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About instability in an elastic Cosserat body
with pores

L. Codarcea-Munteanu, M. Marin and A. E. Abouelregal

Abstract

This article is centered on the study of the isotropic, porous Cosserat
elastic media, realized by means of a parallel with the media of the same
type, but anisotropic, by following the rewriting in a new form of the
equations that govern this theory, respectively the equations of motion
and the equation of equilibrated forces balance, dependent only on the
displacements, respectively on the volume fraction, correlated to the
pores, useful for future practical implementations.

1 Introduction

The deformation, in the continuous micropolar theory, is characterized both
by the instrumentality of the displacement vector, as well as by the instrumen-
tality of an independent vector of rotation, which particularizes the direction
of the three vectors associated with each material point, a particle that can
confront a microrotation unaccompanied by its subjection to a macrodisplace-
ment.

The transmission of a force and a couple-vector by an infinitesimal element
of surface leads to the appearance of a non-symmetric stress tensor, correlated
with a non-symmetric strain tensor, and a couple-vector, correlated with a
non-symmetric tensor of curvature, expressed as the gradient of the vector of
rotation.

The elasticity theory in its classical form is inadequate to represent accu-
rately the comportament of media equipped with an internal structure, see
[4, 20, 21, 22, 24], precisely because it does not consider this particularity of
materials composition, a fact that is included in the analysis of these media
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by the theory of micropolar elasticity, which gives it the appropriate character
for their study.

The media with microstructure theories are based on the polar theories,
where the material points are endowed with director vectors.

The identification of the polar nature of crystalline materials is attributed
to Voigt, who explores in [34] their properties, elaborating the equilibrium
equations for such crystals. Later, through a variational principle, the Cosserat
brothers extended an elasticity theory, see [8]. The Cosserat pattern repre-
sents a reduced variant of the theory of micropolar media, more precisely, the
coupled stress theory, which is based on the interdependence between the dis-
placement and rotation vectors. The use of rigid director vectors, both by the
Cosserat brothers and by the successors of that theory, led to the emergence
of difficulties in the sphere of the development of symmetry rules, which be-
long to the characteristics of the materials and are directly correlated with the
constitutive equations, see [13].

This theory was deepened by Mindlin and Tiersten in [26], by Nowacki in
[27], who extends the heat conduction equation for isotropic media, obtains a
fundamental system of equations characterizing coupled thermoelasticity and
deduces the reciprocity theorem, by Eringen in [12], which renames Cosserat
elasticity as micropolar elasticity and by Boschi and Iean in [1], which gener-
alized the thermoelasticity linear theory introduced by Green and Lindsay to
the case of continuous homogeneous micropolar media.

The theory of porous media is present in extremely varied areas of everyday
life, such as geology, the drugs and medical devices industry or the fabrication
process of porous materials, examples in this sense being ceramics, mineral
wool or materials granulations superimposed on solid materials.

The theory foundation of the elastic media that present voids was made by
Goodman and Cowin in [14], where they extend the concept of mass distribu-
tion to include granular media. The mass distribution must be correlated with
the volume distribution of the granules, and for this purpose, an independent
kinematic variable, namely the function of volume distribution, is considered.

The elastic materials theory, in its non-linear form, was researched and
developed by Nunziato and Cowin in [28], work whose linear variant was pre-
sented by them in [9].

Porous media can be found everywhere in the environment, starting with
construction materials, ceramics or foamed metal. The variety of materials
that are endowed with voids have determined the research of their implemen-
tation in different senses, from the therapeutic prosthesses, which use these
compositions, to engineering, where the modeling of soils sediments or re-
newable resources are some samples of the theory of media with voids use in
everyday life.
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The theory of elasticity and thermoelasticity research results of porous
media various aspects are expressed by [2, 3, 5, 6, 18, 23, 32, 33].

The theories of micropolar and porous micropolar media are developed,
under multiple regards, in numerous works, some examples being: [11, 30],
respectively [7].

In this article, the study of the porous Cosserat media instability is pur-
sued in the isotropic case, compared to the anisotropic one, the goal being
that of reformulating the equations of motion and that of the balance of the
equilibrated forces equation depending only on the displacements, respectively
on the volume fraction, necessary for ulterior numerical applications.

2 Couple-stress elastodynamics

Considering an open region occupying the domain D in the three- dimensional
Euclidean space R3, it corresponds, in the reference configuration, to an elastic,
anisotropic and homogeneous Cosserat media with voids.

Utilizing a fixed orthogonal Cartesian system of axes Oz;,7 = 1,3, three
orthogonal coordinates characterize each domain D point, with the mention
that the notation = will be used for (z1,x2,x3) and ¢ for time.

In what follows, the functions will be considered as functions of (x, t), these
arguments being omitted when no confusion can be made.

Throughout this article we will use the Einstein summation convention if
an index is repetitive inside a monomial and the Latin indices values will be
1,2,3.

A dot above the function represents the partial derivative of this function

with respect to time, i.e. f = —, and a comma followed by an index will
represent the partial derivative with respect to the corresponding Cartesian
. . of
coordinate, i.e. f; = ——.
ox;

Bold symbol will be atilized to represent vectors, tensors and matrices.

Using the notations v;(z,t) and ¢;(x,t) for the displacement vector com-
ponents, respectively for the rotation vector components at the material point
x and at the time ¢, the kinematic energy, in accordance with the adopted
model, which differs from the classical form by the presence of the structural
symmetric tensor Z7?, , can be written in the following form, see [15]:

lm>»

p. . P ..
K= ol + gIﬁnwl(pm. (2.1)
Along with the displacement and the rotation vectors v = v;(z, t), respectively
» = ¢(x,t), the volume fraction v = v(z, t), associated with the pores, is the
third independent variable that designates a porous Cosserat media.
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The fundamental system which governs the elasticity linear theory of the
Cosserat media with voids consists of, see [15, 18]:
— the equations of motion:

trk + F1 = pty, in D x (0,00)
Ty . (2.2)
€lkrtir + Mk + Ly = %gpk, in D x (0,00);

— the balance of the equilibrated forces:
o+ x+G=pKi, in D x (0,00) (2.3)
—the geometric equations:

Elk = Vgl + €xlrPr,
Nk = Pkl (2.4)
(Zsl =V].

The notations used in the above equations are as follows:

e t;; and my; represent the components of the stress, respectively the
couple- stress tensors, both asymmetric,

e p is the mass density in the reference configuration,

e 0 are the equilibrated stress vector components,

e I} and L; are the body force and the couple body force vectors compo-
nents, these being measured per volume unit,

e K is the coefficient of the inertia,

e Y is the intrinsic equilibrated body force,

e (§ is the extrinsic equilibrated body force, associated to the voids,

e the tensors €, vir and the vector @; are the kinematic strain character-
istics,

® ¢ represent the Levi-Civita symbol.

In the linear theory of the anisotropic Cosserat media, in the absence of the
initial stress and couple-stress in the case of the centrosymmetric materials,
we have the form of the free energy as follows:

1 1 1 1
U= §Alksp€lk<€sp + §Cucsp%k%p + §Alk¢z¢k + 59'/2- (2.5)

The coefficients Ajxsp, Cirsp, At and g, which represent the functions char-
acteristics of the material, are prescribed functions of class C1(D) and are
presumed to verify the following symmetry relations:
Alsp = Aspie = Akips,
Olksp = Csplka (26)
A = Ap.
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The constitutive equations are obtained from the relations (2.5), applying an
usual procedure, so we have:

ou

t = a5 = A S Sps
lk aglk lkspEsp
ou
miy = 5 = Clksp')/spv
3’m (27)
_ o,
X - 31/ - g )
ou
= — = A} Py.
gl a@[ ¥k

Following the method described by Gourgiotis and Bigoni in [15], the fur-
ther aim is to rewrite the two equations of motion in the form of a single
displacements-dependent equation of motion.

The stress tensor can be written in relation to its symmetric part, respec-
tively its antisymetric part tg; = <x; + (ri, where ¢x; = ¢ is the symmetric
part, and (x; = —(i is the antisymmetric part.

Theorem 2.1. The antisymmetric part components of the stress tensor, re-
lated to an anisotropic, homogeneous, Cosserat porous media, can be expressed
in the form of the following relation

2
pekirLy, ..

1
Cri = —ieklr (mpr,p + L) 6 Pp- (2.8)

Proof. By decomposing the stress tensor according to the symmetric and an-
tisymmetric parts, it is well known that the equalities below are fulfilled:

1
Skl = i(tkl + tik),

1
Cri = §(tkl — ti).

(2.9)

Using the previous relation (2.9)s, along the second equation of motion (2.2),
and the properties of the Levi-Civita symbol, the above relation (2.8) is ob-
tained. 0

Theorem 2.2. The symmetric part components of the stress tensor, asso-
ciated with an anisotropic, homogeneous, Cosserat porous media, verify the
following unitary equation of motion:

1 1 perir Ly, . Ny
Sklk — 5 ChirMpr.pk + F - §eklrLr,k + 7(; P Gpke = piy. (2.10)
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Proof. The demonstration is immediate, by using the first equation of motion
(2.2)1, together with the previous relation (2.8), and the stress tensor rep-
resentation in relation to its symmetric and antisymmetric parts, obtaining
an unitary equation of motion, verified by the stress tensor symmetrical part
components and represented by the relation (2.10). O

In the case of smooth boundary surface, referring to the traction boundary
conditions at any point x, Koiter emphasizes in [19] that only five independent
surface tractions can be specified because the rotation vector ¢; depends on
the displacement vector v; in the couple-stress elasticity, as can be seen in the
relation presented below, regarding the connection between the rotation and
the displacement vectors.

These surface tractions are represented by three reduced force — tractions
and two tangential couple — tractions, see also [26],

n 1
P,E ) tigng — §€kl7‘nlm(nn),ra (2.11)

R,(fn) = MuENE — Mnn) k>

where n; represents the unit normal to the surface and m,,) indicates the
couple - stress tensor m;; components, M(pn) = MK -

Theorem 2.3. The equations of motion, related to a centrosymmetric,
anisotropic, homogeneous, Cosserat porous media, can be represented in the
form of a single equation of motion, depending on the displacements, as fol-
lows:

1 1 . Perirepmnly, .
Aklspvp,sk - Zeklretmncprstvn,mspk + I — ieklrLr,k = pU— %U%mk-
(2.12)

Proof. Based on the first constitutive equation (2.7);, the stress tensor ex-
pression as the sum of the symmetric and the antisymmetric parts, and the
properties of these two parts, the relation (2.9); can be rewritten in the form:

1
Skl = §(Aklsp + Alksp>€sp- (213)

Using the constitutive equations (2.7); and (2.7)2 into the equation (2.10) we

deduce

1 1 1 pexr Ly, N

§(Aklsp +Alksp)€sp,k - ieklrcprst'}/st,pk + I — §6klrLr,k + Tpcpp,k = pu;.
(2.14)
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Taking into account the centrosymmetric media property, that refers to the
overlap between the stress tensor and its symmetrical part, see [25], from the
relations (2.13) and (2.7)1, we have:

1
Aklspssp = E(Aklsp + Alksp)gspa

therefore, the following equality is evident:

Agisp = Alksp, (2.15)
from where, the relation (2.13) becomes:
Skt = AkispEsp- (2.16)
Considering that
Pr = %ekmnvn,ma (2.17)

along with the relation (2.15) and the geometric equations (2.4), the relation
(2.14) leads to obtaining the unitary equation of motion (2.12), depending on
the displacements . O

Theorem 2.4. The equilibrated forces balance equation, associated with a
centrosymmetric, anisotropic, homogeneous, Cosserat porous media, can be
expressed in the following form, depending on the volume fraction v, related
to the pores:

Alkl/ w—gv+G= pICI/ (218)
Proof. Introducing the constitutive equations (2.7)3 and (2.7)4 into the bal-
ance of equilibrated forces (2.3), we get its new form (2.18). O

The previous relation can be rewritten in detail, also using the relation
(2.6)3, as follows:

0% 0%v 0%v 0%v 0%v
A A A 2A 2A
Nogr tAn g Ay e s O
, (2.19)
+ 2453 — gv(x1, x2, 23,1) + G = pKir(z1, 22, 23, 1).

a.’EQal’g

3 Couple-stress elastodynamics in isotropic media

Considering an isotropic and homogeneous material, the constitutive coeffi-
cients will have the forms, see [29]:
Alksp = )\6”@651) + (,Uf + 77)5ls§kp + N(Slp(sksa
Olksp = a5lk53p + 65lp5ks + Y6ls5kpa (31)
Ay = adg,
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where A and p represent elastic constants, 1, «, 5 and y are micropolar pa-
rameters, a represents void parameter and d;; represents the Kronecker delta,
about which it is well known that if the indices [, k are equal, its value is 1 and
when they are inequal, it takes the value 0. In this context, the free energy
(Helmholtz potential) has the form:

2U = Nepekr+ (u+n)emen + pemer +ovuyer + Byievin +y kv + adi®y + gv?

(3.2)
We will assume that the energy U is a positive definite quadratic form, and
in the case of isotropic media, for this assumption to be fulfilled, see [17], it is
necessary and suficient that the following conditions are imposed:

3A+2u+n>0, 2u+n>0, n >0, (3.3)
3a+5+v >0, B+v>0, vy—p£>0,
recalling the fact that A and u represent the Lamé coefficients for isotropic

media.

The use of the previous relation (3.2) into the relations (2.7) leads to the
following constitutive equations:

tie = AessO + (0 + m)ew + per,
Mg = a¥ss0k + Bkt + Yk,
X = —gv,
g = a@l.

(3.4)

These constitutive equations, together with the geometric equations (2.4),
give us the components of the stress and couple-stress tensors, as well as the
components of the equilibrated stress vector:

tik = As 01 + (Vg + v k) + 7V + ekirer),
My, = aPs s0ik + BPLk + Yk 1, (3.5)
g =avg.

If we consider 77, = Zd;,, along with the above relations (3.5), the equations
of motion acquire a new form, see [17], namely:

(4 mvrkk + (A + @)k ki + Neikrpr i + Fi = piy,

PLoki .. (3.6)
6 Pk

NetkrVr i — 2001 + Y1k + (0 + B) ok r + Ly

The micropolar media with the property that the tensor Ifm has only one
single component, see [29], is called microisotropic or spin-isotropic.
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Theorem 3.1. The stress tensor antisymmetric part components, related to
an isotropic, homogeneous, Cosserat porous media can be represented in the
following form:

perirLop, ..
r+0pr @

=G, (3)

1
Ckl = _ieklr ('Y‘pr,pp + (04 + ﬁ)‘pp,pr + Lr) +

Proof. Using the relations (3.5)2 within the relations (2.8) leads to obtaining
the new antisymmetric part representation (3.7). O

Theorem 3.2. The stress tensor symmetric part components, associated with
an isotropic, homogeneous, Cosserat porous media, verify the following unitary
equation of motion:

erirLopr .. ..
f’klip%’k = piy.

(3.8)

1 1
Skik — ieklr(Y’Ypr,pk + (a+ B)vpp,rk) + F1 — geklrLr,k +

Proof. The previous relations (3.7), by the instrumentality of the equations of
motion, give us a single equation of motion, represented by the relation (3.8),
through the symmetrical part of the stress tensor, equation which corresponds
to the equation (2.10), related to an anisotropic micropolar media. O

From the first constitutive equation (3.4)1, along with the relation (2.9),
we deduce the form of the stress tensor symmetric part as follows:

1 1
Skl = AEss0k1 + 5(2M +n)(er + €1r) = Mg, 501 + 5(211 + ) (g +ve). (3.9)
Theorem 3.3. Related to an isotropic, homogeneous, Cosserat porous media,
the following unitary equation of motion is obtained:

1 1
AV sk 0k1 + 5(2u + 0) (Vi ke + Vi ik) — ieklr(ﬂ/%,ppk + (o + B)@p,pri)+

peleIapr .

1 .
+ I - 561@er7~,1¢ + 6 Pp,k = PUL,

(3.10)

which is equivalent to the unitary equation of motion related to this specific
media, in the anisotropic case (2.14).

Proof. Taking into account the above relation (3.9), the relation (3.8) takes
the new form (3.10). To verify that this relation (3.10), corresponding to the
isotropic media, is equivalent to the relation (2.14), related to the anisotropic
media, we calculate, by means of the relations (3.1)1, and (3.1)2, the expres-
sion of the symmetric part, represented by the formula (2.13), respectively of
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the antisymmetric part, given by the relations (2.8), and we demonstrate the
equivalence of this form (2.14) with the one previously obtained, represented
by (3.10).

We will present below only the calculations for determining the expression
of the stress tensor symmetric part, so that:

1 1
Sk = §(Aklsp + Alksp)esp = 5(/\5kl5sp + (14 1m)0ks01p + pOkpOis + Ad1kdsp+

1
(1 + 1) 0150kp + HO1pOks Jesp = (Adkidsp + 5 (2 + 1) (OrsOtp + OkpOis))esp =

1

5 2p 4 n) (v + Vi),

(3.11)

1
= &gt + 5(2M + 1) (ext + 1) = Avs 50k +

which is exactly the relation (3.9), fact that proves the equivalence of this
relation with the one given by (2.14). O

Taking into account that we are in the case of a centrosymmetric media,
the property (2.15) occurs, which in the isotropic case, through the relation
(3.1)y, is transposed in the next form:

Aéklésp + (M + n)éksélp + ,U/(Skpéls = Aélkésp + (I‘L + n)élsékp + M(Slpéksy (312)
the previous equality leading to the conclusion that
n=0. (3.13)

Based on the previous relation (3.13), the symmetric part of the stress tensor
expression (3.11) becomes:

Skl = AVs 0kt + (Vg ) + Uk 1) (3.14)

Theorem 3.4. Related to a centrosymmetric, isotropic, homogeneous, Cosserat
porous media, the equations of motion can be represented in the form of a sin-
gle displacements-dependent equation of motion, as follows:

1 1
Avs,sl + /J'(Ul,k:k + Uk,lk) - Zekh'ermn'yvn,mppk - Zekl'r'epmn(a_F
1 PCLIrEpmnLO. (3.15)
.. kl .
+ B)Unﬂnprk: + E - §ekl7'L7',k = pu; — anﬂn/v

Proof. Considering the relation (2.17), the relation (3.10) leads to determining
the expression of the motion equations in the form a single equation, dependent
on the displacements, represented by (3.15).

It is noted that this relation (3.15), related to the isotropic case, corre-
sponds to the relation (2.12), from the anisotropic case. O
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Theorem 3.5. The equilibrated forces balance equation, associated with a
centrosymmetric, isotropic, homogeneous, Cosserat porous media can be rep-
resented, depending on the volume function v, in the following form:

avy — gv + G = pKi. (3.16)

Proof. Introducing the constitutive equation (3.4)3 and the relation (3.5)3 into
the equation of the equilibrated forces balance (2.3) we obtain the relation
(3.16). O

The relation (3.15) can be written in the form:

v v 9% .
a(@x% 87:5% &T%)QV(Il,Iz,I3at)+GP’CV(SChIQ,IS,t)v (3.17)

or, using the Laplacian, in the following equivalent form:

a>v—gv+ G = pKi. (3.18)

4  Orthotropic couple — stress materials with voids sub-
jected to the antiplane deformations

4.1 Governing equations

In the following, see [15], it is assumed that the body occupies a region in the
plane (z1,2), in the context of the antiplane strain conditions influence, the
form of the displacement vector components being given by:

vy =0, va =0, v3 =w(x,z2,t) and v = F(x1, T2, 1). (4.1)

In the case of a centrosymmetric orthotropic media, overlaying the Cartesian
rectangular system and the orthotropy axes, the tensors €;;,7v;; components,
and the vectors ¢ and @ components, by using the geometric equations (2.4)
along with the relation (2.17), are the following:

4 n 1 1 0w
€13 = U e =v ~€319€913V31 = —V3| = ———,
13 3,1 T €312(02 8.1 T 563126213031 = 9V = 55 w2
N N 1 1 1 0w '
€93 = U e =v 2916197202 9 = —U3 9 = — ——
23 3,2 T €32101 5.2 T 5123032 = JU32 = 55
1 1 ow
1= S€123V32 = -7 >
L 2 Do 43)
1 1 0w '

2 = £€213V31 = —5 57
4 2 2 8:217
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1 0%w
Y11 = P1,1 = 5@7
1 0%w
Y22 = P22 = —§m = —71,
1 8%w (4.4)
Y2 = P21 = 758733%’
10%w
Y21 = P1,2 = 56737%’
P =v; = 8719,
O, (4.5)
@2 =V = ﬁ
’ 0o

Regarding the components Ay;sp, in the case of an orthotropic media, there are
additional coefficients that become zero, see [31], and being, at the same time,
a centrosymmetric material, these lead to the following form of the constitutive
equation (2.7)1, see [31, 15]:

ow
13 = a5587 = 631,
1

o (4.6)
23 = 614487332 = G32,

ass and ayq representing the shear moduli specific to an orthotropic Cauchy
media, under the influence of antiplane conditions.

Also relating to an orthotropic material, the couple — stress elasticity tensor
Clksp is under the influence of the symmetry properties (2.6)2, along with the
condition

Clkss = Osslk = 0, (47)

equality that characterizes a centrosymmetric material, is deduced from the
fact that the curvature tensor is deviatoric 7; = 0, and converts after the
following relation

Clksp = leanQsin)jC’rnnij; (48)

where Qy,, are orthogonal tensors, see [10].
Taking these into account, we can represent the constitutive equation (2.7)
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in the form of a matrix system, see [16], as follows:

mii
mi2
mis3

ma2
ma3

ms32
mss

where

Ciiin 0 0 0 Ciizz2 O 0 0 Chiss\ /1
Cow 0 0 0 0 0 ||y
=] Ca22 0 0 0 Casz || 722
Cozoz 0 Cozzz 0 0
symm 03131 0 0 0
Cs32 0 0
Cs333 0
(4.9)
Ci133 = —(Cr111 + Cri22) = —Chuun,

52233 —(Chi22 + C2222) = —Cagoa, (4.10)
53333 = *(61133 + C~'2233)-

We make the assumption that the couple-stress body holds the principal tor-
sional stiffness in the directions 1 and xo and the secondary torsional stiffness
is null, which means C122 = 0, hence, the constitutive equations (2.7)2 can
be written in the form, see [16]:

mi1 = C1111’Yl1 + C1122722 = C1111’711,
mi2 = 01212712 + 01221’7217
ma1 = Cia21712 + C2121721,

4.11
maz = Cri22711 + C2222722 = C2222Y22, (411)

ma3 = Cr133711 + Ca233v22 = —Cii111711 — Ca222722 =
- 01111711 + Caz22v11 = *(01111 - 02222)711-

Noting by

Cc1 —

Ci111 = Ca222, c2 = Chi212, c3 = Cla21 and ¢4 = Co1a1, (4.12)

the couple-stress orthotropic moduli, the previous constitutive equations (4.11)
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get the form

¢ 0w

2 61‘183327
e 0%w ¢z 0w
2 0x 2 Ox%’
c3 O?w ¢y 0w
2 0z 2 Ox%’
. 0w B
2 83518332 N

mi1 = 1711 =

miz = C27Y12 + C3Y21 =
(4.13)

Mo1 = C37Y12 + C4Y21 =

Moz = C1722 = —miz.

In the common orthotropic case, the systemic microinertia tensor Z2 has three

independent components {Z?,Z3,,72;}, corresponding to the orthotropy axes.
The form of the stress tensor antisymmetric part, as well as the new form of

the equations of motion, presented in [15], are given by the next two theorems.

Theorem 4.1. In the case of a centrosymmetric, orthotropic, anisotropic,
homogeneous, Cosserat porous media with zero body couples, the stress tensor
antisymmetric part components can be written in the following new form:

1 Pw Pw p oW
== - —c3)——— Tz —
SE 4 (CQ oz} (o 63)8301830%) 127229, G,
1 Pw OBw p oW
__1 )W N L P2 OO 4.14
Gas 4 <C4 oz} (o 63)830%8302) 1271 9z, Ga ( )
Proof. Using the relations (2.8), we obtain:
1 ei130Z2, . 1 72, .
(13 = —z€132Mp2p + m@z = —(mi2,1 +maz) — P2 2,
2 6 , 2 6 ) (4.15)
1 peasiliy .. pLiy ..
Co3 = _56231mp1,p + T«m = —§(m11,1 +mo12) + 6 Y1,

from where, by means of the relations (4.3) and (4.13), along with the an-
tisymmetric stress tensor part property, the desired relations (4.14) are ob-
tained. O

If the strain energy density is positively defined, the material moduli must
verify the following conditions:

agq > 0,a55 > 0; (416)

c1>0, cg >0, cg >0, cocy — 2> 0. (4.17)
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Theorem 4.2. The equations of motion, corresponding to an orthotropic,
centrosymmetric, anisotropic, homogeneous, Cosserat porous media, with zero
body couples, can be rendered in the form of a single displacements-dependent
equation as:

a 82w+a 82111_1 ca4w+2c O*w +084w LR
%5 8x% 44 83:% 4\ 81:‘1L 6x%3x§ 4 &v% 57 (4.18)
P [ P, 0P )
_ P 2" 27
piv 5 (T + s )

where ¢ = ¢1 — ¢3, Ca, ¢4 TEPresent a material specifications.

Proof. We take into account that the form of the first equation of motion, in
our specific case, becomes

t13,1 + 1232 + F3 = pw. (4.19)

Based on the relations (4.6) and (4.15), the stress tensor components can be
expressed as follows:

ow 1 Pw PBw ow
tiz =13 + (i3 ( ) P12

=g T 62871:{’+(01_03)8 127229,

y n ow 1 OBw y ) DBw L P 0w
= =apu—— |z +(c1—c3) 557 —Lihi5—
23 = 623 23 44 Oz, 4 4 923 1 3 92205 12 19z,

(4.20)

71013

relations that lead to the rewriting of the motion equation in the single
displacements-dependent form equation (4.18). O

For a positive definite kinetic energy density, the microinertia moduli must
verify
77, > 0, I3, > 0. (4.21)

Theorem 4.3. The equation of equilibrated forces balance, related to an anisotropic,
orthotropic, centrosymmetric, homogeneous, Cosserat porous media, can be
represented, depending on the volume function corresponding to the pores, as:

0% 0% 0%

— +2A,———+A
oz? P 0r10zy P 0xl
Proof. Using the relations (4.5), the constitutive equation (2.7)4 are presented
as follows:

All

—g¥(z1,22,t) + G = pKI (1, 22,1). (4.22)

09 09

01 =A11P1 + A1y = Anwvg + Apvo = Aji— + Ao —,
8’131 8962 (4 23)
09 09 ’

09 = Ag1 Py + AxaPy = Agivg + Agav g = Aoy — + Ao —.
81171 31‘2
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The previous relation (4.22) is obtained immediately by using the relations
(2.3) and (2.6)3, the constitutive equations (2.7)3 and the relations (4.23). O

4.2 The isotropic case

Studying the case of an isotropic material, by using the relations (3.1); along
with the symmetry relations (2.6);, we determine the elastic coefficients Ag;sp,
the elastic tensor A being defined by 21 components, as follows:

Aq111 = Aggea = Aszzzz = A+ 2p+ 1,

Ar122 = Ar133 = Aoo11 = Agazz = Azzin = Aszon = A, (4 24)
Ai212 = Aiz13 = Aozes = Aoio1 = Asi31 = Asazo =+, .

At201 = A3z = Aoszn = Aoi12 = Az113 = Asoo3 = i,

the rest of the coefficients Ay112, A1113, - - -, A3323 being all zero.
In the case of a centrosymmetric material, the properties (2.15) and (3.13)
are valid, a fact that transforms (4.24) into the following relations:

Aq111 = Agoox = Aszzz = A+ 2y,

Atr122 = Ar133 = Azo11 = Agoss = Azzi1 = Aszon = A, (4.25)
Al212 = A1201 = A1313 = A1331 = Aosas = Aozzo = Aojor = Aor12 =

= Agiz1 = As113 = Azo30 = Aso03 = L.

The free energy form and the related conditions are presented in the previous
section 3 in the form of the relations (3.2) respectively (3.3). We can express
the first constitutive equation (3.4); in the form of a matrix system shown
below:

t11 A+ 2,u 0 0
12 w0
t13 I
t21
tas
t31 symm

T oOox® ©
T oocox>
oo OO

w

(4.26)

T oo oco o
w

T oOoOoOOoOT®T ©O

T o ocooooo
OO O OO >

32
t33 A+2p

en)
O O oW

from where we deduce the non-vanishing components of the stress tensor:

t13 = t31 = pers, (4.27)

tag = t32 = pE23.
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Therefore, on the one hand, we have the relations (4.27) and, on the other
hand, these relations are also checked by means of the common method offered
by the relations (2.7), namely

tiz = Ai3mnEmn = A1313€13 + A1323623 = As113€13 + Aszi23€23 =
= AstmnEmn = t31 = HE13, (4.28)
toz = AozmnEmn = Aoz13€13 + Aogazeas = Aso13€13 + Aszoe3caz =

= A32mnEmn = t32 = Uca3,

since A1323 = Ag313 = Az103 = A3z013 = 0.
The coefficients Cjisp will be determined by means of the relations (3.1)s
and under the influence of the symmetry relations (2.6)2 as follows:

Ci111 = Ca22 = Cs333 = oo + 5+,
Ci122 = Chizz = Ca211 = Caazz = Cs311 = C3322 = «, (4.20)
Ci212 = Ciz13 = Cagas = Car21 = C3131 = C232 =, .

C(1221 = C11331 = 02332 = C(2112 = C(3113 = C(3223 = ﬂa

all other coefficients C1112,C1113 - - - C3323 being null.
Since Ch122 = 0, see the previous section 4.1, the relations (4.29) can be
rewritten in the form:

Cii111 = Ca222 = C3333 = B+,
Chi22 = Chi33 = Ca11 = Caa33 = Cs311 = Cz320 = 0, (4.30)
Ci212 = Ci313 = Cagag = Co101 = C3131 = C3232 =, .

Ci221 = Ch331 = Cagze = Cor12 = C3113 = C3223 = .

The previous relations lead to the transformation of the matrix system (4.9)
into the following matrix system, corresponding to the isotropic case:

mi1 B+y 0 0 0 0 000 —(B+v) 71
m12 y 0 B8 0 000 0 Y12
mis y 0 0 080 0 0
maq Y 0 000 0 Y21
mag | = B+y 000 —(B+v) Yoz | (4.31)
mas Y 0 ﬁ 0 0
ms1 symm v 0 0 0
m32 Y 0 0
m33 —2(8+7v) 0
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from where we conclude the components of the couple-stress tensor:

miz =Yy7Y12 + fyo1 = —;?;;%] + gg?é}’
ma1 = By12 + Y21 = —g?;? + ;(22%}7 (4.32)

mss3 = 0.

Theorem 4.4. Considering an isotropic, orthotropic, centrosymmetric, ho-
mogeneous, Cosserat porous media, the stress tensor symmetric part compo-
nents are written in the form:

1 Ow

13 =631 = 5717
 pow (4.33)

23 = Q32 = 2 Oy

Proof. Using the relations (2.16) and (4.24), the previous relations are ob-
tained. O

Theorem 4.5. In the case of an isotropic, orthotropic, centrosymmetric, ho-
mogeneous, Cosserat porous media, with zero body couples, the stress tensor
antisymmetric part components can be written in the form:

v [ Pw Pw pI 0w
G =y (af; axlamg) 2o S .
v [ BPw Pw pT 0w (4:34)
Co3 = 4 <8x§ 836%8952) E% = —(32,

where T3, = T2, = T.

Proof. Through the relations (4.12), (4.14) and (4.30), the relations (4.34) are
easily determined. O

Theorem 4.6. The motion equations, related to an isotropic, orthotropic, ho-
mogeneous, Cosserat porous media, with zero body couples, can be represented
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in the form of a single displacements-dependent equation of motion, as follows:

2 2 4 4 4
(P Py ¥ (P, S o)

2 \ 0x2 82373 QZ" oz} 0r20x3 x4 (4.35)
i pL (070 . 0w
p 12 \ 92 022 )
Proof. Based on the relations (4.33) and (4.34), we have:

g kO Y (Pw  Pw N pIow
BT 00, 4 0x3  Ox10x3 12 0z’ (4.36)
py = BOW Y (Pw 0w\ pI 0 '
BT 00, 4 0z3 0220 12 Ozs’

these relations transforming the form of the first equation of motion into the
required form (4.35). O

It is distinguished that the use of the Laplacian leads to the following form
of the relation (4.35):

H 2 _l 4 o .._g 2 ..
2vw 4v w~+ F3 = pw 12v w. (4.37)

Theorem 4.7. The equilibrated forces balance equation, related to an isotropic,
homogeneous, centrosymmetric, Cosserat porous media, can be presented, de-
pending on the volume function, as follows:

o ot

“ dz3 0z}
Proof. Using the relations (4.23) and (3.1)3, we obtain the form of the coeffi-
cients A;; as follows:

) — g¥(x1,x2,t) — G = pKI(x1, 22, 1). (4.38)

A1 = Ay =a,
oo (4.39)

Ajp = Ag1 =0,

consequently, the equilibrated stress vector components are:
09 09

= g—— =q—, 4.40
o1 aaxl » 2 a6x2 ( )
which leads to obtaining the relation (4.38). O

It is noted that the relation (4.38) can be rewritten, by means of the
Laplacian, in the form

a? 9 — g0 — G = pK9. (4.41)
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5 Conclusions

Studying the instability of porous Cosserat media in the isotropic case, in
parallel with the anisotropic one, leads to obtaining new forms of the equa-
tions that govern these types of media, writing the motion equations and the
equilibrated forces balance equation in the form of an unitary displacement-
dependent equation, respectively of a volume fraction-dependent equation,
thereby achieving a theoretical support that will facilitate its implementation
within subsequent numerical simulations.
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