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A stabilized Lagrange multiplier method for the
enriched finite-element approximation of contact
problems of cracked elastic bodies

S. AMDOUNI !, P. HILD 2, V. LLERAS ?, M. MOAKHER %, Y. RENARD °

Abstract

The purpose of this paper is to provide a priori error estimates on the approximation of
contact conditions in the framework of the eXtended Finite-Element Method (XFEM). This
method allows to perform finite-element computations on cracked domains by using meshes
of the non-cracked domain. We consider a stabilized Lagrange multiplier method whose
particularity is that no discrete inf-sup condition is needed in the convergence analysis. The
contact condition is prescribed on the crack with a discrete multiplier which is the trace on
the crack of a finite-element method on the non-cracked domain, avoiding the definition of
a specific mesh of the crack. Additionally, we present numerical experiments which confirm
the efficiency of the proposed method.

1 Introduction

With the aim of gaining flexibility in the finite-element method, Moés, Dolbow and Belytschko
[33] introduced in 1999 the XFEM (eXtended Finite-Element Method) which allows to perform
finite-element computations on cracked domains by using meshes of the non-cracked domain.
The main feature of this method is the ability to take into account the discontinuity across the
crack and the asymptotic displacement at the crack tip by addition of special functions into the
finite-element space. These special functions include both non-smooth functions representing
the singularities at the reentrant corners (as in the singular enrichment method introduced in
[40]) and also step functions (of Heaviside type) along the crack.

In the original method, the asymptotic displacement is incorporated into the finite-element
space multiplied by the shape function of a background Lagrange finite-element method. In
this paper, we deal with a variant, introduced in [13], where the asymptotic displacement is
multiplied by a cut-off function. After numerous numerical works developed in various contexts
of mechanics, the first a priori error estimate results for XFEM (in linear elasticity) were recently
obtained in [13] and [35]: in the convergence analysis, a difficulty consists in evaluating the local
error in the elements cut by the crack by using appropriate extension operators and specific
estimates. In the latter references, the authors obtained an optimal error estimate of order h (h
being the discretization parameter) for an affine finite-element method under H? regularity of

the regular part of the solution (keeping in mind that the solution is only H 3e regular).
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Let us remark that some convergence analysis results have been performed on a posteriori
error estimation for XFEM. A simple derivative recovery technique and its associated a posteriori
error estimator have been proposed in [10, 11, 12, 38]. These recovery based a posteriori error
estimations outperform the super-convergent patch recovery technique (SPR) introduced by
Zienkiewicz and Zhu. In [24], an error estimator of residual type for the elasticity system in two
space dimensions is proposed.

Concerning a priori error estimates for the contact problem of linearly elastic bodies ap-
proximated by a standard affine finite-element method, a rate of convergence of order h3/4
can be obtained for most methods (see [8, 23, 32] for instance). An optimal order of h (resp.
hy/|log(h) | and hy/|log(h) |) has been obtained in [27] (resp. [8] and [7]) for the direct ap-
proximation of the variational inequality and with the additional assumption that the number
of transition between contact and non contact is finite on the contact boundary. However, for
stabilized Lagrange multiplier methods and with the only assumption that the solution is in
H?(), the best a priori error estimates proven is of order h%/* (see [26]). This limitation may
be only due to technical reasons since it has never been found on the numerical experiments. It
affects the a priori error estimates we present in this paper.

Only a few works have been devoted to contact and XFEM, and they mainly use two meth-
ods to formulate contact problems: penalty method and Lagrange multiplier method. In penalty
method, the penetration between two contacting boundaries is introduced and the normal con-
tact force is related to the penetration by a penalty parameter [31]. Khoei et al. [29, 30] give the
formulation with the penalization for plasticity problems. Contrary to penalization techniques,
in the method of Lagrangian multipliers, the stability is improved without compromising the
consistency of the method. Dolbow et al. [15] propose a formulation of the problem of a crack
with frictional contact in 2D with an augmented Lagrangian method. Géniaut et al. [16, 17]
choose an XFEM approach with frictional contact in the three dimensional case. They use a
hybrid and continuous formulation close to the augmented Lagrangian method introduced by
Ben Dhia [9]. Pierres et al. in [36] introduced a method with a three-fields description of the
contact problem, the interface being seen as an autonomous entity with its own discretization.

In all the works cited above, a uniform discrete inf-sup condition is theoretically required
between the finite-element space for the displacement and the one for the multiplier in order to
obtain a good approximation of the solution. However, a uniform inf-sup condition is difficult
to obtain on the crack since it does not coincide with element edges. Consequently, we consider
a stabilization method which avoids the need of such an inf-sup condition. This method, which
provides stability of the multiplier by adding supplementary terms in the weak formulation, has
been originally introduced and analyzed by Barbosa and Hughes in [3, 4]. The great advantage
is that the finite-element spaces on the primal and dual variables can be chosen independently.
Note that, in [39], the connection was made between this method and the former one of Nitsche
[39]. The studies in [3, 4] were generalized to a variational inequality framework in [5] (Signorini-
type problems among others). This method has also been extended to interface problems on
non-matching meshes in [6, 19] and more recently for bilateral (linear) contact problems in [22]
and for contact problems in elastostatics [26].

None of the previous works treats the error estimates for contact problems approximated
by the XFEM method. The rapid uptake of the XFEM method by industry requires adequate
error estimation tools to be available to the analysts. Our purpose in this paper is to extend the
work done in [26] to the enriched finite-element approximation of contact problems of cracked
elastic bodies.



The paper is organized as follows. In Section 2, we introduce the formulation of the contact
problem on a crack of an elastic structure. In Section 3, we present the elasticity problem
approximated by both the enrichment strategy introduced in [13] and the stabilized Lagrange
multiplier method of Barbosa-Hughes. A subsection is devoted to a priori error estimates follow-
ing three different discrete contact conditions. Finally, in Section 4, we present some numerical
experiments on a very simple situation. We compare the stabilized and the non-stabilized cases
for different finite-element approximations. Optimal rates of convergence are observed for the
stabilized case. The influence of the stabilization parameter is also investigated.

2 Formulation of the continuous problem

We introduce some useful notations and several functional spaces. In what follows, bold letters
like u, v, indicate vector-valued quantities, while the capital ones (e.g., V, K, ...) represent func-
tional sets involving vector fields. As usual, we denote by (L2(.))? and by (H*(.))%, s > 0,d = 1,2
the Lebesgue and Sobolev spaces in d-dimensional space (see [1]). The usual norm of (H*(D))?
is denoted by || - ||s,p and we keep the same notation when d = 1 or d = 2. For shortness, the
(L?(D))%-norm will be denoted by || - ||p when d = 1 or d = 2. In the sequel the symbol | - | will
denote either the Euclidean norm in R?, or the length of a line segment, or the area of a planar
domain.

We consider a cracked elastic body occupying a domain €2 in R%2. The boundary 92 of €,
which is assumed to be polygonal for simplicity, is composed of three non-overlapping parts I'p,
'y and I'c with meas(I'p) > 0 and meas(I'¢) > 0. A Dirichlet and a Neumann conditions
are prescribed on I'p and I'y, respectively. The boundary part I'c represents also the crack
location which, for the sake of simplicity, is assumed to be a straight line segment. In order to
deal with the contact between the two sides of the crack as a contact between two elastic bodies,
we denote by I'cy and T'c_ each of the two sides of the crack (see Fig. 1). Of course, in the
initial configuration, both I'cy and I'c_ coincide. Let n = n™ = —n~ denote the normal unit
outward vector on I'c.

Figure 1: A cracked domain.

We assume that the body is subjected to volume forces f = (f1, f2) € (L?(£2))? and to surface
loads g = (g1,92) € (L?(T'x))?. Then, under planar small strain assumptions, the problem of
homogeneous isotropic linear elasticity consists in finding the displacement field u : Q — R?



satisfying

(1) dive(u)+f = 0 in Q,
(2) ou) = A tre(u)l+2u, e(u), in ©,
(3) u = 0 on I'p,
(4) oun = g on Ty,

where o = (045), 1 <,j < 2, stands for the stress tensor field, e(v) = (Vv+Vv')/2 represents
the linearized strain tensor field, A\, > 0, p, > 0 are the Lamé coefficients, and I denotes the
identity tensor. For a displacement field v and a density of surface forces o(v)n defined on 952,
we adopt the following notations:

vi=vyint +oft, v =u,n +o,t and o(v)n=o,(v)n+ o (v)t,

where t is a unit tangent vector on I'c, v© (resp. v7) is the trace of displacement on I'c on the
F'g side (resp. on the I'; side). The conditions describing the frictionless unilateral contact on
I'c are:

(5) [un] = w,t +u, <0, on(u) <0, op(u) - [un] =0, oi(u) =0,

where [u,] is the jump of the normal displacement across the crack I'c.

We present now some classical weak formulation of Problem (1)—(5). We introduce the
following Hilbert spaces:

V:{VE(Hl(Q))Z: v:OonFD}, W:{vn’FC:VEV},

and their topological dual spaces V', W', endowed with their usual norms. Since I'c is a
straight line segment, we have HOIO/Q(FC) C W c HY*(I'¢) which implies W' ¢ H~Y*(I'¢) =
(H 010/ 2(T¢))'. We also introduce the following convex cone of multipliers on T'¢:

M~ = {u EW': (1) 20 forall € W, <0 ae. on FC},

where the notation (-, '>W’,W stands for the duality pairing between W’ and W. Finally, for u
and v in 'V and p in W’ we define the following forms

a(u,v) = /Qa(u) ce(v) d9, b(p,v) = {u, [[vn]]>W,7W

L(v) = /f-de+/ g-vdl.
Q I'n

The mixed formulation of the unilateral contact problem (1)—(5) consists then in finding
u € Vand A € M~ such that

a(u,v) —b(A,v) = L(v), Vv eV,
(6)
b(p— A,u) >0, VYpueM™.
An equivalent formulation of (6) consists in finding (u,A) € V x M~ satisfying

ZL(u,p) <L\ < Z(v,\), WeV, VueM,



where Z(+,-) is the classical Lagrangian of the system defined as

L(v,p) = %a(v,v) — L(v) — b(u,v).

Another classical weak formulation of problem (1)—(5) is given by the following variational
inequality: find u € K such that

(7) a(u,v—u) > L(v—u), Vv e K,

where K denotes the closed convex cone of admissible displacement fields satisfying the non-
interpenetration condition

K={veV: [v]<0onTl¢}.

The existence and uniqueness of (u, A) solution to (6) has been established in [20]. Moreover, the
first argument u solution to (6) is also the unique solution of problem (7) and one has A\ = o, (u)
is in W'.

3 Discretization with the stabilized Lagrange multiplier method

3.1 The discrete problem

We will denote by V# € V a family of enriched finite-dimensional vector spaces indexed by &
coming from a family 7" of triangulations of the uncracked domain Q (here h = maxype7h hr
where hp is the diameter of the triangle 7'). The family of triangulations is assumed to be
regular, i.e., there exists 8 > 0 such that VT € T", hy/pr < B where pr denotes the radius of
the inscribed circle in T" (see [14]). We consider the variant, called the cut-off XFEM, introduced
in [13] in which the whole area around the crack tip is enriched by using a cut-off function denoted
by x(-). In this variant, the enriched finite-element space V" is defined as

4
Vh = {Vh € (%(Q))Q : Vh = Z a;Y; + Z biH(pi + chjﬂ’ a,-,bi,cj S RQ} C V.
i€ENRL iENH J=1

Here (%(Q))? is the space of continuous vector fields over Q, H(-) is the Heaviside-like function
used to represent the discontinuity across the straight crack and defined by

Hx) = {+1 i (x = x)- n* > 0,

-1 otherwise,
where x* denotes the position of the crack tip. The notation ¢; represents the scalar-valued shape
functions associated with the classical degree one finite-element method at the node of index 1,
N}, denotes the set of all node indices, and N, ,{{ denotes the set of nodes indices enriched by the
function H(-), i.e., nodes indices for which the support of the corresponding shape function is
completely cut by the crack (see Fig. 2). The cut-off function is a third order polynomial on
[ro, 1] such that:

x(r)=1 if r <o,
x(r) € (0,1) ifrg<r<ry,
x(r)=0 if r>rq.



The crack tip triangle Non-enriched
(non enriched by H) V f triangles

Enrlched by H enrlched by H
@ Heaviside enrichment

Figure 2: A cracked domain.

The functions {F}(x)}1<j<4 are defined in polar coordinates located at the crack tip by

(8) {Fj(x), 1<j<4} = {\/;sinz,ﬁcosg, \/;singsinﬁ, \/;cosgsinﬁ} )

An important point of the approximation is whether the contact pressure o, is regular or
not at the crack tip. If it were singular, it should be taken into account by the discretization of
the multiplier. Nevertheless, it seems, that this is not the case in homogeneous isotropic linear
elasticity. This results has not been proved yet, and seems to be a difficult issue. However, if we
consider the formulation (6) and if we assume that there is a finite number of transition points
between contact and non contact zones near the crack tip, then we are able to prove (see Lemma
A.1in Appendix A) that the contact stress o, is in H/2(T'¢).

Now, concerning the discretization of the multiplier, let xg,...,x5 be given distinct points
lying in T (note that we can choose these nodes to coincide with the intersection between 77"
and T'¢). These nodes form a one-dimensional family of meshes of I'c denoted by TH. We set
H = maxo<i<n—1 |Xi+1 — Xi|. The mesh TH allows us to define a finite-dimensional space WH
approximating W’ and a nonempty closed convex set M7~ c WH approximating M ~:

M- = {MH e W . uH satisfy a “nonpositivity condition” on I’C} .

Following [26], we consider two possible elementary choices of W#:

WOH:{/LHELQ(FC> ptt 1™ GPo(Xi,Xi+1)7V0§i§N—1}7

X'L+1

Wle{,u,He%(Fc):u €P1(X1,Xi+1),V0§iSN—1}a

’(mewl)

where Py (FE) denotes the space of polynomials of degree less or equal to k on E. This allows to
provide the following three elementary definitions of MH~:

9) M ={p" ew :p¥ <0onTe},

(10) MIH_:{/LHEWlH:uHSOonFC},



(11) M- = {NH e wi ;/ pypHdr > 0,v ¢ ¢ MlH_}.
r

C

Now we divide the domain €2 into €2; and )y according to the crack and a straight extension of
the crack (see Fig. 3) such that the value of H(-) is (—=1)* on Q, k = 1,2. Now, let R be an
operator from V’ onto L?*(I'¢) which approaches the normal component of the stress vector on
I'c defined for all T € T" with TNT¢ # 0 as

T
O'n(ViL)v if |TﬁQl|27| 5 ’,
h _
¥ rere = IT|
Un(V§L>7 If | TﬂQQ ’ > T,

h
|2
This allow us to define the following stabilized discrete approximation of Problem (6): find

u" € VP and \¥ € MH~ such that

h _ yh h
where v = v o and vy =V

a(ul, vy — bOH vh) 4 /7(>\H _ Ry(u)Ra(vh)dD = L(v*), vt e VP,
|Ne]
(12)

b(p — N uh) + /7(,uH — MM — Ry, (u))dl > 0, vt e MH-
|Ne]

where v is defined to be constant on each element T as v = ~yghyr where vy > 0 is a given

constant independent of h and H. Problem (12) represents the optimality conditions for the

Lagrangian

£ ) = (v ") = L) = b v) = 5 [ = Ra(wh) P

We note that, without loss of generality, we can assume that I'c is a straight line segment
parallel to the x—axis. Let T € 7" and E = T'NT'¢. Then, for any v € V" and since o,,(v})
is a constant over each element, we have

T
IR, (V" lo.g = llon(vi)llo,p,  with i such that [T N ;| > |2|7
= loy(v)lo.e,
|E|1/2 ,
Wﬂayy(vi Mo, 700

1
-3 h
S hy? Hayy(vz‘ )HO,TﬂQw
1

v 2
- (’Yo> lloyy (VI llo.rne -

Here and throughout the paper, we use the notation a < b to signify that there exists a constant
C > 0, independent of the mesh parameters (h, H), the solution and the position of the crack-tip,
such that a < Cb.

By summation over all the edges £ C I'c we get

1 h h h
(13) 172 Ra(v™) 1§10 < Y0lloyy (V™[50 S 20l 117 0



Hence, when g is small enough, it follows from Korn’s inequality and (13), that there exists
C > 0 such that for any v* € V*

a(¥" ¥ = [H(BA)PAE 2 OV,
T'e

The existence of a unique solution to Problem (12) when ~q is small enough follows from the fact

that V* and MY~ are two nonempty closed convex sets, L(-,-) is continuous on Vi x WH,

L,(v".) (resp. L,(-,u')) is strictly concave (resp. strictly convex) for any v € V" (resp.

for any pf € MH~) and limvhevh7HVhllvh_>oo L,(vM'p) = +oo for any pff € M~ (resp.

L, (vh, uf) = —oco for any v € V"), see [20, pp. 338-339).

birm a9 )y 1 =00

3.2 Convergence analysis
First, let us define for any v € (H(2))? and any u € L?(T¢) the following norms:

vl = a(v,v)'/,

1/2
vl = (VI + I 2l )

In order to study the convergence error, we recall the definition of the XFEM interpolation
operator 11" introduced in [35].

-
[N

Figure 3: Decomposition of 2 into 21 and .

We assume that the displacement has the regularity (H?(Q))? except in the vicinity of the
crack-tip where the singular part of the displacement is a linear combination of the functions
{Fj(x)}1<j<a given by (8) (see [18] for a justification). Let us denote by uy the singular part of
u, u, = u — yu, the regular part of u, and u¥ the restriction of u, to Q, k& € {1,2}. Then, for
k € {1,2}, there exists an extension u¥ € (H2(Q2))? of u¥ to Q such that (see [1])

[zl < lupllze,

92l < lufll2.,-
Definition 3.1 ([35]). Given a displacement field u satisfying u — us € H*(Q), and two exten-
sions 0l and u? in H*(Q) of ul and u2, respectively, we define TI"u as the element of V" such
that
Ma = > awp + Y biHp + xu,,
iEN, ieNH

where a;, b; are given as follows for y; the finite-element node associated to @;:

ifi € {INW \ N} then a; = u,(y;),

ifi € NP and y; € Q for k € {1,2} then forl=3—k:



(a) A totally enriched triangle (b) A partially enriched triangle (¢) The triangle containing the
crack tip

Figure 4: The different types of enriched triangles. The enrichment with the heaviside function
are marked with a bullet.

From this definition, we can distinguish three different kinds of triangle enriched with the
Heaviside-like function H. This is illustrated in Fig. 2 and in Fig. 4. A totally enriched
triangle is a triangle whose finite-element shape functions have their supports completely cut
by the crack. A partially enriched triangle is a triangle having one or two shape functions
whose supports are completely cut by the crack. Finally, the triangle containing the crack tip
is a special triangle which is in fact not enriched by the Heaviside-like function. In [35], the
following lemma is proved:

Lemma 3.2. The function I"u satisfies
(i) T"u = I™u, + yu, over a triangle non-enriched by H,
(ii) Thu|rng, = I"aF + xus over a triangle T totally enriched by H,

where I denotes the classical Lagrange interpolation operator for the associated finite-element
method.

It is also proved in [35] that this XFEM interpolation operator satisfies the following inter-
polation error estimate:

(14) lu — "] S Aflu — xus20,

For a triangle T' cut by the crack, we denote by ErfpuT the polynomial extension of HhuT|Tin
on T (i.e. the polynomial Hhur];mgi extended to T"). We will need the following result which
gives an interpolation error estimate on the enriched triangles:

Lemma 3.3. Let T an element such that T NT'c # 0, then for i € {1,2} then the following
estimates hold:

I - Ewlor < h%(uﬁAbga—rﬁi—iﬁ|23@ﬁmg),

I - B, e < m@mmﬂwm—ﬁbﬂmwﬂ,

where hp is the size of triangle T and B(x*, hr) is the ball centered at the crack tip x* and with
radius hrp.



The proof of this lemma can be found in Appendix B. Let us now give an abstract error
estimate for the discrete contact problem (12).

Proposition 3.4. Assume that the solution (u,\) to Problem (6) is such that A € L*(T'¢). Let
Yo be small enough. Then, the solution (u, A1) to Problem (12) satisfies the following estimate

I N 1 S [inf (Hy(u_vh,anm)_Rh<vh>)m2+|w1/2<ﬂunu—[[v2ﬂ>|r%,rc>

vhevh

+ inf [ (u— M) [u,]dl
weM= Jrg

T+ onf / (1 = N)([ul] + (N — Rh<uh>>>dr] .

pHeM o
Proof. (This proof is a straightforward adaptation of the proof in [26]) We have
IV 2 = M) B r, = /w\QdF —~ Q/VA)\HdF + /V(AH)%ZF.
’ T'c I'c |¥e]
From (6) and (12) we obtain

[ < [+ [ (0= Nuadr = [ 31— Nra(w)dr, ¥ e M
T'e I'c T Tc

Jropar < [axtutar + [ i - ADEALE -~ [5( < XORyE, ¥ i € M,

T'e Ie Pe le

which gives

MO XDl < [ NN [ X o )
~ [2tn = Nou(dr + [ = NOIar =[5 = X Ry )i
o o o
= [ Al + [ (= N([] + AN Baa))ar
I'c Te
- /F Y = ) (o) — Ry(u"))dT
(15) +/(>\H — N ([un] = [ul])dr, Vpe M~V e M~
e

According to (12) for any v* € V* we have

lu—u"|? = a(u—u",u-uh)
= a(u—u",u—v" +a(u—u",vh—u
= a(u—utu—vh) ¢ /()\ (] — [h])dr
|Ne]
(16) + /F YO — By(uh)) Rp(v" — uh)dr.

10



From the addition of (15) and (16), we deduce
2
’H (u —ul, ) - /\H) H‘ < a(u—u",u—v" + /()\ — M) ([0 = [un])dl + /(,u — A [u,]dT
T'c Te

+ / (1 — N)([uh] ++(AF — Ry (u)))dr
T

C

(17) n / A= M) (0 () — Ry, (v")dT + / 7\ — Riy(u")) Ry (v — ul)r,

for all v € V" 1€ M~ and uf € MH~. The last term in the previous inequality is estimated
by using (13) and recalling that A = o,,(u) as follows

/F 7(A — Ry(u")Ry(v* — uh)dr

< 7 (on(w) = Bu(a")lorero 10 (Ba(v" = u")llo.re
S IV = w12 (n(w) = Rav")lore + 35 IR (Ra(v" = u") o )
S (v = w2 + 7" 2(0n(w) = Ra(v™)I . )

18) < (vollu —u"|® 4 q0llu = VP + 72 (n(w) = Ra(v") I

).

By combining (17) and (18), and using Young’s inequality we come to the conclusion that if
is sufficiently small then

[[CerRes ]k

< |t (Il =M+ (o) = BuvM) e + I ([m] = RADIG )
+oinf (- A)[un]dD +  inf / (i — N[l + A — Ry(u))dr |,
peM— Jr, pHeMi= Jp,
and hence the result follows. ]

In order to estimate the first infimum of the latter proposition, we first recall the following
scaled trace inequality (see [21]) for T € 7" and E = T NT¢:

(19) lollo.e S (hz lellor + > Wollor) Vo e HA(T).

We can deduce the following estimate :

Iy 2 ([l = [0T) -0 o < 1y~ 3([u] = [0 u]) o,
< 2w =g llos + (w2 = g, o
< VA = g llo.s + @ - Ty, )
< b Phy PlE - Bhullor + by 2hi? |Vl - VERu o,

hp ! 6] — B o+ by hy [V~ VEfu o,
and by using Lemma 3.3 (see Appendix B) we have:

72 = 100 w) 0D o S A (8 o + 18 o+ | 7= 2 oo )

11



By summation over all the edges we obtain

(20) Iy 2 ([un] = (") - n])llore S hllu — xugllzo.

It remains then to estimate ||y'/2(c,(u) — Ry, (T1"u))|jo,r.. Still for T € T and E = T NT¢,
assuming, without loss of generality, that I'c is parallel to the x—axis and by using the trace
inequality (19) we have

. . T
||0n(u)—Rh(Hhu)||0,E = Ho*n( r) — n(Hhur|Tin)||0,E, with 7 such that |TﬂQi|2|2|,

= |on(ul ur|TﬂQ)

l o~
< ( oy (@ — Eiu)llor + b Voyy (& ETunHOT)

_1
_ ( oy (& — Bru)or + h2| Voyy(@ >||0T)
< <h;2|| ~ Bl + b ||ur||n)

Then, by summation over all the edges and using again Lemma 3.3 the following estimate holds

(21) IV (on(w) = Ry (I")) ore S hllu— xus]20.

Putting together the previous bounds (14), (20) and (21) we deduce that

inf OH(u—vh,an( ) — Ru(v )H\ v Y2 ([un] — DI

vhevh
(22) < PPlu — xulf3 -

)

Finally, we have to estimate the error terms in Proposition 3.4 coming from the contact approx-
imation:

(23) #Hgg,{, /FC (" = X ([up] + (A = Ry (u")))dr
and
(24) Mg} F(Cu — M) [u,]dr.

In order to estimate these terms, we need to distinguish the different contact conditions (i.e.,
we must specify the definition of M*~). We consider hereafter three different standard discrete
contact conditions.

3.2.1 First contact condition: M7~ = My~

We first consider the case of nonpositive discontinuous piecewise constant multipliers where
M*H~ is defined by (9). The error estimate is given next.

Theorem 3.5. Let (u, \) be the solution to Problem (6). Assume that u, € (H*(Q))2. Let o be
small enough and let (u, \) be the solution to the discrete problem (12) where M= = M~
Then, for any n > 0 we have

[ (w =t 2= N[} < (rllu=xus 2+ B 22 A o e+ HEA 2 a5 0N o).

12



Proof. Choosing p = 0 in (24) yields

inf
HEM™ JT o r

(1 — M) [u,]dl < —/AH[[un]]dr <0.

In (23) we choose uff = wlf\ where m{! denotes the L?(I'¢)-projection onto W . We recall that
the operator mf is defined for any v € L?(I'¢) by

v e Wi, /(U—Wé{v)udF:Q Ve Wi,
Te

and satisfies the following error estimates for any 0 < r <1 (see [8])

(25) H™2 o = mgoll 1200 + lv = 76 vllore <

Clearly, Wé{ AE Méq ~ and

inf, [ = (] = R < [ (affa - Vfudlar
Te

pHeME~

(26)

H[v]lrre-

~

Te

+/F y(mEX = (M — Ry (u™))dT.

The first integral term in (26) is estimated using (25) as follows

[ -l -
le

<
N

/ (md A = N)([u] — [un])dT + / (2 = ) [un]dT
Pe

Pe

/F (2 = ) ([k] ~ )l + [ (73 = N)(fun] - 78 Lun)

e
176" X = M- 1j2.00 1Tun] = undll1 2 + 176X = Mo,relfun] = 78 [unlllore

HI|[A[1j2r0 1o = u|| + B3N] o r [ [n]1—,0c

Therefore, for any o > 0 we have
[ = ndar
le

(27) S allu—u"|? + o BN o, + o HYPTIAR y p + @ PS5 g

For the second integral term in (26), by using the estimates (25), (13), (21), we have

[ A= N = Ry ar = [ e O -
I'c Te

+/F V(@G A = A)(on(w) — Ry(IT"w))dl

+/ V(XA = A) (R, (IT"a) — Ry, (u'))dT
I'e

N

W12l A = Morally A = Nllore
0 W2 ! A = Mo 7'/ (0n(u) = Ra(1"0))fore
+Vé/2h1/2|’7réq>\ — More 72 Ry(@a = u") o

20 B H Ml O = Mllore

0 2R HY Ao, Bl — xugll2.0

+y0h' PHY2 | Al j2,r 0" — T

N

13



Since [[u? — TTMu|| < [Ju — u”|| + hllu — xusl|2., for any a > 0 sufficiently small, we deduce

/F (X = N\ = Ry (u"))dl

(28) S allu—u"P +ally PO = NIEr, +ah®lu - xugl3o + o RHAIR o r

~

Then, by using the inequalities (22), (26), (27), (28) and Proposition 3.4 the proof of the theorem
follows. g

3.2.2 Second contact condition: M7~ = M-

Now, we focus on the case of nonpositive continuous piecewise affine multipliers where M7~ is
given by (10).

Theorem 3.6. Let (u, \) be the solution to Problem (6). Assume that u, € (H*(Q))2. Let o be
small enough and let (u", \T) be the solution to the discrete problem (12) where M= = M~
Then, we have for any n > 0

1— 1—
[(w=w" A= XY || < pllu = xusllza + (F + BN jare + H 2 ullsjs g
Proof. We choose p = 0 in (24) which implies

inf [ (u— M) [u,]dl < —//\H[[un]]dl“ <0.
peM- I'c I'c

In the infimum (23) we choose uf = 0. So

it [ = (] 2O — Riy(a)dr
pHeM; T'c

< - / AT + /(A — Ry (u?)))dr
NG}

= — [ XrH([ul] +~yO\H — Ry, (u™)))dT
Fe

- / AT+ AAF — Ry(u)) — o ([uh] +4(X — Ry (u?))))dr

< _/F Mlup] +~N = Ry(u")) = ([uz] + v\ = Ry, (u"))))dl

@) = [ ACT[ - RN+ [ ACTGON = B(u) = 9~ Ra(a)),
T'e Te
where r : LY(T¢) — W is a quasi-interpolation operator which preserves the nonpositivity

defined for any function v in L!'(I'¢) by

rHy = Z ax (V) Y,

xeNH

where N represents the set of nodes xg, ..., xx in I'c, ¥ is the scalar basis function of WlH
(defined on I'c) at node x satisfying 1x(x’) = dx for all X' € N and

ax(v) = (/FC - dF> ( [ s dl“)_l.

14



The approximation properties of 7/ are proved in [25]. We simply recall hereafter the two
main results without proof. The first result is concerned with L2-stability property of 7.

Lemma 3.7. For any v € L>(T¢) and any E € TH we have

I vl < v

~

0,vg>
where yg = U{FeTH; FOE;A(Z)}F‘

Note that the proof of this lemma given in [25] uses the assumption that the mesh T
is quasi-uniform (the quasi uniformity is needed in [25] since inverse inequalities were used).
A straightforward calculation shows that the quasi-uniformity assumption is not necessary to
obtain the L2-stability. The second result is concerned with the L?-approximation properties of

.

Lemma 3.8. For anyv € H'(I'c), 0<n <1, and any E € T we have

(30) ||lv — iy

0,E S Hn”””mww
where Vg = Ul pepn. prppo}E-

Consequently, the first integral term in (29) is estimated using (30) as follows

/F A [ul] — [uh])dr / N ([u] = Fanl) = (0] = Bl + [ 367 f] = ),

INe;

IA

< MloreHY2la —u" | + [ Moo B [unllh—nro
S M yere HY 2w =" + A1 jore H " [unl li—n,re
< HY2 A jargllu—w”l + H 2 [ Muyare H 2 [Tunll1i-nre-
Therefore, for any o > 0 we write
/ A" - [
(31) < allu—u |2+ ol R, o+ EHTT + AR

Now, we consider the second integral term in (29):

/F G (1 (M — Ry(u))) — (A — Ry (u")))dT

< IMlore 7 (VAT = R (")) = 7(A = Ry (u"))llo.re

< Mlore YT = Rp(a™)lo,re

S BNl |72 (O = ) + 0n(w) = Ba(I') + Ry (I —u®) )| .
< % 2N e (IR = Mllore + bl = xusllzg + 56 fa = u"]) -

As a consequence, for any a > 0 we have
| AT = Bua) =2 = Rau))ar
C

(32) S a(fu—u P+ [y 2O = NIEre) + ah®lu = xus|3 o +a R o

The proof of the theorem then follows by using the inequalities (22), (29), (31), (32) and
Proposition 3.4. Il
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3.2.3 Third contact condition: M7~ = Mf*_

This choice corresponds to “weakly nonpositive” continuous piecewise affine multipliers where
MH~ is given by (11).

Theorem 3.9. Let (u, ) be the solution to Problem (6). Assume that u, € (H*(Q))?. Let o be
small enough and let (0, \1) be the solution to the discrete problem (12) where M7~ = Mf*_.
Then, for any n > 0 we have

[ (w = A=A || £ Bllu = xllza + (072 + H20) N o+ B 2H g0

Proof. By setting = 0 in (24) we obtain

inf [ (p—MND[u,Jd0 < — /AH[[unﬂdF,
HeEM= Jrea Tc

_ /F N (T [up] = [un])dl — / N TH [y, Jdr,

c Ie

/F N (T [uy] — [un])d,

IN

_ / OF = 2 (I [un] = [un])dT + / AT [un] = [un])dT,
T

c |Ne]

172 = Mllore Iy 27 [un] = [un])llo.re
+lIMllo.0e [ [un] = [un]llo.re
S Hl*nh*l/ZHUHE‘,/zfn,Q 2 = Mllore + H)\”1/2,FCH1777HUH3/24;,@

IN

where I is the Lagrange interpolation operator onto WlH . The operator I is defined for any
v € €(I'¢) and satisfies the following error estimates for any 1/2 < r < 2:

HU - IHUHO,FC S HTHU”T,FC'

Therefore, for any a > 0 we have

inf [ (0 — N [u,]dr
HEM™ Jro

(33) S ah T AT )3, o+ a7 (VAT =)

%,Fc + h”>\||?/2,rc)

In the infimum (23) we choose uf = 7\ where m# denotes the L?(I'¢)-projection onto Wi,
The operator W{{ is defined for any v € L?(T'¢) by

v e WH, / (v —mlv)pdl =0, Yue W,
e

and satisfies, for any 0 < r < 2, the following error estimates

(34) H71/2||U—7T{{U”71/2,FC +[lv — wffv

0Te < CHT”UHT,FC'

Clearly 7\ € Mﬁ{:, so that
inf / (1 — N)([ul] + (A — Ry(u)))dT
I'e

pHeM{’-

(35) < /F (rHX = M) [ul]dr + /F F(rHEX = NN — Ry, (u"))dr.
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The first integral term in (35) is estimated using (34) as follows

[ @i nmtar = [ @l (0l - i+ [ - ),
T'c el

|Gl

/F (e = A)([ul] — [un])dT + / (2 — A)([un] — 72 [un] )T

o]
A = M —1j2ro lTun] = Tunlllizre + 17 A = Mlorellfunl — 71 [un]llo.re

<
S HMyerelu— u’|| + H1/2H)\H1/2,FCH1777”‘1H3/24;,Q'

Therefore, for any o > 0, we have

/ (f A — ) [uldr
e
(36) < a2 B o) + o (R AR

~

For the second integral term in (35) by using the bounds given in (34), (13), (21) we get
[ A= T = Ry ar = [ (- O - i
I'c T'c
+ / V(A = M) (on(u) — Ry (I1"u))dl
|Ne]

4 / (X = N) (R (1) — Ry, (u))dT
|Ne]

A

VRN Nlore V2O = Mllore

0 WA = More v/ () = Bu(1'w)fo.re
0 W2t A = Mo |2/ Ba (0 = u") o,

W2 BPH N 2o PO = Vllore
+73/2h1/2H1/2H>\”1/2,Fch“u — XUsl|2,0
+yoh1/2H1/2H)\||1/2,FC||uh — 11|

A

Since |[u® — TTMu|| < [ju — u”|| + Chllu — xus]|2.0, for any small a > 0 we get
[ A= N = Ry ar
Te

37 S allu—u" P +ally PO = N, +ah®lu - xugl3o + o RHAR o r

Finally, the theorem is established by combining Proposition 3.4 and the inequalities (33), (35),
(36), (37) and (22). O

4 Numerical experiments

The numerical tests are performed on a non-cracked square defined by

Q= [0,1] x [-0.5,0.5],
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Figure 5: Cracked specimen.

and the considered crack is the line segment I'c: = ]0,0.5] x {0} (see Fig. 5). Three degrees of
freedom are blocked in order to eliminate the rigid body motions (Fig. 5). In order to have both
a contact zone and a non contact zone between the crack lips, we impose the following body
force vector field

Bl y) = ( 3.52(1 — x())ycos(27rx) ) ‘

Neumann boundary conditions are prescribed as follows:

0
= p— - . < < .
g(z,—0.5) = g(z,0.5) = ( 8 ) 0<z<l1.

An example of a non structured mesh used is presented in Fig. 6. The Numerical tests are
performed with GETFEM++, the C++ finite-element library developed by our team (see [37]).
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Figure 6: Non-structured mesh.
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4.1 Numerical solving

The algebraic formulation of Problem (12) is given as follows

Find U € RN and L € M such that
(38) (K- K,)U—(B—-Cy,)TL=F,
(L-LT(B-C)U +D,L)>0, VLe M,

where U is the vector of degrees of freedom (d.o.f.) for u”, L is the vector of d.o.f. for the
multiplier A, M is the set of vectors L such that the corresponding multiplier lies in MH—,
K is the classical stiffness matrix coming from the term a(u”,v"), F is the right-hand side
corresponding to the Neumann boundary condition and the volume forces, and B, K, C,, D are
the matrices corresponding to the terms b(A, v"), Jre YRy (u") Ry, (v dT, Jre YN Ry (vh) T,
fl“c AN 7 T respectively.

The inequality in (38) can be expressed as an equivalent projection

(39) L=P_, (L-r((B~C)U+D,L),

where r is a positive augmentation parameter. This last step transforms the contact condition
into a nonlinear equation and we have to solve the following system:

Find U € RN and L € M such that
(K- K,)U—-(B-C)'L-F=0,

1 [L — P, (L—r((B—-CyU+DyL)| =0.

r -

(40)

This allows us to use the semi-smooth Newton method (introduced for contact and friction
problems in [2]) to solve Problem (40). The term ‘semi-smooth’ comes from the fact that
projections are only piecewise differentiable. Practically, it is one of the most robust algorithms
to solve contact problems with or without friction. In order to write a Newton step, one has to
compute the derivative of the projection (39). An analytical expression can only be obtained
when the projection itself is simple to express. This is the case for instance when the set M~
is chosen to be the set of multipliers having non-positive values on each finite-element node of
the contact boundary (such as MOH ~ or MlH 7). In this case, the projection can be expressed
component-wise (see [28]).

In order to keep the independence between the mesh and the crack, the approximation space
WH for the multiplier is chosen to be the trace on I'c of a Lagrange finite-element method
defined on the same mesh as V" (in that sense H = h) and its degree will be specified in the
following. Let us denote X" the space corresponding to the Lagrange finite-element method.
The choice of a basis of the trace space WH = X h[rc is not completely straightforward. Indeed,

the traces on I'c of the shape functions of X* may be linearly dependent. A way to overcome
this difficulty is to eliminate the redundant functions. Our approach in the presented numerical
experiments is as follows. In a first time, we eliminate locally dependent columns of the mass
matrix ch P;p;dl’, where v; is the finite-element shape functions of X h with a block-wise
Gram-Schmidt algorithm. In a second time, we detect the potential remaining kernel of the
mass matrix with a Lanczos algorithm.

4.2 Numerical tests

In this section, we present numerical tests of the stabilized and non stabilized unilateral contact
problem for the following, differently enriched, finite-element methods: Py/ Py, P2/ Py, Py + /P,
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Py /Py, Pi/Py. The notation P;/P; (resp. P+ /P;) means that the displacement is approximated
with a P; extended finite-element method (resp. a P; extended finite-element method with an
additional cubic bubble function) and the multiplier with a continuous P; finite-element method
for j > 0 (resp. continuous P; finite-element method).

06" x 10
8
0.47
0.27 B
ol
4
-0.21
2
-0.47
' ‘ ‘ ' ‘ ‘ 0
-0.2 0 02 04 06 08 1
(a) Von Mises stress for the reference solution (b) Normal contact stress for the reference solution

Figure 7: Von Mises stress and normal contact stress for the reference solution

The numerical tests are performed on non-structured meshes with A = 0.088, 0.057, 0.03, 0.016,
0.008 respectively. The reference solution is obtained with a structured P»/P; method and
h = 0.0027. The von Mises stress of the reference solution is presented in Fig. 7(a). Its
distribution shows that the von Mises stress is not singular at the crack lips. The normal
contact stress of the reference solution is presented in Fig. 7(b). The normal contact stress is
not singular at the crack lips which confirms the theoretical result presented in Lemma A.1.

Without stabilization: The curves in the non stabilized case are given in Fig. 8(a) for the
error in the L?(€2)-norm on the displacement, in Fig. 8(b) for the error in the H'(Q)-norm on
the displacement and in Fig. 8(c) for the error in the L?(I'c)-norm on the contact stress. The
Py /P; method is not plotted because it does not work without stabilization. The P,/P; and
Py /Py versions generally work without stabilization even though a uniform inf-sup condition
cannot be proven. Fig. 8(a) shows that the rate of convergence in the error L?(f2)-norm is of
order 2.4 for the P,/ P; methods and of order 2 for the P; /P; methods. This rate of convergence
is close to optimality because the singularity due to the transition between contact and non
contact is expected to be in H?/2-(Q) for any 1 > 0. Theoretically, this limits the convergence
rate to 3/2 — 7 in the H!(Q)-norm. Fig. 8(b) shows that the rate of convergence in energy norm
is optimal for all pairs of elements considered. Fig. 8(c) shows that, except the P;/Py method,
the rate of convergence in the L?(I'c)-norm is optimal but there are very large oscillations. For
the P;/Py method the rate of convergence in the L?(I'¢)-norm is not optimal (of order 0.42). Tt
seems that the presence of some spurious modes affects this rate of convergence.

Stabilized method: The curves in the stabilized case are given in Fig. 9(a) for the error
in the L2(Q)-norm on the displacement, in Fig. 9(b) for the error in the H'(£2)-norm on the
displacement and in Fig. 9(c) for the error in the L?(I'¢)-norm of the contact stress. Similarly
to the non stabilized method, Fig. 9(b) shows that we have an optimal rate of convergence,
with a slight difference, for the error in the H'(€2)-norm on the displacement. Concerning the
error in the L?(£2)-norm the rate of convergence is affected by the stabilization for the quadratic
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Figure 8: Convergence curves in the non stabilized case
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Figure 10: Influence of the stabilization parameter in L?(I'c)-norm of the contact stress

elements P,/P; and P»/P,. For the error in the L?(I'¢)-norm of the contact stress, Fig. 9(c)
shows that the Barbosa-Hughes stabilization eliminates the spurious modes for the P;/P; and
Py /Py methods. For the remaining pairs of elements, the stabilization also allows to reduce the
oscillations in the convergence of the contact stress.
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Figure 11: Influence of the stabilization parameter for P;/Py method

The stabilization parameter is chosen in such a way that it is as large as possible but keeps
the coercivity of the stiffness matrix. To check the coercivity, we calculate the smallest eigen-
value of the stiffness matrix. For the L?(I'c)-norm on the contact stress, the value of the
stabilization parameter can be divided into two zones. A coercive area where the error decreases
when increasing the stabilization parameter 79 and a non-coercive zone where the error evolves
randomly according to the stabilization parameter (see Fig. 10(a) and 10(b)). Fig. 11 shows
that the stabilization parameter has no influence on the error in L?(Q) and H!(2)-norms of the
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displacement.

Conclusion

Concerning the three contact conditions we considered theoretically, the given a priori error
estimates are obviously sub-optimal. This limitation of the mathematical analysis is not specific
to the approximation of contact problems in the framework of XFEM. It is in fact particularly
true for the approximation of the contact condition with Lagrange multiplier. This is probably
due to technical reasons. The approximation with Lagrange multiplier is made necessary here
to apply the Barbosa-Hughes stabilization technique (see [26]).

In the numerical tests we considered, the stabilized methods have indeed an optimal rate
of convergence. More surprisingly, the unstabilized methods have also an optimal rate of con-
vergence concerning the displacement (except the P;/P; method whose linear system was not
invertible). This may lead to the conclusion that no locking phenomenon were present in the
numerical situation we studied despite the non-satisfaction of the discrete inf-sup condition. The
fact that such a locking situation may exist or not in the studied framework (contact problem
on crack lips for a linear elastic body) is an open question.

Appendix A : Singularity of the contact stress

Lemma A.1. Assume that we have a finite number of transition points between the contact and
the non contact zones on the crack lips, then the contact stress oy, is in H'/?(I¢).

Proof. Let m be a transition point which delimits two zones of nonzero lenght, a non contact
zone (u, < 0) and a zone where the contact is effective (u,, = 0). Moussaoui et al. [34] show that

2
where (r,0) are the polar coordinate relative to m and the crack. Consequently, the normal
contact stress is not singular near the transition points between the contact and the non contact
zones.

Now, we compute the singular part of the stress in the vicinity of the crack-tip. We can
restrict the study to the case of a contact occurring on a neighborhood of the crack-tip, since
A = 0 if there is no contact at the crack-tip.

Using the div-rot lemma, we rewrite the stress components in terms of an Airy function ¢ as
follows:

3
the asymptotic displacement near this transition point is no more singular than r3/2 sin (6?)

0%¢ 0%¢ 0%

Ope = —=) Oy = —=, Ogy = Oyp = ————.
oy’ Y 92’ v v Oxdy

In two-dimensional isotropic elasticity, the Hooke’s law is given by:

Oz = (A4 2u)ess + Aeyy,
Oyy = (A+ 2M)€yy + Az,
Oy = [MExy + Eya) = 2UEy.
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So

. L9
Cay T Eyr = 2u Oxdy’
1 0%y 0%
T T T N N )7 — A=,
© Ap(A + p) <(A+ mﬁy? A0362>
1 0%¢ 0%¢
S S A P
v Ap(A + p) (Aayz A+ M)aﬂ)
The compatibility relations
D?err ey O%eyy

_9 _
oy? + Ox? 0xdy 0,

lead to the bi-harmonic equation:
A2 [ e 9% )
———— | ==t +t2—5=| =0 <= A“%=0,
Ap(A + p) | Ozt + oyt + 0x20y? ¢
whose general solution in polar coordinates is a linear combination of the following elementary
functions:

T lcos(s —1)0, r*Tcos(s +1)0, r*Tlsin(s —1)0, r*Tsin(s+1)6.

Let o,y, 0gg and 0,9 be the polar stress components. By using e, = (cosf,sinf), ey =
(—sin#,cosf) and the fact that (e,,ep, k) is direct and V¢ A k is independent of z, y, we
obtain

1 0% 10¢ 9% 109 109%

T = 20902 T ror T o2 9T 1200 T v odor

Besides, we have

ou ou
T = 2 ) y’
o (A +2p) D +A By
ou ou
— 2 —4 z
Oyy (A + M)é?y +)‘8{L_7
- = ey +ey) = Ouy n Ouy
zy — M \Ezxy yr) = W ay o )
[ Ouy Ouyg 1 0u, 1 1 1 0ug
and Vu = (({)rer + 87‘69> R e, + <r(‘)9er + ;ureg — ;ueer + r6969> ®ep where u, and

ug are the radial and angular components of the displacement. So in polar coordinates, it
becomes

Jur A 0
orr = (A42p) i +r<ur+u9),

0 00
(A +2u) Oug Ouy
o0 =\t ge ) T
_ (e 10w 1
a0 = B T ee T r)
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Consequently,

1 0? 10 our A 0
019 (A+2u)i+r<uT+W),

2002 " ror d Bl
0%¢ (A +2p) Jug Ouy
_— = — —_— A
ar2 -\ T ) T
106 10 _ (0w 10w 1
200 rosor M\ or T o0 0
In [18], Grisvard gives the corresponding displacement in polar coordinates with
R
P= Ap

up = r°(asin(s+1)0 + bcos(s+ 1)0 + c(p — s)sin(s — 1)0 — d(p — s) cos(s — 1)0),
ug = r(acos(s+1)0 —bsin(s+ 1)0 — c(p+ s) cos(s — 1)0 — d(p + s) sin(s — 1)8),

(41)

where a, b, ¢, d are generic constants. The P; finite-element method will not optimally approx-
imate the terms of this form which are not in H2(2). So we have to determine the terms for
which the real part of s is such that 0 < Re(s) < 1.

The boundary conditions for the effective contact without friction on the crack with 8 = 7 can
be expressed as:

ug(r,m) —ug(r,—m) =0,

ogo(r,m) — ogg(r,—m) = 0,

ore(r,m) = ope(r,—m) = 0.
The first equality expresses the contact condition: the jump of the normal displacement is equal
to zero because we are not in the opening mode, the second equation represents the action-

reaction law and the last equality expresses the absence of friction.
By using (41), these conditions read as:

ug(r,m) —ug(r,—m) = 2r°(—=bsin(s+ 1)m —d(p + s)sin(s — 1)m)
= 2r°(bsin(sm) 4 d(p + s) sin(sm)),
org(r,m) = pr®1(2ascos(s 4 1)m — 2bssin(s + 1)m — 2¢s? cos(s — 1)

—2ds*sin(s — 1))
= 2ur* ! (—ascos(sm) + bssin(sm) + cs? cos(sm) + ds?sin(st)),
org(r,—m) = 2ur*"t(—ascos(sw) — bssin(sm) + cs? cos(sm) — ds? sin(sm)),
ogo(r,m) — ogg(r, —m) = 1 H(A(2assin(s + 1) + 2¢(p — s)ssin(s — 1)7)
+(A 4 2u)(—2assin(s + 1)7 + 2¢s(p + s — 2) sin(s — 1)7))
= " Y(4passin(sm) — desp(s + 1) sin(sm)).

The determinant of the corresponding linear system can be written as:

0 1 —cos(sm) — cos(sm)
. 1 0 sin(sm)  —sin(sm)
o 3.3,4s—3 2
D = 32u°s’r sin”(sm) 0 —s—1 scos(sm) scos(sm)
p+s 0 ssin(sm) —ssin(sm)

= 64u3s3r4 73 psin®(ws) cos(sm).
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So D = 0 reduces to sin®(ms) cos(sm) = 0 and the only solution satisfying 0 < Re(s) < 1 is
1

S = —.

2

For s = %, we obtain:

3c
o0
which means that only one singular mode is present. For this singular mode we have also:
ogg(r,m) = ogg(r, —m) = 0. This property corresponds to the classical Neumann boundary con-
dition on the crack lips. The consequence is there is no supplementary singular mode to the
classical shear mode and the normal stress component is not singular on the crack lips. O

b=0,d=0

a =

Appendix B : Proof of Lemma 3.3

In order to prove Lemma 3.3, we distinguish three cases: totally enriched triangles, partial
enriched triangles and the triangle containing the crack tip.

First, for a totally enriched triangle (Fig. 4(a)) we have I"u,|rnq, = I"MAL|rnq, (see Lemma
3.2). Then, Etu, = I"3¢ and we have

[0l — Epu,lor = [k —1"alor,
< RAadler,
[u; — Epullir < Rlugll2r

Second, for a partially enriched triangle and considering the particular case shown in Fig. 4(b)
we have:

M rno, = ul(x1)er + ui(x2)p2 + ul(x3)es,
= II"u; + () (x2) — ul(x2))epo,
M rro, = uh(x1)er + ui(x2)p2 + 2(x3)es,

= 1G4 (8 (x1) — up(x1))1

In this case Etu, = I1"Ma} + (U}(x2) — u?(x2))ps and E2u, = "a2 + (G2(x;1) — ul(x1))er.
Then we have:

Jal — TI"a) — (Tl (x2) — ui(x2))ezllor,
[ay — "0} o+ | Th(x2) — ui(x2) | [lo2lo,r,
ay — TI"a) |y r+ | Ul (x2) — up(x2) | -

Hﬁ% - Ejl“urHO,T

AR YA

[ — Bz
Furthermore, we have from [35]:
| Gh(x2) —up(x2) | S hr | U — 07 |2 Bxs hy)s

and since [|¢2|lor S h we can conclude that:

k&

S h%r(”ﬁﬂb,T"‘ |y —u; |2, B(x* hr) >,

oy —

< hT<Hﬁ,1.||2,T+ | Uy — 7 |2, ) >
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In the same way we have:

%

< h%<|ra%||z,T+ = @ s ) )

i - < b (@t 15 @ e )

A similar reasoning can be applied to the other situations of partially enriched triangles to obtain
the same result.

Finally, for the triangle containing the crack tip, and in the particular case described in Fig. 4(c)
we have:

Hhur|TQQ1 = (xl)gol +u (X2)4p2 +u (X3)903,
= 'y + (uf(x2) — Uy (x2))p2 + (uF(x3) — WH(x3))es,
M, |rr, = ul(x1)pr +u (X2)<P2 + uZ(x3)eps,

= 1"0} + (u)(x1) — U (x1)) o1

Thus, we have Ehu, = IT"a} + (u2(x2) — Uk (x2)) @2 + (uZ(x3) — ul(x3))ps and EZu, = [1ha2 +
(u }(xl) u2(x1))p1. Note that we have (see [35]):

. . o
|ul(x;) —uk(x;) | < hr|ul-u?

) (x*7hT) ’

with j € {1,2,3}, i € {1,2}, | = 3 — ¢ and x; a node belonging to a partially enriched triangle
or triangle containing the crack tip. Then, by the same way in the case of partially enriched
triangle we have the following result for i € {1,2}:

I = Biullor < h%(||ﬁi||2,T+ & = @2 o s ) )

&

< hT(||ﬁi||2,T+ & = @2 s ) )

This concludes the proof, since a similar reasoning can be applied to the other situations of a
triangle containing the crack tip. O
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