Chapter 33
Study of Stability Matter Problem in Micropolar
Generalised Thermoelastic

Arminder Singh and Gurpinder Singh

Abstract The theory of micropolar thermoelasticity has many applications. One
form of the recent years concerning the problem of propagation of thermal waves at
finite speed and the possibility of “second sound” effects established a new thermo
mechanical theory of deformable media that uses a general entropy balance as postu-
lated and the theory is illustrated in detail in the context of flow of heat in a rigid solid,
with particular reference to the propagation of thermal waves at finite speed. Then
theory of thermoelasticity for non-polar bodies, based on the new procedures, was
discussed and employed the eigen value approach to study the effect of rotation and
relaxation time in two dimensional problem of generalized thermoelasticity. Recently
investigation shows the dynamic response of a homogeneous, isotropic, generalized
thermoelastic half-space with voids subjected to normal, tangential force and thermal
stress. In this paper we introduce the eigen value approach, following Laplace and
Fourier transformation has been employed to find the general solution of the field
equation in a micropolar generalized thermoelastic medium for plane strain problem.
An application of an infinite space with an impulsive mechanical source has been
taken to illustrate the utility of the approach. The integral transformation has been
inverted by using a numerical inversion technique to get result in physical domain.
The result in the form of normal displacement, normal force stress, tangential force
stress, tangential couple stress and temperature field components have been obtained
numerically and illustrated graphically. Special case of a thermoelastic solid has also
been deduced.
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33.1 Introduction

The theory of micropolarthermoelasticity has been a subject of intensive study. A
comprehensive review of works on the subject was given by [4] and [19]. There has
been very much written in recent years concerning the problem of propagation of
thermal waves at finite speed. A generalized theory of linear micropolarthermoelas-
ticity that admits the possibility of “second sound” effects was established by [1].
Recently, [9] established a new thermomechanical theory of deformable media that
uses a general entropy balance as postulated by [8]. The theory is illustrated in detail in
the context of flow of heat in arigid solid, with particular reference to the propagation
of thermal waves at finite speed. A theory of thermoelasticity for non-polar bodies,
based on the new procedures, was discussed by [10]. Bahshi et al. [2] employed
the eigen value approach to study the effect of rotation and relaxation time in two
dimensional problem of generalized thermoelasticity. Kumar and Rani [15] studied
the deformation due to mechanical and thermal sources in generalized orthorhomtic-
thermoelastic material. Kumar and Rani [16] investigated the dynamic response of a
homogeneous, isotropic, generalized thermoelastic half-space with voids subjected
to normal, tangential force and thermal stress. The micropolar theory was extended to
include thermal effects by [4] and [19]. Kumar and Chadha [13] derived the expres-
sions for displacements, microrotation, force stress, couple stress and first moment
for a half - space subjected to an arbitrary temperature field and a particular case of
line heat source has been discussed in detail. The uniqueness of the solution of some
boundary value problems of the linear micropolarthermoelasticity was investigated
by [3]. Passarella [21] solved the initial-boundary value problem for micropolarther-
moelasticity and proved a uniqueness theorem for the problem. Mahalanabis and
Manna [17] discussed eigen value approach to linear micropolarthermoelasticity by
arranging basic equations of elasticity in the form of matrix deferential equation in
the Hankel transform and extended the approach to linear thermoelasticity. Marin and
Lupu [18] investigated harmonic vibrations in thermoelasticity of micropolar bodies.
Kumar and Deswal [14] discussed the disturbance due to mechanical and thermal
sources in homogeneous isotropic micropolar generalized thermoelastic half-space.

33.2 Formulation and Solution of the Problem

We consider ahomogeneous, isotropic, micropolar generalized thermoelastic solid in
an undisturbed state and initially at uniform temperature. We take a cartesian system
(X, y, z) and z-axis pointing vertically into the medium.

Following [6], [12] and [11], the field equations and the constitutive relations in
micropolar generalized thermoelastic solid without body forces, body couples and
heat sources can be written as
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For the L-S (Lord Shulman) theory t; = 0, E = 1 and for G - L (Green Lindsay)

theory 11 =0, E =0,
The thermal relaxations ¢ and 17 satisfy the inequality 71 > 19 > O for the

G-L theory only. However, it has been proved by [22] that the inequalities are not

mandatory for 79 and t; to follow.
For two dimensional plane strain problem parallel to xz-plane, we assume

u=(u;,0,u3z), ¢=1(0,¢2,0)

The displacement components u 1, #3and microrotation component depend upon
X, z and t and are independent of co-ordinate y, so that % = 0. With these consider-
ations and using (2.6) and introducing the non-dimensional quantities as

, o'x , W'z

X = N = ,
Cl Cl
T pw*Cru;

T = —, Uy = ———,
To vTp

mhy = " m3n

32 CivTy ’
where C* 42 o
ot = M C? = + M.

K*

Now applying Laplace and Fourier transform defined by

fx,z,p) =/0 f(x,z,t)exp(—pt)dt,
f& z,p) = / f(x,z, ple(—iEx)dx,

on the set of Eq. (2.1)—(2.3), after suppressing primes, we get
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m1=—k+2M+K, mz=H—M,
pCt pCt
K KC?
my = p_Clz’ ms = m,
N A
my = ,o_Clz mg = p_C12
. ToB? _
pK*w*

Equations (2.9)- (2.12) can be written in the vector matrix differential equation
form as

d
—W (éi <, P) = A(%—7 P)W(é» <5 P)

dz
where
U O 1
wv=lbol a=[04]
0 fiz fiz O g1t 0 0 guis
A = o1 0 0 fou Ay = 0 g2g23 0
510 0 0 [° 0 g32g33 0
0 f2 0 0 gnn 0 0 gu
and O is the Null matrix of order 4 with
—lEmy my
fi2 = , fiz=—,
m3 m3
f31 = —ms, fao=ep(1+1pE),
(m3&” +p?) —lmyé
gpn=——"—", 8n = ,

mi mi
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ga1 =legp (1 +1pE), gu=E+p1+1p),

To solve the Eq.(2.14), we take W(¢, z, p) = X (&, p)e?” for some g, So we
obtain

AE, pW(E,z, p) =qW(§, z, p),

This leads to Eigen value problem. The characteristic equation corresponding to
the matrix A is given by

det (A—ql)=0
which on expansion provides us

q® —019° + 02¢* —03¢> + 04 =0

where

o1 =g+ 82+ 833+ 8aa+ foafur + frafar + f13f31,
02 = g11822 + 822833 + 833811 + 844811 + 844822 + 844833 + f12f24841
+ f2afa2811 + 24 fa2833 + f2a far f13 f31 — 832823 + f12/21833
+ f12/21844 — f12/31823 + f13 /31822 + f13 /31844 — g14841 — 14 /21 f42,
03 = 811822833 + 822833844 + 833844811 + 844811822 — 811823832 — 844823832
+ f2af42811833 + f13 /24841832 + [31 f42814823 + f12/21833844
— 1321832844 — f12/31823844 — [f42 121814833 + [13 /31822844
— 814841822 — 814841833+
04 = £11822833844 — 823832811844 + 814841822833 + £23832814841-

The eigen values of the matrix A are the characteristic roots of the Eq.(2.19). The

vectors X (€, p) corresponding to the eigen values gscan be determined by solving
the homogeneous equations

[A—qI1X; (¢,p) = 0.

The set of eigen vectors X (£, p) ;s =1, 2, 3, ..., 8 may be defined as

Xo(6.p) = [Xsl@,p)}

X, p)
where
asqs asqs2
b b
Xa@m=|2 | Xo(€, p) = _ngls :

Cs Cs(s
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—as(qs ang
b b
Xugw=|2 |, Xp(&,p) = éq:qs :
Cs —Cs(s
=5

ag = [+ p (1 + o) = a2} {mams + mz (2ms + 8 + pPme — g2)

m3Ag

+ep (2ms + 82+ pPme —q?) (1 +1ip) (1 + 0p) B |

L
b= o ({8 Pt o a2 {mamsa? + (2ms +82 4+ pPms — )
S

x (m1€2 +p* - msqf)} + ep&? (st + &2+ p?me — qf) (I+7p) (1 +10p) 3]

epqs (1 + 10p &) (Eag + by)
[¢? — {2+ p (I +wop)}]

ms
Ay = mj[{éz +p (1 +10p) —qf} {magy — (m1$2 +p? —qus)}

+ep (14 0pE) (1 + 11p) (4 — £)]

Thus solution of Eq. (2.14) is as given by [23]

4
W, 2, p) = D [EsX; (€ p) e + EgyaXsia (€, p)e 7]

s=1

Ei, Ey, E3, E4, Es, Eg, E7 and Eg are eight arbitrary constants. The Eq. (2.32) repre-
sents a general solution of the plane strain problem for isotropic, micropolar general-
ized thermoelastic solid and gives the displacement, microrotation and temperature
field in the transformed domain.

33.3 Applications

Mechanical Source

We consider an infinite micropolar generalized thermoelastic space in which a con-
centrated force where Fy is the magnitude of the force, F = — Fp6(x)3(t) acting in
the direction of the z-axis at the origin of the Cartesian co-ordinate system as shown
in Fig.33.1. The boundary condition for present problem on the plane z = 0 are
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MICROPOLAR THERMOELASTIC
MEDIUM-II

<0

Fy >
o

>0 MICROPOLAR THERMOELASTIC
MEDIUM-I

Fig. 33.1 .

u(x, 07,0 —up(x,07, ) =0, u3(x, 0%, 1) —u3(x, 07, 1) =0,
¢2(X’ O+1 t) - ¢2(X7 07, t) = O! T(X7 0+1 t) - T(X7 071 t) = Ov

T or , -
a—z(x,0+,t)—a—z(x,0 1) =0,131 (x,07,t) — 131 (x,07,t) =0,

133 (x, 0%, 1) — 133 (x,07,t) = —Fopd(x)8(t), m3 (x, 07, t) —m3p (x,07,¢) =0

Making use of Eq.(2.6)-(2.7) and F} = % in Eq. (2.4)—(2.5), we get the stresses
in the non-dimensional form with primes. After suppressing the primes, we apply
Laplace and Fourier transforms defined by Eq. (2.8) on the resulting equations and
from Eq. (3.1), we get transformed components of displacement, microrotation, tem-
perature field, tangential force stress, normal force stress and tangential couple stress
for z > 0 are given by

1 (€, 2, p) = — {a1qiEse” 4% + ayquEge %% + a3q3Ere™ $7 + agqqEge ™M}
U3(&, 2, p) = biEse 1% + byEge™ % + b3E7e™ % 4 byEge 7,
$2(&,2,p) = —& {Bse™ U7 + Bge™ %% + Ege™ 9% 4+ Ege™ #7},
T(&,2,p) = ciEse 9% 4 caEge™ %% + c3E7e 93 4 ¢4 Ege %7,
G316, 2, p) = (m3arq] + tEbysio + £my) Ese 4% + (m3arq3 + 16bymy + Emy) Ege 5+
(m3a3q3 + 1£bamy + Emy) Ere™ 8% + (m3ayqg + trmbamy + Emg) Ege 947,
G33(€, z, p) = —[(tEmgarqi + mybiqy + c1 (1 + 71 p)) Ese 1%
+ (tkmgarqy + mbaqe +ca (1 + 71 p)) Ege™ ®*
+ (t§mgazqz + mybsqs + c3 (1 + 71 p)) Ege™ 93
+ (témgayqq 4+ mibaqe + c4 (1 4 71 p)) Ege™#7,
m3 (&, z,p) = Esg {qiBse” % + quEge” % 4 q3E7e” % 4 q4Ege” 9}

for z<O0, the above expressions get suitably modified, e.g.
U1(§,z, p) = a1q1E1e"° + axqpEpe®* + a3q3E3e®* + agqaEqe™?,

Making use of the transformed displacements, microrotation, microstretch and
stresses given by (3.6)—(3.12) in the transformed boundary conditions, we obtain
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eight linear relations between the E;’s, which on solving gives

Fo
Ey=E5 = [c2 (a3 — a4) + c3 (a4 — a2) + c4 (a2 — a3z)],
2q1A
Fo
Ey = Eg = [c1 (a4 — a3) + c3 (a1 — a4) +c4 (a3 — ay)],
2q2 A4
Fy
Ej 7= [c1 (a2 — a4) + ¢z (a4 — ay) +cq4 (a1 — az)],
2q3A
Fo
E4 = Eg = [c1 (a3 — a2) + c2 (a1 — a3) + c3 (a2 — ay)],
2q4 A1

where

Ay = myc1 {(a2b3 — azba) + (azby — asbs) + (asby — azby)}
+ ¢z {(asby — a1b3) + (a1bs — asby) + (asbz — azby)}
+ c3 {(a1by — azxby) + (aaby — a1by) + (a2bs — asbs)}
+ ¢4 {(a2b1 — a1b2) + (a1b3 — azby) + (azby — az2b3)}],

Thus functions u1, u3, @3, T, 131, 133 and M3y have been determined in the trans-
formed domain and these enable us to find the displacements, microrotation, tem-
perature field and stresses.

Case I : For L-S theory, ag, b and ¢ in the expressions (3.5)—(3.12) take the form

@ = e 4 p (1 rop) = g2 s -+ (2 + €2+ P — 02)
S
+ ep (2ms + &2 + pPmg — qf) (1+ o)}l
by = — {2+ p (1 + w0p) — @2} mamsq? + (2ms + & + pPme - ¢?)
m3Ag
x (m1$2 +p? - m3q§)} + ept? (2m5 + &2+ pPme — qf) (1+p)l,
o= epqs (tag + by)
s — )
[¢2 —{&2+ p U+ op)}]
where

ms
Ay = m—3[{€2 +p(+710p) — qf] {mag? — (mléz + p? - qszma)}

+ep(1+11p) (qf - 52)] ;s=1,234
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and £¢; (s = 1, 2, 3, 4) are roots of the Eq.(2.19) in which o1, 02, 03 and o4 are
obtained respectively from expressions(2.20)—-(2.23) by taking 71 = 0, & = 1.
Case II : For G-L theory, as b’s and ¢’s in the expressions (3.5)—(3.12) take the
form
—§
as = mg—A[{E2 +p+1p) — qsz} {mams +my (2m5 + &%+ pPme — Clsz)
N

+ ep (st + &% + pPme — qf) (I +7p)}l,

L
by = [[352 +pA+71p) — CISZ} {mamsq? + (2m5 + &2+ p?me — %2)
m3As

(18> + p* = m3g?)} + epg? (2ms + €2 + pms — g7) (L + 7 p))
epqs (t5as + by)
[¢2 —{&2+p (1 +wop)}]

Cy =

where
_ms5 (.- 2 2 2 2 2
AS —m_3[{‘i: +P(1+TOP)_qA]{m2qA _(mlé +p _Qsm3)}

+ep(1+11p) (qf - 52)] ;s=1,234

and £g¢; (s =1, 2, 3, 4) are roots of the equation (2.19) in which o1, 02, 03andosare
obtained respectively from expressions (2.20)—(2.23) by taking E = 0
Case III : For Green and Naghdi theory (G-N), Eq.(2.1), (2.3) and (2.4) can be
written as
9%u
A+2u+K)VVaa) —(u+K)VXxVxu+ KV x¢—vVT=pW
9°T 9% (V.u)
K*V?T = pC*— +vT)j———
P~ e +vlo ot2
tij = hitr 8ij + 11 (uij + uji) + K (i — eijedr) — vT8;

and K* is not the usual thermal conductivity but a material characteristics constant
in G - N & theory and is given K* (: w

With the help of Eq.(3.26)—(3.28) and following the procedure of the previous
sections, we get the expressions for displacements, microrotation, temperature, field,

force stresses and couple stress by taking in Eq. (3.5)-(3.11).

I+up) =1, (I+70p) =4p,
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Particular Case I : Neglecting micropolarity effectic.a ==y =K =j =0
in Eq. (3.5)—(3.12), the expressions for displacement components, force stresses and
temperature field are obtained in a thermoelastic medium as
016, 7,p) = — {afQiEje ™% + a3q3Ege 5 + ajqiEfe )
3(, 7, p) = biEje™91% 4 biEfe 97 4 biEfe ™97,
T z.p) =—¢ {EZ{e‘qTZ + Ele B 4 C3E*e—q§2} ,
~ 2 —a*
t31(¢,2,p) = m7{(aTq>{< +L§;'b>1k) Eje 0% 4+ (a2q2 +t§b2) e~ 9%
+ (afas” + 16b3) E*e*qé‘z},
63(§,2,p) = —[{m}q[b] +Emgalqf —& (1 +n1p)}Eje”
+{m}qJb} + t%‘msazqz —&E(l+up)}Eie”
+ {mqibl + iEmgalqf — & (1 + 7 p)} Efe ™ 39,

where
Fy (a* —aik)
* —_—
E E4 - 2 *A*
q,
E* = E* = M
B A
0 agay
= (a2 —ab) + (@387 — ) + (ot 9)
—& _
a’ = A [m2 {Ez +p(+wp) — qj‘z} +ep(1+1p8) (1 +11p)}],
3 K3
b= — [+ p (1 op) — g2 (m1€ + 0 — mig?))
3 K

+epEr (1 +1p8) (1 + 1p)l,

*2
e 14+ 19pE
Aj pq? ( oP= ) {(HZTEZ 17 qv ) S ”12}

*
§m]

and £¢; (s = 1, 2, 3) are the roots of the equation
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%0

4 2
0" —ofq” +oiq" —of =0

m*§2+pz m*§2+p2 ep N §2m2
of‘=( : +H = HE+pA+opt+ A +0p8) (I +1p) - —2,

* * * ¥
1’1‘13 1 1 Inl 1’1’13

m* 2+ 2 m 2+ 2 m* 2+ 2
(72*=( lgm* P + 3€m* P + 3$m* L {$2+p(l+r0p)}
3 1 1

mE? 4 p? ep - myg? + p?
+{§2+p(l+r0p)}(l - + S U+pE) (I +up | ————
Il’13 m m

3

2.2 2
5 25,7; M2 1t rp®) 1+ 1p) + P (4 pE) (4 1ip).
mlmx m3
with
s _At2u x_ M
m, = 2 mz =—-5
pCq pCq

i. For L-S theory : Taking ;1 = 0, & = lin expression given by (3.29)—(3.33) of
particular case I, we obtain expressions for displacement components, temperature
field and force stresses.

ii. For G-L theory : Taking & = 0 in expressions given by (3.29)—(3.33)of
particular case I, we obtain expressions for displacement components, temperature
field and force stresses

iii. For G-N theory : Neglecting micropolarity effectie. (0 = 8 =y = K =
Jj = 0) in subcase III of case I, we get the expressions for displacement components,
temperature field and force stresses are obtained in a thermoelastic medium by taking

~ Ci T0v2
I+nip=1, l1+1p=4p, l4+wpE=p, SZZ’ w = 81=pK*

in Eq. (3.29)~(3.44) as
0, z,p) =— {a?qIEEe*qlz +a quoefqzz + agngg[qu} ,
(8,2, p) =bOE%e ™7 4 bYEDe %7 4 bJEDe %5
T 2.0 =—¢ B
61(§,2,p) = m7{(a0 02 4 Léb?) E?e*q?z + ( 0q92 + Lé‘bo) —q)z
_ a0
(agqu + tébg) Ege 934
E33(§,Z,P)=—[{ 0b0+témga —§(1+f1p)}E0

+ {m0q0b? + mgadal — & (1 + 1 p) | B %7

—_q° _ 0 _0
e Nt —i—Ege 4% +C3E2€ qSZ},
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+ 01,0 —qJz
m¥q?b? + Emgalq) — & (14 11 p) { Ede™ %7,
where
0 0
EO — g0 — Fo (a7 — a3)
PTTET 24000
4,
0 0
EO— g0 — Fo (a) — a3)
2 5 zquO ’
0
0o Fy (a2 —al)
Ey=Ee=— o 0
2q3A|
0o_,0 070 070 070 070 0 070
AV =m, {(azb3 —asz) + (a3bl —ale) + (albg —azbl)},
—$
a’ = *Ao[mz {é +p(l+710p) — }+81p2,
t
bf = ——gtleip?e? + (62 +4p7 = )} (mi€? + p? = m3q%))
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where fe and fo are even and odd parts of the functions f (&, z, p) respectively. Thus,
expression (37.1) gives us the Laplace transform f(x, z, p) of the function f (x, z, t).
Following [11], the Laplace transform function f (x, z, p) canbe inverted tof (x, z,t) .

g2 2 *g2 2 262 *g2 2
o) = (mlé +p ) (mafm;rp )(52 +ap?) + 81p2§ (maémjp )

-
my 1

Thus, the expressions given by equations (3.5)—(3.12) with the help of (3.13)—
(3.16) and (3.17) represent the solution of plane strain problem under consideration
in the transformed domain using eigen value approach.
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33.4 Inversion of the Transforms

To obtain the solution of the problem in the physical domain, we must invert the
transforms for three theories that is L-S, G-L and G-N. These expressions are func-
tions of z, the parameters of Laplace and Fourier transforms p and & respectively
and hence are of the form f (x, z, p). To get the function f(x, z, f)in the physical
domain, first we invert the Fourier transform using

_ o0 ~ 1 [ ~ ~
Fesp = [ ewenf.z e = [ {eosenfi+isinen o} de

The last step in the inversion process is to evaluate the integral in Eq.(37.1). This
was done using Romberg’s integration with adaptive step size. This method uses
the results from successive refinements of the extended trapezoidal rule followed by
extrapolation of the results to the limit when the step size tends to zero. The details
can be found in [20].

33.5 Numerical Results and Discussion

Following [5], we take the following values of relevant parameters for the case of
Magnesium crystal as

p=1.74gm/cm?, j=0.2x 10" cm?, A= 9.4 x 10'! dyne/cm?,
u=4.0x 10" dyne, K= 1.0 x 10'! dyne/cm?, C*=0.23 Call/gm’C,

y =0.779 x 10~* dyne, & = 0.073. K* = 0.6 x 1072 cal/cmsec,
Ty = 23°C, 70 = 6.131 x 107 B sec, 17 =8.765 x 1073 sec

h =1cm, z=1

33.6 Discussion

The variations of normal displacement U3 with distance x for three different theories
(L-S, G-L and G-N) in both media after multiplying the original values for G-N theory
in MTE medium by 10 are shown in Fig.33.2 The values of normal displacement
due to microrotation effect are less in MTE medium in comparison to TE medium
in the 0 < x < 0.5for all three theories, whereas the values of Uj oscillate as x
increases further in the rest of the range for both media. It is also evident that normal
displacement decreases for both media for L-S and G-L theories, increases gradually
in MTE medium for G-N theory and oscillate in TE medium for G-N theory.

The values of normal force stress T33in magnitude are more for three different
theories in MTE medium in comparison to TE medium. It is also noticed that the
values of normal force stress oscillate for L-S and G-L theories in MTE and TE media.
The values of normal force stress also oscillate for G-N theory in TE medium, whereas
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Fig. 33.3 Variation of normal force stress 733 (x, [)

these decrease gradually with increasing value of x in MTE medium. These variations
of normal force stress have been shown in Fig.33.3 after dividing the original values
by 10 in case of G-N theory in MTE medium.

Figure 33.4 depicts the variations of tangential couple stress M3, for three different
theories in MTE medium after dividing the original values for G-N theory by 10. The
behaviour of tangential couple stress is oscillatory for three theories. It is noticed that
the value of tangential couple stress for G-N theory are large in comparison to L-S
and G-L theories in the range 0 < x < 2.5 and the values are small for the rest of the
range.

The range of values of temperature field in magnitude is large in case of three theo-
ries in MTE medium in comparison to TE medium. It is also observed that temperature
field oscillate in TE medium for three different theories but in MTE medium for L-S
and G-L theories, the temperature field oscillate. The values of temperature field for
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G-N theory decrease gradually with increasing value of x in MTE medium. These
variations shown in Fig. 33.5 after multiplying the original values in case of L-S and
G-N theories by 102 and 10? respectively in MTE medium; the original values in case
of G-N theory (TE medium) and also magnified by multiplying 10°.
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33.7 Conclusion

From the above numerical results, we conclude that micropolarity has a significant
effect on normal displacement, normal force stress and temperature field mechanical-
source for three theories.Mcropolar effect is more appreciable for normal displacement
and temperature field in, comparison to normal force stress. Application of the present
paper may also be found in the field of steel and oil industries. The present Problem
is also useful in the field of geomechanics, where, the interest is about the various
phenomenon occurring in the earthquakes and measuring of displacements, stresses
and temperature field due to the presence of certain sources.

33.8 Nomenclature

A, u = Lame’s constants

a, B, y, K = Micropolar material constants

ag, Lo, A1 = Material constants due to the presence of stretch.

Ars ir, Ky, o, v, vr, aor, Aor, A7 = Microstretch viscoelastic constants

o = Density j = Micro-inertia u = Displacement vector ¢ = Microrotation
vector

¢* = Scalar microstretch

t;; = Force stress tensor

m;; = Couple stress tensor

M = Microstress tensor
d;j = Kronecker delta
&;jr = Alternating tensor
A = Gradient operator
t =lota

And dot denotes the partial derivative w.r.t. time.
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