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Abstract

The present work deals with the uniqueness theorem for plane crack problems in solids characterized by dipolar gra-
dient elasticity. The theory of gradient elasticity derives from considerations of microstructure in elastic continua
[Mindlin, R.D., 1964. Micro-structure in linear elasticity. Arch. Ration. Mech. Anal. 16, 51-78] and is appropriate
to model materials with periodic structure. According to this theory, the strain-energy density assumes the form of a
positive-definite function of the strain (as in classical elasticity) and the second gradient of the displacement (additional
term). Specific cases of the general theory employed here are the well-known theory of couple-stress elasticity and the
recently popularized theory of strain-gradient elasticity. These cases are also treated in the present study. We consider
an anisotropic material response of the cracked plane body, within the linear version of gradient elasticity, and condi-
tions of plane-strain or anti-plane strain. It is emphasized that, for crack problems in general, a uniqueness theorem
more extended than the standard Kirchhoff theorem is needed because of the singular behavior of the solutions at
the crack tips. Such a theorem will necessarily impose certain restrictions on the behavior of the fields in the vicinity
of crack tips. In standard elasticity, a theorem was indeed established by Knowles and Pucik [Knowles, J.K., Pucik,
T.A., 1973. Uniqueness for plane crack problems in linear elastostatics. J. Elast. 3, 155-160], who showed that the nec-
essary conditions for solution uniqueness are a bounded displacement field and a bounded body-force field. In our
study, we show that the additional (to the two previous conditions) requirement of a bounded displacement-gradient
field in the vicinity of the crack tips guarantees uniqueness within the general form of the theory of dipolar gradient
elasticity. In the specific cases of couple-stress elasticity and pure strain-gradient elasticity, the additional requirement
is less stringent. This only involves a bounded rotation field for the first case and a bounded strain field for the second
case.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The present work is concerned with establishing a uniqueness theorem for plane crack problems within
the framework of the linear theory of dipolar gradient elasticity. This theory was introduced by Mindlin
(1964) in an effort to model the mechanical behavior of solids with microstructure. A related and even more
general theory was also introduced at the same time by Green and Rivlin (1964). The basic concept of these
generalized continuum theories lies in the consideration of a medium containing elements or particles
(called macro-media), which are in themselves deformable media. This behavior can easily be realized if
such a macro-particle is viewed as a collection of smaller sub-particles (called micro-media). In this way,
each particle of the continuum is endowed with an internal displacement field, which can be expanded as
a power series in internal coordinate variables. Within the above context, the lowest-order theory (dipolar
or grade-two theory) is the one obtained by retaining only the first (linear) term of the foregoing series.
Also, because of the inherent dependence of the strain energy on gradients of certain fields-like the displace-
ment gradient (form I in Mindlin, 1964), the strain (form II) or the rotation (couple-stress case)—the new
material constants imply the presence of characteristic lengths in the material behavior. These lengths can
be related with the size of microstructure. In this way size effects can be incorporated in the stress analysis, a
fact giving Mindlin’s approach an advantage over the classical theory. Typical cases of continua amenable
to such an analysis are periodic material structures like those, e.g., of crystal lattices, crystallites of a poly-
crystal or grains of a granular material.

As is well-known, ideas underlying generalized theories were advanced a long time ago by Cauchy (1851)
and Voigt (1887), but the subject was generalized (e.g. including inertia effects) and reached maturity only
with the works of Mindlin and Green and Rivlin mentioned above. The Mindlin theory and related ideas
(see e.g. Bleustein, 1967; Mindlin and Eshel, 1968; Germain, 1973) had already some successful applications
during the sixties (see e.g. Weitsman, 1966; Day and Weitsman, 1966; Herrmann and Achenbach, 1968).
More recently, this approach and related extensions for microstructured materials have been employed
to analyze various problems in, among other areas, wave propagation (Vardoulakis and Georgiadis,
1997; Georgiadis et al., 2000; Georgiadis and Velgaki, 2003; Georgiadis et al., 2004), fracture (Zhang
et al., 1998; Shi et al., 2000; Georgiadis, 2003), mechanics of defects (Lubarda and Markenskoff, 2000;
Lubarda, 2003), stability (Papargyri-Beskou et al., 2003), and plasticity (see e.g. Fleck et al., 1994; Vardoulakis
and Sulem, 1995; Wei and Hutchinson, 1997; Begley and Hutchinson, 1998; Fleck and Hutchinson, 1998).
Efficient numerical techniques (Shu et al., 1999; Amanatidou and Aravas, 2002; Engel et al., 2002; Tsepoura
et al., 2002) have also been developed. Results from the aforementioned studies suggest that the Mindlin
approach allows for the emergence of interesting boundary layer effects and extends the range of applica-
bility of classical continuum theories towards bridging the gap between them and atomic-lattice theories.

In the present study, the most common version of Mindlin’s theory is employed, i.e. the so-called micro-
homogeneous case (see Section 10 in Mindlin, 1964). According to this, on the one hand, each material par-
ticle has three degrees of freedom (the displacement components—ijust as in the classical theories) and the
micro-density does not differ from the macro-density, but, on the other hand, the Euler—Cauchy principle
assumes a form with non-vanishing couple-stress vector and the strain-energy density depends not only upon
the strain (as in standard elasticity) but also upon the second gradient of the displacement. This case is dif-
ferent from the general Cosserat (or micropolar) theory that takes material particles with six independent
degrees of freedom (three displacement components and three rotation components, the latter involving
rotation of a micro-medium w.r.t. its surrounding medium) but, as explained in Section 2 below, includes
as important special cases the couple-stress elasticity and the strain-gradient elasticity.

Such a continuum (also known in the literature as a restricted Mindlin continuum) is best described, in the
framework of theory of small strains and displacements, by the following form of the first law of thermody-
namics with respect to a Cartesian coordinate system Ox;x:x3 : pE = Tyyé,, + 11,0,0,0,11,, where p is the mass
density, E is the internal energy per unit mass, u, is the displacement vector, ¢,, is the linear strain tensor,
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Tpq = Tgp is the monopolar stress tensor, m,,. = m,,, is the dipolar stress tensor (a third-rank tensor),

0,() = 0()/0x,, a superposed dot denotes time derivative, and the Latin indices span the range (1,2,3). The
dipolar stress tensor follows from the notion of dipolar forces, which are anti-parallel forces acting between
the micro-media contained in the continuum (see Section 2 and the original expositions by Green and Rivlin
(1964) and Jaunzemis (1967)). Finally, the above form of the first law of thermodynamics can be viewed as a
more accurate description of the material response than that provided by the standard theory (case of
pE = 1,,é,,), if one thinks of a series expansion for pE containing higher-order gradients of the displacement
gradient (or even of its symmetrical part, the strain). For example, the additional terms may become significant
in the vicinity of stress-concentration points where the displacement gradient undergoes steep variations.

In the present study, the problem of solution uniqueness within the linear version of dipolar gradient
elasticity is addressed for cracked bodies, by considering an anisotropic material response under plane-
strain or anti-plane strain conditions. It is emphasized at this point that the standard Kirchhoff theorem
cannot guarantee uniqueness of solution in the case of crack problems. This is because of the fact that solu-
tions to such problems exhibit singularities in the vicinity of crack tips, and some of these singularities may
not be in harmony with the assumption of smooth fields in Kirchhoff’s theorem. However, imposing certain
restrictions on the behavior of the solution near the crack tips, a uniqueness theorem can be established. In
other words, to prove uniqueness, a statement (in integral form) of the Principle of Virtual Work is neces-
sary, in which statement all integrals involved should be convergent (in the case of divergent integrals, the
Principle of Virtual Work simply has no meaning). Therefore, a uniqueness theorem for crack problems
should determine the necessary conditions on certain near-tip fields that render «ll integrals convergent
in the pertinent weak (variational) form.

In the quest of uniqueness, the bounds that are set for certain fields near the crack edges are the so-called
edge conditions. A practical use of such conditions is known in classical elasticity crack problems (see e.g.
Freund, 1990; Georgiadis and Brock, 1994; Georgiadis and Rigatos, 1996), since this information greatly
helps one to obtain exact solutions via the Wiener—Hopf technique by knowing in advance the asymptotic
behavior of at least some of the field quantities (e.g. the displacement), which are to be evaluated. In addi-
tion, candidate solutions in the course of solving a particular problem can immediately be discarded if they
do not concur with the edge conditions.

Within classical linear elasticity, Knowles and Pucik (1973) proved that the necessary conditions for
solution uniqueness are a bounded displacement field and a bounded body-force field in the crack-tip
region. In our study, by following closely their approach, we show that the additional (to the two previous
conditions) requirement of a bounded displacement-gradient field in the vicinity of crack tips guarantees
uniqueness within the dipolar gradient elasticity. It is worthwhile noticing that recently obtained solutions
to plane crack problems in the framework of this theory (Shi et al., 2000; Georgiadis, 2003) satisfy indeed
the requirement of a bounded displacement-gradient in the vicinity of crack tip, since the crack-face dis-
placement varies in these solutions like O((—x1)3/ %) as x; — —0, w.r.t. a Cartesian coordinate system
Oxx,x3 attached to the crack tip and with the crack situated along (—¢ < x; <0, x, = 0), where / is a fixed
length. We note in passing that such a cusp-like closure of the crack faces was also found recently by Cleve-
ringa et al. (2000) through the use of discrete dislocations around the crack tip.

Finally, after treating here the general case of dipolar gradient theory (which involves the entire field of
displacement gradient), we also deal with the special cases of couple-stress theory and strain-gradient theory.

2. Fundamentals of dipolar gradient elasticity
Here, we briefly present the basic ideas and equations of elastostatic dipolar gradient theory of small

strains and displacements. The point of departure is the following form of the strain-energy density W
in a 3D continuum
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W = W(en, Kipg)s (1)

where a Cartesian coordinate system Oxx,x3 is utilized with the Latin indices spanning the range (1,2, 3),
&pg = (1/2) (O,u, +d,u,) is the linear strain tensor, 0,() = 0()/0x,, u, is the displacement vector, and
Krpq = 0,0, is the second gradient of displacement. The rotation tensor w,, = (1/2)(d,u, — 9,u,) will also
be employed later. Indicial notation and the summation convention are used throughout. In what follows,
we assume the existence of a positive definite function W(e,,, k,,,). From the above definitions, the proper-
ties £,4 = &4py Kipg = Kprq and ), = —w,, are obvious. Simpler versions of the theory can be derived by iden-
tifying k,,, with either the rotation gradient (couple-stress theory: x,,, = 0,w,,) or the strain gradient
(strain-gradient theory: k,,, = 0,¢,,). Nevertheless, we deal first with the general case by taking the gradient
of the entire displacement-gradient field. Later, we will briefly consider the special cases too.

Clearly, the form in (1) allows, as well, for non-linear constitutive behavior of the material. However, in
this study we confine interest only to a linear constitutive behavior and consider the following quadratic
form of the strain-energy density:

W = (1/2)pimepatom + (1/2)dtng 2)

where (Cpgim» drpgjim) are tensors of the material constants. Notice that in these tensors (which are of even
rank) the number of independent components can be reduced to yield isotropic behavior. In the general
case, (Cpgim» drpqjim) can be considered as continuously differentiable functions of position (case of non-
homogeneous behavior). Finally, the positive definiteness of W sets the usual restrictions on the range of
values of the material constants. Inequalities of this type are given, e.g., in Georgiadis and Velgaki
(2003) for the isotropic couple-stress case and in Georgiadis et al. (2004) for the isotropic strain-gradient
case.

We should also mention that a ‘mixed’ term of the type f,, 1 kpsei (With f,,,; being another tensor of
material constants), which could be included in the RHS of (2), has been omitted because such a term pre-
cludes isotropic material behavior. This is because f,,, is of odd rank and inevitably will result in preferred
directions in the material response. In addition, the recent analysis of Georgiadis et al. (2004) in a concrete
problem of application of dipolar gradient elasticity (the theory involves a specific form of constitutive rela-
tions with four independent material constants and studies the propagation of Rayleigh waves) showed that
this term has a rather little effect. Notice that considering only isotropic constitutive relations, and therefore
omitting the aforementioned ‘mixed’ term, is the choice in the fundamental work by Mindlin and Eshel
(1968) and also seems to be the case in most of the recent studies employing the gradient approach. Nev-
ertheless, the basic lines of the present uniqueness considerations do not alter by the presence of this term.

Further, stresses can be defined in terms of W in the standard variational manner

ow ow

Tpy = —— Mypy = ——
Pq ) rpq )
0ty Ok

(3a,b)
where 1,, = 1,, is the monopolar (or Cauchy in the nomenclature of Mindlin, 1964) stress tensor and
Mypq = My, 18 the dipolar (or double) stress tensor. The latter third-rank tensor follows from the notion
of multipolar forces, which are anti-parallel forces acting between the micro-media contained in the contin-
uum with microstructure (see Fig. 1). As explained by Green and Rivlin (1964) and Jaunzemis (1967), the
notion of multipolar forces arises from a series expansion of the mechanical power M containing higher-
order velocity gradients, i.e. M = Fit, + F,,(0,ity) + F,q(0,0,i1,) + - - -, where F, are the usual (monopolar)
forces of classical continuum mechanics and (F),,, F,,,, .. .) are the multipolar (dipolar, quadrupolar, etc.)
forces within the framework of generalized continuum mechanics.

In this way, the resultant force on an ensemble of sub-particles can be viewed as being decomposed into
external and internal forces, the latter ones being self-equilibrating. However, these self-equilibrating forces
produce non-vanishing stresses, the multipolar stresses. This means that an element along a section or at the
surface may transmit, besides the usual force vector, a couple vector as well (i.e. the Euler—Cauchy stress



6230 C.G. Grentzelou, H.G. Georgiadis | International Journal of Solids and Structures 42 (2005) 62266244

F
T ’ dipolar forces
|I| E?—@i sub-particles
@mgmmﬁ
F F, (monopolar force)
o @

> (monopolar force)

X1

Fig. 1. A solid with microstructure: monopolar (external) and dipolar (internal) forces acting on an ensemble of sub-particles.

principle is augmented to include additional couple-tractions). Regarding the notation of the dipolar forces
and stresses, the first index of the force indicates the orientation of the lever arm between the forces and the
second one the orientation of the pair of forces itself. The same holds true for the last two indices of the
dipolar stresses, whereas the first index denotes the orientation of the normal to the surface upon which
the stress acts. Also, the dipolar forces F,, have dimensions of [force]length]; their diagonal terms are dou-
ble forces without moment and their off-diagonal terms are double forces with moment. In particular, the
anti-symmetric part Fj,, = (1/2)(x,F, — x,F,) gives rise to couple-stresses. Finally, across a section with its
outward unit normal in the positive direction, the force at the positive end of the lever arm is positive if it
acts in the positive direction. ‘Positive’ refers to the positive sense of the coordinate axis parallel to the lever
arm or force.
Then, Egs. (2) and (3) provide the following constitutive relations:

Tpg = Cpglm€im;  Mypg = drquIijlm- (4a7 b)

We also note that at certain points of the ensuing analysis, use will be made rather of the complementary
strain-energy density W° = W*(,,, m,,,), which, however, is identical here with I due to the assumed linear
constitutive behavior. Thus, we can also write W = W(t,,.,m,,,).

Next, the equations of equilibrium and the traction boundary conditions along a smooth boundary can
be obtained either from Hamilton’s principle (Mindlin, 1964) or from the momentum balance laws and
their application on a material tetrahedron (Georgiadis et al., 2004). In particular, the issue of boundary
conditions and their nature was elucidated by Bleustein (1967) in an important but not so widely known
paper. These equations read (the first is the equation of equilibrium and the other two are the boundary
conditions)

Op(Tpg — Ommypg) + f4 =0, (5)
1y (Tpg — OMypg) — Dyp(n,myg) + (Djnj)n,mym,pg = Py, (6)
Mg = Ry, (7)

where f;, is the monopolar body force per unit volume, D,() = 8,()—n,D() is the surface gradient operator,
D()=n0,() is the normal gradient operator, n, is the outward unit normal to the boundary,
P, = t(”> + (Dyn,)m,, T -D, T is the auxiliary force traction, R, = n, TL’;) is the auxiliary double force trac-
tion, ) is the true force surface traction, and 7 is the true double force surface traction. Examples of the
latter tractlons along the surface of a 2D half-space are given in Fig. 2. Notice that a dipolar body force
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Fig. 2. Positively oriented true monopolar and dipolar tractions on the surface of a half-space.

field is omitted in the above equations since this case is a rather unrealistic possibility. This absence of dou-
ble body forces can also be quoted in Mindlin’s (1964) form I and, also, in Mindlin and Eshel (1968).

3. Uniqueness considerations in the general gradient theory

Consider a body occupying the plane domain D with a piecewise smooth boundary C. Either conditions
of plane-strain or anti-plane strain are assumed to prevail. The body contains a single, internal, through the
thickness, straight crack denoted by L. The treatment of a problem with many cracks follows also the lines
of the present analysis. The crack faces are traction free and the loading is applied on C. Again, the treat-
ment of a problem with non-zero tractions along the crack faces presents no additional difficulty. A con-
tinuous body-force field f;, may act on the body. As Fig. 3 depicts, a Cartesian coordinate system Ox;x,X3 is
placed on the body so that the crack consists of the points L = {(x,x,): —a < x1 < a,x, = + 0}. Further,

@
e
0 \y X

v

(w2

Fig. 3. A plane domain D having a boundary C and containing a finite-length crack L. The small circles CE” and Cf) around the crack
tips have radius .
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we define two circles Cﬁ” and ng) around the crack tips (—a,0) and (a,0), respectively, and also write
C, = CY 4+ C?. Bach circle has a radius ¢, which is positive and small enough to ensure that the circles
are indeed within D. We also define the following domains: G, = G\" + G? is the domain that contains
all points inside the circles but not lying on the crack L, Dy = D — L is the domain that contains those
points of D not lying on L, D, = Dy — G, is the domain that contains those points of D, which are outside
the circles C!" and C?, and D* = {(x),x2) : (x1,%2) € D+ C, x, = 0, (x; £a)’ +x3 # 0} is the domain
that contains those points of D + L lying on or above the x;-axis with the exclusion of the two crack tips
(similarly, D~ = {(x;,x) : (x1,X2) € D+ C,x, < 0, (x; £ a)* +x2 # 0}). Finally, use will be made of the
interior of L defined as Ly = {(x,x5): —a <x; <a, x, =+ 0}.

Of course, all forces and tractions act ‘inside’ the plane (x1,x,) and are independent upon Xxs.

The boundary value problem for the cracked body is now stated as follows: Determine the solution
(t4g, Tpg»Mypq) to the problem described by Eqs. (4) and (5) holding on D,, by the general conditions (6)
and (7) holding along any boundary, and under given tractions P, and R, on the boundary C and
stress-free boundary conditions on L.

More specifically, the latter conditions on L, are written in plane-strain as

Omiyn  Omay, am212_ Omiy  Omyyy am211_

T — ox, ax; oxp 0, 0x; 0xy Ox; 0, (8a,b)
myy =0, myp =0, (9a,b)
and in anti-plane strain as
Omiys  Omypz  Omyis _
. 6x1 B axz B 6x1 o 0’ (10)
my3 = 0. (11)

In particular, the LHS of Eqgs. (8a), (8b) and (10) is the so-called zotal stress (Georgiadis, 2003), which is to
be evaluated ahead of the crack tip in each of the cases of, respectively, mode-I, mode-II and mode-III frac-
ture. As shown by Georgiadis (2003), the total stress ahead of the crack tip and the crack-face displacement
are the quantities of main interest in each specific crack problem, since they enter in the expression of the
energy release rate. Moreover, the total stress ahead of the crack tip can be related with the cleavage
strength of the material.

Finally, in addition to the governing equations mentioned above, the solution to the boundary value
problem should obey the appropriate smoothness conditions given below. These conditions stem from
the requirement that the field quantities should be sufficiently smooth so that the governing equations of
the problem are valid everywhere in the body:

u, € C'(DY)NC' (D7) N CH(Dy), (12a)
1, € C(DY)NC(D) N C'(Dy), (12b)
M,y € C(DY) N CH(D7) N C*(Dy). (12c)

In considering uniqueness of the counterpart problem in classical elasticity, Knowles and Pucik (1973)
showed that the necessary conditions to have a bounded strain-energy density (and, therefore, applicability
of the Principle of Virtual Work and Kirchhoff’s theorem) are a bounded displacement field and a bounded
body-force field in the vicinity of crack tips. In the present study, we follow closely their approach and show
that another one, the condition of bounded displacement-gradient, should supplement the latter conditions
in order to render the following relations valid
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// WdA4 < oo, (13)

Dy

2// WdA:// fququ—i—/P;uqu—ﬁ—/R;Duqu (14)
Dy Do c c

and thus be able to prove a uniqueness theorem for the crack problem of dipolar gradient elasticity stated
before. In the above relations, d4 is the infinitesimal element of area, ds is the infinitesimal element of arc
length, and D() (not to be confused with any domain) is the normal gradient operator defined already in
Section 2. Notice also that (14) derives from the Principle of Virtual Work (for the theory employed here)
given in Mindlin (1964) and in Appendix A of the present paper. Equation (14) is but a generalization of the
classical Clapeyron’s theorem.

Indeed, once the relations (13) and (14) are established, uniqueness follows as in the standard Kirchhoff
theorem, i.e. by considering two linearly independent solutions and proving through (14) that their difference
(which is also a solution, a fact owing to the linearity of the problem) is equal to zero. In Appendix A, we
provide the extension of Kirchhoff’s theorem needed for dipolar gradient elasticity. Thus, in what follows, we
will concentrate on determining the conditions that guarantee the validity of relations (13) and (14).

We start this task by proving the validity of the following equation

2// WdA://f,iuqu—&—/P;uqu—i—/R;Duqu—&—/ Pququ—|—/ R,Du,ds, (15)
D, D, Cy Ce

where (P;7 R q) are the given (known) tractions on the boundary C, whereas (P,, R,) are unknown tractions

along C,. The latter tractions are related, of course, with the stresses through (6) and (7). To prove (15), we
employ the divergence theorem and Egs. (5)—(7). The proof runs as follows:

//fququ+/Puqu+/RDuqu+/PuquJr/ R,Du,ds

// O pg pligdA + / (1,6 — Dp(n,m54) + (D), mpm,g | ug ds + / 1Ry My, Dy ds

oD,
_// opq‘puqu—&—// (apquq)pdA—i—/ 1My tty s
D, D, ’ oD,
:// apquq‘pdA—k/ Mgy p ds
& aD;
// Tpqttq,p 44 — //mrpqr”quA+// (mrpq”qp),,-dA
// ququdA+//m,pqqurdA—2// wd4, (16)

where it is noticed that (), = 0,() = 0()/0x,, 0,4 = Tpy— Mypy,, is a stress-like quantity introduced for con-
venience in the computations, 0D, denotes the boundary of the domain D, and

W= [ oy epg + [o" Mg ity = (1/2) T + (1/2)mpgtty -
Next, for all positive and sufficiently small numbers ¢, we define a function f{¢) by

8)52// WdA—// f;,uqu—/P:;uqu—/RZDuqu (17)
D, Dy ¢ c

aiming at showing eventually that lim, ., (f(¢)=0 and, accordingly, that f f Dy wdaA =
lime—vo [ [ p, W dA4 < oo. Under the above definition, we can write (15) in the form
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f(s):—/ fququ—t—/ Pququ—|—/ R,Du, ds, (18)
G, c, c.

where we recall that G, = Dy — D,. Also, the derivative f'(¢) will be employed in the ensuing analysis. From
the definition in (17) and by performing a Leibnitz-type differentiation and taking into account the orien-
tation of the outwardly-directed unit-vector normal to the contour C, (this vector n,, is ‘inwards’ w.r.t. D,—
cf. Fig. 4), it can be deduced that

fle)=-2 | wWds (19)

which, in view of the positive definiteness of W, provides that f'(¢) < 0. The latter result shows that f{¢) is a
monotone non-increasing function. This will conveniently be employed in the sequel.

Further, working on the last two terms of the RHS of (18) and taking into account the general equations
of boundary conditions in (6) and (7) and also considering which stress components do work and which are
workless, one obtains

/Pququ+/ Runqu:/ n,,rpququ+/ 1My p ds. (20)

Then, in light of (18) and (20) and the well-known triangle and Cauchy-Schwarz inequalities, we can have
the following bound for |f{¢)|

|f(s)|:‘ / fququ+/ Pu,,ds—l—/ R,Du,ds
C;

<] L+
< //Gl || dA + /C ]n,,‘cpquq}ds + /C |1my gty | ds
1/2 1/2 1/2 1/2
<(f fraa) (f fran) " ([ o) ([ ac)
() (o)
([ [a) ([ foman) " ([ ) ([ sose)
+ </F MypgMypg ds) . (/cf uq,puq"pds) 1/2. (21)

Next, by considering bounded fields for the body force, displacement and displacement gradient every-
where in D, i.e. by considering the validity of the following inequalities (with (o, f8,7) being positive
constants):

Pquq ds + / R,Du,ds

| fa IS o Vx, €Dy, (22a)
|u, |[< B Vx, € Dy, (22b)
lu,, |<y Vx, € Dy, (22¢)

one obtains the following relations:
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X2

X1

Fig. 4. The plane domain D, (shaded area) containing those points of D which are outside the circles ¢V and C? and, also, do not lie
on the crack. The unit vector n is oriented ‘inwards’ with respect to D,.

(f [ d“)m <s(f [ 1) o) (23)
( fmsa) " <o(f [ aa) " =i o
(fomae) " <n( [ )= o o
(fmte) " o( [ ae) =i @

Finally, by employing the latter relations in (21) we get the following bound for |f{¢)|:
1/2

1/2
| f(e) |< 4nc’ap + P(8ne)'/? (/ Tpg Ty ds) + 9(8me)'? (/ MypgMypy dS) . (27)
& C,

As will become clear soon, the inequalities in (22) are the necessary edge conditions that guarantee a unique
solution to the crack boundary value problem.

At this point, it is advantageous to exploit the fact that the strain-energy density is not only positive def-
inite but also a gquadratic function in both 1,, and m,,,. Of course, the latter is true because we have
assumed linear constitutive behavior (cf. Eq. (2)). Thus, there exist positive constants A and p such that

W (T Mipg) = )‘zqurpq + ﬂzmrpqmrpq' (28)
Moreover, since obviously 7,,7,, = 0 and m,,,m,,, = 0, it follows from (28) that:
1

1
W, My, <—W (29a,b)

Sz I

TpaTpg

in light of which, (27) becomes
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1/2
\f (e)| < dne’af + (8me)'? (é + %) (/ st) : (30)
It is time now to use Eq. (19) and write (30) under the final form
(&) S T& + A(—ef'(2)"", (31)

where I' = 4nof and 4 = 27'/? (g + %).In the final stage of the proof of the validity of relations (13) and (14),
we have to show now that the differential inequality (31) implies the existence of the limit of f{g) as¢ — + 0
and also that lim,_ o fle) =0.

The monotonicity of f{¢) proved earlier assures that either f{+0) exists and is finite or f{+0) = +oo. Thus,
there exist the following cases

case A: 0 < f(40) < oo, (32a)
case B: —oo < f(40) < 0, (32b)
case C: f(+0) =0. (32¢)

In what follows in this Section, we will show by following the technique of Knowles and Pucik (1973) that
the only possibility is case C above.

In case A, it is possible to choose a number &, > 0 small enough to ensure that the inequality (31) holds
for 0 <e< & and

If(e)| —Te? =f(e) = T'e* = f(e) — I'es = f(e2) — I'e5 > 0. (33)
Then, from (31) and (33), it follows that:

0< [f(e) = TZ]" < —Asf'(e) for0<c<e (34)
and on integrating the latter for 0 <g <e,

: - : < : =>f(8)—F82<—A2
@) -8 fe) 18 < fa 13 =/ % Spgray

since, due to the inequalities in (33), f(¢;) — I'e3 > 0. Now, letting &; — + 0 in (35), we get
f(e)) — T3 <0, (36)

which, however, contradicts the last of the inequalities in (33) and leads to the conclusion that case A is
impossible.

In case B, we choose again a number &, > 0 small enough to ensure that the inequality (31) holds for
0 <& < & and, in view of (32b), we obtain

A*-In (ey/e)) <

(35)

| /(&) | —Te" = =f(e) = I'e* > —f(e) = I'ey > —f(+0) — I'ey = f(+0) | —I'e; > 0. (37)
From (31) and (37) and by integrating for 0 < g, < ¢, it results
0< [f(e) +Te]" < —A%f'(e) = 4 In (e2/e) gf(82)1+ e f(81)1+ re’ G8)
But, the first term in the RHS of the latter inequality is negative, so we get
A2
—f(sﬂ—l“s%ém (39)

and, further, by letting ¢; — +0 in (39)
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[/ (+0)| - I'e; <0, (40)

which, however, contradicts the last of the inequalities in (37) and leads to the conclusion that case B is
impossible.
Therefore, we are led necessarily to case C in (32). This means that the limit of the function f{¢) as
& — + 0 exists indeed and that lim,_, + o f{¢) = 0. Then, by the definition in (17), the existence of f{ + 0)
guarantees the existence of the quantity [ [ p, W d4 = lim,_.1o J Jp, W d4 and the validity of (13) and (14).
In conclusion, we have proved that the boundedness requirements in (22) are the necessary conditions
for solution uniqueness of the plane crack problem in dipolar gradient elasticity.

4. Uniqueness in the couple-stress theory

In the couple-stress case, Eq. (1) for the strain-energy density is replaced by
W =W (e, ) (41)

where K, = (1/2)e,/0,0ktt; = €408, is the so-called torsion—flexure tensor (see e.g. Mindlin and Tiersten,
1962; Muki and Sternberg, 1965) with e, being the Levi—Civita permutation symbol. This tensor is the
gradient of the rotation or the curl of the strain and it is expressed in dimensions of [length]™'. In terms
of the rotation vector w, = (1/2)e 01y, the torsion-flexure tensor is simply written as «,, = 0, ®, (recall
from Section 2 that w,, = (1/2)(9,u, — O,u,) is the rotation tensor). Also, one may observe that: (i) the ten-
SOT K, is asymmetric, and (ii) x,, = 0 due to the skew symmetry of the permutation symbol and, therefore,
k,q has only eight independent components. In what follows, we assume the existence of a positive definite
function W(e,,,x,,) that has a quadratic form, i.e.

W = (1/2)Cpqlm8pq81m + (I/Z)bpqlprqum, (42)

where (¢pqim» bpgim) are tensors of the material constants.

We proceed now to briefly present the fundamentals of the couple-stress elasticity theory and then to
discuss solution uniqueness of the plane crack problem in the context of this theory. Presentations of
the basics of the theory can also be found in, e.g., Mindlin and Tiersten (1962), Muki and Sternberg
(1965), and Georgiadis and Velgaki (2003). In particular, the latter work provides a more complete version
of the theory since it includes the effects of inertia and micro-inertia and reveals the microstructural origin
of couple-stress considerations.

The balance laws for the linear and angular momentum for a control volume CV with surface S are writ-
ten as (Mindlin and Tiersten, 1962; Georgiadis and Velgaki, 2003)

/ /S £1dS + / / . £,d(CV) =0, (43)

//S(xqt,inmqu —l—M[(’"))dS + / / /CV (x4 /% €t + C,)d(CV) =0, (44)

where té”) is the surface force per unit area (i.e. the traction denoted by the same symbol in Section 2), f,, is
the body force per unit volume, M;’” is the surface moment per unit area (i.e. the couple traction produced
by the double forces T 1()’;), which were defined in Section 2), C, is the body moment per unit volume, and x,
are the components of the position vector of each material particle with elementary volume d(CV).

Next, pertinent force-stress and couple-stress tensors are introduced by considering the equilibrium of the
elementary material tetrahedron and enforcing (43) and (44), respectively. The force-stress or total stress
tensor o,, (which is asymmetric) is defined by
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) = ogpny (45)

and the couple-stress tensor p,, (which is also asymmetric) by
ML’” = LMy (46)
The relations t™ = —tC™ and M™ = —M™™, with n (having direction cosines n,) being the outward

unit vector normal to an area element (on the boundary or on any imagined surface inside the body),
can easily be proved to hold by considering the equilibrium of a material ‘slice’. The couple-stresses fi,,
are expressed in dimensions of [force]length] . Further, 0,4 1s decomposed into its symmetric and anti-
symmetric part

Opg = Tpg T Olpg (47)
with 1,, = 7., and a,, = —a,,, whereas p,, is decomposed into its deviatoric uélq)) and spherical (%) part in
the following manner:

Hpg = Mpq + (1/3)0pq by (48)

where m,, = (D), 1S = (1/3)3,14, and 9, is the Kronecker delta.

The couple-stress tensor u,,, is related with the double-stress tensor m,,, defined in Section 2 through the
equation pi,; = (1/2)espyy (g, Where mypg) = (1/2)(Mypg — Myyp).

Now, in view of the above definitions and by employing the divergence theorem, the following equations
of force and moment equilibrium are obtained:

0,0, + 14 =0, (49)

Optipg + Oip €pgie + Cq =0 (50)
or, by virtue of (47)

OpTpg + Opotpg + .14 = 0, (51)

(1/2)0pttpgk + %pg + (1/2)Crepgr = 0. (52)

Further, combining (51) and (52) and also taking into account that curl(div((1/3)d,ixx)) = 0 yields the sin-
gle equation of equilibrium

0,7y — (1/2)0,0,muepg + fy — (1/2)0,Crepy = 0. (53)
Linear constitutive relations can be derived now from (42) and the usual variational considerations
ow ow
Tog = =— = CpoimEim, Myy = =—— = DpyimKim- (54a,b)
P4 68pq Pq P4 aqu Pq

As in Section 2 and Section 3, due to the linearity of the constitutive relations, we can appropriately write
W = W(tpg, mpg).

Finally, the following points are of notice: (i) since x,, = 0 holds true, m,, = 0 is also valid and therefore
the tensor m,, has only eight independent components. (ii) The scalar (1/3)u of the couple-stress tensor
Upq does not appear in the final equation of motion and in the constitutive equations either. Consequently,
(1/3)pis 1s left indeterminate within the couple-stress theory. In other words, the field ,, is unique except
for an arbitrary additive (constant) isotropic couple-stress field.

We proceed now to discuss the uniqueness of the plane crack problem in the context of the theory pre-
sented above. We consider the same configuration of a cracked plane domain as that in Section 3 and fol-
low essentially the same procedure. In the present case, the boundary value problem is stated as follows:
determine the solution (u,, @y, T,4,M,,) to the problem described by Egs. (53) and (54) holding on Dy,
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by the general conditions (45) and (46) holding along any boundary, and under given tractions #; and M on
the boundary C and stress-free boundary conditions on Ly.
More specifically, the latter conditions on L, are written in, e.g., plane-strain as

0y = 0, 021 = 07 (55&, b)

mMy3 = 0. (56)

Notice further that except for w; and (k;3, k»3) all other components of the rotation vector and the torsion-
flexure tensor identically vanish, in the plane-strain case considered here. The non-vanishing components
(11,712, T22) and (my3,my3) follow from (54). Then, (oqy,02,001,0) are found from (52) and
(011,012,021, 027) are provided by (47).

Finally, just as in the case of dipolar gradient theory treated earlier, we also state the appropriate
smoothness conditions that the solution to the above boundary value problem should obey. These condi-
tions are written as

u, € C'(DY) N C' (D7) N C*(Dy), (57a)
w, € C(D*)NC(D™)NC*(Dy), (57b)
1,y € C(DT)NC(D) N C!(Dy), (57¢)
my, € C(D*)NC(D™) N C*(Dy). (57d)

Starting our uniqueness considerations, we first write the Principle of Virtual Work in the couple-stress elas-
ticity (the operator &() below denotes weak variations)

//S(t;wauq + M8w,)dS + / / /CV (f,8u, + C,8w,)d(CV)
R

and then relations analogous to the ones in (13) and (14)

/ W dd < o, (59)
Dy

2// WdA:// f(']uqu—i-// choqu—i-/t;uqu—!—/M;coqu, (60)
Dy Dy Dy c c

where pertinent definitions of the domains and contours are given in Section 3. Clearly, (60) derives from
the general variational form in (58). Notice that f, and u, have components, respectively, (f1,/>) and (u,u,)
only, whereas C, and o, have the components, respectively, C; and w3 only. Also, both fields £, and C, are
assumed to be continuous.

As in the previous case of Section 3, once the relations (59) and (60) are established, uniqueness follows
as in the standard Kirchhoff theorem. In other words, these two relations are necessary for the extension of
a Kirchhoff-type theorem in the plane crack problem stated before. A uniqueness theorem in the couple-
stress elasticity that is analogous to Kirchhoff’s theorem was proved indeed by Mindlin and Tiersten
(1962). Thus, in what follows, we will concentrate on determining the conditions on the fields (f,,C,.u,,®,)
that guarantee the validity of relations (59) and (60).

The starting point is again proving the validity of the following equation:
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2// WdA:// fquqd/H—// ququ+/t;uqu+/M;wqu+/ tququ—i—/ M, w,ds,
Dy Dy Dy c c c. C.
(61)

where (1;,M) are the given (known) tractions on the boundary C, whereas (t, = 1", M, = M") are
unknown tractions along C,. The latter tractions are related, of course, with the stresses through (45)
and (46). The proof of (61) is accomplished as the one of the analogous equation (15) in Section 3, i.e.
through the use of boundary conditions (local equilibrium), equations of equilibrium (global equilibrium),
and the divergence theorem.

Then, for all positive and sufficiently small numbers ¢, we define a function g(¢) by

g(e)z2// WdAf/ fququf// ququf/t;uquf/Mquds (62)
Dy Dy Dy c c

aiming at showing that lim, . 1 ¢g(¢) =0 and, accordingly, that [ [ o,V d4 = 1lim, [ JpWdA < oo
From (62), through a Leibnitz-type differentiation and by taking into account the positive definiteness of
W, g(e) is proved to be a monotone non-increasing function, i.e. g'(¢) = =2/ ¢, Wds < 0. Also, under the
definition in (62), we can write (61) in the form

g(e):f//fquqd/lf// ququ+/ tququ+/ M,w,ds. (63)
G, G, C. c.

Next, we work on the last two integrals of the RHS of (63) and exploit the fact that neither the anti-sym-
metric part of the force-stress nor the spherical part of the couple-stress contributes to the strain-energy
density in the couple-stress theory (cf. Eq. (54) and the exposition in Mindlin and Tiersten (1962))
obtaining

/ tyu,ds + / M,w,ds = / 1, (G pqtty + g )ds = / 1y (Tpglly + Mpg,)ds. (64)
C; C; C; C;
Therefore, (64) leads us to write (63) in the form
ge) = —/ SqugdA —// C,w,d4 +/ 1y Tpqly ds+/ Ny, ds. (65)
G, & C; Ce

Working now as in Section 3 and employing the triangle and the Cauchy-Schwarz inequalities, we
obtain the following bound for g(e)
1/2

12
lg(e)| < Ang’of + dne’nl + [3(8718)1/2 (/ TpgTpg ds) + C(Sne)l/z </ Mpgtpg ds) , (66)
C. C;

where the positive constants (a, ,7,{) are the bounds of the pertinent field quantities (body force, body
couple, displacement, and rotation), i.e.

Ify] <o Vx, €Dy, (67a)
|C,| <n Vx, € Dy, (67b)
|lug| < B Vx, € Dy, (67¢)
lwg| < ¢ Vx, € Dy. (67d)

The above restrictions are the necessary edge conditions for the fields near to the crack tips that guarantee a
unique solution to the plane crack problem in the case of the couple-stress theory.
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Next, we turn again to the strain-energy density and make use of the fact that this is a quadratic function
of its arguments. Consequently, there exist positive constants 4 and u such that
2
W<qu7mpq) = AT + :“2mpqmpq (68)

and since 1,,7,, = 0 and m,,m,, = 0, it follows that:

1 1
TpgTpg < e W, myhy, < iz w. (69a,b)
Employing finally (69) and the expression g’'(¢) = -2 ¢, Wds, (66) takes the form
l(e)| < @&’ + P (—eg' (), (70)

where @ = 4n(af + () and ¥ = 2x'2(£ + f:). Since now (70) is identical in form with (31), the rest of the
proof follows the same lines as in Section 3.

In conclusion, the boundedness requirements in (67) are the necessary conditions for solution uniqueness
of the plane crack problem in couple-stress elasticity.

5. Uniqueness in the pure strain-gradient theory

In the pure strain-gradient case, Eq. (1) for the strain-energy density is considered but now with &,
being the gradient of only the strain field (and not of the displacement-gradient field), i.e. x,,, = 0,¢p,. This
is form II in Mindlin’s (1964) paper. Obviously, it is k,,, = K,,,. Stresses are defined as in (3) and, accord-
ingly, the dipolar stress tensor exhibits the latter type of symmetry, i.e. m,,; = m,.

This formulation of the dipolar gradient theory does not take into consideration rotation gradients. All
governing equations pertaining to form I (presented in Section 2) and the uniqueness considerations (pre-
sented in Section 3) are also valid for form II provided that the proper symmetries for all tensors are fol-
lowed. In this way, we end up with the following edge conditions, which guarantee uniqueness of the plane
crack problem within the pure strain-gradient theory of elasticity

fa| <o ¥x, € Dy, (71a)
’uq’ < ﬁ vxp € DO; (71b)
|6p| < & Vx, € Dy, (71¢)

where (a,f3,&) are positive constants.

6. Concluding remarks

In this paper, we derived the pertinent edge conditions (i.e. boundedness requirements for certain fields
in the vicinity of crack tips), which guarantee solution uniqueness of plane crack problems in dipolar gra-
dient elasticity and in couple-stress elasticity. The derivation was based on energy related arguments. It was
shown that more stringent conditions are required for these generalized continuum theories as compared
with the ones required for standard elasticity. The information provided by edge conditions can be useful
in the course of solving (by either analytical or numerical techniques) boundary value problems involving
cracks, since one may know in advance the behavior that certain field quantities (displacement gradient or
rotation or strain) should exhibit in the crack-tip region and thus may check upon the appropriateness of
candidate solutions.
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We should also notice that the form of the constitutive relations does not affect the boundedness require-
ments as long as the constitutive relations remain linear. In view of this observation, the present results
apply also to a recent modification (Yang et al., 2002; Lam et al., 2003) of the general theory. This mod-
ification is based on postulating an additional equilibrium condition (to the standard balance of linear and
angular momenta)—the equilibrium of moments of couples. The latter postulate does not derive from gen-
eral principles of mechanics and results in a reduced number of material constants (as compared with the
number of material constants existing in the general theory). As indicated by, among others, Jaunzemis
(1967) and Mindlin and Eshel (1968), the principles of linear and angular momenta suffice to derive
well-posed dipolar theories. Considering now the modification by Yang et al. (2002) in our problem, one
may observe that since the rotation vector w, enters Eqs. (61) and (64) of the present paper and the form
of the Principle of Virtual Work is identical in our work (Eq. (58)) with that in the work by Yang et al.
(their Egs. (34) and (35)), the boundedness requirement on w, near the crack tips still remains a necessary
one for the specific case of Yang et al. (2002). Clearly, the same boundedness requirements apply also for
the simplified theory because the modification has to do with the particular form of the constitutive rela-
tions and not with the basic variational formulation. The latter one remains the same in the simplified case.
Finally, one may observe that the particular form (i.e. the number of material constants) of the linear con-
stitutive relations does not affect the boundedness requirements. Indeed, Eq. (68) of the present paper re-
mains valid in both cases of an asymmetric couple-stress tensor 1, (general couple-stress theory) or a
symmetric one (simplified case of Yang et al., 2002).

In closing, we should notice that a host of existing solutions to crack problems (solutions employing gen-
eralized continuum theories) clearly provides a corroboration of the present results (i.e. the near-tip addi-
tional conditions to those given by classical elasticity). In particular, the condition of boundedness of the
displacement-gradient field u, , is fulfilled by the solutions of Shi et al. (2000) and Georgiadis (2003) in the
case of gradient theory, whereas the condition of boundedness of the rotation field w, is fulfilled by the
solutions of Sternberg and Muki (1967), Atkinson and Leppington (1977), Huang et al. (1997) and Huang
et al. (1999) in the case of couple-stress theory.
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Appendix A

We prove here a theorem of uniqueness of the Kirchhoff type (or Kirchhoff-Neumann type) within the
dipolar gradient elasticity theory and under the requirement of a positive definite strain-energy density.

First, we write the Principle of Virtual Work for this theory (Mindlin, 1964; Georgiadis and Grentzelou,
in preparation)

/ /S [P,Su, + R,D(8u,)|dS + / / /C . f,8u,d(CV)

_ / / /C (5B 1, )(CV). (A1)

where all symbols are defined in the main body of the paper and the operator §() denotes weak variations.
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We will prove solution uniqueness by reductio ad absurdum. To this end, we assume that two different
solutions do exist for the same problem (i.e. same material, geometry, boundary conditions and body

I / /! / ! n __ i 7 " 1"
forces), say A" = (v, Du;, 7, ,m,, ) and A" = (u, Du;,t, ,m] ).

Then, due to the assumed identical boundary conditions, we write

[ 1(Pi= ) (=) + (v, = ) (D, = D) Jas =0 (A2)

In addition, due to the linearity of the governing equations, the difference of the two solutions defined as
A = (ug, Duy, 7,4, m,.,,q),. where u, = u, —u;, Du, = Du; — Du}, 1,y =7, — 7, and Mypg = my,, —m;,., Wil
satisfy Egs. (4)«(7) with f, = f; - f/ =0, P,=P,—P; =0 and R, =R, — R = 0. Since now the LHS
of (A.1) vanishes, due to (A.2) and the fact that f, =0, we are led to the conclusion that the RHS of
(A.1) vanishes too, which, however, is not true because the strain energy was assumed to be a positive def-

inite quantity.
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