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Abstract. Classical mechanics, or, as we like to call it, Mechanics in Physical
Space, is the body of knowledge which is concerned with equilibrium and mo-
tion of objects which possess mass and which are placed in the Euclidian space.
The recognition that materials, on some scale, cannot regarded as perfect con-
tinua, but rather contain a variety of defects, which can move within the body
through several mechanisms can lead to the construction of a whole edifice of
knowledge called Mechanics in Material Space. A far-reaching duality exists
between Newtonian (physical) and Eshelbyan (material) mechanics. Some ex-
amples of those dualities are given in the introduction. The main focus of this
Lecture Notes is on the establishment of material conservation and balance
laws within the tree-dimensional theory of elasticity and its applications. The
mathematical basics as Noether’s theorem and the Neutral-Action method are
introduced, and specialized to the one-dimensional bar theory. The ensuing
conservation laws are applied to a hole/dislocation-interaction problem, and
possible applications in fracture mechanics are discussed.
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1 Introduction

The subject of Newtonian Mechanics, or, as we would like to call it, Mechanics
in Physical Space, is the description and the in-advance estimate of motions
and deformations of material bodies. Also the physical forces connected with
those movements are of interest. For example, we might be interested in the
trajectory of a body under given forces and initial conditions, in the deflection
of a bridge, in the vibration of a machine, etc. The description by physical
conservation and balance laws are well established thanks to the ingenious
advances of Galileo, Newton, Euler, Lagrange, Hamilton and others.

Dual to Newtonian Mechanics, a whole edifice of an Eshelbyan Mechanics
has been constructed during recent years [1] - [4]. The subject of this Mechan-
ics in Material Space (or Configurational Mechanics) is the description of the
motion of defects within the surrounding material. Defects might be missing
atoms in a lattice, a dislocation, a hole, a crack, etc.; motion might be dislo-
cation movement or climbing, self-similar expansion of a hole, crack extension,
etc.; and mechanisms might be diffusion, melting or accretion, fracture etc.

In his pioneering work, Eshelby [5] advanced the notion of a force on an
elastic singularity (i.e., a defect). This force, which has later been called also
material force, configurational force, thermodynamic force or driving force, is
calculated from the change of the total elastic energy due to a (infinitesimal)
material translation, i.e., a change of configuration. Other notions frequently
used in mechanics like trajectories, stability, reciprocity, etc. can be simi-
larly adopted within the Mechanics of Material Space. It may be intriguing,
therefore, to juxtapose the Mechanics in Physical Space and Material Space
exemplarily.
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Figure 1: Mass under gravity (left) and defect in a body under load (right)

In order to calculate the total energy of both systems depicted in Fig. 1,
we need three ingredients. A characteristic of the object under consideration,
an applied field and some distance. In physical space, this is the mass m of
the mass point, which could be called (quite pompously) an inhomogeneity in
the otherwise empty physical space; the gravity field g (without the gravity
field, the mass point would not have any potential); and the height above
some arbitrarily fixed reference plane P. In material space, the object A, i.e.,
a defect, may be characterized by some parameters a; ,e.g., by the Burgers
vector of a dislocation, the stiffness difference with respect to the surrounding
material of an inclusion, a crack length, etc., the applied load characterized
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by o (without the applied field, the defect would not experience any driving
force); and the distance from some boundary. Thus

I = mgz, I =1 (a;0,x), (1.1)

and the physical force F' as the well as the material force J are calculated from
the negative gradient with respect to x

I1 11
F= _g_z = —mg, J = —g—x. (1.2)
A change of z in Newtonian Mechanics is the change of the placement of the
mass point within the physical space, whereas the change of x in Eshelbyan
Mechanics is the change of the configuration of the defect within its surround-
ing material.
In anticipation of the following, we could already discuss conservation laws,
path-independent integrals and balance laws in physical and material space.
Let us consider a body B of volume Vsurrounded by a surface S of area A

with unit outward normal vector n as depicted in Fig. 2.

n

S,4
S, 4

Figure 2: Body in the absence of body forces, i.e., physical homogeneity (left) and body
in the absence of defects, i.e., material homogeneity (right)

In the absence of body forces, i.e., physical homogeneity, the local physical
homogeneous equilibrium equations written in terms of the Chauchy-stress
tensor o;; are satisfied and establish a conservation law given in equation (1.3
left). Whereas in the absence of defects, i.e., material homogeneity, the local
material homogeneous equilibrium equations written in terms of the Eshelby-
stress tensor b;; are given in equation (1.3 right) and deliver also a divergence-
free relation

Uij,i = O, bij,z' = 0 (].3)

The Eshelby-stress tensor will be specified later.
Integration over the body B and implying the divergence theorem leads to

S S

In physical space, it follows merely that the external tractions have to be self-
equilibrated, in material space, it can be concluded from the material tractions
along the boundary of the body that the body is homogeneous.
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S, 4
S, 4

Figure 3: Body loaded by a point force F (left) and body with point defect (right)

The situation is changed as soon as the body contains either a physical or
a material inhomogeneity as depicted in Fig. 3.
The surface integrals do not vanish anymore. Instead they deliver now the
resulting physical force F' acting on the body and the resulting material force
J acting on the defect

S S

Both integrals are path independent: As long as the integration contour sur-
rounds one and the same (physical or material) defect, the values of the inte-
grals are equal.

Let us also introduce the notion of physical and material translations. To
this extent, we consider in Fig. 4 a linear spring with spring constant ¢ ex-
tended by an amount u due to an applied force F'. The potential of internal
energy II' and of outer forces I1* are given by

|
II' = §CUQ’ II* = —Fu, (1.6)

respectively. Keeping the value of F fixed, we apply a virtual (physical) trans-
lation du. The total potential energy of the system IT = IT¢ + II% is changed.
According to the virtual work theorem [6], this first variation 0 I has to vanish,
ie.,

oIl

I=—odu= - F = 0. 1.
Ou 8u5u (cu You =0 (1.7)

Since this must hold for arbitrary variations du, we can calculate the displace-
ment u as

u= % (1.8)

Using (1.8), the total potential IT is modified to

; 1 1 1 .
II=1II"+1I" = §cu2 — Fu= écu2 —cu® = —§cu2 = —1II' (1.9)

(Clapeyron’s theorem, cf., e.g., [7]).
Now, instead, we apply a material translation dz, i.e., we change the con-
figuration of the system (under the applied load) moving the fixed support of
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Figure 4: Linear spring, spring constant ¢ (a), extended by force F' by an amount u (b),
virtual (physical) displacement Ju under fixed force F' (c), material translation dz and
material force B.

the spring. The work of the material force B has also been taken into account
leading with j—z =/ to

611 = —6,I1' + Box

= e l(ulr +52))° — (u(@))?] + Boa
_ —%c[(u(:ﬁ) j—xaw ) — (ul))?

+ Bz
(1.10)
1
= —5¢ [u?(2) + 2u(z)u/ 5z + O ((62)?) — (u*(z))] + Box
= —cuw/dz + Bdz + O ((6z)?)
= —(Fu/ — B)dz=0.
The magnitude of the material force B turns out to be
B=Fu. (1.11)

Note that the material force B is acting also in Fig. 4 b and ¢, but contributes
neither to the energy nor to the virtual work since its application point is not
moved.

A similar example is given in Fig. 5. We consider a beam of span ¢ with
bending stiffness EI (Fig. 5). Due to the applied load F' at £/2 the beam
experiences a transverse displacement w(z).

The virtual work theorem (see, e.g., [8]) yields

Fe3

w(t/?) = . (112)
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a)

b)

©)

d)

Figure 5: Beam of span £ and bending stiffness ET (a), bent by a force F' applied at £/2
resulting in a transverse displacement w(z) (b), virtual displacement dw (c¢) and material
displacement (d)

whereas the change in total energy due to the material translation delivers

with the supporting force A = F//2 and the slope w/ = % (see [9]-[11])

F2 £2
 32EI
Note that material forces are also present at the load application point and at
the right support but do not contribute to our considerations here.

Further dualities between the mechanics in physical and material space will be
discussed later.

B = —Aw/(0) =

(1.13)

2 Three-dimensional linear theory of elasto-
statics and one-dimensional bar theory

The aim of this section is to recollect the basic equations of the linear theory
of elastostatics in cartesian coordinates and to introduce the notation. Details
may be found in any textbook on linear elasticity. In addition, the equations
of the one-dimensional theory of bars in tension/compression are assembled.

The equations of equilibrium connect the divergence of the symmetric
Chauchy-stress tensor o;; with the applied body forces p;

Uij,i +p] = 0, Uij = Uji- (21)

The summation convention is applied for repeated indices and a comma de-
notes partial differentiation with respect to the coordinate indicated. Within
the geometrical linearized theory, the components of the strain tensor ¢;; are
calculated from the symmetric part of the displacement gradient wu; ;

1
Eij = §(ui,j + Ujji), EU = Eji- (22)
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The generalized Hooke’s law combines stresses with strains by the fourth-rank
elasticity tensor Ejjpe
Oij = LYjke€ke- (2-3)

For isotropic material, the components of Ejj;, depend on two material con-
stants only, e.g., on the Lamé constants A and p, and may be given with the
Kronecker symbol of unity d;; as

Ez’jkf = )\éijékg + 2/1(52,@(5]4 (24)

With three equations of equilibrium (2.1), six kinematic relations (2.2) and
the six equations of the material law (2.3), we have 15 equations for the 15
unknowns, i.e., six stresses o;;, six strains ¢;; and three displacements u,;. By
replacing the stresses 0;; via (2.3) and (2.4) by the strains and introducing (2.2)
we arrive at the Navier-Lamé equations for isotropic, homogeneous materials

pi jj + (A =+ pug i +pi =0, (2.5)

i.e., three equations for the three unknown displacements u;. The loads p;
and Lamé constants A\ and p are assumed to be given. Boundary conditions
have to be specified in order to arrive at unique solutions for specific boundary
value problems. At each print of the boundary S = S, U S; of the body under
consideration, either displacements u; or tractions fj = 0;;n; are prescribed

Us ’Su = U
(2.6)

tj ‘St =oinils, =1; .

In the following, we will need the strain-energy density W and the potential
of external forces V' defined by

1 1
W =~y = — By -
9 7H%i T o HMERE (2.7)
V= —Pilq,
from which constitutive equations are derived
ow oW
=35 = O,
gi}j Ouij (2.8)

Note that (2.8.a) and (2.3) are equivalent.

The Lagrange function is defined as difference between the kinetic-energy
density T" and the sum of W + V. In elastostatics the kinematic energy has no
contribution. Thus we have merely

L=—(W+V). (2.9)
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Finally, the action integral is the integral of the Lagrangian over the body B
with volume V' as

A= / Ldv. (2.10)

The transition from the three-dimensional equations of the linear theory
of elasticity to the one-dimensional equations of linear bar theory is straight

forward
Oi5 — UllA = N,

pi — mA=n,
u; = U = u, (2.11)
€j — €11 =2¢,
0; = 0a=0"
N is the normal force, n is the load in axial direction per unit of length and
A is the cross-sectional area.
Thus the equations far bars in tension/compression become
equilibrium: N/ +n =0,

kinematics € = u/,
Material law N = EAe,
Navier-Lamé equation EAu// +n =0,
displacement boundary u |g

traction boundary N |s, = N,

: : S R 2 _ 1 2
strain-energy per unit length W = 5Ne = ;EAe” = EEAu/ , (2.12)
potential of external forces V= —nu, g—‘; = —n,
constitutive equation %—Vg = gTM; =N,

Lagrangian per unit of length L= —%EAu/2 + nu,
action integral A = foe L dz.

The product of Young’s modulus F and cross-sectional area A is called
axial stiffness FA.

3 Euler-Lagrange equations

As soon as a Lagrange function for a problem of linear elasticity is postulated,
the equilibrium equations and even the Navier-Lamé equations are predeter-
mined by the principle of minimal energy (stationary of the action integral)

§A =0, (3.1)

i.e., the first variation of the action integral vanishes. The Lagrange function
(2.9) is due (2.7) and (2.2) a function of the displacements u; and the dis-
placement gradients wu; ;. It may also explicitly depend on the independent
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variables z;, if the material is inhomogeneous. This will not be considered in
the following.
Thus
L= L(ul, uj,k)- (32)

Without knowledge of the specific form of L, i.e., its specific dependence on u;
and u;, the variation 0A of A can be calculated by varying u; and u;; under
the integral sign according to

u; —r uﬁ—éui,
Uiy — Uiy,

(3.3)

but doing nothing to z;. The variations du; and du;; have to be kinemat-
ical admissible, i.e., they vanish along the boundary S, fulfill the kinematic

constraint
5UZ‘ |s = 0,

3.4
0(uig) = (0ui) ;. (34)
and they are assumed to be small in the sense that a Taylor series
af 1 0°f
4 o) = )+ ——90 — dugd .

may be truncated after the linear term, i.e., terms of the order du?, du;duy
(duge)? , and higher order products, abbreviated by O(4?), are neglected. A
one-dimensional sketch is given in Fig. 6

Us

Q
[ I

Figure 6: Function u and its variation du, du is fixed at a and b during the variation

The variation of the action integral results with (3.4), (3.5), integration by
parts and application of the divergence theorem in

(SA = /L(Ul—F(SUZ,ULJ—FCSU%])dV—/L(UZ,U,ZJ)CZV
B

B
oL oL ,
3.6
_ aL+<mWw>_<aL)5Ww (3.6)
B auz aui,j j Gui,j g

oL [ oL\ \ oL
— — du;dV ——O0u;n;dA.
/; (3’&1 <8ui,j>7j) Y + L 8ui,j Y n]
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Since du; vanishes by definition along .S, the surface term vanishes, and since
the variation du; is arbitrary within B, the first variation of the action integral
vanishes if the Euler-Lagrange equations of the variational problem (§A = 0)

are satisfied
oL oL
o, - (aui’j)d = 0. (3.7)

The reader interested in details of the variational calculus may be referred,

e.g., to [12].
@o:(iL—(g;))o (3.8)

The operator
is referred to as the Euler operator, which is always acting on the Lagrangian
L. Thus

Ei(L)=0 (3.9)

may be written for short as Euler-Lagrange equation (3.7).

By use of (2.9) and (2.8) it is easily shown that (3.9) and (2.1) are equiv-
alent. By additional use of (2.2) - (2.4), (3.9) resembles also the Navier-Lamé
equations (2.5).

In the one-dimensional setting (2.11), the Euler operator is given as

Eo=<%—(£ﬁvo,

and E (L(u, u/))delivers with (2.12 g and h) the equilibrium equation (2.12 a),
or, with (2.12 b and c¢) the Navier-Lamé equation (2.12 d) for the bar problem.

4 Noether’s theorem

We return to the action integral (2.10) and do something which is usually not
done within a standard course of study in engineering science or in applied
mechanics, namely, we subject the Lagrangian L to an infinitesimal transfor-
mation of both the independent and dependent variables, i.e., we pass from the
usual quantities x;, u; to starred quantities z}, u; according to the prescription

ri — x = x; + & (T, up) (4.1)
4.1
U; — ’U/;k = u; + EY; (.I’j,uk) .
Here, the single constant parameter ¢ is supposed to be small in the sense,
that the ensuing terms without € and linear in € will be retained, while terms
with €2 and higher powers will be omitted. The functions &; and ¢; with the
arguments indicated are completely arbitrary.

45



Lecture Notes of TICMI, vol. 17, 2016

The transformed action integral shall be called A* and reads

A" = / L (a},uf,up ) dV™. (4.2)

Note that due to the transformation (4.1), the integration domain is also
changed from B to B*. We next wish to express all the starred quantities
in terms of the original unstarred ones. This means in particular, that the
transformed domain B* will be expressed in terms of the original domain B
and the differential volume element can be expressed by dV. Using the trans-
formation prescription (4.1 a) we find

dV* = dzj dzi dag
= (1+e&q1)dxi(1+e&)das(l +e&s3)das
= dridvodrs + € (fm + &0 + &3 3dx1drodas + 0(52)) (4.3)
= (1+¢¢&,)dV.

The term uj ;. transforms accordingly to

dug O (up +epy) Oryy,
ox; N 0%, oz}
9, .
= (ukm + EPg, . 0z (T, — €&m)
= (Ukm + ECkm) (5ml 6(25—;? +O(e ))
= Uy + (ks — Wkm&mi) + O(E7). (4.4)

Now we develop the action integral (4.2)

= 5 L (@ + €&, uj 4+ @)t + €(Qre — Upmbmie))

into a Taylor series and obtain after some lengthy algebra, which may be
pursued in detail in [3],

= fBL(Ii»Uj,Uk,z)
te |:§Z ; J 8 + (dl’g Ukm d.l‘g ) (9uk,4 (46)

+§zz:| L+ 0(5 )dV.

Note that the total differential operator d/dx, is

d 0 0
= + U+

— 4.
dl’g 895@ 8u] ( 7)

= Ukme-
3uk,m
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As a side remark, the operator §,0/0z; 4+ ¢;0/0u; is referred to as the infinites-
imal generator w of a Lie group in the space z;, u;

0 0
= Ci= i, 4
and the operator
(1) — e _m 4.9
priw = w + (dw Uk,m dl’e) Dur s (4.9)

is referred to as the first prolongation prw of the group into the jet bundle
space T;,u;, uye. These designations belong to the theory of continuous Lie
groups, whose knowledge is not essential for us and which we simply use here.
But to explore this background, the reader is referred to, e.g., [13].

Thus we can write

A=A+ 5/ (pr(l)w + &) Ldv. (4.10)
B

The first term in the integrand above describes the change of L to L* in the
domain B and is a differential operator, while the second term is a factor which
describes the change of domain from B to B*.

By use of (4.7), application of the product role and rearrangements (details
may be found again in [3]), (4.10) may be written as

B
where the characteristics (); and the current P; are given, respectively, as

Qi = ¢ —&u
oL oL (4.12)
P = o L6 — g ).
v 8uj,i + gj ( I 8ui7k uh])
E;(L) are the Euler-Lagrange equations as defined in (3.7), (3.9).
We now seek for transformations &; and ¢; which leave the action integral
invariant, i.e.,

§*A= A" — A=0. (4.13)

The transformation functions are determined from the invariance condition
(4.10)
(pr(l)w + &) L =0, (4.14)

which leads with (4.8) and (4.9) to an overdetermined system of partial differ-
ential equations for these functions. Once &; and ¢; are known, the character-
istics @; (4.12a) and the currents P; (4.12b) are determined.
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Along solutions of a boundary value problem, all Euler-Lagrange equations
should vanish 5L p oL
E(L)=—— =0 4.15
j( ) an dl’z <8Uj,i) ’ ( )

and 6*A = 0 delivers with (4.11) a conservation law. With the divergence
theorem we have

B S

provided that B is simply connected and does not contain singularities. The
local form of (4.16) reads

dp;

Pii=
Xy

= div P =0. (4.17)

In combination with (4.12), this is, in essence, Emmy Noether’s theorem [14].
In order to give a first physical interpretation, we introduce the definition (2.9)
and the constitutive law (2.8a) into (4.12b) yielding

—P = o+ & (W + V)b — o)
(4.18)
= p;oij + &5bij-

The tensor o;; is the physical momentum tensor or Cauchy-stress tensor, and
bij = (W +V)dij — oirun, (4.19)

is the material momentum tensor or Eshelby-stress tensor, which both have
been used already in the introduction.

If we recall the transformations (4.1) and take as transformations constant
(physical) transformations (cf. the virtual translations du in the introduction),
i.e., p; = ¢; const. and & = 0, the physical momentum is conserved in the
absence of body forces (p; = 0)

Pm‘ =0 = Oiji = 0. (420)

On the other hand, if we take constant coordinate transformations, or material
translations (cf. dz in the introduction), i.e., {; = ¢; =const. and ¢; = 0, the
material momentum is conserved in the absence of body forces (V = 0)

which is easily verified by insertion.
Both conservation laws give rise to path-independent integrals [3]. In gen-
eral, ¢; and &; have to be determined from the condition (4.14).
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5 Neutral-Action method

If a Lagrangian function is not available, and the system is given only by some
set of partial differential equations

Ai(xj,uk,uk,g) = 0, (51)

the Neutral-Action (NA) method [15] might be used to advantage. Firstly, we
need the notion of a “null Lagrangian”. If a Lagrange function L is expressible
as a divergence of a vector-valued function g;(x;, uk, ux,) then it follows [13]

L=g,e E(L)=0s§A=0, (5.2)

i.e., the action integral A = i LdV is insensitive (or behaves neutrally with
respect) to a (classical) variation ¢ of only the dependent variables u;, and we
arrive at a so-called trivial variational principle, which is valid independent of
whether uy are solutions of the governing differential equations or not.

Now, instead of the characteristics ); being specified by the transformation
functions &; and ¢; (cf. (4.12a), we determine );, employing the symbol —f;
instead (in order to avoid confusion), such that the product f;A; forms a null
Lagrangian

fili = P;;. (5.3)

The functions f;, therefore, have to be determined from

As soon as suitable characteristics f; are found from (5.4), the conserved cur-
rents P; follow from (5.3), and due to (5.1), conservation laws in the form
(4.16) are established.

It may be mentioned that the NA method to construct conservation laws
might be applied also to systems possessing a Lagrangian. In that case, it
leads to the same result as long as a unrestricted version of Noether’s theorem
[16] is employed together with the Bessel-Hagen extension [17].

6 Conservation laws of linear elasticity

We adopt the Navier-Lamé equations for a three-dimensional body made of a
homogeneous isotropic material (Lamé constants A and p) in the absence of
body forces

Ai = HU; 54 + ()\ + ,u)uj,ji =0 (61)

(cf. eq. (2.5)). We restrict the characteristics f; to depend on the indepen-
dent variables x;, the dependent variables, i.e., the displacements u; and the
displacement gradients ug ,

fi = filxj, wg, wem)- (6.2)
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Application of the Neutral-Action method leads to equations to determine fj
as
It turns out that the f; are governed by the same differential equations as
the displacements wu; (6.1) are, which is not surprising since the Navier-Lamé
operator (6.1) is self-adjoint. If we consider two boundary-value problems {1}
and {2} for the same body B with the solutions
(1 2
then from (5.3), Betti-Maxwell’s reciprocity relations in physical space are
recovered as
1 2 2 1
/ Sin A= B0 aa (6.5)
OB OB
. {1} {2}

(cf. [3]) with the Cauchy stress tensors oj; and oj; of problem {1} and {2},
respectively.
In order to reach further conclusions, the characteristics (6.2) are inserted into
(6.3) and the differentiations have to be carried out in detail. We arrive at
equations involving second- and third-order derivatives of the displacement
fields. Since the characteristics f; depend on derivatives up to the first order
only, the coefficients of higher derivatives have to vanish. The results indicate
(cf. [18], [19]) that f; are linear in the displacements and the displacement
gradients

fi = L (@)t + i ()00 4 [ (). (6.6)
Preceding further along this line of reasoning, the functional dependence of f;
can be restricted to

Fise = al@e)ein + br(20)8ij + con(e) [(X + 208) 855 8im + 1010 (6.7)

The scalar- and vector-valued quantities a and by, ¢,,, respectively, are func-
tions of the independent variable z, and will be further restricted by comparing
equal coefficients of terms involving different orders of derivatives of u; (g is
the completely screw-symmetric permutation tensor).

The conservation laws resulting from a (x;) will be dealt with elsewhere
and will not be considered further in what follows. We also discharge the
quantities f?(z;). They lead to physical conservation laws, which have been
thoroughly discussed in [18]. Considering, for the moment, only the by-term,
equation (6.6) reads as follows

fi = bk(a:g)ui,k -+ ffkuk (68)
Comparing (6.8) with (4.12a) (f; = — @Q;) we can identify
(e, um) = bi(z0),
(6.9)
$i(we, um) = — fi(wo)ur,
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i.e., by, describe material transformations (see (4.1a)). From the one-dimensional
theory of elasticity, i.e., tension and compression of bars, we know (cf. [3]) that

these functions involve constant linear and quadratic terms in z,. Guided by

this knowledge, we investigate the functional dependence of by, = by(x,) further,

and it can be shown (cf. [18]) that the characteristic (6.6) has the following

appearance

fae = dishe

fl?j = 5ZJI€B(1) o zyﬁ‘"( 2)5ijxm67(3)' (6.10)

The integer n designates the dimensionality of the problem, whether we treat
a three-dimensional (n = 3), a two-dimensional (plane strain, n = 2) or a
one-dimensional (tension and compression of a bar, n = 1) body.

The terms /B,io), /B,(LU,BT%) and (3 are vector-valued and scalar-valued con-
stants, respectively.

Before we precede to the corresponding conservation laws let us interpret
the material translations in geometrical terms. Obviously, ﬁk describe mate-
rial translations (see Fig. 7a and the comments before eq. (4.21))

Ty — T = T + 8ﬁ(0) (6.11)
U > Uy = Up.

For reasons of clarity we sketch the transformations in the (z1,x2)-plane only

(B = 0).

Obviously again, 57(11) describe material rotations

Ty — T = T + sanmkxmﬁ(l)
(6.12)
U > UL = Up + £t 3

whilst the displacement field is co-rotated. In the (x1,x2)-plane, @(11) has only
. 1 :

one possible component 83’ = w, see Fig. 7b.

The constant 3 describes scaling (see Fig. 7c)

TR — ) = o) + € Bk,
(6.13)
U — U, = U —|—5—,3uk

Due to this transformation the body under consideration is expanded (or
shrunk) self-similarly and translated (cf. Fig. 7c). The corresponding dis-
placement transformation depends on the dimension of the problem. For plane
strain (n = 2), uy is not changed.
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a) b)
x, X,
5(0) %
ﬂ w
X X
c) d)
Xy X,
BY /
pBx
1= —
X oy

Figure 7: Material transformations: (a) translation, (b) rotation, (c) scaling, (d) inversion.

The transformation described by Bﬁs) is rather strange. If we introduce the
length of the vector & = 2;€; by |#| = (2,2,)'/? and introduce unit vectors by
ng = xy/ |Z], the transformation reads as

Tp > Xy =x,+€ |a?|2 (2nkNm — Ogm,) 7(3),

(6.14)
up = up = uy +e(n — 2k B3
The matrix Wy, = 2ngn,, — Opm is proper orthogonal
W=t=WwT det W = +1, (6.15)

and rotates the vector ﬁ ) = 553)6% around the position vector Z by an angle of
7 (cf. [20], [21]). In addition, the vector is scaled by |Z|°. This transformation

is called “inversion” (cf. [22]). Fig. 7d shows a qualitative sketch for /BF) =1
and Bég) = 3 in the (21, x2) plane.
The four transformations 6](0)7 T(Ll), £ and B,SE) lead to the four conservation
and balance laws [18], respectively

Translation ,3](-0) #0: b= [W5ij - Uz‘kuk,j]i =0,
Rotation /37(11) #0: enpj [xkbz'j + Uk%‘],i =0,
Scaling B #0: [zb; + Hu o) ;=0

6.16
Inversion @g) #0: [Qepxr — 2expdmk)bik (6.16)

+ 22k U + (2 — n)Tpur, — 220Ue0pmk) Tk
s (Umts + 5 gt ]
= (nA+ (4 + n)p) wg e,
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The term b;; is, again, the Eshelby-stress tensor involving the strain-energy
density W. On integration over the volume V of a body B and application
of the divergence theorem, equation (6.16a) gives rise to Rice’s J-integral [23],
which describes the energy-release rate due to the translation of a material
inhomogeneity within the body. In a similar way, (6.16b) and (6.16¢) resemble
the L— and M— integrals introduced in [24], but discussed much earlier in
[11]. The integrals L and M indicate the energy-release rates due to a rotation
and self-similar expansion of the inhomogeneity, respectively.

Inversion does not give rise to a conservation law but rather a (more or
less) trivial balance law. The right-hand side of (1.16d) vanishes either under
the unphysical condition (n = 3) : 3\ + 7u = 0, i.e., Poisson’s ratio v = 7/8
or for the special case of an isochoric deformation, i.e., u; = 0.

We turn back now to equation (6.7) and realize that, first of all, the trans-
formations involving ¢, (z,) follow from Noether’s theorem only, if we admit
an unrestricted or extended form of the transformation (4.1), cf. [16].

Secondly, the transformation coefficients ¢,, are scaled with the material
constants A and p of the elastic body under consideration. Finally, the trans-
formations ¢, leading to conservation or balance laws have a similar form as
the transformations by have, cf. (6.10), and so have the governing conservation
laws (cf. [18])

Translation 72-(0) #0:¢; =0,
Rotation fyz-(l) # 02 ige [N+ p)zrcje + (X + 3p)ukoje
+ 213 ug (Um,mbje — um,g(sjm)]J =0, (6.17)
Scaling v F 0 [mic + pu (o + p(ukkdiy — ugq)
1 (wguig — i)
=5 (nA+ (0 + D) (A + 2p)us iuj 5

Inversion 77 # 0 : [(xkxg - %xnxnéu) Comk + Tty — Tpup — TpUnOke) Tk

+2,u2(mmuk7ku@ + LUk g U — T Uk kU Ome) + 200N + 1) T pUge U,

2,u2()\+2,u) 2u3 }
+—uup + T (Ul — Ug U
2\ 1 h\ k( k,mUe 0, k)
—( A ( 4) )()\ 2 ) —1
= (nA+ (n+ + U ToUpm.m + Ug| .
a AL 2 ¢m, A+ ¢
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with f}ﬂC and fj given in this case as
legk = ¢ [(A+20)0k0im + (100 jm)

1
Cm = ’77(7?) + gknmxn/}/](fl) + Ty + (l’ml'g - imnxn(st) /7552)7

1
QnZ’ﬁ”fmww9+%w+(%m—§%%%0%?

2 _ HAE30) oy, =2 n—2 2)
2 = D T —0;j ——0iiTm 6.18
(Note that some minor flaws have been corrected and some terms have been
specified in comparison to [19]).
The tensor ¢;; is given in displacement gradients as

Cij = %(}\ + 2/1)()\ -+ ,U)U]@klbg,géij + M2uj7k(uk7i — ui,k) (6 19)
F(A + 2p) ug g,

and coincides with @;; in Olver’s paper [22]. It will be applied to a crack in
Section 9. Rotation leads again to a conservation law (6.17b), whilst scaling
(6.17c) and inversion (6.17d) yield rather balance laws, the right-hand side
being proportional to the same factor 3\ 4 7y as discussed above.

7 Conservation laws for bars in tension / com-
pression

For later use, we complete the list of correspondence (2.11) between the three-
dimensional theory of elasticity and the one-dimensional bar theory by
1
w— sEA,
? (7.1)
A—0.

The material momentum tensor (Eshelby-stress tensor) b;; specializes to the
material force B, which has already been mentioned in the introduction. In
the absence of a load in axial direction per unit of length n = 0, i.e., V= 0,
we find

by = B=W — Nu/. (7.2)
The conservation laws (6.16) transform with (2.11). (2.12) and (7.1) to
Translation B/ =0,
Scaling (zB + %Nu)/ =0, (7.3)

Inversion (:U2 +xzNu + %EAU,Q)/ = gEAu/u.
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Material rotation cannot be applied within a one-dimensional theory without
leaving a bar axis. The right-hand side of (7.3¢) can be transformed to a “one
dimensional divergence” as

5 5

5EAu/ u= Z(EAu2)/ : (7.4)
and can be turned to the left-hand side, giving raise to a conservation rather
than a balance law. With (2.12), B from (7.2) can be rewritten, and abbrevi-
ations may be introduced as

B=—-1EAu?
H=—iNu=—1EAu/u, (7.5)
R = —3EAu%.
Thus equations (7.3) can be transformed to
B/ =0,
(Ba — HY = 0, (7.6)

(Bx?> —2Hxz + R) = 0.

The conservation and balance laws (6.17) convert all to conservation laws, but
they do not provide any new information, since

3

and the equations (6.17) transform to (7.6) merely multiplied by —3/2FA.

It may be further mentioned that also crack interaction problems might be
easily assessed on the basis of these considerations ([25]-[27]).

The physical interpretation of the material force B and the first- and second
-order material virials H and R, respectively, are given in [3]. The application
of the conservation laws (7.6) to bars with cracks yield remarkable simple
formulae to estimate the associate stress-intensity factors. The theory can
easily extended to beams in bending and shafts in torsion. Details, further
references and several examples of application may be found in [3].

8 Dislocation / hole interaction

As an example of a defect interaction problem let us consider an infinite plane
(x1,22) with a circular hole (radius ro) placed into the eigenstress field of a
dislocation (Burgers-vector b). As depicted in Fig. 8, the dislocation (b; =
0, by = b) is fixed at the origin of a cartesian or polar coordinate system, and
the mid-point of the circular hole is placed at an arbitrary position &, & or
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Figure 8: Dislocation / hole interaction

d, ¥, respectively (d = \/&} + &%) > 19).The dimensionless distance is denoted
by p=d/ry, L > 1.
The initial configuration is changed by material transformations, and so is
the total energy of the system. The translation of the hole (relatively to the
dislocation) in zi-direction by an amount \; is shown in Fig. 9a.

)

Figure 9: Material transformations of the hole relatively to the dislocation: material
translation in z7 and x5 directions A1 (a) and Ay (b), respectively, material rotation with
respect to the origin w (c), self-similar expansion of the hole rg — ary (d).

The material transformations are considered infinitesimal small but sketched
for reasons of visuality on a finite scale.

As mentioned in section 6, the negative rate of change of the total energy
is calculated by the J-integral

orn

—a—)\l == Jl = fbjl nde. (81)

r
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The line integral is performed along a contour I" with are length s and unit out-
ward normal vector n. Since the J-Integral is path independent, any contour
' may be chosen which surrounds the hole (but not the inclusion) completely.

Accordingly, a material translation in xo-direction by an amount Ay (see
Fig. 9b) yields

oIl
—a—)\2 == JQ == fbjg nde. (82)
r

Material rotation in the plane is possible only around the x3-axis (see Fig. 9c).
The vector-valued L-Integral has only the component L3 and is given as

— = Lg = LL = %Egkj [mksz + ukgij] nids. (83)
8w3
r

In the following, we will consider a rotation w around the origin of the coor-
dinate system. In contrary, we will consider the self-similar expansion of the
hole, g — arg with respect to the center of the hole (Fig. 9d). The energy
change is described by (n = 2)

IT
—% =M =: MO = %ZL’]‘ bz-jnids. (84)
r
The M-Integral is a material virial, i.e., a moment of the kind » e F in-
stead of an angular moment r x F. Material inversion will not be considered.
Like in strength-of-materials courses we can sketch free-body diagrams also for

material forces/moments as depicted in Fig. 10

Figure 10: Free body diagram for material quantities

Material equilibrium requires
— . JE—Jb =0,
o JE-JP =0,

N L+ g &I =0, (8:5)

%—@—)2 MO+51J1D+£2J2D:0.
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The integrals obtain a quite simple form, if we choose as integration path the
contour along the rim of the hole. The only nonvanishing stess component is
04y, and the (complementary) strain-energy density W is given by

1 2
02 (): (8.6)

The constant E* is given with Young’s modulus £ and Poisson’s ratio v by

W =

for plane strain

E*¢ 1—12 (8.7)
E for plain stress
The integrals reduce to
To 2 )
Jl = 9 F 0 0—3030((10) COSQDng,
TD m 2 .
JZ = « / 0@@(@) S @ dQO,
o o 2 .
M = 92 F* /(; Ugogo(@) d(pa
? Tod 2 2 .
L' = Vo /0 aw(go) sin @ dep.

In [28] a simple formula is derived to obtain the hoop stresses at the boundary
of a stress-free circular hole from the stress distribution that would exist along
the boundary of the hole in its absence.

We adopt the Volterra solution for the eigen-stress field of a dislocation
placed at the origin of the coordinate system of an infinite plane, which may
be found in textbooks (cf. e.g., [3]). Let ol (1o, p) and agig(ro,gp) be the
stresses calculated from the Volterra solution along the curve coinciding with
the boundary of the prospective hole (7, polar coordinates wich respect to
the center of the hole) and ]f()) the first stress invariant at the center of the

prospective hole, i.e.,

0 0 0
10 = (69 +02) 59

r =&
562252

The hoop stress o,,(¢) at the boundary of the (now present) hole due to the
applied load (in this case the eigen-stress field of the dislocation) follows from

Opel0) = 1" +2 (0800, 0) = 02 (10, 0)) - (8.10)
For the dislocation / hole interaction problem, we find (cf., e.g., [3], [28], [29])

T,0(p) = bE™ {é F-4sin2g0 Lt peosy }
e 21rop 1o | p [p2 + 1+ 2pcos ]

(8.11)

21
—|—ésin<p P -1
To p?+1+2pcosyp
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With (8.8) and (8.11), the integrals can be readily evaluated as [30]

bV E* V
J = — - COZS [p* 4+ 2sin?d(p* — 1)],
J BE*  <ind [1 Iy 219( ) 1)} .
= sin —
? At p3(p% — 1) P ’
or by transformation in r, J-direction (see Fig. 11)
b E* 1 sin? ¥
Jr == 2 T |
Amrop Lo =1 p (8.13)
b2 E* sin 29
Jy =+
8mrop  p?
and further
[ b2 E* sin 20
= -3 ~
A . (8.14)
. b°E* 1 sin “v
M° = + .
dr | p?—1 p?

The material equilibrium conditions (8.5) can easily be verified.

Figure 11: Interaction forces between circular hole and dislocation, polar directions

The closed-form analytical equations (8.12) - (8.14) can be used to study ma-
terial reciprocity relations for defect interactions [30]. Material reciprocity
relations as counterpart to the (physical) Betti-Maxwell reciprocity relations
have been introduced quite recently [31] - [33].

From (8.13), it can be seen that the force between the dislocation and the
hole is always a force of attraction (J, < 0). Thus, if the hole or the dislocation
could move, the distance between them would decrease.

We would like to consider next the shape of trajectories envisaging the
possibility that the cavity, by means of some mechanism (e.g., diffusion) could
move towards the dislocation. Lacking equations of motion (of the type of New-
ton’s second law for mass points, where, in general, the force is not tangential
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to the trajectory), it is usually assumed that the material force is tangential
to the trajectory, i.e., path of motion. The trajectories of possible motion of
the cavity have thus to be determined from the differential equation

dSCQ J2

— == 8.15

e (8.15)
or in polar coordinates

dp J

— = p—. 8.16

e I, (8.16)

If the distance between dislocation and hole is large, i.e., p > 1, the differential
equation can readily be integrated, leading to

sin ¢q cos? @ (8.17)

P=pPo" 35 : .
cos? o sing

Each trajectory is specified by the choice of ¢y and py. Some of the trajectories,
with the restriction p > I, are sketched in Figure 12

*
Ty

5
4
3
2

1

) %
: X

T S S B S
Figure 12: Trajectories of motion of a cavity in a stress field due to a dislocation
Concluding this Section, we consider the stability of material equilibrium of

a circular hole in the stress field of two symmetric dislocations as depicted in
Figure 13.

Figure 13: Interaction of a circular hole with two dislocations

Since the theory is linear, the stress fields of the two dislocations may
be superimposed. The results for Ji,.J; or J,,J, , however, do not follow
from superposition, because they are quadratic forms in o,, (8.8) and an
interaction term will occur. Due to the symmetry of the problem it can be
concluded, however, that £, = & = 0 corresponds to an equilibrium position.
The material force in the xy-direction is zero and the material forces towards
the dislocations in the x;-direction are equal but opposite. If the hole is shifted
now by a small amount along the x;-axis to the right, say, the attracting force
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of the right dislocation becomes larger than that of the left. The hole will thus
move further to the right. Therefore, the equilibrium position is unstable with
respect to x.

If the hole is shifted, on the other hand, by a small amount in the zs-direction,
the x1-components of the forces exerted by the two dislocations are still equal
and opposite. The forces, however, are now inclined with respect to the x;-
axis, both components in zs-direction add and drive the hole back into the
original position. Thus, the equilibrium position is stable with respect to xs.
The total potential energy given as function of the position of the hole I1(£7, &)
(influence surface), therefore, possesses a saddle point at & = & = 0 and this
equilibrium position is overall unstable.

The corresponding physical stability problem is sketched in Fig. 14.

Figure 14: Mass point m on a saddle-shaped surface in a field of gravity (acting in negative
xg-direction)

9 Application in fracture mechanics

For later use, we modify the tensor ¢;; (6.19) by a linear combination with
b;; (6.16a) and a trivial conservation law ¢;;, i.e., a conservation law which is
satisfied independently of whether or not the displacement field u; satisfies the
Navier-Lamé equations (6.1)

tij = Ein€ikmUk tUm n

(9.1)
tij,i = 0.
The resulting tensor is called d;; and is defined as
A p 1
= g (0o e o) 02

This tensor has been derived in a different way in [34]. Replacing the Lamé
constants A and p by Young’s modulus £ and Poisson’s ratio v via

FEv FE

A T i) T )

(9.3)
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and writing b;; and d;; in terms of displacement gradients

E
414+ v)(1 —2v)

by = {6i; 2vug gt m + (1 — 20) g m (U m + Um )]

=2 [2vugpu; ;4 (1 — 20)ug; (ue; + uig)] },
E 1 2(1 —
d;; = { 5 {u Uuu,mm

YT a1 -2w) 127 [ 12w (9.4)
. 1—-2v ( )
U (Upy — Uy
21— ) ¢,m U, N
1—2v
— fuee(uij — uj;) + m(uu — ug;) (Uje — Uﬁ,j>:| } ;
it turns out that b;; and d;; have quite a similar appearance.
The Eshelby tensor b;; serves as integrand of Rice’s J-integral as
Accordingly, we introduce an N-integral in which d;; serves as integrand

In plane fracture mechanics, the J-integral is used to calculate stress-intensity
factors K; and K (cf., e.g., [35]). On evaluating both integrals along a path
I' within the near-crack-tip field around a crack tip under mixed-mode-loading
conditions in plane elasticity (see Fig. 15) it turns out that the following
relations hold

gy KKy oy KoK
E E (9.7)
J, — ZKIK]] N 2I<II(I]
2 — E* ) 2 — E* )
with E*, as before,
E for plane stress,
E* = E (9.8)
for plane strain.
1—12

As discussed in [19], linear combinations of J; and N; provide favorable tools
to calculate K; and Kj; separately

Kr=/Z(J1 + M),
K= %(J1—N1)~

Also, advantages in the numerical implementation and the obtained accuracy
are reported.
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Figure 15: Integration path I'in the vicinity of a crack tip under mixed-mode-loading
conditions in plane elasticity.

10 Conclusions

The presented lecture notes aim at creating interest in the Mechanics of Ma-
terial Space or Configurational Mechanics. Whereas configurational forces
are well established in fracture mechanics, further applications have been
dealt with quite recently, e.g., the accuracy of numerical computations can
be improved by modifying the grid in order to minimize spurious configura-
tional forces. Also the applications in damage mechanics, plasticity, phase-
transformation and phase-transition problems are of ongoing interest. Gérard
Maugin, a most active proponent of the subject put it in the following phrase:
“..., it contributes one of the latest and most fruitful advances in macroscopic
field theories, an area that may have considered a completely closed field of
research offering no further progress and therefore no true scientific interest,
for quite a long time” [4, page 6].
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