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Abstract—1In this paper, a problem of equilibrium of two elastic bodies pasted together along a curve
is considered. It is assumed that there is a through crack on a part of the curve. Nonlinear boundary
conditions providing mutual non-penetration between the crack faces are set. The main objective
of the paper is to construct and test a numerical algorithm for solving the equilibrium problem. The
algorithm is based on two approaches: a domain decomposition method and Uzawa method for
solving variational inequalities. A numerical experiment illustrates the efficiency of the algorithm.
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INTRODUCTION

Consider a two-layer structure of two elastic bodies pasted together along a line. In a part of the
pasting line there is a through crack on which nonlinear boundary conditions of unilateral constraint
are specified to exclude penetration of the crack faces into one another. The behavior of both layers of
this structure is simulated as a plane problem in elasticity theory. The layers move identically along the
pasting line and at the same crack faces. The structure is in equilibrium under the action of some forces
applied to the external boundaries of the bodies.

The problem under consideration belongs to a class of crack theory problems with possible contact
between the faces. Such problems are investigated, for instance, in [1—9]. Papers [10—12] are devoted
to problems of equilibrium of multilayer structures with cracks. Specifically, in paper[12] correctness of
the solution to the problem being considered in the present paper is proved and qualitative analysis of
the solution is performed. Unfortunately, no results have been obtained so far for numerically solving the
problems of equilibrium of multilayer structures with cracks and non-penetration. Some crack theory
problems with non-penetration are solved numerically in [13—18].

The main purpose of the present paper is to create an efficient algorithm for solving a problem of
equilibrium of the above two-layer structure with a through crack and non-penetration of the crack
faces. Two approaches are used in constructing the algorithm: a domain decomposition method widely
used for numerically solving various problems of fluid dynamics (see, for instance, [19—24]) and Uzawa
method for solving problems with unilateral constraints. First, the initial domain in which the solution is
sought for is divided into two subdomains. Then Lagrange multipliers are introduced to guarantee non-
penetration of the crack faces and that the two layers move identically along the pasting line. Finally,
examples of numerical calculations with finite element method are presented.
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64 RUDOY et al.
I. PROBLEM STATEMENT

Let Q € R? be a bounded domain with a Lipschitz boundary 9 such that 9Q =Ty UT'p, I'y N

I'p =0 and measT'p > 0. Also, let 7. C Q be a smooth curve without seli-crossings, v, N T'p = 0.
Assume that the curve X divides the domain € into two subdomains: € _ and €, with Lipschitz
boundaries 02 _ and 02, respectively, and that the following conditions are satisfied:

Y. C %, meas (X \ 7,) > 0, meas (0Q+ NT'p) > 0.

Let us take a unit normal vector v to X so that v is the outward unit normal vector to €2 _. Hence, the
vector (—v) is a unit normal vector to 24 on X. Let 7 denote the unit tangent vector on X. Also, let 4
denote the edge of the curve « belonging to the subdomain boundary ..

Let us denote Oy, = 2\ ¥ and Q. = 2\ 7., and consider the following boundary value problem: For
given vectors f, g € Lo(T' )2, find vector-functions u=(u1, uz) and v = (v, v2) such that

—0ijj(w) =0, —o0y;(v)=0 in Qx, i=1,2, (1)

u; =0, v, =0 on I'p, (2)

oyng = fi, piynj=g; on Iy, i=12, (3)

w =v;, |oyvi+pivi] =0 on  T\q, i=12, (4)

[ujlvy; >0 on (5)

u; =v;  on %i, 1=1,2, (6)

lov(u) + pu(v)] =0, (0u(uw) + pu(v)[uj]r; =0  on e, (7)
or(u) +pr(v) =0, oy(u) +p,(v) <O on A (8)

Here u = (u1,u2), v = (vi,v2) are displacements of the two elastic bodies (layers); o(u) = {os;(u)}
and p(u) = {pij(u)} are the stress tensors of the elastic layers; [w] = wl|_+ — w|%7 is the jump of a
function w on 7¢; n is the outward normal to 0€; o, (u) = 04 (u)vvj; 07 (u) = 045(u)v;7;. The subscripts
after comma denote the operations of differentiation with respect to the corresponding coordinates.
Summation is implied over repeated indices. The quantities p,(v) and p,(v) are defined in the same
way as o, (u) and o (u).

Let A = {a;ju}, B = {biju} (3,7, k,1 = 1,2) be given tensors of elasticity coefficients satisfying the
standard properties of symmetry and positive definiteness. Assume that linear Hooke’s law is valid in the
elastic layers:

oij(u) = agren(u),  pij(v) = bjren(v), 4,5 =1,2,

where e(w) = {e;;(w)} is the linear strain tensor,

1 . .
Ez]('IU) = 2(“&,3 + w%i), 1,] = 172

The problem (1)—(8) describes a state of equilibrium of two elastic bodies pasted together along the
curve X and rigidly fixed on I'p. On 7, (part of the curve ) there is a through crack with non-penetration
conditions on its faces.
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NUMERICAL SIMULATION OF EQUILIBRIUM 65
2. VARIATIONAL FORMULATION OF THE PROBLEM

Let us formulate the problem (1)—(8) in variational form. For this, we define an energy functional

; / (0ij(w)ei;(u) + pij(v)eij(v) de — / (fiwi + givi) ds

Qe 'y

(u,v) =
and introduce a set of admissible displacements

K = {(u,v) € H| [ujlv; >0 almost everywhereon 7., uw=wv on 4, wu=wv on E\fyc},

where
H = H{_(Q)* x H}_(Q)?,

H%‘D(Q)Q = {w € H'(Q.)? | wy =wy =0 almost everywhere on FD}.

The boundary value problem (1)—(8)is formulated as a minimization problem: Find a pair of functions
(u,v) € K minimizing the energy functional IT on the set K:

I(u,v) = a,if;nefKH(ﬂ’ﬁ)' (9)

[t is well known (see, for instance, [12]) that the problem (9) has a unique solution satisiying the
variational inequality

/(Uij(U)Eij(U —u) + pij(v)ei; (v —v)) do > /(fi(ui — ;) + gi(v; —v;)) ds ¥ (u,0) € K.

Qe INY;

[t is also shown in [12] that the differential formulation (1)—(8) and the variational one (9) of the
equilibrium problem are equivalent.

3. DOMAIN DECOMPOSITION

Let us define functional spaces:

Ut = {ui € HY(Q4)?| uf =uf =0 almost everywhere on Q. N I'p},

VE={vt e H{(Qu)?| vi =vy =0 almost everywhere on 90y NI'p}

andaset Koo CU™ xUT x V™ x VTt
Kg = {(u‘,u+,v_,v+) €U xUTxV™xVT| (um —u )y >0 almost everywhere on ~,

um—ut=0 onX\v, u —v =0,u" —vT =0 almosteverywhere on 2}.

Since we assume that meas (092 NT'p) > 0, by virtue of the Korn inequality a norm in the spaces
U, V* can be defined by the formula
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66 RUDOQY et al.

where w® belongs to the spaces U* or V.

On U* and V*, we define the corresponding energy functionals T4 (u*) and I (v*) and consider
the following minimization problem: Find functions (u~, u*,v™,v") € K, such that

11 (u_) +1I4 (u+) +II- (v_) +1II4 (v+)
_ : - + - +
= e i (T () () I (o) 1T (o)), (10)
The following theorem holds (see, for instance, [13, 14]):

Theorem 1. The problem (10) has a unique solution (v~ ,u™,v",v") € Kg. In addition,

ui:u|gi, v = |y,

where (u,v) is the solution to the problem (9).

4. REDUCING THE PROBLEM TO FINDING A SADDLE POINT

For an arbitrary number p > 0, we define the following sets:

Ui = {uwf eU* | lu¥ o= <p},
A€ La(ye) | 0<A° <p almost everywhere on ~. },

AS = {Ag € LB\ 7)? | —=p < A%, A5 <p almost everywhere on ¥\ v, },
{)\_ € Ly(X)? | —p < A\, Ay <p almost everywhere on ¥ },

M e Ly(X)? | —p< A, \J <p almost everywhere on X }

Ontheset U, x Uf x V- x V;F x AS x Af x A x A, we define a Lagrange function
L(u_,u+,v_,v+,)\C,)\g,)\_,xr)

=TI (u™ )+ (u) +11 (v ) +11 (v /AC Dvids

[ N =y ds 4 7 =) ds [N - o) ds

S\Ye Y >
associated with a family of problems of finding a saddle point of the Lagrangian L: Find functions
(up s wb vy v, i, g, ) € Uy x U x Vo x ViF s AS x Af x Ay x At such that
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NUMERICAL SIMULATION OF EQUILIBRIUM 67

L(up7u;_7 p_7 p?lt_j’ /"Lg7lt_j’ 7IL_1’ )<L(up7u;r7vp7 p?up?up?”p?”p)

<L(a—, a0 07 5, 18,y 1)) (11)

forall (u—,a*t,o7,0%, 5% a8 n ,nt) €U, x Ut xV, x V;F x A8 x Af x A x Af.

Note that the Lagrange multiplier \® guarantees non-penetration on the crack 7. The multipliers A*
guarantee that the two bodies are pasted together along the curve X, and A8 guarantees that the two
subdomains, €2 _ and 2, into which the domain 2 is divided are pasted together.

Since the sets Ugc, Vpi, A, A%, and A}:,IE are convex closed ones that are bounded in the corresponding
Banach spaces, the Lagrangian L is convex and lower semi-continuous with respect to (v, ut, v~ v™)

and concave and upper semi-continuous with respect to (A%, A&, A=, AT, the problem (11) has a solution
for all p > 0. The following theorems hold:

Theorem 2. There exists a constant c such that for all p > c the saddle point (u u;,

- s ,u;) satisfies the following system of variational equalities and inequalities:

Up? p?lu’p7

/am( )eij(a )d$+/,u;ﬂi_1/ids—|— /uiﬂ;ds%—/u&ﬂ;ds:/fia;ds Vu~ eUT,

Q_ Ve E\’yc b)) T'nNnoQ —
/O‘ij(’LL;)EZ‘j(ﬂ+)dZE—/M;ﬂjl/ids— /,um :rds—l—/,um Fds= /fZ Fds vuteUT,
Qi Ye S\Ye I'nNoQ24
/pij(”p_)Eij(U_)de—/,u;iv_ds = / giv; ds Vo~ eV,
Q_ b TNNoQ
/pz'j(v;f)eu( )dw—/u;vws: / giv;ds Yot eV,
Q4 % I'nnoQy

/)\C(ugi—u;)uids < /,up( pi — Up; Fpds VA €A,

Ve Ye
/ A (uy; — ) ds < / S, —ut)ds VE €A
E\’YC E\’Yc
/Al_(upl v,;)ds < /upl( pi — Vp)ds VAT €A,
5 %

Theorem 3. As p — oo, we have convergence

(uy ,uy v, 0 ) — (u”,u® 07, 0"7)  thatis strongin U™ xUT x V™ x VT,
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68 RUDOQY et al.

Theorems 2 and 3 are proved similarly to those in [13, 14, 24]. In these papers, a domain decomposi-
tion method for various models of elastic bodies with cracks with possible contact between the faces is
proposed.

The following estimate follows from [13, 14]:

0< [ i (g — ) s+ [ (e (g = ) + g = ) s
Ye S\Ye

K
(e g = )+ (= i) s+ (s (= ) + B o)) ds < SRRNCE]
P Y

where K is a constant depending on the functions f and g; h4 and h _ have the form

w(z) if v(z) >0,

b (w)() = { |
0 if w(z) <0,

Note that if, for instance, hy (u,; — u.};) > 0 at some point 2 € X\ 4, the subdomains  _ and Q2

“diverge” at this point, and the condition h _ (u;; — v%;) > 0 indicates that the subdomains  _ and €,

overlap. Thus, the estimate (12) makes it possible to assess the accuracy of approximation of the solution
to the problem (10) by the solutions to the problems of finding saddle points (11).

5. ITERATIVE ALGORITHM FOR SOLVING THE PROBLEM

Letp > ¢, where cis the constant from Theorem 2. Let Py and PA;t denote the operators of projection

onto the sets A7, A%, and A;'E, respectively, which have the following simple form in the spaces La(v.),
Lao(2\ 7.)?, and Ly(X)?:

0 it w(z) <0,
PAgw(af) =94 w(x) if 0 <w(x) <p,
p  iTw(x)=p,
Pag(wi,wg) = Pys (wr,wg) = (P(wn), P(ws) )
where

—p il wi(x) < —p,
P(wi)(x) = § wi(z) if —p<uwi(z)<p, =12

p it wi(z) > p,

To solve the problem (11), which approximates (1)—(8), we propose the following Uzawa algorithm:

1. Iteration k = 0. Specify arbitrarily u € AS, p90 € Aj, p=% € A, and ™0 € A
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NUMERICAL SIMULATION OF EQUILIBRIUM 69

2. Forevery k > 0, find (u™F, u™* v=" vF) as solutions to the following linear problems:

/aij(u—*)sij(u—)dz+/ucvku;uids+ / uggka; ds+/u;7ku; ds
2

Q_ Ve S\7e

- / fiurds Ya~ €U,

T'nyno—
k - . Joo +k
/Jij(uJ“ Jeij(u™) da:—/,uc’ u;jvds — / :“Zi u?ds%—/ui u; ds
Q+ Ye E\’yc »

= / fiufds VateUT,

'nnoQy
/pij(v_7k)5ij(ﬁ —) dr — /'ul—,kz—jl— ds = / gZQ_}Z_ ds Vv~ € V_,
Q_ P T'nyno—

/pij (v+7k)€ij (17 +) dr — /,u:rkv:r ds = / giz’)j ds YoteVT.
Qi 2 I'nnoQy
3. Define p&**1 =%+ and p+*+1 by the formulas
Mc,k—i—l — PA; (Nc,k + Q(UZ—JL’ - ’U,Z—-i_’k)yi>,
pok 1 = Py (Ng,k Ok — u—i—,k))’
okt = Py (M—,k +O(uk — U—,k))’
phktl = Py (M+’k +0(utk — U+7k))'

4. Stop, otherwise k = k + 1, and go to step 2.

The convergence of the sequence (u™F, u™* v=F v™k) to the solution (u,,u}, v, ,v}) of the

regularized problem (11) as k — oo follows from general theorems of convergence of Uzawa-type
algorithms (see, for instance, [25, 26]). Therefore, the following theorem is valid.

Theorem 4. There exists a number 8* > 0such that forall 0 € (0,60%) the sequence (u_’k, utk vk,

vtk strongly converges to (u, ,uf, v, vf) inU™ x UT x V= x VT ask — oo.

Remark. The number 8* depends on the norms of trace operators acting from H%D(Qi) to Ly (X).

6. EXAMPLES OF NUMERICAL CALCULATIONS

Let @ = (—1,1) x (—1,1) be a square domain divided into two subdomains as follows:

Q_=(-1,1) x (-1,0), Q= (-1,1) x (0,1)
with a common boundary
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70 RUDOQY et al.

Y =(-1,1) x {0}.
Assume that v, = (—1/2,1/2) x {0} is a crack lying on . Also assume that on

I'p=({-1}u{1}) x(-1,1)

both bodies are fixed. Let I'y, = (=1,1) x {1} and I'y, = (—1,1) x {—1} denote the upper and lower
boundaries of the square €2, respectively.
Let both bodies be isotropic and homogeneous, that is, the following relations are valid:

o (u) = 2ur + A)eri(u) + Aeaa(u), p11(v) = (22 + A2)e11(v) + Aagaa(v),
o12(u) = o21(u) = 2pu1e12(1), p12(v) = p21(v) = 2p2e12(v),
ooa(u) = Aeri(u) + (21 + A1)eaa(u), P22(v) = Aae11(v) + (212 + A2)e2a(v),
where
E; 204 .
i ) )‘Z = ) = 17 2.
Hi= o0 4+ u) 1—2p," "

We take the following material parameter values:

vy = 028, E1 = 200 FGP&,
vy = 0.32, Ey = 112T'GPa.

It is assumed that in all the numerical experiments p = 107. Also, as a termination criterion of the
algorithm, we take

max(“u"’“—u—’k-1|w- lut —ut g o — o=k Hv+”“—v+”“‘1Hv+><1o—6
e e A [

The spaces U* and V* are approximated by finite element spaces consisting of piecewise linear
functions, P1-Lagrange elements (see [27, 28]).

Example 1. Partial crack closure. Assume that external loads f = 107312 on I'yand f = —1073
on T} are applied to one body (material parameters with index 1), whereas the other body is without load,
thatis,g =0onI"y U F;{,.

Let P denote the number of triangle vertices lying on 3, and let M be the number of triangle vertices
on the external boundary 0€2. Let 6 = 65. The table presents the results of executing the algorithm given
in Section 5 for various triangulations of the subdomains Q@ _ and Q, h*. and ht_denote the minimal

Calculation results
P M hl.  hmax B hihax Nod™ Triang~ Nod™ Triangt iter
12 32 0172 0358 0.202 0.358 68 106 67 104 843
24 48 0.081 0.260 0.085 0.239 163 276 164 268 1164
48 80 0.041 0.155 0.041 0.151 498 906 498 906 1416
96 144 0.018 0.084 0.021 0.086 1733 3296 1716 3262 1909

200 256 0.0091 0.045 0.0098 0.047 6056 11782 6133 11936 2402
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Y Y
1.07 ; 1.0
0.854 0.804
0.640 0.603
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Fig. 1. Partial crack closure.
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Fig. 2. The number of iterations versus the parameter 6.

and maximal sizes of triangulation cells, Nod™, the number of triangle vertices, Triang™, the number
of triangles in the domains €4, and iter, the number of iterations to terminate the algorithm.

Figure 1 shows the deformed bodies with an increasing coefficient of 500 in both axes and distribu-
tions of von Mises stresses (left: body with load, right: body without load).

Figure 2 presents the number of iterations versus the relaxation parameter 6 for two partitions of the
domain 2: P/M = 12/32 (curve Mesh 1) and P/M = 48/80 (curve Mesh 2). The curves show that as 6
increases, the number of iterations decreases. For Mesh 1, the algorithm starts to diverge at § = 78, and
for Mesh 2, it diverges already at § = 75. Note that at # < 10 the algorithm converges, but the number
of iterations increases considerably.

Thus, comparing the curves, we can give the following recommendations for choosing an optimal
value of the relaxation parameter 6: First, the algorithm should be tested on a coarse mesh for which the
running time is small, and then the thus-obtained values of the parameter 6 should be used on a fine
mesh.

[t was mentioned in the introduction that in the case of linear boundary conditions on crack faces
there exist solutions at which the crack faces penetrate into each other. Figure 3 shows a deformed body
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-1.0 —0.6 —0.2 0.2 0.6 1.0

Fig. 3. Linear problem.
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Fig. 4. Full crack opening.

(left: a domain after deformation and the distributions of von Mises stresses, right: the jump along the
pasting line of the bodies ) with the same load but without the condition of non-penetration between
the crack faces. The domain triangulation corresponds to P =96 and M = 144, and the number of
iterations iter = 1931.
Example 2. Full crack opening. Assume that the following forces are applied to Fﬁ: for the first body,
f=-10"3u onT'y and f = 1073u; on I'}; the other body is without load, thatis, g = 0 on 'y, UT.
The configurations of the bodies after deformations (with an increasing coefficient of 100 in both axes)
and the distributions of von Mises stresses are shown in Fig. 4 (left: first body, right: second body). In
this example P = 96, M = 144, and the number of iterations iter = 2113.
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