisfy the following constitutive relations involv-
ing a non-symmetric matrix:

—"ﬁ_ _C1ﬁ1 C/132 0 0 Zcfe_ €11
o, cl, Cn 0 0 205 || em
o, =10 0 2c, 2cf o £12 (2.5)
oy, 0 0 2cf 2ck o €23
Loy e G 000 2cg f e

with nine elasticity coefficients depending on 8 (except for C»;) and the material parameters (2.1) as pre-
sented in the Appendix. Substituting (2.4) in (2.5) allows us to rewrite the constitutive law in the symmetric
form:

Gﬁ (u) = Cflum + szuz,z + Cfﬁua,h

g (1) = Clﬂzu1,1 + Cuzp + C§6u3,1,

ag(u) = Cf4(u1,2 +ux1) + Cfsu3,2’ (2.6)
AN Cfs(m,z +uz1) + C55u3,2,

ag(u) = C1ﬁ6u1,1 + C2ﬁ6u2,2 + Cg6u3’1.

InR3 the above relations hold true if we exchange 8 with — 8 according to (2.3). The elasticity coefficients
obey the following symmetry properties (see the Appendix):

—B B —B B -B B -B B -B B
Cii =C, Cp =0, Cy =0y, Gy =Cs, Cop = Cgs
—B B —B B —B B
Cio =—Cls Gy =—Co Cy5 =—Cis. 2.7)

Note thatif § = 0or 8 = /2, then we have C’f6 = C2ﬂ6 = Cfs = 0, and (2.6) is split into two independent
states, namely the in-plane state for (uq, u) T and the anti-plane state for us. If 8 # 0, +7/2 then we have
a spatial model.
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2.2 Equilibrium problem for the interface crack with non-penetration conditions

Consider the composite of two elastic orthotropic materials joined along the plane x, = 0, described in
Sect. 2.1. Assume that in each cross-section x3 = const, the solid occupies a domain Q2 C R? consist-
ing of two sub-domains Q* C Ri and Q- C R2, with the interface ¥ located on the line x» = 0, i.e.,
Q=QTUQ UZX. Let Q be bounded by the Lipschitz boundary Q2 = 'y U I'p with an outward normal
vector n = (ny,n2) |, where I'p # . We suppose that the crack I'c is part of the interface ¥, and define the
domain with the crack as Q¢ = Q \ T'¢. Its boundary 3¢ is the union of I'y, T'p, and the crack surfaces
I%. Here Fg c ¥t and ['c C X7 are defined as the limit points of sequences {x,} € Q' and {x,} € Q at
¥, respectively.

To prevent mutual inter-penetrations between the opposite crack surfaces I'f: and ', we impose a
non-negativity condition on the jump of the displacement normal to the crack (u2-component); see [6].
Let g = (g1,92,83) | represent a surface traction given at I'y; without loss of generality, assume that the
volume force is zero. Further, the solid is assumed to be fixed at I'p. The problem of equilibrium of the
composite with a crack is finally described by the following nonlinear (at I'¢) relations:

—01g,0U) = =020 (1) = —0304(w) =0 In Qc,

o) =o0x@w) =0 onT¢,

[o2@)] =0, [uz2ll >0, 022(w) <0, on)[u2l =0 onTlg¢,
[u1 1 = w2l = [uszll = 0,

[o2] = [o2)] = [os@)] =0
010 (Wng = g1, 02 (WNy = g2, 03o(WNg =g3 onl'y,
up=uy=uz3=0 onTlp,

on X\ ¢, (2:8)

where the summation convention over repeated indices « = 1,2 is used. Here [u] = u™ — u~ and
[o ] = o? ') — o~ (™) denote the jumps across the interface.

In view of (2.6) and (2.7), the divergence of the stress used in (2.8) has the following representation
in Q*:

+ B+ P V= B B
Glaa(“ ) =0 ”111+C4”122+(C Couyq, £ €4 ”311:EC ”322’
Uza a(”i) = (C12 +C 4)”1 12T Cf4”2 11 + C22”2 n*t (C45 +C 6)”3 12 (2.9)
_ B B
U3a a(” ) = 16”1 ntC ”1 »n* ( 26)”2,12 + C66”3 nTt C55”3 2-

2.3 Constrained variational problem with a crack

Next we study the nonlinear boundary-value problem (2.8) within a variational framework. Due to the
non-penetration conditions, this results in a variational inequality; see (2.13).

For this purpose, let us introduce the cone of admissible displacements which accounts for all boundary
conditions imposed on u in (2.8) as

K(Qc)={ueHQc): [uz2] >0 onTl¢} with
HQc)={ueH Q)P : u=0 onTp).

For given g € L>(I'y)?, the potential energy of the composite with a crack is defined by

(u) = %/Q Uij(u)stj(u)dx—/r giu; ds, (2.10)
C N
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where, due to (2.4), (2.6), and (2.7), the quadratic form has the representation in Q¥ (recall that e33 = 0):
iﬁ (U)ey(u™®) = Cﬂ1(”1 D7+ Con(uzy)” + 2C12”1 NrE= zcﬂsuﬁui
£2Ch s, + Clhyu, +1u3))? £ 205 (i, + 15 us,
+CL ) + Chgu))*. (2.11)

The weak solution u € K(Q¢) to the equilibrium problem (2.8) is defined as the solution of the constrained
minimization problem

minimize [1(v) overv € K(Q¢). (2.12)

The optimality condition to (2.12) is expressed by the variational inequality
/ ojj(w)e;i(v — u) dx > / giv—u);ds forallv e K(Qc). (2.13)
Qc I'n

For unique solvability of (2.12) (or equivalently (2.13)) uniform positivity of the quadratic term is
needed, i.e., the existence of an angle 8 and a constant co(8) > 0 such that

/Q ojj(u)e;j(u) dx > co(ﬁ)||u||12q(9c) for every u € H(2¢) (2.14)
C

holds. If the 5 x 5-matrix in (2.6) is positive definite for all 8, as will be the case in the example given below,
then this leads to the estimate:

/ oij(u)eij(u) dx > Amin(B) / eij(w)egi(u) dx (2.15)
Qc Qc

with the minimal eigenvalue A, (8) > 0 of this matrix. In this case, a Korn-type argument based on (2.15)
implies (2.14).

It can be verified for the solution u of (2.13) that [u] € Hé{f(rc)3, where H(l)éz(r‘c) is the space of
functions in H'/2(I'¢) that admit a continuation by zero on an extension of I'c into Q¢. Since the trace of
H(Q¢) onto H(l)(/)z(l‘c)3 is surjective, we can define a unique Lagrange multiplier A € Hg)éz(l”c)* such that

/ oijw)e;i(v) dx — (A, [v2lre = / givids forallv e H(Qc), (2.16a)
Qc I'n

1/2

(A& —[[uzllr =0 forall0 <& e Hy,"(Tc), (2.16b)

where (-, - )r. stands for the duality pairing between the spaces H(l)éz(l“c) and Hgéz(Fc)*. Conversely, for
every solution (u,1)" € H(Qc) x H(l)(/)z(Fc)* of (2.16), the first component u satisfies (2.13). Moreover,
applying Green’s formula to the first term in (2.13) and using (2.16a), we arrive at the identity

oh ) =0y ()= -1 onTE. (2.17)

Thus (2.16) yields the primal-dual variational formulation of the equilibrium problem (2.8).

2.4 Observations for a nonlinear model

Before developing a discretization of the problem and describing a numerical algorithm for the solution,
we give an illustrative example that clarifies principal features of the system under consideration.

We choose the following symmetric geometry for the composite with a crack of length / = 0.75 loaded
by the pair of anti-symmetric traction forces go, as presented in Fig. 2. Its detailed description is given in
Sect. 3.3. The fibering directions are marked in Fig. 2 with parallel solid lines. For calculations, the angle
B of fibering is taken at the six points § = 0,7/16,7/8,7 /4,37 /8,7/2 in [0,7/2]. This includes the limit
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Fig. 2 An example /N fibers
configuration

fibers ug

cases of the plane isotropic model with 8 = 0, and the plane orthotropic model with 8 = 7 /2. Note that
for B = 7 /4, the directions of fibering in Q" and Q~ are mutually orthogonal.

For [ = 0.75, the components of displacements uy,u2,u3 and the stresses oy, (u), 022(u), 023(1) at the
interface surfaces =¥ are depicted in Fig. 3 for various fibering angles . In Fig. 3 we observe the following
behavior:

e [u1]l =0o0n X and [u3]] < Oon ¢ forall 8;u; = up, =0for 8 =0,7/2;u; < 0and [uz]] > 0on ¢ for
B =m/16,7/8,7/4,31/8.

e o071(u) = 0 on X,023(u) has a r~“-singularity at the crack tip for all 8; o22(u) = 0 for 8 = 0,7/2 and
otherwise 027 (1) # 0 and it has a r~¢-singularity.

On the one hand, this case indicates clearly the appearance of a mixed mode-1 ([u2]] # 0) and mode-3
(Tuzll # 0) crack under pure mode-3 loading. On the other hand, contact between opposite crack sur-
faces occurs. Both situations are related to the three-dimensional elasticity state showing the advantage of
the spatial model with non-penetration conditions, in contrast to plane isotropic (8 =0) and orthotropic
(B =m/2) models. Let us discuss these two effects in more details. First, note that there is no contact
between the crack surfaces in the remaining interval 8 € (—x/2,0). This case was investigated in [24] for
the linear problem with the condition o2, (1) = 0 describing stress-free crack faces cht. In this reference, for
B # 0,7/2, the crack also appears in a mixed mode-1 with mode-3 state. Thus, the mode mixing observation
is connected inherently with the spatial (coupled) formulation of the composite model which is in contrast
to its splitting into independent in-plane and anti-plane states. Secondly, the non-penetration conditions
result in a nonlinear model of the composite described by the variational inequality. These conditions
need to be considered when contact between opposite crack surfaces occurs within three-dimensional
observations.

From the results depicted in Fig. 3, one can see instabilities in 097 (1) at the connected part of the interface.
This effect shows an oscillatory nature of the constrained components ([u,] and o2,(u)) of the solution
near the crack tip. We emphasize that the exact representation of oscillatory solutions is known analytically
for the model of coupled different isotropic materials with interface cracks in the in-plane setting only
(see [25]). In the case of the nonlinear model, no such investigations are available in the literature. The
oscillations in our case are due to the transmission and non-penetration conditions. A closer investigation
of this subject follows in Sect. 3.3.3.

The next section is devoted to a rigorous justification of the numerical technique used. The observations
of the nonlinear model continue in Sect. 3.3.
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Fig. 3 Displacement and stress at the interface

3 Constrained minimization of the discrete crack problem
The discretization of (2.12) results in an inequality constrained-minimization problem. The first-order

optimality conditions are equivalent to a non-differentiable system of equations. Our goal is to use an
appropriate extension of Newton’s method for the numerical solution. For this purpose, we rely on a
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generalization of the classical Frechet-differentiability concept. In fact, we use the following notion
introduced in [17]: the operator F: X — Y, with X, Y Banach spaces, is called generalized differentiable
in an open subset U C X if there exists mappings G: U — L(X,Y), referred to as generalized derivatives,
such that

1
lim ——||F(y+h) — F(y) — Gy + h)h|ly =0 foreveryye U.
h—0 [|Allx

Mappings F satisfying this relation are also called semi-smooth. In this section, we use the above property
in RY and construct the resulting semi-smooth Newton algorithm.

3.1 Discretized problem as a linear complementarity system

Discretization of (2.12) results in a quadratic-programming problem of the type
1
minimize EuTLu —fTu overueRY subjectto Au >0, 3.1

where the symmetric matrix L € RV*V is positive-definite, f € RV, and the matrix A € R!B*N associated
with the non-penetration condition has full column-rank. Here, for the indexset B C {1,..., N}, we denote
its cardinality by |B|. The form of A for the specific case of a symmetric partition of the crack surfaces is
presented in the numerical examples below.
It is well known that a unique solution # € RN to (3.1) exists and is characterized by the variational
inequality (similar to (2.13))
Au>0, (f—Lu)'(v—u)<0 forallveRN with Av> 0. (3.2)
Introducing a Lagrange multiplier » € R8I, we can equivalently express problem (3.1) as: find the pair
(u,\)T € RN x RIBl satisfying the following system of equations (compare with (2.16))
Lu—ATr=F, (3.3a)
®(u,)) := max(ch — Au,0) —ch =0, (3.3b)
where ¢ > 0 is an arbitrarily fixed constant. Note that (3.3b) is equivalent to the complementarity system
A>0, Au>0, A'(Au)=0.
Observe also that (3.3) is sufficient for the primal variable u to be the solution of (3.2) and (3.1).
Multiplying (3.3a) first by L~! and then by A, we obtain
Au— (ALT'ATL = AL F=0. (3.4)

Since the matrix AL™'AT is positive definite, we can define its inverse which is also a positive definite
matrix

l’: = (AL_lAT)_l c R|B\><|B|_ (35)
Setting
i:=AueRB  f.=LAL'feRPB| (3.6)

multiplying (3.4) by L, and taking into account (3.3b), we arrive at the linear complementarity problem
for i at the subset of indices B only: find &t € R8! such that

La—f=0, a>0, a'(Li—f) =0, (3.7)

This is the first-order necessary and sufficient optimality condition for the strictly convex quadratic
minimization problem

S S P . . .
minimize EuTLu —fTa over it e R8I subject to it > 0, (3.8)
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which admits a unique solution #i. Let A denote the multiplier associated with (3.8). Then the pair (i1, 4) €
R!Bl x RIBI satisfies the nonlinear equations analogous to (3.3):

La—-i=7, (3.9a)
& (i, 2) ;= max(ch — i1,0) — ch = 0, (3.9b)
with an arbitrarily fixed ¢ > 0, where, again, (3.9b) is equivalent to

A>0, 4>0, ATa=0.

Lemma 3.1 Let (u,0)| € RN xRIBl be the solution of (3.3). Then it = Auand i = i solve (3.9). Conversely,
let (it,3) " € RIBI x RIBl be the solution to (3.9), then

u=LYf+ATH) (3.10)
and ) = i.

Proof The first assertion of the lemma follows from the discussion of (3.9). To verify the converse assertion,
we multiply (3.9a) with ! to obtain

d—(ALT'TATDHA = ALTIF=0.

From (3.10) and (3.9), we obtain

Lu—f—ATA=0, Au=0a>0, >0,

which (similarly to (3.7)) is the linear complementarity problem associated with (3.3). Now the claim

follows from the uniqueness of solution of (3.3). O

The equivalence between (3.3) and (3.9) will be useful for the application of the convergence results of
[15,16].

3.2 The primal-dual active-set algorithm as a semi-smooth Newton method

In order to devise a semi-smooth Newton method for solving the constrained minimization problem (3.1),
we focus on its primal-dual formulation (3.3). Setting y := (u,1)" € RV x RIBl, we restate the system
(3.3) as

_(Lu—ATA—f\ _
F(y) := (CD(u, ) ) =0, (3.11)

where the function F: RN*tI1Bl — RN*IBl is non-differentiable in the classical sense. However, in the sequel
we argue that F is generalized differentiable. For this purpose, we introduce the matrix x5 € RIB/xI8I by
. . 1 ifies,

xs = diag (s1,...,58), withs; = {0 ifigs.
and define
A(ly) ={i e B: cri — (Au); > 0},

» { i — (Aw); > 0} (3.12)
I(y) ={ie B: cxi — (Au); < 0}.

The set A(y) is called the active set at y, and I(y) is called the inactive set. This terminology is suggested by
the fact that A; > 0 and (Au); = 0 for all i € A(y) at the solution y of (3.3). On the other hand, for i € I(y)
we have A; = 0 and (Au); > 0 at the solution. Definition (3.12) implies that x4(y) + x1(y) = 1. This allows
us to rewrite the function @ in (3.3b) in the form

D(u,)) = —xam Au — cxrph. (3.13)
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As a consequence, F in (3.11) admits the representation
R Cm—
Fy)=G - , GOy = ,
) = Gy (O O =(Z s —exo
and satisfies, for small %, the identity
F(y+h)—F@y) —Gy+hh=0. (3.14)

Thus, G in (3.14) serves as a generalized derivative of the non-differentiable mapping F.
Now we can define the semi-smooth Newton method for computing the solution of (3.11): for some
initial guess y©, compute

Yyt =y _ GoMYTIEG™y p=0,1,... . (3.15)

As detailed below, each step in (3.15) amounts to solving a well-posed linear system. From [17,
Theorem 1.1] the following local convergence result for the process (3.15) can be deduced.

Proposition 3.1 The semi-smooth Newton iteration (3.15) is well defined, and the sequence of iterates (y)
converges superlinearly to a solution y* of F(y) = 0 provided that y'© is sufficiently close to y*.

The numerical implementation of (3.15) is realized as follows:

Algorithm 1

(0) Choose A(y=Y) and I(y=V) such that A(y"V) U I(y~V) = B; setn = —1.
@) Solve for y"tD = (u+D j+DyT ¢ RN 5 RIBI:

Lu*D _ AT 04D — 7, (3.16a)
AUy, =0 forallie A(y™),
2D =0 forallie Iy™). (3.16b)
(2) Compute the active and inactive sets at y"+1:
AY" Dy =tfie B: o™ — (Au"tD); > 0}, (3.17a)
16Dy = (i e B: A — (AutD); < 0. (3.17b)

Q) Ifn>0and A(y("+1)) = A(y(")) then STOP; else set n = n + 1 and go to step 1.

Because Step 2 utilizes both the primal variable u and the dual variable A, we shall refer to Algorithm 1
as the primal-dual active set method. It is equivalent to (3.15): In fact, we start by rewriting (3.15) as

L) — 0y _ AT Dy (my =f—Lu®™ +ATA™, (3.18a)
—Xagm MA@ — 1) — cxpom, AT = 2™) =A™ — max(eA® — Au'™,0). (3.18b)
Equation (3.18a) implies (3.16a), and the non-smooth equation (3.18b) is realized by the choices (3.17)
and (3.16b).

The stopping rule in Step 3 of Algorithm 1 is motivated by the following considerations. Fori € A(y"™) we
have (Au®+D); = 0, and for i € I(y™) we obtain A\ = 0. Hence, if we assume that A(y™) = A(y"+D),
then from (3.17a) we infer A" > 0 for all i € A(y®*D), and (Au+D); > 0 for all i € I(y"™*D) by
(3.17b). This, together with (3.16a), proves that the iterate y*+D = (u®+D 3+ T satisfies F(y"+D) =0
if Algorithm 1 terminates in Step 3. This actually occurs in all our numerical examples.

Based on Lemma 3.1, an application of the global convergence results given in [15,16] leads to the
following proposition.

Proposition 3.2 Assume that L = M + S with M € RVN*N a nonsingular M-matrix and with S € RN*N ¢
perturbation such that ||S||1 is sufficiently small. Then:
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Fig. 4 Geometry of the RN
domain Q¢ [ - N

(i) Regardless of the initial choice, Algorithm 1 is well defined, and the iterates (u"™,.") T converge to the
solution of (3.3).

(i) For the specific initialization of A9 = 0 and u® = L~f, the iterates Au" are feasible and they
converge monotonically with A(y""~V) > A(y™) forn > 1.

3.3 Observations for a nonlinear model (continued)

Now we give a detailed description of the example presented in Sect. 2.4. The domain €2 is chosen to be a
square in R? with its boundary decomposed as follows:

Ip={x1=1Ix| <05}, Tny=T3 Uy UTY, Uy,
Iy, ={x1=0,0<+x, <05}, Ty, ={0<x <1lx ==05).

We assume that the crack I'c of length 0 < / < L =1 is located along a part of the interface, ¥ = {0 <
x1 < 1,x2 = 0}. The corresponding faces in Q* = QNR3 of the crack and the interface are denoted by cht
and X7, respectively. The plane domain with crack Q¢ is bounded by I'p, 'y, and Fﬂct. The elastic problem
(2.8) in Q¢ is considered with the following boundary conditions imposed on ' y:

o12(u) = 0n(u) = 023(w) =0 on Ty,

—on(w) =g, —onnw) =gy, —o13(u) =g5 onTy,, (3.19)
where we assume anti-symmetric loading corresponding to mode-3:
g =7Fg., & =& =0, g =0.001y~ 35376(mPa), (3.20)

as illustrated in Fig. 4.
We utilize the material parameters (2.1) for the specific case (5.3) described in the Appendix with the
values from [26]:

E, = E; = E = 10160(mPa), E3 = 139400(mPa),

E
G31 = Gz = G3 = 4600(mP Gy = ———— &~ 3537.6(mP
31 =Gn=G3 (mPa), Gy 30T (mPa),
vp1 = v =0436, vy =v3 =v3=03.
The corresponding minimal eigenvalues Apyin(8) in (2.15) are found to be positive for g € [—n/2,7/2].
They are approximately constant with value Apmi, =~ 3537.6. In this case (2.14) holds, and the interface crack
problem formulated in Sect. 2.3 is well posed.
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hC=h hC=h/2 hC=h/4

Fig. 5 Meshing in Q¢ for h =1/8

3.3.1 Discretization

We discretize problem (2.8) into finite elements. For the basis functions e related to the kth nodal point
of the triangulation, we order the displacement vector as

s ) @) @) ) W), W)
According to (2.6), the stiffness matrix L in (3.1) involves the following 3 x 3-cells:
C’flek es +cf 46 262 Cﬂze es + C44e 261 C{%eﬁeﬁ + Cfsef‘zefz
Clﬁze 62 + C44e 26 Cﬂ4e es + Caek 26 Cfsek es2 + Cﬂ()ekes
Cf6e,1e,1 + Cfse,ze,z Cﬂse ¢ + Cheehe Cﬁée (e + Chiehe

Following a common procedure in linear elasticity, we utilize linear finite elements on a triangular mesh
constructed in Q¢. For improved resolution of the singularity (crack tip), which may be located at any point
along the interface, we use a local refinement in a neighborhood of X. This results in two mesh parameters:
h for the uniform mesh in the domain, and /¢ for the fine mesh at the interface, as illustrated in Fig. 5 for
h =1/8 and hc = h,h/2,h/4. The local refinement is introduced to take into consideration the specific
geometry of the coupled domain €.

Next, we give the description of the matrix A € RIBI*N in (3.1) with B c {1,..., N}. First let us define
the index set B C B x B. Each pair (i*,i™) € B corresponds to an index i € B, which belongs to a nodal
point at the crack I'¢, i.e.,i" = it (i) and i~ = i~ (i). Thus, |B| = |B|. This definition allows us to write the
discrete non-penetration condition as

W) — () >0 forall (it,i") e B, (321)

where 1" = ((uq, uz,ug)T)ii are the displacement vectors at the nodal points on I“JCr and T' . Secondly,
we assume that the vector u € RN is partitioned into u = (uD,uB)T with the index set B and the
vector uy defined as follows: Let u§+ =(w)" M, ... ()" ®) e RIBI and analogously for uf”. Then
up = (uéﬁ,uf*)T € R8I Thus, we infer that |B| = 2|B|. Now, the matrix A can be expressed as

A= (Oa Xug+ 5 _Xug’ )7

where 0 is the |B| x |D|-zero matrix with |[D| = N — |B|. The column-rank of A is |B|. Therefore, A is
related to the discretized non-penetration condition (3.21).

3.3.2 Implementation of the primal-dual active-set algorithm

We consider the example of Sect. 2.4. As we shall see the primal-dual active set algorithm possesses the
properties stated in Proposition 3.2.
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Fig. 6 Decomposition of the stiffness matrix L
Table 1 Number of iterations for fixed grid method
#it/ he = 1/20 1/40 1/80 1/160 1/320 1/640 1/1280
h=1/20 3 4 5 6 6 - -
h =1/40 - 4 4 5 7 7 -
h=1/80 - - 5 5 7 9 9

We decompose the stiffness matrix L as L = M + S with M an M-matrix and S a perturbation. In relation
to Proposition 3.2, the 1-norms of L, M, and S are presented in Fig. 6 for a typical value of 4 and h/h¢c = 4
for g chosen in [0, 7 /2]. These results are independent of 4. In the remainder of this section, we fix 8 = 7/8.

In all cases tested, Algorithm 1 terminated after a finite number of iterates by producing the same
active/inactive set structure in two consecutive iterations. Thus, it found the exact solution of the discret-
ized problem (3.1). For / = 0.5 the number of iterations required for the successful termination of the
algorithm is presented in Table 1 for various mesh sizes & and hc. Table 1 shows that the number of
iterations (#it) is rather small and increases moderately when the mesh is refined. We utilized the specific
initialization A(y~V) = ¢, I(y*~) = B, which corresponds to

2O =0, 4O =r"1f (3.22)

in (3.15). We choose c of the order 1078 in the definition of the active and inactive sets in (3.17).

Concerning the monotonicity properties of the Newton iterates, we next present the primal variable
Au = [uz] in (3.21), the dual variable A = —o2 (1) according to (2.17), and the characteristic function
XA(y) of the active set A(y) at the interface X, respectively. Firstlet/ = 0.75,h = 1/40, and hc = 1/160. The
iterates Au and A" are depicted in Fig. 7(a) and (b), respectively, for n = 0, ..., 8. Results are provided
only for the interval x; € [0.22,0.75] near the crack tip where the active/inactive structure is changing.
On x; € [0,0.22) the solution is active for all n > 0. For convenience, the characteristic function of the
active sets A(y(”)) forn = —1,0,...,8 is indicated below the graphs. We observe from Fig. 7 a monotonic
behavior of Au®™ > 0 and A(y®~D), but not of V. Note further that several grid points are removed
from the active set from one iteration to the next.

Results for another set of data with / = 0.5,4 = 1/40 and h¢c = 1/640 are presented in Fig. 8 in the
interval [0.42,0.5]. The remaining interval x; € [0,0.42) is split into two subsets: an active and an inactive
one near x; = 0. In Fig. 8 we see also that the active set splits locally near the crack tip into separate
intervals. At iteration n = 6 the algorithm stops with 2 active and 3 inactive subintervals.
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Fig. 7 Iterates Au®™,." and A(y®™) for [ =0.75
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Fig. 8 Tterates Au®,).™, and A(y™) forl = 0.5

From all examples tested, we can report the following properties of the Newton iterates according to
Algorithm 1: the iterates are feasible, i.e., Au > 0, and they converge monotonically Au® > Au®"—D
with A(y""~1) 5 A(y™) for n > 1. This is in accordance with the assertion of Proposition 3.2.

For a reduction of the computational costs, we also used a continuation technique: We solved (3.15)
with (3.22) on a coarse grid with ¢ = h, and subsequently used prolongation of this solution and its corre-
sponding multiplier as initial values on increasingly finer meshes with mesh-size ¢ < h, respectively. For
[ = 0.75,1in Table 2 the first row shows the number of iterations required by Algorithm 1 for a fixed grid. The
second row presents the results for the continuation technique. The entry ‘+2’ (or ‘+1”) indicates that only
two (or one) iterates are required on the next finer grid for a successful termination with A(y() = A(y©)
(or A(y®) = A(y=D)). These results show that the continuation technique is an effective tool for reducing
costly fine grid iterations.

3.3.3 Mesh refinement
In this section, we consider the convergence of the results as & and h¢ are decreased. For [ = 0.75 the

jump Au and the corresponding multiplier A obtained by Algorithm 1 are depicted in Fig. 9(a) and (b).
Representative results are shown for 4 = 1/40 with Ac = 1/40 and hc = 1/640, and for 7 = 1/80
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Table 2 Number of iterations for fixed grid and the continuation method

#it he = 1/20 1/40 1/80 1/160 1/320 1/640 1/1280
h=1/20 fixed 5 7 8 9 9 - -
h=1/20 cont. 5 +2 +2 +2 +2 - -
h=1/40 fixed - 7 8 9 10 12 -
h=1/40 cont. - 7 +2 +2 +2 +2 -
h=1/80 fixed - - 8 9 10 11 12
h=1/80 cont. - - 8 +2 +1 +2 +2
<10 (a) jump « 107 (b) multiplier
+ hg=1/40 | ' 5 ' '
3.5 * h.=1/80
3 * h=1/160 4
< h=1/320
25 ¢ h=1/640 3
o | O h,=1/1280
15 2
1
1
0.5 E
0444 Q& - - 0 B
0 0.2 0.4 0.6 0 0.2 0.4 0.6
crack tip crack tip

Fig. 9 Solutions Au and 2 for / = 0.75

with Ac = 1/80,1/160,1/320,1/1280. We see that the solutions Au are visually almost indistinguishable
if hc < 1/80, and A converges monotonically as ¢ decreases. The characteristic functions of the corre-
sponding active sets are illustrated in Fig. 10(a). Monotone convergence of A(y) can be observed if both
mesh-size parameters decrease.

This is not the case for the crack problem with / = 0.5 illustrated in Fig. 10(b). We observe a monotone
behavior near the edge x; = 0, and an oscillation of the active set near the crack tip x; = 0.5. This behavior
persists even when we increase the accuracy tol for the iterative solver for the linear system in Step 1
of Algorithm 1. Typically, the outer iteration terminates due to coincidence of two successive iterations.
The solutions Au and A in the neighborhood of the crack tip at [0.42,0.5] are depicted in Fig. 11(a) and
(b) for tol € [10~14,1078], with the same values for (hc,h) as stated above. In Fig. 11, again we see an
oscillation of the jump [u2] between the corresponding active/inactive intervals. However, we shall see
that the solution u itself converges linearly in the energy norm.

To interpret the oscillation effect, let us note that the active set and the crack tip are geometrically
separated from each other in the case / = 0.75. For / = 0.5, however, two geometrical singularities occur
simultaneously in a neighborhood of the crack tip: one is connected to the non-penetration conditions
resulting in the active set, and the other one is due to the transmission conditions imposed at the joint part
of the interface. The phenomenon of oscillation means that in the limit case (4 — 0), which corresponds
to the continuous problem, it may happen that not only one, but possibly several points (finitely or infi-
nitely many) separate the active/inactive sets which are accumulating in a neighborhood of the crack tip.
Alternatively, there may exist a non-zero interval where both the primal and the dual components of the
solution are zero, i.e., [u2]] = o22(u) = 0, (see [25] for an account of oscillations at an interfacial crack).
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Fig. 11 Solutions Au and X for / = 0.5

4 Conclusion

In this paper, we have formulated a constrained minimization problem subject to non-penetration condi-
tions to study the nonlinear model of an interface crack in composite materials. In our 2.5-dimensional
model, all three components of the displacement vector remain coupled after the assumption of plain
deformation. The problem is solved in a two-dimensional cross-section only. This formulation is well suited
for the numerical investigations of the three-dimensional phenomenon.

The asymptotic analysis of three-dimensional singularities is not accessible for composite models even in
their linearized settings (without the non-penetration conditions). To study the three-dimensional effects
we resort to numerical computations based on a primal-dual active set algorithm. The latter numerical
technique can be interpreted as a semi-smooth Newton method. It is a reliable and efficient method with
fast convergence.
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In our numerical experiments, we observe three-dimensional effects of mode mixing, contact of crack
surfaces, and its oscillations. All these effects are ruled out for the in-plane and anti-plane isotropic or
orthotropic models.

Further, based on our constrained-minimization model, stability properties of the composite with crack
can be described, thus predicting the crack growth. This is a highly relevant aspect in fracture mechanics
and structure design. By the Griffith fracture hypothesis, the propagation of a crack is determined by the
value of energy release rate at the crack tip. It can be argued that the energy release rate is the shape
derivative of the potential energy functional with respect to variations of the crack tip. The optimization
problem over all admissible crack shapes can be formulated as a minimization of the total potential energy
defined as the sum of the potential and the surface energy. Applying the shape optimization approach
derived from the Griffith fracture law results in the quasistatic model describing delamination of the com-
posite. The delamination process suggests a predefined path of the crack evolution along the interface. By
adopting the primal-dual active-set method, the problem of delamination of composite materials with an
interface crack under quasistatic loading is solved numerically in [27].
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Appendix

The elasticity coefficients in (2.5) have the form (see [23]):

C’fl = Cyysin* B 4 2(Cl5 +2Cp) sin® B cos® B + Cy, cos* B,

Cg6 = Clg + (Chy + C) — 2C)5 — 4CL) sin® B cos? B,

Cfé =[Cy cos® B — Chysin® B — (C5 + 2Cpe) (cos® B — sin? B)] sin B cos B,

Ch, = Chycos® B + Clgsin’ B, (5.1)
Cgs = Cjysin® B+ Ciscos® B,

Cfs = (Cyy — Cis5) sin B cos B,

C’fz = Chysin® B+ C}, cos’ B,

C2ﬁ6 = (C}, — Ch3) sin Bcos B,

Cyp = Ch,.

The primed coefficients referring the rotated coordinate system (xa ,X,,x%) connect the material parameters
in (2.1) by the relations:

1 v V1 V31V
o) Gama(e )

E, E3 ) E3

2

;o (V3T V1vn r (L vy
Cl3_6( E» ) C22_9(E1 E3)’

V32 | V21V3l Ez 1 v
Cyy=0(— , Ch=0—(—=———="), 5.2
= (E1 " E ) 33 Ez(El Ez) (52)
Cy =G, Cis=Gn, Ci=Gs,

2 2
()G - (B
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As specific case, we suppose that the material parameters (2.1) satisfy the identities:

E
2(1+v)’
vz = v =13, Gz =Gz = Gs, (5.3)

Ei=E=E vi=v, Gy=

thus reducing the number of independent material parameters to five. These parameters describe a fibering
along the x;-axis of a material that is isotropic in every plane x5 = const. With (5.3), we can rewrite (5.2)
in the form:

E 1 V2 E v V2
/o ___3 e _3
CH_CZZ_"HU(E E3)’ i "1+U(E+E3)’
Ej
Ci3=Cé3=K'V3, Cé3=KE(1—U),
E
Ciy = A 55 = Ce6 = G3, (5.4)

1 1- 202 1 2 2
P EV‘%=(E‘2—1)—(%+2—1)-

Note that the coefficients in (5.4) fulfill the relations:
Clp+2Cy = Cyy = Cp,  Cpp+ Cy =05c. (5.5)

In what follows, we consider the two limit cases 8 = 0 and 8 = /2. For 8 = 0 we introduce the Lamé
parameters:

E E /v v32
=— r=k—(=+2). 5.6
=2+ K1+v(E+E3) (5.6)
In this case, from (5.5) and (5.6) we obtain x = 2(A + u), and the coefficients in (5.1) are given by
Cfs = Cgg=G3,  Clg=Cy=Cis=0. (5.7)

Using (5.7), the stress in (2.6) is split into the components for (u1,uz)

6101 (u) = C(l]lum + C(1)2u272’
oy (u) = C(fzum + Cuyp, (5.8)

o) = Cly(urn +uz1),
and independent components for u3:
a%(u) = C25u3,2, 0103(u) = Cg6l/l3’]. (5.9)

Hence, from (5.8) and (5.9) we arrive at a two-dimensional Lamé/Laplace operator in (2.9) for the
in-plane/anti-plane isotropic problem:

510,1,0[(14) = pAug + (h + p)(divu) 1,
Uzoa,a(u) = uwAuy + (A 4+ p)(divu) 2,
Oé)a,a(u) = G3Aus,

where divu = w1 +uzp and Au; = w1 +uin,i=1,2,3.
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Next, consider the case g = £x/2. From (5.1) and (5.3), we derive

2
2 _ B3 _ . E ol v
"=« i3 1-v), Cn=« ( ),

1+v E B Es
tr/2 2 E 72 kw2
C12 = KV3, C55 = m, C44 = C66 = G3, (510)
+n/2  ~Ew/2  Em/2
C16 - C26 - C45 =0.

According to (5.10), the stress tensor (2.6) is split as in (5.8) and (5.9). As a result, we arrive at the following
operator in (2.9) for the in-plane/anti-plane orthotropic problem:

+7/2 E3

%;Z (u) = Kf(l —vuy 1 + Gaup + (kv + G3)uz 1z,
)

‘72;;{ () = (kv3 + G3)uy 12 + Gaup 11 + Qu + Muz o,
+7/2

O30 (W) = G3uz 11 + puz2o.

We conclude that the spatial model under consideration is intermediate between the plane isotropic
model for 8 = 0 and the plane orthotropic model for g = +x/2.
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