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Abstract—The two-dimensional problem of equilibrium of a perfectly elastic body with couple-stresses is
considered. The general form of solution of the problem in the case of an orthotropic medium is given in
Section 1. Section 2 shows that there exists a close analogy between the equations governing the behavior of a
plane rectangular lattice composed of rigidly interconnected elastic beams, and the general set of equations of the
two-dimensional couple-stress theory for certain orthotropic bodies. Section 3 contains two problems which
demonstrate the effects of couple-stresses upon the behavior of stresses and displacements in the vicinity of a
circular inclusion and a circular hole in an infinite elastic plane.

INTRODUCTION

THE two-dimensional problem of equilibrium of a perfectly elastic orthotropic body with
couple-stresses is considered. By following the approach suggested by Koiter [1] it can be
assumed that the simplest physical model of such a body is characterized, in the case of
isotropy, by four independent elastic constants E, G, [ and #. E and G are the usual Young’s
and shear moduli, / and #n are two new constants arising through the introduction of
couple stresses. | has the dimension of length and appears to be of microscopic magnitude
for most real materials. The cross-sensitivity constant # is dimensionless and has the
value between +1 and — 1. If the same general approach is followed for the orthotropic
case the number of independent elastic constants should reach 9+ 12 = 21. When con-
sidering either the case of plane stress or plane strain without specifying the elastic constants
associated with the z direction, the number of independent coefficients reduces to six.
In the usual engineering notation these constants can be written E,, E, G, E, = E /v, =
E./v.. 1. and [,

Section 2 of the paper shows that there exists a close analogy between the equations
governing the behavior of a plane rectangular lattice, composed of rigidly interconnected
elastic beams loaded on the boundary, and the general set of equations (derived in Section 1)
of the two-dimensional couple-stress theory for certain orthotropic bodies. This analogy
also adds clarity to the physical meaning of the two characteristic lengths [, and .

Section 3 contains two problems which demonstrate the effects of couple-stresses.
The first problem involves investigating the stress concentration around a rigid circular
inclusion in an infinite elastic plate subject to simple compression in one direction. The
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second problem is concerned with the displacement and stress distribution around a
circular hole in an infinite elastic plate when the boundary of the hole is subject to a torque.
In both problems the influence of couple-stresses is quite significant, though limited to
the immediate vicinity of the inclusion or hole. A more detailed discussion of these problems
can be found in the unpublished paper [6].

1. PLANE COUPLE-STRESS PROBLEM

Consider the state of equilibrium in a perfectly elastic body with couple-stresses. The
general set of equations governing the problem for the case of vanishing body forces and
body couples, as given by Koiter [1], can be reduced to

(a) three equations of equilibrium
Smnm — %Eimnmji,jm =0: (1.1)

(b) fifteen strain—displacement relations

Vij = Uy, Ky = W5 (1.2)
(c) fifteen stress—strain relations
i hid (1.3)
Sij= e My =) .
tj 5)’;‘;‘ J a%ij

(d) five boundary conditions for each point of the boundary, expressed in either stresses
or displacements.

The following notation (basically the same as found in Ref. [1]) is introduced here.

$;; = 0, ;—the symmetric part of the generally non-symmetric force-stress tensor o

m;; = w; — 3pd;;—deviatoric part of the couple-stress tensor y;;;

u,—components of the displacement vector

7:;—components of the strain tensor;

w; = 3&;4, —components of the rotation vector;

#;;—components of the torsion-flexure tensor ;

W = W(y;;, »;;}—strain energy function (homogeneous quadratic function of the
deformation variables y;; and x;);

&;—permutation symbol and d;—Kronecker delta.

The system of equations (1.1), (1.2} and (1.3), in the particular case of a two-dimensional
problem, reduces (see Ref. [2] by Mindlin) to the following set of equations.

(a) Two equations of equilibrium

ije

1 —
sxx,x + Sxy.y + 7(mxz,x + myz,y).y - 0’

(1.4)
Seyet Syyy =Mz My, ) o = 0
(b) three compatibility conditions
Hxz = Vxpx ~Vxx,po
Kyz = = Vayyt Vppes (L5)
Hxzy = Hyz x+
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(c) Five stress—strain relations obtained as a result of the assumption that the strain
energy function has the form

W Z% 1~va et 1—Evyxv oy +1Exv: Paxlyy
+Gyl, +2G 2%}, + 2G12x},.
If, in addition, the assumption v, = v, = 0 is made, then
Sex = Ex¥ec. = 4GLx,.,
s, =Epy,., = 4Glyxyz, (1.6)
Sy = 2GY s

hence the plane state of stress and plane state of strain become equivalent.

Ifthe notationn, = 2G/E, ,n, = 2G/E,(n, = n, = 1 for the isotropic case) is introduced
the stress compatibility conditions, obtained by substituting equations (1.6) into (1.5), can
be written

mxz = 2l)zc(sxy_x_nxsxx.y)’
= 22— Sy, 1,5, (1.7)

l;zymxzy = 1)2‘ yzx
The couple-stresses (m,, and m ;) can be eliminated from the compatibility and equi-
librium equations by substituting from the first two equations (1.7) into equations (1.6)

and the third of equations (1.7)

af. ., @ 8 LI
ax( —hieg s S"*“L””a a a_( g b =0
% PR
2 08 xx I P 18
xlxa 26y+ay ) ( IXa 2+ a ) 07 ( )

0%s d%s,, 0%
XX 2 xy — 0‘
x oy* Max? oxdy

The general solution of equations (1.8) can be expressed in terms of three stress potentials
Uii=1,23)

d *(1+9Q)
Sxx = 5[—1‘”’(]1 +’1yWU2 —Mny.‘a'

i *(1+Q)
oyl ¥ 0xdy

Syy =

Ul ‘_Lnyz:l—Mny3,

0* 0* 0
Sy = NyU+N,,U,+ 3y | nylya S — 1,2 e U,, (1.9)
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in which the differential operators Q,Q .. L ... M, N  and Q, are defined as follows:

o2 0? é 0? 02
2 2
lx(q 2+[y avzﬁ Q r’x 6y('7y ~ 2 ay )
L - ¢ L2 o2 a’Q
xr = Mg ay? e
82 12 5 62
M, = ay? 1‘Q+“(lx_nyly)ﬁ ’ (1.10)

o o @2
ny = r’x@ W,VE)XT‘@E *

o[, @ L Ll o a4
Qv = 30 | a2 Py~ b ga T M gz Tl |

The remaining differential operators can be obtained from (1.10) by interchanging the
variables x and y. When equations (1.9) and (1.10) are substituted into (1.8) the governing
equations for the determination of the stress-potentials become

U, U, U,
n,l2 R 20D s Exi3y s i+ 2,07 ) x5y
U, o*U, o*U, 4U
2 L ‘42 ! = 1.11
i ay°® T o + 6x28y2+'7 oyt =0 (LI

In certain cases a simplified choice of two stress functions ® and ¥ is more convenient.
For example, if it is assumed that

l !
Sxx = ‘D)')‘—-qu’-ﬂ’ - (I)xx+f\P
¥y x
11, I
= dq).x}"";(lvq’.xx_l_y‘{l,yy)’ (1.12)
2\, x
L I,
m,, = IA’V‘P‘x, m,, = i\p.y

it is easily verified, by simple substitution, that equations (1.12) satisfy the required condi-
tions (1.4) and (1.7) provided that ® and ‘P are solutions of the following two equations

afer e\ @ s e n al , &2
yﬁ(e 3G )<D+a [1+(1 ~ ) s lra ¥ =0

éofé o é 62 &t
o) B3 S ——1l1 2 __ 2 2 = Q.
A ax(ayz-Fn,, 6x2)(1> ay[ HE=2m )5~ jl‘{’ 0

211
(1.13)
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When equations (1.13) are solved simultaneously to separate ® and ¥, equations (1.11)
are once more obtained. Thus, while equations (1.13) are sufficient for the determination
of ® and P, the necessary conditions are equations (1.11),

For the isotropic case E, = E, = E, I, =1, = |, E = 2G and the stresses, in terms of
the potentials, can be written

o -0
> 9x

3

o o2 o ot
1— 2 20277 _ 122
P )V 52 ]U1+ (1+1V)U2 571 PV3U,,

N

d 3 o FE:
(1+12V2)U1—5[(1—12 )V2 2]U2~W(1—12V2)U3,

» = Bxdy? 2" tox
d 262V2 32 ,0°V? azvz 32 52 N

2 2
= 212[ ax(av U, oV U’)+3(V2—12v4)u3],

Oy ox dy
o [oViU, ovViU 0
= 22 r 2] Y o2 __p2y4
[ay( dy dx ) ax(V rv )U3]’
and the equations governing the potentials become
PVeU,—V4U; = 0. (1.15)

A simplified version of the stress potentials for the isotropic case, originally introduced
by Mindlin, is obtained by substituting

®=(1-PV)U,, ¥=(1+P2V)U,,-U,) (1.16)

into equation (1.14),

Sxx = (D,yy_lp,xy’ yy = (I),xx+‘P,xy5
= =0, +H¥ ¥, 1.17)
m,, = lP,x, myz = lP’y.

Similarly the equations for ® and ¥ become
28V, = — (¥ -1PV?Y),,
(1.18)
20V, = (¥ - I*V2Y),
or in the separated form

ViD= 0, VAW —PV4Y =0, (1.19)

2. LATTICE ANALOGY

Consider a regular, orthogonal two-dimensional lattice consisting of elastic beams
parallel to the axes x, y of a rectangular coordinate system (Fig. 1). The dimensions of an
elementary rectangle are 2a x 2b, and the cross-sectional areas of the corresponding beams,
their moments of inertia and the Young’s moduliare 4,,E,,I,and A, E , I , respectively.
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Consider first the state of equilibrium of an elementary cross-shaped framework shown in
Fig. 2. Denote by N,. N ,—the normal forces, by V,, and V,,—the shearing forces, and by
M, and M —the bending moments acting in the horizontal and vertical members of the
element at its center. If the increments of these forces along the arms of the elementary
cross are denoted by symbols A, the three conditions of equilibrium of the element shown
in Fig. 2 are

AN, +AV,, =0,
AN, +AV,, =0, (2.1)
AM +AM —bV, +aV, = 0.
For a reasonably smooth variation of the forces across the element, the increments

AN, AV, AM can be approximately replaced by the first terms of the Taylor power series
expansions of functions N, V, M ; for instance

oN,
AN, > Ox

a etc. (2.2)

When the expressions (2.2) are substituted into equations (2.1) and each of these equa-
tions is divided by 2ab, the equilibrium conditions of the element shown in Fig. 2 can be
written in the form

ny,y = 0’
vy = 0, (2.3)

mxz.x+myz.y— a_vx +ny = 0’

Jxx.x

+
+

Qi

O.xy.x
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M
N, + ANy,

M+

Vey * Vxy

Vi + AV

Ny + ANy

M, + oMy
Vox = BV
My - aMy

Vyy = BV

Ny ~ AN,

NY - ANy

FiG. 2
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where ¢ and m denote the reduced stresses in the lattice element

O-X.X

xy

xz

Nx
2h°
Viy
Eb‘»

M

X

2b’

GYY

W

yx

myz =

N

Ny
2a’

Vyx
2a’
M,

2a°

(2.4)

The reduced stresses can be decomposed into the symmetric and antisymmetric parts

Gy = SxytTyy, Cux = Sxyt+Tpxs
Sy = Sy = W0y +6,0), (2.5)
Fay = —Fyx = 200,y —0).

The antisymmetric part 7,, of &,, can be eliminated from equations (2.3) to yield the

equilibrium conditions in the form
- - 1 —_— p— _
sxx x + sxy y + f(myz,y + mxz,x),y - 0’
Sxy, x+syyy —( vz, y+mxz :)x =0,

completely analogous to conditions (1.4) derived for a continuous medium element in
Section 1.

To complete this analogy, the reduced strains $ and % have to be defined. The displace-
ments and slopes of a lattice element (Fig. 3) can be calculated by applying the elementary
formulas of strength of materials and by assuming that the element is composed of four
cantilever beams loaded by axial forces N, transversal forces V and bending moments M.

3
Y
=

y YX + ey
T 2b
T =3 M
bV l
—xy + "
. b . ib 2 x . Mx
a
Mre—r 3% F jlﬁ 'a——j[ + Cl D +
b
b Yy + Byx
2 2a L_ MV
L y
—
l va + aVyy U
N 2b
y
(a) {b) {c)
.“y
il T N\
Vyx V=V x - Ay
A
b Voo 4 bV
oVxy 4y ? 4 —-vx b T
4 a a PRy 1 a a |
3N = [ — ANy + iC )
¥
i ’b AM b ~ %xy + —E—Z—yx
= AV ‘_A N
yx av My
T FVE T 'g_ﬁxy\/‘ '
[;Ny
(d) (e)

Fi1G. 3
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If the influence of the incremental force systems shown in Fig. 3d, e is neglected, the reduced
strains can be defined in the following way.
(a) Reduced normal strain is the average longitudinal strain of the rod (Fig. 3a)

N, N,

== IwTFy (2.6)
EA, ™ EA,

)7xx

(b) Reduced shear strain is the average value of transversal deflection per unit length
of the perpendicular beams

_ 16,, 0,
Toy = 5|2 (2.7)
Here é,,, J,, are the respective deflections caused by V., V,,
1 b 3
5 =
* 2( ar VY")3E I
1{a 3
O ===V + Virlsm—.
» Z(b SRR TN

(¢) Reduced torsion-flexure strain is the average change of slope per unit length of the
beam (average curvature)

Ry = R, =—". (2.8)

Now, the forces N, V, M appearing in equations (2.6), (2.7) and (2.8) are replaced by the
previously introduced reduced stresses (2.4) and (2.5). The resulting equations, which may
serve as reduced stress—strain relations for an orthogonal lattice, can be written in the form

sxx = x)-)xx! gyy = Ey?yya = 2(7)—)xy

m,, = 4Glz,,, = 4G12’

yyz

(2.9)

in which the constants E, G and ] are expressed in terms of the mechanical and geometric
characteristics of the lattice elements as follows:

= EA, _ _EA,
*T 2 Y7 2a°
3E.EII,
2ab(aE I, +bE 1)
a 1+ b EI,
\/6 22 E|l,
b (l a Eny)

G:

(2.10)

N

» = J6\2 2 EI
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Equations (2.9) are identical with the stress—strain relations (1.6) introduced in Section 1
for a continuous orthotropic medium. This confirms the assumed analogy and proves
than an orthogonal lattice may serve as a good illustration of phenomena occurring in
Cosserat-type continua. Likewise, certain solutions known from the theory of couple-
stresses can serve as approximate solutions for analogous problems concerning two-
dimensional gridworks. In cases when the lattice structure contains a very large number of
elements it can prove to be advantageous to replace the discrete structure by a continuous
Cosserat-type continuum ; the analytical solution of the associated couple-stress problem
can be much simpler than the numerical solution of the original set of linear algebraic
equations which results from the usual elementary structural mechanics approach to the
problem.

In connection with the formulae (2.10) it can be observed that in the case of a square net
a x a of identical beams, the associated continuum model does not become isotropic. This
is due to the internal structure of the lattice, and even in the fixed coordinate system x, y
it is seen that for isotropic elastic bodies the relation E = 2G(1 + v) holds, whereas in the
case of a lattice, with v = 0, E = EA/2a, G = 3EI/4a® and hence, generally E # 2G.

The scond observation concerns the magnitude of the additional elastic constant .
In the case of a square net and equal beam rigidities it follows from equation (2.10) that

I, =1, = a/\/6 = 0-408a

which sheds some additional light on the order of magnitude of / in real bodies characterized
by a certain crystalline or granular microstructure.

3. TWO PARTICULAR CASES

The stress functions ® and ‘P, derived in Section 1 and originally introduced by
Mindlin [2] are employed to obtain the solution of two particular couple-stress problems.
The first problem concerns the influence of couple-stresses on the stress-concentration
around a perfectly rigid circular inclusion in an infinite isotropic plane subject to uniform
compression in the direction of the x-axis (Fig. 4).

All the general formulae derived in Section 1 are transformed to polar coordinates
r=(x2+y??% 6 = tan"! y/x, and the two functions ®(r, §) and P(r, 9) must satisfly the
equations

1
(¥ —-I1*V¥), = —2(1— v)lz;Vz(I),o,

1 (3.1)
;(‘P —PVW) , = 21 -v)PV3*0,,
and the following boundary conditions
(a) Perfect clamping of the plate at the boundary of the inclusion
Ouy(r, 0
ur,0) = ugr,0) = 2229 0 for = a: (3.2)

or
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1111

T1 11

JJ -1 7 T
X—Rigid inclusion of radius a

FiG. 4

(b) Uniform compression in the x-direction at infinity, therefore for r — oo
p
S, = —5(1 + cos 20),
p
Srg = g sin 20.

The stresses, in terms of functions ® and W, can now be written

1 1 1 1

L UL S

Srr r ,r+r2 00 r .r0+r2 K]
1 1
Sgg = (I),rr+;\P.r0—;flP,0’
1 1.1 1 1 G4
S = -—;(I),,9+r—zd)‘9+§(‘P'r,——;‘l’_,—r—2‘l’_09),
1

m,, = \P.r’ my, = ;lP,O

The suitable form of the stress functions for solving the problem under consideration is
pr? C,
O(r,0) = ——4—(1 ~cos20)+C, Inr+ —r7+ C,) cos 26,

C
W(r, 0) = [—r-;+ CSKZH + Cd;(%” sin 20.

Here I, and K, denote the modified Bessel functions of first and second kind and order n,
and C,,...,Cq are constants of integration. These constants are determined from the
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boundary conditions (3.2), (3.3),

C, = ——a2(1~2v)§,

2K, (a) |2

_a aKo(@) |p
Cs = F[2+ K.(@) ]2’

c, = —%[(3 —2v)+°‘K°(°‘)]p

8(1—v)a*[ . aKo(®) -
—via aKy(a) |p
C, = 2+ |2
$T TS [ +K1(a)]2‘

c._ 8(1 —v)a?K o)

*T oFKyK @)’

Ce =0,

in which the notations
o=, F =2(1-2v)+(3—4v)aK o(x)/K ()

were employed.
The maximum value of normal stress occurs at the ends of the horizontal diameter of
the inclusion, r = g, 0 = O or =.

r

"mx:‘g[(s—zm 26 =20 +aKo()/K, (@) ]

2(1 =2v)+ (3 —4v)aK p(a)/ K, ()
This formula, when compared with the corresponding classical result by Goodier [3]

p25-4v(1-v)
T2 3—4y

max __

shows that couple-stresses result in an increase of the stress concentration factor (see Fig. 5).
Ifitis assumed, for instance, that v = , the classical theory gives the result k = ¢™>/p = 15,
whereas the couple-stress theory leads to k = 3-75. This increase is contrary to the results
obtained by Mindlin [2], who found a decrease in the stress concentration factor for
the case of a circular hole in an infinite plane under compression. On the other hand, a
similar increase of stress concentration factors was observed by Muki and Sternberg [4]
and Day and Weitsman [5] at the contact surface between two bodies composed of
different materials. As could be expected, the influence of couple-stresses decreases rapidly
with increasing distance from the boundary of the inclusion.

The second example concerns the problem of an infinite elastic plane loaded by a
torque T applied to the boundary of a circular hole of radius a. Two possibilities are
considered : in the first case the load consists of uniformly distributed tangential forces
t = T/2na?; this leads to the well-known, elementary solution. In the second case,
uniformly distributed couples m, = T/2na act along the circular boundary, and the solution
is found with the aid of the couple-stress theory.
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The stress potentials are assumed in the same form for both cases

q) = (:Ofl
¥ = C,Ko(r/l)+C,Ior/D.

INFINITE PLATE WITH A HOLE

\ RADIAL DISTANCE VS. TANGENTIAL DISPLACEMENT

Y Loading Around Circumference of Hole

ww - ww — Constant Shear Stress
Constant Couples

Ii) - — & i "

a 2a 3a 4a Sa

Radial Distance (r)

Fic. §

Since all stresses, in both problems, must vanish as r — oo it follows that C, = 0. The

remaining boundary conditions for the case of uniformly distributed shears are

0@, 0) = T/2na®,  m(a,0)=0, 0,(a6 =0,

and for the case of uniformly distributed couples are

o,4a,0) =0, m,(a,60) = T/2na, d,.(a,0) = 0.

Therefore, the non-zero stresses and displacements can be written
(a) in the case of uniformly distributed shear (classical continuum) as
o,y = T/2nr?,

—T/4nGr; 3.6)

il

Ug
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(b) in the case of uniformly distributed couples (Cosserat-type continuum) as

_ T { sz(f/l)
o =0t T a Ko |
m_“_rl:“ 1__’: K1(r/l)_r~2 Kolr/h
% T3 Ta K@ a® K@ | .
_ _ T Kirlh 7
= 2na Ky (o)’
_ T [, rKn
Y= T anGr a Ko |

The first result of interest involves the limiting case | — 0 (the transition from the

Cosserat continuum to the classical elastic material). It is noted that the solution for the
second case then becomes identical with the solution of the first case for any r > a. Hence,
for classical type continuum the solution for » > a is independent of how the torque is
applied. The result is in marked contrast with what would be expected for Cosserat-type
continua. This difference is most easily vizualized by replacing the Cosserat continuum
by a lattice of the type previously discussed in Section 2 of this paper. Now, it is obvious
that the lattice will respond quite differently depending upon whether it is subject to shear

Stress Concentration Factor

INFINITE PLATE WITH RIGID CIRCULAR INCLUSION
UNIFORM COMPRESSION ONE DIRECTION

(%) VS. STRESS CONCENTRATION FACTOR

“T
\ Without Couple-Stresses
\\v =Y — — — — Including Couple-Stresses
5 A\
+ \
N \
N
N
N\
AN
v = 0 \‘\\
r o —
2 1 \*;: ~~~~~~~~
e L T T T e e e e -0
______________ .
T &
14
0 i . i 3 s e f
¢} 2 4 ) 8 10 1z 14
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forces or bending moments and thus, the solutions would be quite different. These two
solutions also illustrate the difference between the force transmitting mechanisms of the
two types of continua.

A second conclusion can be drawn from the behavior of solutions (2.6) and (2.7) under
the assumption that 0 < / < a and r > a; then the Bessel functions can be represented
by the first terms of their asymptotic expansions

K, (r/]) a afr {

223 |-t}

It now follows that retention of the first term of each of equations (3.6) is all that is
required for adequate representation of stresses and displacements for large values of r.
Hence, the solution for the case of uniformly distributed couples in Cosserat-type continua
becomes asymptotic to the uniformly distributed shears problem in a classical medium
for r > a; see Fig. 6 for a comparative plot of the displacements for the two cases. This
comparison also further strengthens the previous observation that the effects of couple-
stresses are most prominent in the immediate vicinity of the boundary.

For small values of a/l the above argument does not hold and the deviations between
the two solutions are quite noticeable.
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AGcTpakT—PaccMaTpuBaercs IByXMeEpHasi 3aa4a PAaBHOBECHS MIEANIBHO YNPYIOro Teja ¢ MOMEHTHBIMH
HanpsaxeHusiMu. B vacTu 1 gaetcs obias ¢opma perieHus 3aa4H ANs Cliydasi opToTponHo# cpeasl. Yacte
2 yKa3biBa€T HA TECHYIO AHAJIOTHIO MEXAY YPaBHEHMSIMH, ONHCHIBAIOUIMMH MOBEACHHE IIOCKOM NpAMO-
YronbHOM pelleTKH, COCTOSAIEH U3 XKECTKHX, COEAUHEHHBIX yIPYrux 6asok u obluel cucreMoit ypapHenui
OBYXMEPHOM TEOPHH MOMEHTHBIX YPaBHEHMH NI HEKOTOpPBIX OPTOTPOIHBIX Tejl. Yacte 3 3akimoyaer
IBE 3a0a4YM, KOTOPBlE yKa3yioT Ha 3(¢eKThl MOMEHTHBIX HANPAKEHHH U MX MOBEACHHE HA HANPAXKEHUA H
mepeMeLLEHHST B OKPECTHOCTH KPYrorok MHKIIIO3HH M KPYroro OTBepCTBHs B OeckoHeuHoW ynpyro#t mio-
CKOCTH.



