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In this paper, both singular and hypersingular
fundamental solutions of plane Cosserat elasticity
are derived and given in a ready-to-use form.
The hypersingular fundamental solutions allow to
formulate the analogue of Somigliana stress identity,
which can be used to obtain the stress and couple
stress fields inside the domain from the boundary
values of the displacements, microrotation and stress
and couple stress tractions. Using these newly
derived fundamental solutions, the boundary integral
equations of both types are formulated and solved
by the boundary element method. Simultaneous use
of both types of the equations (approach known
as the dual BEM) allows to treat problems where
parts of the boundary are overlapping, such as
crack problems, and to do this for general geometry
and loading conditions. The high accuracy of the
boundary element method for both types of equations
is demonstrated for a number of benchmark problems,
including a Griffith crack problem and a plate with
an edge crack. The detailed comparison of the BEM-
results and the analytical solution for a Griffith crack
and an edge crack is given, particularly, in terms of
stress and couple stress intensity factors, as well as
the crack opening displacements and microrotations
on the crack faces and the angular distributions of
stresses and couple stresses around the crack tip.
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1. Introduction

This paper presents both a complete derivation of the fundamental solutions arising in plane
Cosserat elasticity and a demonstration of their use within a boundary element framework based
on the simultaneous use of two types of boundary integral equations on the crack faces.

Cosserat (also known as micropolar) theory of elasticity was first introduced by the Cosserat
brothers [1] and further developed by Eringen [2], Nowacki [3] and others as a generalization
of the classical elasticity, which takes into account the effects of material’s microstructure by
enriching material infinitisimal elements with additional rotational degrees of freedom and
introducing material internal length scale parameters directly into the constitutive equations.
This theory is known to represent well a number of natural and engineered materials, e.g.
fiber-reinforced composites, metal foams, concrete, synthetic polymers, and human bones.

A number of analytical and numerical methods, that have been successfully used to treat
boundary value problems in classical elasticity, have been developed for micropolar elasticity
as well. While the finite element method remains the most popular tool of numerical analysis, the
boundary element method (BEM) is evolving as an efficient alternative, especially in modelling
problems with discontinuities.

The mathematical foundation of BEM is the boundary integral equation (BIE) method, which
has been introduced in [4], [5] to study the solvability of boundary value problems in plane
micropolar elasticity. It has been shown that the solutions of these boundary value problems can
be found in terms of the single layer and double layer potentials, i.e. in the form of an integral
of the product of the unknown densities and the kernel functions, known as the fundamental
solutions. This representation allows one to reduce a boundary value problem to the systems
of weakly singular, singular and hyper-singular boundary integral equations, which can be
subsequently solved by the BEM.

The BEM for singular integral equations, which are also known as displacement/microrotation
boundary integral equations (DBIEs), was developed in [7], [8], [9]. To the authors” knowledge,
no BEM-solutions for the traction boundary integral equations (TBIEs) of micropolar elasticity
have been published yet. This might be attributed to the fact that the hyper-singular fundamental
solutions are available in the literature only in an implicit form, which requires additional
derivations before it can be implemented into a computer code. However, application of the
DBIE-based BEM to crack problems results in a singular system matrix, due to the coincident
crack surfaces, and therefore it is limited to the problems with symmetry [10], which avoid use of
one of the coincident boundaries. The most common approach to overcome this difficulty, which
has been successfully used in classical elasticity, is known as the dual BEM and it consists in
simultaneous use of the both types of the BIEs on the crack surfaces.

For this purpose, in the present work, the BEM is developed for the BIEs of both types and its
accuracy is demonstrated in various numerical examples, including problems with cracks. Only a
limited amount of research in Cosserat fracture has been available in the literature and it has been
limited to the studies of some specific cases (see, for example, [11], [12], [13], [14]). The present
work contains the first BEM-approach to a general case of a crack problem in Cosserat elasticity.
For the sake of comparison with the analytical solution, a classical problem of a Griffith crack is
chosen as a numerical example. The obtained data is shown to be in a excellent agreement with
the exact solutions in terms of stress and couple stress intensity factors and the crack opening
displacements and microrotations along the crack faces.

The BEM-results are also compared with the analytical asymptotical solutions and the finite
element data obtained in [14] for an edge crack problem in mode I and mode Il in terms of angular
distributions of the stresses and couple stresses around the crack tip.

The paper is organized as follows. Section 2 contains mathematical foundations of Cosserat
elasticity, in section 3 the boundary integral equations are formulated, in section 4 the boundary
element method is outlined. Numerical examples are presented in section 5 and the main results
are summarized in 6.
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2. Mathematical foundations of plane micropolar elasticity

In what follows, a linear homogeneous micropolar elastic solid is considered. The solid occupies
an open domain S € R? with the boundary dS. The plane strain state is described by two
in-plane displacements u1,u2 and one out-of-plane microrotation ¢3. In addition to stresses
011,012,021, 022 (note, that 012 # 021), two couple stresses m13, ma3 are introduced (Fig.1), and
the following constitutive equations hold [4].

TaB = Ay, y0a8 + (1t + k) (Ua g + ug o) — K(Ua,g + EaB303), 21)

ma3 = '}’¢3,a-
In eq.(2.1) and throughout the paper it is assumed that Greek indices take values 1,2, while Latin
indices vary from 1 to 3, J;; is the Kronecker delta, ¢;;y, is the alternating symbol and A, , %,y are
material parameters.
In absence of body forces and body couples, the equilibrium equations [4] are given as

o =0,
b 2.2)

Ma3,a + €aB30as = 0.
In this work we use the same notations for the main equations of plane micropolar elasticity in the
matrix and operator form, as originally introduced in [28] and employed, for example, in [5], [10],
[29] and others. In order to introduce a unified approach to displacements and microrotations,
it is convenient to denote uz = ¢3 and introduce a vector of generalized displacements u =
(u1, ug,ug)T and generalized tractions t = (¢1, t2, t3)T, where boundary tractions ¢1,¢2 and a
couple traction ¢3 are defined as

ta =0gang, t3=mMa3Na, (2.3)

where n = (n1,7n2)7 is a unit outward normal to 95.
The equations of equilibrium (2.2) then can be rewritten in the form

L(9z)u=0, 2.4)

where the matrix differential operator L(dx) = L(£4) is given by [5]

A+ W& + (u+rK)A (A + €& KE2
L(¢a) = (A + )12 A+w&+ (u+r)A  —r& |, (2.5)
—ré2 k&1 YA — 2k

with £q = 8/0zq and A= 8? /023 + 8% /0x3 = €7 + £3.
Together with L({«) the boundary stress operator 7'(0z) = T'({a) is considered [5], which is
defined by the following equation:

T(la) =
A+ 2p+ k)&1n1 + (k + p)éana Aang + péing K12 (2.6)
péany + A1na (w+r)iny + (A +2p + K)2ne —kn
0 0 ’Vfana

Operator T'(0z) is defined according to (2.1),(2.3) in such a way that
t="T(0z)u. 2.7
Then the boundary value problem (Fig.2) is formulated as follows:
L(0z)u=0 in S,
u=u on OSy, (2.8)
t=1 on 95,
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where @ = (41, t2, ﬁg)T consists of the displacements #j, %2 and the microrotation a3 = ngg
prescribed on Dirichlet boundary 95y, and t= (fl, ta, fg)T consists of the tractions ¢1, > and the
couple traction i3 prescribed on Neumann boundary 9S;.

2
my,
X

Figure 1. Stresses 0, g and couple stresses m 3 acting on a material element in plane micropolar elasticity.

On

aSt:t =f

0S,:u=1

Figure 2. Boundary value problem defined by eq.(2.8)

Together with A, p, x, v the following (engineering) micropolar material constants are introduced
in [15]:

2p+ k)(BA+ 21+ K)

E= Yo ! 1
A+ 20t h oung’s modulus
G= 2”% shear modulus
v= # Poisson’s ratio
T 224 2u+k (2.9)
¥ .. .
l=,/=———"—— characteristic length (bendin
3
N=,/——— coupling number 0 < N < 1.
20+ r) pne =0

When N =0 or [ = 0 the micropolar theory reduces to classical elasticity. Case N =1 corresponds
to well-known so-called "couple stress theory"”, which has been studied independently, for
example, in [16], [17], [20], [21]. In this theory, the couple stresses are taken into consideration;
however, the microrotations are constrained, i.e. defined analogously to macrorotations in
classical elasticity.

Two typical approaches to determine Cosserat material constants are experimental methods ([15],
[22], [23]) and analytical derivation, based on various homogenization schemes for materials with
periodic microstructure, which have been proposed, for example, in [24], [25], [26], [27].
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3. Boundary integral equations

In what follows, a source point is denoted by x = (z1, 22) and a field point by y = (y1, y2).
The matrix of fundamental solutions D = D(x,y) of system (2.4) is derived in [5], in the implicit
form, using the method of associated matrices, described in [28], in the form

D(x,y) = L™ (02)t(x,y), (3.1)

where L*(9;) is the adjoint of L(9,) (matrix consisting of cofactors of L(9;)) and t(x,y) is given

as
a

Sk

and constants a , k are defined by

tx,y) = oo { I — yI” + 4]log [x — y| + 4Ko (kix — y) } (32)

W2 K(2p + k)

v(p+ k)
where K| is the modified Bessel function of order zero. The full expression of matrix D in polar
coordinates

a”t =g+ 2p+ 8)(u+ k), , (3.3)

y1 =x1 + pcosh, ys=x2+ psinf (3.4)
is given, for example, in [18] and [19]. In view of (3.1) and (3.2)
D(x.y) = (D(y,x)". (35)
Along with D the matrix of singular solutions P = P(x,y; ny) is introduced by
P(x,y;ny) = (T(0,)D(y,x))", (3.6)

where notation 9y implies that in eq.(2.6) £o = 0/0ya and normal ny, is applied at the point y. The
full expression of matrix P is given, for example, in [18]. It can be verified by direct differentiation
that the columns of D(x,y) and P(x,y; nny) satisfy (2.4) atall x,y € R2, x #y.

In order to formulate traction boundary integral equations, two more matrices are required.
Namely, matrix H = H(x,y; nz) and S = S(x,y; nz, ny) which are obtained by applying stress
operator T'(0) to matrices D(x,y) and P(x,y; ny) :

H(x,y;n2) =T(0)D(x,y), S(X,y;na, ”y) =T(0z)P(x,y; ny) (3.7)

The full derivation of matrices D, P, H, S is presented in [19] with the final expressions in a
ready-to-use form in both, symbolic and C/C++ formats.

In order to investigate the behavior of matrices D, P, H, S in the vicinity of x =Yy, they are
expanded in Taylor series in polar coordinates (3.4). Straightforward derivations show that as
p — 0, the weakly-singular terms of D are [4]

b 1
D122 =—5—Inp+0O(), D33——%1np+0(1), (3.8)
where
. 1+v 3 —4v 2 1 1+v
b= 5 (2(17’/) N(1+V)>, ST oER (3.9)
The components of matrices P and H with the highest order of singularity being p~* are listed
below:
" nY cos§ —nY sin 6
Pi321 = igf% +0(1),
m P
o s v ing (3.10)
ns cos § — ny sin
Hyz21 = ?5*% +0(1),
m p
where ;' = % — N? [4]. Components P,3, P3o, Hq3, H3o are weakly-singular, i.e. of order

In p.
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For matrix S as p — 0 the expansion is

12

K41 1
S11,22 = om 7 +O(Inp), S3zz3= o7 2 + O(In p),
(3.11)
u'" sin 6 pw" cosé
Si331 =% +O(Inp), S2332=F-— + O(In p)
2 2
N2

where 1/ = E <ﬁ +2N2>,//”: Ty

The derivation of the boundary integral equations in plane Cosserat elasticity is based on the
following analogue of Somigliana identity [5]

and components S12, So1 are of order In p.

i) = jas [Ds; (%, Y)t5(y) — Pij(x,y: my)u (y)] dsy  x€ S (3.12)

Analogously to the classical theory, the displacement boundary integral equation (DBIE) is
obtained from (3.12) by letting point x tend to the boundary 95. Removing a small vicinity of a
singular point x and using the Taylor series expansions of the kernel functions, a straightforward
derivation yields:

1
5m-(x)+{85za-j<><,y;n.ym-(ymsy—LSDij<x,y)zfj(y>czsy=o7 xeds  (313)

Sign § indicates that the integrals containing Pj2, Py; are singular and understood as Cauchy
principal values. Factor % in (3.13) is known in classical elasticity as the "jump term", which
remains equal to 5 on a smooth piece of the boundary in Cosserat elasticity for both,
displacements u1, ug and microrotation u3.

In order to derive the traction boundary integral equation, first operator 7'(0;) is applied to
eq. (3.12) (with arbitrary direction n(x)) to obtain the following analogue of Somigliana’s stress

identity:
Ty @)= | [y ysma)ts () = Sy (xyimemg)us ()] dsy xeS ()
Then, taking n(x) to be the normal to S and performing limiting process analogously to the
procedure described above for DBIE, the following TBIE is obtained:
%ti (x) — ][as Hij (6, na)t (y)dsy + tg Sii (% yi s ) (y)dsy =0, x€dS,  (3.15)

where integrals containing Hi2, H21, 513, S23, 531, S32 are singular and sign § indicates, that the
integrals with S11, S22, S33 are hyper-singular and understood as Hadamard finite part integrals.

4. Boundary element method formulation

In the present work, the standard BEM discretisation with the quadratic Lagrange basis is applied
to equations (3.13), (3.15), which makes use of the following set of shape functions:

£(€— o) _ (E+2)E =) _&(E+ o)
W7 NQ(‘S)— 2 NS(f)— 2)\(2) .

AS
The boundary 05 is discretized with N elements 95y and the shape functions (4.1) with A\g =1,
while the solutions wu;(y), t;(y) are approximated with the discontinuous basis with Ag :%
and the three nodal values at each element. All weakly singular integrals, arising from such

Ni(§) = (4.1)

discretization are calculated using Telles transform [30]. Singular and hyper-singular integrals are
calculated by means of so-called singularity subtraction technique [31], [32], which makes use of
the Taylor expansion of the fundamental solutions in the vicinity of a collocation point, given by
€q.(3.10),(3.11). Then the collocation point is placed subsequently at every node at each element,
yielding a system of 9NV linear algebraic equations for the unknown nodal values of generalized
displacements and tractions.
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5. Numerical results

In this section four numerical examples are shown. In the first example, the problem of a bending
plate is considered, and it is shown that the exact solution, given by the polynomials of second
degree, can be reproduced with a good accuracy by BEM on a coarse mesh.

In the second example, the problem of the stress concentration around a circular hole is
studied. The stress concentration factors obtained from both types of the equations and the stress
and couple stress field on the boundary and inside the domain are compared with the analytical
solutions.

In the third example, the classical problem of a Griffith crack is solved by means of the dual
BEM with use of both types of boundary integral equations. The BEM-solution is compared with
the analytical data for stress and couple stress intensity factors, as well as for the displacements
and microrotations at the crack faces.

In the fourth example, the dual BEM formulation is applied to the problem of an edge crack
in both loading modes. The BEM-results are shown to be in a good agreement with the analytical
and FEM-solutions, available in the literature for the distribution of stresses and couple-stresses
around the crack tip, as well as the stress and couple stress intensity factors.

(a) A square plate under pure bending

As a first example, a square micropolar plate under pure bending is considered (Fig.3). The
following boundary conditions are prescribed:

u1 =0, t2=0, u3 =0 at =1 =0,
t1 =ta=t3=0 at zo==h, (5.1)
t1 =o0gx2, to =0, t3=—mg at z1=2h,

where

2G My My Gh3

= = D=—". 2
1—vD+~h’ mo D +~h’ 6(1 —v) (5.2)

a0

The analytical solution ut = (uf, u‘24, u?)T for this problem was first derived in [6] as

A Moziza a4 1 My (2 v 2) A Moz,
- $1+ )

(5.3)

ul_D—|—’yh7 2 75D—|—’yh 1" u3:7D+’yh

In [7] this problem, but for a rectangular geometry, was solved by BEM for the following values
of the parameters, which we used in the present study as well:

My =1000N, h=0.1m, G=5.1768 x 10"~ 1 =0.3 (5.4)

The relative error e; of every component of the BEM-solution u” = (u?, u2, uZ)7 is defined as:

max [u? — uf|
€=

max \uf‘| (5:5)
The boundary was discretized with 4 elements, or 36 degrees of freedom, as show in Fig.4. Since
the polynomial form of the solution approximation can represent the solution exactly, the main
source of error in the BEM-results is the integration error. In contrast to the BEM of classical
elasticity, accuracy of integration in the Cosserat case depends significantly on the material
constants due to the presence of small parameter [/ in the Bessel functions in the fundamental
solutions. Therefore in order to capture the behavior of the kernels, the order of Gaussian
quadrature was chosen depending on material parameter [ (increasing for decreasing values of
[), and it was kept the same for different values of NV corresponding to the same value of I. The
results for both types of the BIEs are shown in table 1. The obtained relative errors, as defined by
eq.(5.5), are of order between 10~ 10 and 10~ %.It was observed, that for the same values of material
parameters and the order of Gaussian quadrature, TBIEs perform slightly better than DBIEs.

H
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In [7] the solution at the corner point was shown to have an accuracy of order 10~% for the
boundary discretization with 8-20 elements, which is comparable with the errors obtained in the
present work for the singular boundary integral equations with the use of 4 elements.

DBIEs TBIEs
N=0.1 N=0.5 N=0.9 N=0.1 N=0.5 N=0.9
er | 2x1077  4x107% 2x107° | 4x107° 3x1077 2x107°
1/(2h)=10"2 | ez | 3x1077 6x107% 3x107° | 6x107° 6x1077 3x107°
ez | 2x107°%  2x107* 6x107* | 2x107% 3x1077 1x107°
er | 5x1077  7x1077 1x107° 5107  6x107%  2x1077
1/(2h)=10"" | ez | 1x107%  8x1077 2x107° | 5x107% 2x1077 1x107°
ez | 9x107%  8x107% 4x107° | 1x107% 7x107% 6x1077
e1 | 2x107%  6x1077 1x107% | 1x1077 5x107% 6x107®
1/(2h)=10° | ez | 2x107% 8x10™7 3x107¢ | 7x1077  4x1077 6x1077
ez | 71077 9x107% 1x107% | 1x107° 6x107% 3x107®
e1 | 3x107°  5x107° 4x107° | 3x107% 3x107% 7x1077
1/(2h)=10" ez | 4x107°%  7x107° 1x107° | 1x107° 3x107° 1x107°
ez | 71077  7x1077  7x1077 | 2x1071%  4x107° 4x107°

Table 1. A plate under pure bending: relative errors e, e, es3, as defined by eq.(5.5), for both types of the BIEs for
various values of the coupling number N and ratio of the material length [ to the size of the plate 2h.

2h -

2h

Figure 4. A plate under pure bending: coarse mesh of

Figure 3. A micropolar plate under pure bending. the boundary.

(b) A circular hole in an infinite plate

In the second example, the problem of an infinite plate in tension, weakened by a circular hole
of radius a, is considered (Fig.5). The full analytical solution for all stresses and couple-stresses
is given in [33]. In order to demonstrate the performance of the method for the non-straight
boundaries as well as non-polynomial boundary conditions, the problem is modeled as a finite
quarter-plate of size L x L, L =4a with the analytical tractions and couple tractions, given by
rational functions, prescribed at x = L and y = L (Fig.6).

In tables 2,3 the stress concentration factors (SCFs) are presented for two values of the material
length!:1=a,l=0.1arespectively, v = 0.3 and for different values of the coupling number N, for
both types of boundary integral equations. In all cases a mesh consisting of 68 elements, uniformly
graded towards the edges of the hole, was used. The number of Gauss points per element was
chosen for all cases to be 200. As it is seen from tables 2,3 the SCF-solutions for a circular crack

my
S
>
j + Q  Element boundaries
S
S
>
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<—L----------------J—>

Figure 5. An infinite plate with an circular hole in tension.

N | Analytical | DBIE e(%) TBIE e(%)
0.10 2.9728 29720 | 0.03 % | 2.9790 | 0.21 %
0.25 2.8484 2.8478 | 0.03 % | 2.8532 | 0.17 %
0.50 2.5490 2.5489 | 0.01 % | 2.5490 | 0.0006 %
0.75 2.2739 22740 | 0.004 % | 2.2683 | 0.25 %
0.90 2.1416 2.1418 | 0.007 % | 2.1326 | 0.42 %

Table 2. Stress concentration factors for a circular hole: I = a.

can be reproduced by both types of equations with the relative error within 1%. The relative error

is defined as
e |SCFBEM _ SCFAnalyt|

SC FAnalyt

The detailed BEM-analysis of stress concentration around a hole in a micropolar plate is done

(5.6)

in [8]. Case N =1 corresponds to the couple-stress elasticity and it was studied also by means of
the boundary element method in [21].

The stress distribution along the edges of the quarter plate is obtained as a direct output of
BEM. In fig. (7) distribution of g9 along 6 = 7 is shown for | = a, v = 0.3 and various values of
N. Next, the Somigliana stress formula (3.14) is used to obtain the stress distribution inside the
domain. In fig.(8),(9), (10) the distribution of normalized stresses o,.9, 0, and couple stress m-.
respectively, are shown along the line § = 7 /4 for I = a, v = 0.3 and various values of N. As it can
be seen from Figs.(7),(8),(9), (10) the results are in a good agreement with the analytical solution
from [33]. Analytical solutions are shown in all plots by solid black lines.
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exact tractions and couple traction

®
8

L Je

=

U1=0 8
=

t2=0 g
w

@3 =0 O
[

Q

©

[

j=a

©

t1=tb=t3=0 =

a 8

| B o

-}

a t1=0, U2=¢3=0

Figure 6. A quarter of a plate with a circular hole, L = 4a.

N | Analytical | DBIE e(%) TBIE e(%)
0.10 2.9827 29819 | 0.03 % | 2.9888 | 0.21 %
0.25 2.9528 29521 | 0.02 % | 2.9580 | 0.17 %
0.50 2.9292 29289 | 0.01 % | 2.9301 | 0.03 %
0.75 29187 29190 | 0.01 % | 29113 | 0.25 %
0.90 2.9149 29161 | 0.04 % | 2.9003 | 0.50 %

Table 3. Stress concentration factors for a circular hole: I = 0.1a.

(c) A Griffith crack

In the third example we consider a straight crack in an infinite plane in a uniform tension (Fig.11a)
(known as a Griffith crack). The solution to this problem is a superposition of two solutions. The
first one corresponds to an infinite uncracked plate in tension (Fig.11b) and the second solution
is the one of a crack opened up by a uniform tension applied to the crack faces (Fig.11c). The
solution to the first problem is given in [13] as

_1loo _loo, _
up = 3 G( vey), u2—2 G(l v)za, ¢3 =0. (5.7)
011 =012 =021 =0, 022 =00, M13=m31 =ma3=mz2=0. (5.8)

Therefore we only consider the problem of Fig.1lc for BEM-modelling, i.e. the only BEM-
boundary corresponds to the crack faces S = I"' = I'y |J I'— (Fig.12) with prescribed tractions:

t1=0, to=—0g, t3=0, —c<z1<c, x2=0. (5.9)

In order to avoid the degenerated system matrix due to the coincident collocation points, we
prescribe DBIE on Iy and TBIE on I, an approach known as the dual boundary element
method. The obtained results are compared with the analytical solutions obtained in [13]. Note,
that the notations for N and [ in [13] differ from the notations used here by the factor v/2, therefore
we rename material parameters from [13] as I*, N*. Therefore, [* = v/2I, N* = v/2N. We present
the BEM-results in the same way as in [13], where the solutions are analyzed depending on two
parameters: 7 = % and M = NT The case M =1 and v = 0.25 is chosen for comparison. In table
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Figure 11. a) A through crack in an infinite plate in tension, b) uncracked plate in tension, c) crack opened up by a uniform
tension.
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Figure 12. A crack opened up by a uniform tension.

4 the results are given in terms of four parameters. The first parameter is a value of the crack
opening displacement at the center of the crack:

-1
ug = <§E) cilug(0,0) (5.10)

The second parameter is characterized in [13] as "the mechanical energy required to form the
crack” and given by

1
E. =2coy fug(r, 0)dr, r=x1/c, Ec=E./ (%7‘[’(60‘0)2(1 — y)/G) (5.11)
0

Values of ug and E. are listed in table 4. Note, that value 7 =0.001 was used in BEM to
approximate the limiting case of classical elasticity. In all cases a fine mesh consisting of 196
elements, uniformly graded towards the crack tips, was used. The size of the mesh was chosen
for the purpose of extracting stress intensity factors from the limiting values of the crack opening
displacement as described below.

The stress intensity factor K; and the couple-stress intensity factor K, are defined as

{Kt, Km}=+v2r lim {o22(r,0),ma3(r,0)} (5.12)
r—1+
or in non-dimensional form

Ki=Kt/(ooVe),  Km=Kpn/(oocVe) (5.13)
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7 | M | uo [13] | uo (BEM) | E. [13] | E. (BEM)
05 | 1 | 1.3022 | 13022 | 0.8646 | 0.8649
03 | 1 | 14222 | 14223 | 09467 | 09468

1

1

1

0.1 1.4909 1.4910 0.9938 0.9939
0.05 1.4977 1.4978 0.9984 0.9985
0 1.5000 1.5001 1.0000 1.0001

Table 4. Results for a problem of a Griffith crack.

The stress intensity factor K is directly expressed from the BEM-solution for the crack opening
displacement g (r, 0) according to its asymptotic expansion in the vicinity of the crack tip:

ug(r,0) = G(l\/-i(Ql(I f)j)(jv% V1—7r2+40(r). (5.14)

In table 5 the values of K for various material parameters are compared with those in [13] and
an agreement within 1% is shown.
Following the solution procedure in [13] the couple stress intensity factor Ky, is derived as

1- E.

K = c\/cog 5 (5.15)

According to equations (5.11), (5.15), K, for a Griffith crack is entirely defined by the integral of
the crack opening displacement uz(r, 0), i.e. it can be obtained without using the asymptotics of
the microrotation and couple-stress fields. This method allows to use coarser discretisation of the
crack domain to obtain accurate Ky, for all values of material parameters in comparison with the
methods, which require fitting solutions near the crack tip.

Values of K; and K, are compared with the analytical solutions from [13] in table 5.

In fig.(13)-(14) the full solutions for the crack opening displacement and microrotations are
plotted for various values of material parameters, and an excellent agreement between the
analytical solutions of [13] and the BEM-data is seen.

Research in fracture mechanics of Cosserat materials (see for example, [34], [11], [35], [14])
indicates that both, displacements and microrotations in the vicinity of a crack tip have asymptotic
expansions of order ,/p, where p is the distance to the crack tip. The asymptotic expansion of a
microrotation in standard system of polar coordinates (p, 8), associated with the crack tip, is given
in [14] as:

Km 2p .0
— Z 1
93 = ==L sin T +0(p) (5.16)
In Fig.15 the distribution of microrotations along the crack face is shown for N = 0.9 and varying
values of parameter [/c together with the plot of the first term of eq.(5.16). Fig.15 illustrates the

asymptotic property of microrotations, according to which, the asymptotic range of eq.(5.16) is
p<<l, (5.17)

i.e. the size of the domain dominated by the first term in (5.16) depends on material parameters
and decreases with decreasing I. This behaviour indicates that in the extended finite and
boundary element methods the adequate choice of the enrichment zone must significantly
depend on the material parameters. However, the application of enriched Cosserat BEM and FEM
need detailed study and remain subject of future work.
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Figure 13. Crack opening displacement for different values of parameter 7 = \/il/c in comparison with the analytical
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Figure 15. Variation of microrotations along the crack face for coupling number N = 0.9 and various values of material
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T | M | K; [13] | K¢ (BEM) | relative error | K [13] | Km (BEM) | relative error
0.5 1 1.0150 1.0222 0.71% 0.0676 0.0676 0.06 %
0.3 1 1.0059 1.0100 0.41 % 0.0266 0.0266 0.02 %
0.1 1 1.0007 1.0013 0.06 % 0.0031 0.0031 1.13%
0.05 1 1.0002 1.0004 0.02 % 0.0008 0.0007 7.84 %

0 1 1.0000 1.0001 0.01 % 0.0000 0.0000 - %

Table 5. Stress and couple stress intensity factors for a Griffith crack.

(d) A plate with an edge crack

In this example we consider the problem of a plate with an edge crack (Fig.16) and compare our
results with the FEM-data obtained in [14]. For the sake of comparison, we consider the same
dimensions of the plate and the loading conditions, as in [14], i.e. the width of the plate W =11
mm, height 2H = 20 mm and the length of the crack ¢ = Imm. The center of the coordinate system
is placed at the crack tip and the polar coordinates (r,#) are introduced. However, in order to
avoid the rigid body motions, we impose slightly different Dirichlet condition than the one in [14],
i.e. since in the collocation boundary element method, the boundary condition cannot be imposed
at the crack tip, we fix the point (10, 0) on the boundary of the plate, i.e.

u1(10,0) = uz(10,0) = p5(10, 0) = 0. (5.18)

All sides of the plate are assumed to be traction free, and the loading is applied to the crack faces.
We consider two standard cases: in mode I the crack is opened up by the applied normal stress
o9 =100 MPa, i.e:

t1 =0, tg=—0ogng, t3=0, —c<x1<0, 2z92=0. (5.19)

r
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Mode II corresponds to the applied shear stress o9 = 100 MPa, i.e.
t1 =—ogng, to =0, t3=0, —c<x1 <0, z2=0. (5.20)

Material parameters were set to £ = 100 GPa and v =0.3.
In fig.17,18,19,20 we demonstrate the angular distributions of the stresses and couple-stresses (for
an equivalent problem of a crack with the traction-free faces) defined as

Jfap(0) =V2rro.g, gaz(0)=V2mrmaz o,f=1,0 (5.21)

which are normalized in such a way that fyy(0) = gy.(0) =1 in Mode I and fy,.(0) = gr»(0) =1
in Mode II. The remaining material parameters in fig.17,18,19,20 were taken [ =0.025495 mm,
N =0.849837, which correspond to parameters v =100 MPa and o/E =1 in [14]. The eq.5.21
were evaluated at r=10"° mm. In Fig.17,18,19,20 the excellent agreement of the BEM-data
with the analytical solutions, derived in [14] is shown for both loading modes. Note, that due
to the zero boundary condition imposed in [14] for ¢,¢ instead of oy,, our BEM-solution for
o corresponds to oy, in [14], and oy, corresponds to o, in [14]. Note, that according to [14],
couple-stresses myz, my, do not have a 1/4/r-singularity in Mode II. This is in agreement with
our BEM-calculations, as can be seen in Fig. 20, where as a direct implementation of eq.(5.21), we
observe the BEM-data for the regular parts of m, mg, which, according to [14], for fixed r, have
the analytical form:

Myy ~ cos B, mg, ~—sinf. (5.22)

Next, we compare our results in terms of the stress and couple stress intensity factors with
those obtained in [14] by the finite element method. For comparison we have chosen the case
of N =0.849837 and the four values of the parameter [ = 0.025495, 0.254951, 0.806226, 2.54951
corresponding to v = 10%,10%,10°,10° in [14]. The results for both modes are given in Table 6.
The data in table 6 was obtained by fitting the displacements the crack faces according to

Iy A=v’) Koyr ey M- K
(5.23)
in Mode I and Mode II respectively. Equations (5.23) were obtained from [14], however note, that

there is a typo in their expression for ullin eq.(72), which can be easily seen by integrating the

Mode II-stresses from eq.(70) leading to the term 2(u + «)(1 — v) instead of 2(p — a)(1 — v) in
€q.(72). The corrected constant is consisted with our BEM-data.

For all material parameters the same mesh with 193 elements on each crack face, gradually refined
towards the crack tip was employed for the BEM analysis, and the data in the vicinity of r =
10~3Imm was used for fitting. The stress intensity factors in Table 6 were normalized as follows:

Kl =Kl/kr, KE =K [k, (5.24)

where k7 =208.1 MPa~mm1/2, krr =199.3 MPa-mm'/? are the values corresponding to the Mode
I and Mode II SIF-solutions for an edge-cracked specimen in the case of the classical elasticity.
The couple stress intensity factors were obtained by fitting the microrotations on the crack faces
according to (5.16). The normalized couple stress intensity factors are given by

K =K /(00cy/e), (5.25)

which differ with the definition in [14] by the factor of v/7Togcy/c. Values of \/mogcy/cK, I are also
provided in Table 6. The results in Table 6 are in a good agreement with the data in [14]. For
the Mode I stress intensity factors the difference is estimated to be less than 1.2%, for the mode I
couple stress intensity factors - less than 4.6% and for the mode Il stress intensity factors - less than
2.3%. The difference in the results can be explained by the difference in the method of evaluating
K 5, K gl and K fn as well as by the slight difference in the boundary conditions.
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Figure 16. Edge crack in a rectangular plate.

N l Kl Kl Voo cﬁ[?%@ K
0.849837 | 0.025495 | 1.1819 | 0.0270 4.79 1.4053
0.849837 | 0.254951 | 1.0803 | 0.2120 37.58 1.2272
0.849837 | 0.806226 | 0.9542 | 0.3689 65.39 1.0154
0.849837 | 2.549510 | 0.8836 | 0.4644 82.32 0.9222

Table 6. Stress and couple stress intensity factors for an edge crack in Mode | and Mode I

6. Conclusions

This paper presented the derivation of the fundamental solutions for plane Cosserat
elasticity and their application within a boundary element framework. Both singular and
hypersingular boundary integral equations of plane Cosserat elasticity were formulated using
these fundamental solutions and solved by the boundary element method. The dual BEM,
developed in this work, was shown to be an accurate numerical tool which can be used for
analysis of problems with singularities, such as certain crack problems without limitations on
the geometry or the type of the loading conditions. The excellent accuracy of the method was
demonstrated on the classical example of a Griffith crack. The approach can be further used to
model crack propagation in micropolar materials and can be extended to the three-dimensional
case. The accuracy of the method for crack problems can be further improved, for a given number
of degrees of freedom, by incorporating crack tip enrichments into the approximation space which
can be derived from the asymptotic behavior of the displacements and microrotations in the
vicinity of a crack tip, also studied within this paper. This approach is known as the eXtendend
BEM and is the subject of further study.
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