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Variational formulation and Nonsmooth Optimization
Algorithms in Elastostatic Contact Problems for Cracked
Body

V.V. Zozulya'

Abstract: The mathematical statement for contact problem with unilateral re-
strictions and friction is done in classical and weak forms. Different variational for-
mulation of unilateral contact problems with friction based on principles of virtual
displacements and virtual stresses are considered. Especially boundary variational
functionals that are used with boundary integral equations have been established.
Nonsmooth optimization algorithms of Udzawa type for solution of unilateral con-
tact problem with friction have been developed. Some theoretical results of ex-
istence and uniqueness in elastostatic unilateral contact problem with friction are
outlined.

Keywords: Unilateral contact, friction, principles of virtual displacements, prin-
ciples of virtual virtual stresses, boundary variational functional, nonsmooth opti-
mization algorithm.

1 Introduction

It is well known that the classical approach to the crack problem is characterized by
the equality type boundary conditions considered at the crack faces; in particular,
the crack faces are assumed to be stress-free (Anderson 1995). This means that dis-
placements found as solutions of these boundary value problems do not provide a
nonpenetration condition between crack faces. There are many practical examples
showing that interpenetration of crack faces may occur and affect fracture mechan-
ics criterions. Many examples of the crack faces contact interaction and friction
influence on the fracture mechanics criterions have been considered in the book
Guz and Zozulya 1993 and review papers Guz and Zozulya 2001, 2002, Zozulya
and Gonzalez-Chi 2000 and also in the papers Guz and Zozulya 2007; Guz, at all
(2007). In these cases the contact area is "a priori" unknown and the unilateral
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conditions have to be imposed on the relative displacements and the mutual trac-
tions. The unilateral contact restriction with friction can be written as an inequality
for the displacement and traction vectors. As a result a complete set of boundary
conditions at crack faces is written as a system of equations and inequalities. The
presence of inequality type boundary conditions implies the boundary problems
to be nonlinear, which requires the investigation of corresponding boundary value
problems.

In recent years a lot of interest has been devoted to the mathematical formula-
tion of elastostatic contact problems involving unilateral constraints and their nu-
merical solutions (Antes and Panagiotopoulos1992; Eck, Jarusek and Krbec 2005;
Kikuchi and Oden 1987; Kravchuk and Neittaanmaki 2007; Panagiotopoulos 1985;
Shillor, Sofonea and Telega 2004; Wriggers 2006). Mathematical formulation of
the problem of crack faces contact interaction in the static case has been considered
in Khludnev and Kovtunenko1999, and in the dynamic case in Guz and Zozulya
1993, 2001, 2002. It is worth noting that all the problems with unilateral constrains
and friction can be naturally expressed in terms of variational inequalities stating
nothing but the principle of virtual or complementary virtual work in its inequality
form. As it is well known, these statements are fully equivalent to minimizing on a
convex set the potential or the complementary energy respectively. Such approach
imply formulation of the problem in whole domain and for numerical solution fi-
nite elememt methods (FEM) is usually been used. For details of such approach
see Kikuchi and Oden 1987; Wriggers 2006; etc.

Since the constraints concern boundary variables only, it is natural to look for a nu-
merical solution by means of boundary element method (BEM). A lot of papers on
this subject have recently appeared in the technical literature (see for instance Antes
and Panagiotopoulos1992 and references there). The first variational formulations
defined on the contact area only, rather than on the whole domain, is based on
the use of Green’s functions (Antes and Panagiotopoulos1992; Kikuchi and Oden
1987; Theocaris and Panagiotopoulos 1992; etc.). More specifically, Theocaris and
Panagiotopoulos 1992 derived the two dual boundary variational statements from
the classical minimum potential and complementary energy principles by means of
saddle point formulations using appropriate Lagrangian functions. The extremum
formulations of the discretized problem are derived from the corresponding contin-
uum problem by approximating Green’s function or its inverse by means of stan-
dard collocations BEM procedures. Another approach is based on use of funda-
mental solutions (Polizzotto1991, 1993). In Polizzotto1991 BEM formulations via
energy methods is based on boundary min-max principle, i.e. a principle expressed
in terms of the boundary unknowns. Then in Polizzotto1993 developed boundary
min-max principle was applied to unilateral frictionless problem in elastostatics.
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First time boundary variational formulation of elastodynamic contact a problem
with frication was proposed in Zozulya 1992 and then was extended and applied
to elastodynamic problems for bodies with cracks with considering unilateral fric-
tional contact of the crack faces.

There are many algorithms for unilateral contact problems with friction. Because
of nonlinearity of the problem most of them include discretization and iterative
procedure to satisfy unilateral constrains. In the case if varational formulation is
based on principles formulated for whole domain the FEM is usually used. De-
tailed description of such approach and algorithms based in FEM discretization
can be find in Kikuchi and Oden 1987; Wriggers 2006. In the case if varational
formulation is based on principles formulated only for boundary the BEM is usu-
ally used. In this case several BEM based discretization methods can be used.
For example: standard (i.e. based on collocations) direct boundary element proce-
dures (Balas; Sladek; Sladek 1989; Karlis, Tsinopoulos, Polyzos, Beskos 2008;
Sanz, Solis, Dominguez 2007; Zhou, Li, Dehao 2008; Zozulya 1992; Yueting
Zhou, Xing Li, Dehao Yu (2008)); symmetric based on Galerkin method procedure
(Polizzotto1991, 1993; Han and Atluri 2007). Also recently developed meshless
local Petrov-Galerkin methods can be used for domain and boundary discretiza-
tion (see Atluri, Liu, Han 2006a, 2006b; Sladek, Sladek, Zhang 2007, Shu, Atluri
(2008a); Shu, Atluri (2008b); Zhang, Chen (2008); Tan, Shiah, Lin, (2009)). When
BEM is applied for boundary discretization divergent integrals of various type ap-
pear. Methods of such integrals calculation are developed in (Balas; Sladek; Sladek
1989; Han and Atluri 2007; Sanz, Solis, Dominguez 2007; Zozulya 2006a, 2006b;
Young, Chen, Liu, Shen, and Wu (2009)).

There are many iterative procedures to satisfy unilateral constrains. In this paper
will be used iterative procedures that are based on projection on the set of unilat-
eral restrictions and friction. Iterative algorithms of such type are named in Cea
1971; Ekeland, Temam 1975 Uzawa’s type algorithms. For the first time Uzawa’s
type algorithm was proposed in Zozulya 1990 for solution elastodynamic frictional
contact problem for body with crack. Then the approach was developed in Zozulya
1992; Zozulya Menshykov 2003. In Zozulya 2001a, 2001d were proposed more
algorithms based on saddle point finding and projection on the set of unilateral re-
strictions and friction respectively. In Zozulya and Menshykova 2002 it was shown
that algorithms are convergent and studies peed of convergence. Some mathemati-
cal problems related existence and uniqueness of the problem of unilateral contact
problem with friction were studied in Zozulya 2002, 2003; Zozulua and Rivera
2000.

The aim of this paper is to present various variational formulation of elastostatic
problem for body with crack with considering possibility for unilateral crack faces
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contact interaction and friction in the for that permit easy extension to elastody-
namic problems. Variational formutations based on principles of virtual displace-
ments and virtual stresses and also boundary variational principle based on funda-
mental solutions are presented. Nonsmooth functionals that correspond to unilar-
eral frictional contact conditions are constructed. The case of the crack in infinite
elastic media is considered in more details.

2 Classical formulation of the problem

Let us consider a homogeneous, lineally elastic body, which contain arbitrarily
oriented crack. The crack is described by a corresponding oriented middle surface
Q since we suppose that only small deformations occur. The body occupies an
open bounded region Vwith C%! Lipschitzian regular boundary dV. The boundary
contain two parts dV,, and dV,, such that dV,NdV, =0 and 9V, UdV, = dV. On
the part dV,, displacements u(x) = u;(x)e; of the body points and on the part dV),
tractions p(x) = p;(x)e; are prescribed respectively. The body may by affected
by volume forcesb;(x). We assume that displacements of body points and their
gradients are small.

In this case in V\Q the differential equations of equilibrium in displacement may
be presented in the form

Aijuj +b;=0, A,‘j = u6,-j8k8k + (7L +u)8l~8j. Vx € V\Q 2.1)

where A and u are Lame constants, i > 0and A > —p1, §;; is a Kronecker ‘s symbol,
d; = d/dx; denotes the partial derivatives with respect to space. Throughout this
paper we use the Einstein summation convention.

If the body occupy a finite region V/, it is necessary to establish boundary conditions.
Mixed boundary conditions are

ui(x) = gi(x), Vxe IV, (2.2a)
pi(x) = 0;j(x)n;(x) = Pij[u;(x)] = yi(x), Vx€ IV, (2.2b)

The differential operator F;; : u; — p; is called stress operator. It transforms the
displacements into the tractions. For homogeneous isotropic elastic medium it has
the forms

P,'j = An;oi + u (5ij8,, + nka,') 2.3)

Here n; are components of the outward unit normal vector, d,, = n;0d; is a derivative
in direction of the vector n(x) normal to the surface JV.
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If the equation (2.1) is defined in an infinite region, then its solution must satisfy
additional conditions at the infinity

ui(x) =0(r "), o;j(x) =0(r ?) for r — oo (2.4)

Here r = /x? +x3 +x3is the distance in the 3-D Euclidian space.

The contact forces q(x) = ¢;(x)e; which arise on the cracks edges during the inter-
action are denoted by

q(x) = —06(x) -n(x) (2.5)

where 0(x) = 0;;(x)e; @ ¢; is the strain tensor; n(x) = n;(x)e;, n;(x) = n; (x) =

—n; (x); n; (x) and n; (x) are the normal unit vectors directed to the positive side
of the opposite cracks edges.
The displacement discontinuity vector characterizes mutual displacements of the

cracks edges

Aui(x) = u; (x) —u; (x), (2.6)
*

Furthermore, we impose the following Signorini constraints

where u;" (x) and u; (x) are displacements of opposite cracks edges.

Auy > hyy gn >0, (Aup, —hy)g, =0, VXeEQ 2.7
and Coulomb’s friction law:
‘qT’ <k:gn — Au; =0, ’qr‘ = kg, — Aug = _)L'tq7 Vx € Q (2.8)

with A = |Auc(x)|/|g| for x € Q; the Coulomb’s friction coefficient k; > 0 is here
assumed to be constant.

Here the normal and tangential components of the displacement discontinuity on €2
are denoted by

un(x) = u;(x)n;(x),

Auz(x) = Au(x) — Aup, (x)n(x), (2.9)
and the normal and tangential components of the contact forces are denoted by
qn(x) = qi(x)ni(x),

q:(x) = q(x) — ga(x)n(x). (2.10)
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Classical formulation of the elastostatic problem for body with crack with consid-
ering opposite crack sides interaction consists in solution of the boundary value
problem (2.1), (2.2) with considering Signorini contact conditions (2.7) with fric-
tion (2.8).

In classical elastostatics the equations of motion (2.1) must be satisfied exactly (see
Antes and Panagiotopoulos 1992; Kikuchi and Oden 1987; Panagiotopoulos 1985).
This means that the components of the displacement vector should be functions of
the class C2(V). Here C¥(V) is a functional space of functions, with k smooth
derivatives with respect to the space coordinates. In order to satisfy all the equa-
tions of elastostatics in the classical sense, the components of the stress-strain state
should belong to the following functional spaces

u; € CHV)NCY(AV), oij, &;€C'(V), pieC’aV). (2.11)

These requirements of classical elastostatics are very stringent. Therefore many
important physics and engineering problems, in particular problems with unilateral
restrictions and friction, have no classical solution. For this reason it is necessary
to consider "weakened" formulations to elastostatics problems. With such an ap-
proach it is not necessary to fulfill all the elastostatics equations in the classical
sense.

3 Variational formulation of the problem without contact conditions

In order to formulate an elastostatic contact problem for body with crack in week
form we will consider the principles of virtual displacements and of virtual stresses,
and boundary variational principle.

3.1 Principles of Virtual Displacements

Consider the functional of Lagrange

D (w) = E(w) + (ui, bi)y — (i, Vi) jy, » (3.1
(ui, bi)y :/biuidV, (Ui, Vi) gy = /llfiuidS, (3.2)
v av

where E(u) is the total potential energy of a deformed body,
E(ll) = /1/2Cijk1€ij(ll)8k1(ll)dv = / [1/2%85(11) ~|—,u8,~j(u)£,~j(u)]dV, (33)
14 14

and g;; and ¢, j; are the strain and elasticity modules tensors, respectively.
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Functional (3.1) is considered on a set of admissible displacements:

Ky(w) = {ue H'(V) NH'2(V); &) = 1/2(0u; + djus); 04 = cuens;
ui(x) = ¢i(x), X € IV} (3.4)

Here H'(V') is the Sobolev space with norm

9of(x) — % f(y)|?
wm=2ﬂmww+z/'fHJme (3.5)

<t} o<1 x—yl

where n is a dimension of the Euclidean space, [/] - the integer part of /.

The variational formulation of an elastostatic problem for cracked body without
unilateral constraints (2.7) and friction (2.8) is as follows:

Find u € Ky (u) such that
@ (u) = min {O[u]— (pr,Aur)o} (3.6)
u €Ky (u)

3.2 Principles of Virtual Stresses

Consider the functional of Kastiliano

Pk (0) = E*(0)) — (Gijnj> Pi) y, - (3.7)
<Gij”ja(,0i>,9vu= /Gijnj(PidS (3.8)
v,

where E*(0) is the total complementary potential energy of a deformed body,

x 1 1 A
E (0'):/ZC,JkZG,]ledV:/“[G,]G,J—Moﬁ]dv, (39)

On the set of admissible stresses

Ki(0) = {o e H'(V)nH "2(9V); 9;0;; = bi: & = CijuOu:
0;j(x)ni(x) = y;(x), ¥x € dV,}.  (3.10)

Here H~/(V) is the functional space of linear functionals on H/(V') with norm

(v, )]
V[l -1 = sup 7
1 feH; HfHH]

3.11)
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where (v, f) = [ f(x)v(x)dV is a duality pairing between functional spaces H (V)
v
and H (V).

The variational formulation of an elastostatic problem without constraints is as fol-
lows:

Find 6 € Kg(0)such that

3.12
Dy (6) = Mg ek, () {PK[O7] — (pir At} } ©-12)

3.3 Boundary Variational Principle

Let us consider a variational formulation of the elastostatic contact problem in the
form of boundary variational principles. Consider the functional of Lagrange in the
form

@ (u) = /1/20,,( e (u)dV — /budV /de /plAudS (3.13)

\%4 aV,

on the set of permissible displacements Ky (u).

In order to eliminate from K, (u) boundary condition on dV,,, methods of Lagrange
multipliers will be used. As result we obtain the following functional

/1/20,1 u)g;;(u)dv — /budV /l//,udV

v,

/), ui— @;)dv — /p,AudS (3.14)
aV,

will be considered on the set of permissible displacements

Kg(u) = {u; € C*(V), 0;;(0) = c;juen(u), &;(u) = 1/2(du; + dju;),
8jc7,-j +b; = 0} (3.15)

Let us consider variation of the functional (3.13) on the set of permissible displace-
ments (3.15)

5D, (u,A) = /ol,( )5e;(u)dV — /bzsudv /1//,6udV /m — @)V

1% Vv, oV,

/wudv /p,aAudS (3.16)
Vv,



Variational formulation and Nonsmooth Optimization Algorithms 195

Taking into account that

/c,,( u)Se;(w)dV = /p,5udS /a 01 (0) 81 (w)dV 3.17)

14 ov

we obtain

5P, (u /p,auds /8Gl]+b)6udv /1//,5udV /5/1 o)V
’A% BV AV,

/l(‘)‘u idV — /p,5AudS (3.18)

Vi

In Guz and Zozulya 2002 have been shown that under such assumption the bound-
ary variational functional may be presented in the form

Dp(up) = / (1/2p; — W) uidS — / 1/2u; — ;) pidS — / pidu;dS (3.19)
aVy av,

Taking into account that displacements and traction may be represented in the form

(y) = / PX)Us(x~¥)dS — [ us(0Wi(x.y) /Au, Wi(x.y)

v,

+ / vi(x Uji (x—y)dS — /(PJ JI(X Y)+/bi(X)Uji(X_Y)dV
v, av, v

/p, Kji(x,y)dS — /uj Fji(x,y)dS — /Aul Fji(x,y)dS
W, v,

+ [ vKixy)as— [ o, ,,(xde+/b Ki(x,y)dV  (3.20)
aVI’ avu

the boundary variational functional (3.16) may be represented in the form

@p(u.p) = a(pi,u;) + ((p; — Wi)ui) gy, — (i — @i) i)y, — (Pi Aui)gy (321
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where

1/2a(u,p) = /p] /p, Uji(x—y deS—i—/p] /uj(x)Wj,-(X,y)deS

v, v,

—i—/pj /Au, Wii(x y)deS—i—/uj /p,-(x)Kji(x,y)deS
v, v,

/ Au(y / x)K i(x, y)dSdS — / ui(y / uj(X)Fji(x,y)dSdS
aVu avp avp

- / Auj(y) / Auj(X)Fji(x,y)dSdS (3.22)

and

/Wl ]l X y dS /(PJ ]z(X Y)+/bi(X)Uji(X_y)dV (3.23)
v, v, v

/ vi(x)Kji(x,y)dS — /q)J Fii(x,y dS+/b Kji(x,y)dV
v, v,

The variational formulation of an elastostatic problem for cracked body without
unilateral constraints (2.7) and friction (2.8) is as follows:

Find u,p € Kg(u,p) such that

Op(u,p) = i Op(u*, p* (3.24)
5(u.P) p*e%?();yp)werlr(l;&,p){ s(up))

where

Kp(u,p) = {uecH/2(9V), pe H 2(9V)}. (3.25)

4 Nonsmooth functionals for unilateral contact conditions with friction

In order to formulate boundary conditions in form of inequalities (2.7) and (2.8)
in week form let us consider a maximal monotone operators f3; : u; — p;. For
each maximal monotone operator 3; may be defined with accuracy up to a constant
component convex semi-continuous from below functional j; such, that ; = dj;.
Here 0 is denoted the subdifferential of the nonsmooth functional (see. Antes and
Panagiotopoulos1992; Panagiotopoulos1985 for details).
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Boundary condition for the displacements (2.2a) using subdifferential or superpo-
tential may be written in the form

pi € ﬁi(ui) or p; € 8]l(u,) (4.1)
where
(—00,00) if u; = Q; . 0 if u; = Q;
(1) = , (u;) = 4.2
Bilus) {(Z) othervise Jilu) o othervise 4.2)

Boundary condition for the traction (2.2b) using subdifferentials and superpoten-
tials may be written in the form

u; € Bf (pi) or u; € 4 ji (pi) 43)
where

' (—o0,00) if pi =i c 0 ifp;=wy;

(i) = o Jipi) = 4.4
piip) {0 othervise * (e oo othervise @4

Subdifferential boundary conditions (4.1) and (4.3) should be considered point by
point. The functionals j;(u;) and j¢(p;) are referred as superpotentials. They ex-
press potential and complementary energy of the local constraint.

Let us consider the maximal monotonic operators and the superpotentials for bound-
ary conditions, which are used in the formulation of contact problems with the
unilateral constrains in elastostatics.

4.1 Signorini boundary conditions

Usually Signorini boundary conditions are presented in the form (2.7). They are
equivalent to the following conditions (fig. 1.)

if Au,, > ho then g, =0 4.5)
if Au, = ho then g, >0
The maximal monotone operator in this case has the form

0, if Au, > ho
Bu(Au,) = < [0,00), if Au, = ho (4.6)
0, if Aup < ho
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and the corresponding superpotential

. 0, ifAu,>hy
Jn(Auy) = { " 4.7)
oo, otherwise
The conjugate maximal monotone operator has the form
[ho,°), ifg,=0
B (an) = 4 ho, if g, <0 (4.8)
0, if g, >0
and the corresponding superpotential
0, ifg,>0
c _ 4.9
Jn(an) {oo, if gn < 0 (4.9)
de 4 A
hu
il
e 8ita,)
lr’JI
by b ' da

Fig. 1

4.2 Boundary conditions with Coulomb friction

Usually boundary conditions with Coulomb friction are presented in the form (2.8).
They are equivalent to the following conditions (fig. 2.)

if |q¢| < k¢py, then Au; =0 (4.10)
if |q¢| = k¢p, then Au; = —Aq;
The maximal monotone operator in this case has the form

[—ke|gn| +kel|gal], if Aur =0
Br(Aur) = ki lgal, if Aug; >0 4.11)
—kz |qnl, if Au; <0
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and the corresponding superpotential
Je(Aug) = ke |gn| |Aug| (4.12)

The conjugate maximal monotone operator has the form

(@, if |qc| < —k¢[gnl
(—o0,0], if |q¢| = —k¢ gl
Bz(gz) =10, if [—kz |gn| , +kz|gn] (4.13)
[07°°)’ if |qr‘ = k‘L’|Qn|
L9, if |qc| > ke g

and the corresponding superpotential

" 0, if < —k¢|q,
ACBES . e «lanl (4.14)
, if |QT| > kr|Qn|
4 'y
Btbu) s a
Hga|
Az,
m: A
~ el Ha| g,
Fig. 2

In the maximal monotone operators and the superpotentials defined in (4.10) —
(4.14) the normal traction ¢, can be considered as known before function of un-
known before one. In last case we have Signorini contact problem with friction.

In fact the maximal monotone operators and the superpotentials define relations
between g, and Au, and also between q; and Au; at the points of the close contact
area. The unilateral constrains (2.7) and (2.8) may be written using subdifferential
boundary conditions (4.7), (4.9 and (4.12, (4.14) in the form

qn € 8jn(Aun)7 qr € 8jr(Aur) (4.15)
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or in the form
Au, € J5(qn), Aur €9 ji(qr) (4.16)

We have now considered subdifferential boundary conditions in the pointwice sense.
This means that maximal monotone operators and the superpotentials in (4.7) —
(4.9) and (4.11)-(4.14) define unilateral contact conditions with friction point by
point. But for variational formulation of the problem however it is necessary to
extend these boundary conditions to the functional spaces. It means that we have
to consider functionals of the form

®(Au) — / j(Au(x))dS and & (q) = / j(a(x))ds (4.17)
Q Q

In Antes and Panagiotopoulos1992; Panagiotopoulos1985 it was shown that the
corresponding functionals have the following form.

4.3 Signorini boundary conditions in functional space

Lets Au, € H'/2(Q) and ¢, € H™'/?(Q) satisfy following conditions Au, > hg ,
gn > 0. (gn, (Au, —hg))q = 0, Here (-,-) denotes the duality pairing between the
functional spaces H'/2(Q) and H~'/2(9Q). Then corresponding functional has the
form

0, ifAu,>nh
@, (Auy) _{ 1A =10 (4.18)
oo, otherwise
The conjugate functional has the form
: 0, ifg,>0
; (q,) = { "= (4.19)
oo, otherwise

4.4 Boundary conditions with Coulomb friction

Lets Au; € (H/?(Q))? and q; € (H'/20(Q))? satisfy following conditions if

|q:| < kg, then Au; =0, if |q;| = kg, then Au; = —A:q; and also ((kg, — |qz|),Aug)g =
0. Here (-,-) denotes the duality pairing between the functional spaces (H'/2(Q))?

and (H~'/2(Q))2. Then corresponding functional has the form

(DT (AIIT) = <(1‘L'7 AUT>Q (4.20)
The conjugate functional has the form

oo, otherwise '

7 (qr) = {
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4.5 Signorini boundary conditions with friction

These boundary conditions may be considered as combination of the previously
considered boundary conditions. Really lets A, € H'/2(Q) and ¢, € H™!/2(Q)
satisfy following conditions Au,, > h, g, > 0, (gn, (Au, — ho))g = 0 and also Au; €
(H'/2(Q))? and q, € (H™'/2(Q))? satisfy following conditions if |q;| < kg, then
Au; =0, if |q¢| = kg, then Au; = —A;q; and also ((kg, — |q:|)Au;)q = 0. We
consider functionals such that

®,.c(Au) = D, (Auy) + e (Aug) and B (q) = P (gu) + P (q0) 4.22)

These functionals have the form

<qT,All1-> 5 if Aun 2 ho
D, ;(Au) = 423
ne(Au) {oo, otherwise (423)

0, ifg,>0, |q:] = kg

) (4.24)
oo, otherwise

D, -(q) = {

5 Variational formulation of the problem with contact and friction

In order to formulate an elastostatic contact problem for body with crack in week
form we will consider the principles of virtual displacements and of virtual stresses
and boundary variational principle.

5.1 Principles of Virtual Displacements

Consider the functional of Lagrange (3.1) on a set of admissible displacements
K. (u) =Kz (u) K, (u) NK:(u),

K,(u) = {ue H/2(Q), Au, —hy > 0}, Vx € Q}, (5.1)
K.(u) = {u e H/(Q), Au; =0 for |q¢| < k;g, and Au; = —A,q;

The variational formulation of an elastostatic problem for cracked body with uni-
lateral constraints (2.7) and (2.8) is as follows:

Findu € K, (u) such that
@y u]=  inf ){@L[u*]} (5.2)

u*e L.n,T (ll
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Let’s exclude unilateral restrictions (2.7) and (2.8) from the set (5.1). Using La-
grange multiplier functional of Lagrange (3.1) may be presented in the form

Dy, 7[u] = Op[u] + D, o (Au), (5.3)

Now the variational formulation of an elastostatic problem for cracked body with
unilateral constraints (2.7) and (2.8) is as follows:

Find u € K, (u) such that
(I)L,n,r[u] = inf ){q)L,n,‘L'[u*]} (54)

u*eKy(u

Functional in (5.2) has a simple form, but the set of restrictions (5.1) is complicate,
it contains unilateral constraints (2.7) and (2.8). Functional (5.3) is more compli-
cate and nonsmooth, but the set of restrictions (3.4) is simple, it does not contain
unilateral constraints (2.7) and (2.8). Sometime it is convenient for numerical so-
lution of the problem to present it in form (5.2) or (5.4).

5.2 Principles of Virtual Stresses

Consider the functional of Kastiliano (3.7) on a set of admissible displacements
Kk n1(0) = Kg(0) NK, () NK3(0),

K(o)={oc cH '?(avUQ), ¢, >0, ¥x € Q},

KS(6)={oc e H'2(0VUQ), |qq| < kepn, Vx € Q} (5.5)

The variational formulation of an elastostatic problem for cracked body with uni-
lateral constraints (2.7) and (2.8) is as follows:

Find 0 € Kk ,, ¢(0) such that
Oelo] = sup  {Dxlo”]} (56)

6*cKg ».:(0)

Let’s exclude unilateral restrictions (2.7) and (2.8) from the set (5.5). Using La-
grange multiplier functional Kastiliano (3.7) may be presented in the form

Ok ,[0] = Dk [0] + D), (q), (5.7)

Now the variational formulation of an elastostatic problem for cracked body with
unilateral constraints (2.7) and (2.8) is as follows:

Find ¢ € Kg(0) such that
Ok nz[0] = sup {Dk:[07]} (5.8)

o*cKg(0)
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Functional in (5.6) has a simple form, but the set of restrictions (5.5) is complicate,
it contains unilateral constraints (2.7) and (2.8). Functional (5.7) is more compli-
cate and nonsmooth, but the set of restrictions (3.7) is simple, it does not contain
unilateral constraints (2.7) and (2.8). Sometime it is convenient for numerical so-
lution of the problem to present it in form (5.6) or (5.8).

5.3 Boundary Variational Principles

Consider the boundary variational functional (3.18) on a set of admissible displace-
ments

Kgnz(u,p) = Kp(u,p) NK; (u) K (u). (5.9

The variational formulation of an elastostatic problem for cracked body with uni-
lateral constraints (2.7) and (2.8) is as follows:

Find u and p such that

(DB(uvp) = sup inf {(I)B(u*vp*)} (5.10)
b cKoup) ¥ <Kne(up)

Let’s exclude unilateral restrictions (2.7) and (2.8) from the set (5.9). Using La-
grange multiplier boundary variational functional (3.18) may be presented in the
form

q)B,n,T(u7p> = ®B(u7p) + (I)H,T(Au)a (51 1)

The variational formulation of an elastostatic problem for cracked body with uni-
lateral constraints (2.7) and (2.8) is as follows:

Find u and p such that

®p,c(u,p)= infsup {Dp, (u*,p*)} (5.12)
u*vp*eKB(le)

In the same way we can consider the functional
j (0, p) = Pp(u,p) + P, (q), (5.13)

The variational formulation of an elastostatic problem for cracked body with uni-
lateral constraints (2.7) and (2.8) is as follows:

Find u and p such that

@5, (u,p) = supinf {®f,  (u*,p*)} (5.14)
u* 7P*EKB (ll,p)
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Functional in (5.10) has a simple form, but the set of restrictions (5.9) is complicate,
it contains unilateral constraints (2.7) and (2.8). Functionals (5.11) and (5.13) are
more complicate and nonsmooth, but the set of restrictions (3.22) is simple, it does
not contain unilateral constraints (2.7) and (2.8). Sometime it is convenient for
numerical solution of the problem to present it in form (5.10) or (5.12), (5,14).

It is necessary to mention that the principle of virtual displacements and virtual
stress are usually used with FEM and the boundary variational principle with BEM.

6 Dual variational formulation and Uzawa’s optimization algorithm

Variational formulations (5.3) and (5.8) also (5.12) and (5.14) are referred as com-
plementary. We can reformulate above variational problems using duality feature.
On these dual formulations are based Uzawa’s nonsmooth optimization algorithms.
Let us consider dual formulations and corresponding Uzawa’s algorithms for the
problems under consideration.

6.1 Principles of Virtual Displacements

Let us introduce functional
L(u,q) = @[u] +(q,P(Au))q (6.1)
which is considered on the following sets of restrictions

ueK (1), qcK.(0) 62)

Dual to (5.3) variational formulation of the contact problem with friction for elastic
body with crack has the form

L(u,q)= inf ~ sup {L(u",q")} (6.3)

u*GKL(ll) q*EK,E,,T(O')
The Uzawa’s algorithm includes the following steps:
1. specify an initial value ¢° € K¢, (),

2. solve the minimization problem for known ¢} and determine the unknown
quantity u” € Ky (u)

Lu",q")= inf {L(u,q")}= inf {®zfu]+(q",P(Au))} (6.4)
u €Ky (u) u €Ky (u)
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3. correct the quantity q" to satisfy the constraints
q""' =Pk (0)lq" +pP(Au")] (6.5)

where P: _(¢) is the operator of projection in H '/2(Q) on K}, ;(0) and co-
efficient p is selected so as to provide the best convergence of the algorithm,

4. proceed to the next step of iteration.

6.2 Principles of Virtual Stresses

Let us introduce functional
L(0,Au) = ®g[67]+ (Au™,D°(q")) g (6.6)
which is considered on the following sets of restrictions

o cKg(o), AueK,(u) (6.7)

Dual to (5.8) variational formulation of the contact problem with friction for elastic
body with crack has the form

L(o,Au) = sup inf  {L(c",Au")} (6.8)
o+ cKy (o) Mu*eK,, ¢ (u)

The Uzawa’s algorithm includes the following steps:

1. specify an initial value Au® € Kﬁl,ru),

2. solve the minimization problem for known Au” and determine the unknown
quantity 6" € K, (o)

L(o,Au")= sup {L(o,Au")}= sup {Dk[o]+ (Au",®(q))o}

ocKk(0) ocKk(o)
(6.9)
3. correct the quantity Au” to satisfy the constraints
A =Py ) [Au" + pd°(q")] (6.10)

where Pk, () is the operator of projection in H!'/2(Q) on KS,./Tu) and coeffi-

cient p is selected so as to provide the best convergence of the algorithm,

4. proceed to the next step of iteration.
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6.3 Bounadry Variational Principles 1

Let us introduce functional
L(u,p,q) = ®p(u”,p*) +(q", @ (Au"))q (6.11)
which is considered on the following sets of restrictions

u,p cKp(u), qek (o) (6.12)

Dual to (5.12) variational formulation of the contact problem with friction for elas-
tic body with crack has the form

L(u,p,q) = infsup sup  {L(u",p*,q")} (6.13)
u*,p*cKp(u,p) q*€K; (o)

The Uzawa’s algorithm includes the following steps:

1. specify an initial value ¢° € K¢ (o),

2. solve the minimization problem for known ¢} and determine the unknown
quantity u”,p” € Kz(u,p)

L(u",p",q")= infsup {L(u,p,q")}= infsup {@p(u,p)+(q",P:(Au))q}

u,pGKB(l.l,p) “aPEKB(“-,p)
(6.14)

3. correct the quantity " to satisfy the constraints
q""" =P (0)[q" +pP(Au")] (6.15)

where Px: () is the operator of projection in H '/2(Q) on K}, ;(0) and co-

efficient p is selected so as to provide the best convergence of the algorithm,

4. proceed to the next step of iteration.

6.4 Bounadry Variational Principles 11

Let us introduce functional
L(u,p,Au) = @p(u”,p*) + (Au", ®7(q"))q (6.16)
which is considered on the following sets of restrictions

u,p € Kp(u), AuckK,(u) (6.17)
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Dual to (5.14) variational formulation of the contact problem with friction for elas-
tic body with crack has the form

L(u,p,Au) = infsup sup {L(u",p*,Au")} (6.18)
u*p eKp(u,p) 41K - (0)

The Uzawa’s algorithm includes the following steps:

(

1. specify an initial value Au® € K, u),

2. solve the minimization problem for known Au” and determine the unknown
quantity u”,p”" € Kp(u,p)

L(u",p",Au") = infsup {L(u,p,Au")} = infsup {®@p(u,p)+ (Au",0%(q))q}

uap€KB(uap) uvpeKB(u7p)
(6.19)
3. correct the quantity Au” to satisfy the constraints
AT =Py o [Au" 4+ pd°(q")] (6.20)

where P_( . is the operator of projection in H!'/2(Q) on K,(mu) and coeffi-

)

cient p is selected so as to provide the best convergence of the algorithm,

4. proceed to the next step of iteration.
It is important to mention that in the algorithms based on principle of virtual dis-

placements and virtual stress the FEM and the algorithms based on the boundary
variational principle the BEM are usually used.

7 Formulation of the problem for crack in infinite elastic region

In the case of crack in infinite body situation become simpler. Indeed in this case
a(u.p) = ~1/2 [ Aus(y) [ Muj(0Fu(x.¥)dSds, wi(x) =0, pi(x) = pi(x)
Q Q
(7.1)

where p(x) = p;(x)e; = p°(x) +q(x), p°(x) is a vector of given loading applied to
the crack edges, q(x) is a vector of contact forces.
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Boundary variational functional become of the form

Dp(aup) = ~1/2 [ Auly) [ Mus)Fix,v)asas— [ plyauvas 7.2
Q Q Q

In the case of the crack faces contact interaction absence q(x) = 0 and boundary
variational functional has the form

p(aw) = ~1/2 [ Auy) [ du(x)F(x.y)asas— [ Hyanyas — 73)
Q Q Q

Then variational formulation of an elastostatic problem for cracked body without
unilateral constraints (2.7) and friction (2.8) is as follows:

Find Au,p € Kp(Au, p) such that

®p(Au,p)= min  {Dp[Au*,p]} (7.4)
u*,p*eKp(Au,p)

where

Kz(Au,p) = {Auc H/2(Q), pe H'2(Q), vx € Q} (7.5)

The boundary variational functional (7.3) is smooth and Gateaux-differentiable,
therefore from (7.4) follows the following condition of functional minima

8®(Au) =0 (7.6)

and therefore the problem (7.4) is equivalent to the following integral equation

[ i (0F(x.y)ds = pi(y) (1.7)
Q

Now we can represent boundary variational functional (7.2) in the form
Dp(Au) = —1/2(F - Au,Au) — (p,Au), (7.8)

where F is matrix integral operator defined in (7.7),

Then boundary variational formulation of the elastostatic contact problem with fric-
tion for cracked body has the form

Find Au,p € Kz, :(Au, p) such that
®p(Au)= inf {—(F-Au*,Au*) — (p,Au*)}q (71.9)

AureKp, £ (u)

The Uzawa’s algorithm in this case is simplified. We refer to this algorithm as
Algorithm 1.

Algorithm I includes the following steps:
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1. specify an initial value Au® € K,, ;(Au),
2. calculate q" substituting known Au” in the internals equation

q'=F-Au"—p° (7.10)

3. correct the quantity Au” to satisfy the constraints
A =Py au[Au” +pq”] (7.11)

where Pk . (au) is the operator of projection in H'!/2(Q) on K, ;(Au) and co-
efficient p is selected so as to provide the best convergence of the algorithm,

4. proceed to the next step of iteration.

We can formally introduce complementary boundary variational functional in the
form

®5(p) = —1/2(p,F ' -p) — (p,Au)q (7.12)

and F~! is inverse operator.

Then boundary variational formulation of the elastostatic contact problem with fric-
tion for cracked body has the form

Find Au,p € K, . (Au, p) such that

B.n,t

h(p)= sup {—1/2(p",F~'-p") — (p*,Au")o (7.13)

pekKy, ()

The Uzawa’s algorithm in this case is simplified. We refer to this algorithm as
Algorithm 2.

Algorithm 2 includes the following steps:
1. specify an initial value ¢° € K5 ;(Aq),
2. calculate Au” substituting known q" in the internals equation
Au"=F'.p" (7.14)
3. correct the quantity q" to satisfy the constraints
q"" =Pk (lq"+pAu’] (7.15)

where Pyc (4 is the operator of projection in H /2(Q) on K}, -(q) and co-
efficient p is selected so as to provide the best convergence of the algorithm,
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proceed to the next step of iteration.

Two slightly modified algorithms were proposed and investigated. We refer to these
algorithms as Algorithm 3 and Algorithm 4.

Algorithm 3 includes the following steps:

1.
2.

6.

specify an initial value Au® € K,(MAu),

calculate q" substituting known Au” in the internals equation

q" =F-Au"—p° (7.16)
correct the quantity q" to satisfy the constraints

q"' =Pk (q)[d"] (7.17)

where P: _(q) is the operator of projection in H /2(Q) on K}, :(q) and co-
efficient p is selected so as to provide the best convergence of the algorithm,

. calculate Au” substituting known (" in the internals equation

Au"=F'.p" (7.18)
correct the quantity Au” to satisfy the constraints
AT =Py g [AU] (7.19)

where Py, _(au) is the operator of projection in H'/2(Q) on K, ¢ (Au),

proceed to the next step of iteration.

Algorithm 4 includes the following steps:

1.
2.

3.

specify an initial value q° € Kgmq),

calculate Au” substituting known q" in the internals equation

Au" =F~!.p" (7.20)
correct the quantity Au” to satisfy the constraints

AT =Py aw[AU7] (7.21)

where Pk, _(au) is the operator of projection in H!/2(Q) on K, ;(Au),
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4. calculate q" substituting known Au” in the internals equation

q'=F-Au"—p’ (7.22)

5. correct the quantity q" to satisfy the constraints
4" =P (q)[q"] (7.23)

where Pg; (q) is the operator of projection in H'/2(Q) on K; - (q),
6. proceed to the next step of iteration.

Our calculations show that all four above algorithms are convergent not only in
elastostatics but also elastodynamics contact problems for infinite cracked body. It
is important to mention that Algorithm 3 and Algorithm 4 have significantly faster
convergence.

8 Conclusions

This paper present various variational formulation of elastostatic problem for body
with crack with considering possibility for unilateral crack faces contact interac-
tion and friction in the for that permit easy extension to elastodynamic problems.
Variational formutations based on principles of virtual displacements and virtual
stresses and also boundary variational principle based on fundamental solutions are
established. Nonsmooth functionals that correspond to unilareral frictional contact
conditions are constructed. Iterative algorithms of the Uzawa’s type that are based
on projection on the set of unilateral restrictions and friction are proposed. It was
shown that in the case if varational formulation is based on principles formulated
for whole domain the FEM have to be used and in the case if varational formulation
is based on principles formulated only for boundary the BEM have to be used. The
case of the crack in infinite elastic media is considered in more details and four new
algorithms are proposed.
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