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Abstract. Classical elasticity theory failed to produce accurate results given in agreement with the experimental
results. As this theory fails at stress concentration near the gaps or holes, or materials with significant
microstructure contributions as soil, composite material, and polymer material generally in aerospace materials.
In order to improve accuracy, the consistent couple stress theory is used. In the consistent couple stress theory,
the microrotation and macro rotation are equal, where the macro rotation is half the curl of displacement, and
the couple stress tensor is skew-symmetric. In this paper, the fundamental solutions for couple stress elasticity
are derived in a systematic way via the Hormander technique. The used technique is characterized by its ease
and also develops the Galerkin tensor used in many applications, for example, the transformation of domain
integral, computing the body force in the domain without discretization. All necessary kernels for displacements
and tractions are derived and given in terms of a generalized Galerkin tensor for further use.

1. Introduction

According to the recent rapid microstructural development of materials, a new appeared as it was known as
scale effects, which is a reflection of geometrical characteristics as well as microstructural characteristics of
the material, the scale effect is associated with the ratio [/d, where [ is length scale and d is the grain size.
The traditional theories of elasticity and mechanics could not explain scale effects since it is incompatible
with the length scale of materials, because it depends on the behavior of materials at the macro-scale (the
strain tensor), where it neglects the microstructure size dependency, so it could not describe the behavior of
composite materials. Therefore, the couple stress theory was developed by Mindlin and Tiersten[1] to keep
pace with the development of composite materials which is used in a number of vital areas, for example, in
aerospace industry[2]. The version in[1] suffers from the indeterminacy of the couple stress which was solved
by Dargush[3] in the version called the consistent couple stress theory, where the couple stress tensor is proved
to be skew symmetric. Hassanpour[4] gave a review on the micropolar elasticity theory and how it is simplified
to the couple stress theory and then to the classical elasticity theory. Taig[5] used composite carbon fiber in the
manufacture of aerospace structures not only for military aircraft production but also for civil aircraft, because
of its high strength and stiffness in addition to the lighter weight. Kumar et al[6] employed high-temperature
composite materials in the aerospace industry. Skrzat et al [7] used the couple stress theory to compute the
effective elastic properties of a metal open-cell foam. Jun Lei et al [8] derived the general formulation for
displacement and traction boundary integral equations of plane strain problems for couple stress with crack
problems. The couple stress theory is also used in fluid, Hayat et al [9] used the couple stress theory to study
the combined impacts of heat generation/absorption and convective condition in a three-dimensional magneto-
hydrodynamic (MHD) flow which is used in many applications, including aerospace technology.

The fundamental solution of the micropolar elasticity is derived by N.Tosaka[10] who used Hormander
technique. The fundamental solution of the couple stress elasticity is derived by Dargush[11] using the decom-
position method where the displacement is decomposed into dilatational and solenoidal components. Moreover
it gives the final kernels without putting them as higher derivatives of scalar potential (such as the well-known
Galerkin tensor in classical elasticity). It has to be noted that the fundamental solution for (2D) elasticity was
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derived by Rashed [12] using Hérmander technique and also he computed the fundamental solution for plates
in bending by the same technique.

The importance of this method (Hérmander technique) is in the form of such solution in terms of generalized

Galerkin tensor ®(x,¢) which could be used in many fields, Cheng et al[13] used it in the direct boundary
element method to transform the domain integral of the body force to the boundary by radial basis function for
thermoelasticity and elasticity problems. Brebbia[14] generalize the Galerkin method and used it to solve the
problem with body forces, centrifugal forces, and thermal effects. Brebbia and Rashed [15] presented general
methods for processing domain integrals in boundary elements, such as by transforming to the boundary,
like cell and Monte Carlo methods, as well as Green’s Identity and Dual Reciprocity technique. Nasry [16]
discover a new technique for transforming variables and coordinates from the original to the new. When using
this technique, it is noted that it is simpler and faster to compute and more obvious than other techniques.
In this paper, the fundamental solutions for couple stress theory are derived via the Héormander method where
it is characterized by systematic and clear steps. On the other hand, the derived solutions, are presented as
derivatives of the developed generalized Galerkin tensor, which could be used in many applications in future
research.

2. Basic equations

Assume a solid occupies a region £ € R? where linear isotropic couple stress theory is considered. The plane
strain has three Degrees of freedom, two in-plane displacements u,, and one in-plane rotation us.

Figure 1 show the force stress and couple stress tensor. It is assumed that Greek indices take values (1,2),
whereas Latin indices take values from 1 to 3, The notation for partial differentiation with respect to spatial
coordinate o is Vo, = %.

As aresult of these assumf;tions:

Uo3 =0 inQ, (1a)
€30 = €a3 =0, (1b)
030 = 0a3 = 0. (lc)
where, e,z is the strain tensor.
O3
Hsp
Oy
Hsy O oy
Oy On
Oy,
le_
X Oy
H3p
O3

Figure.1 Components of force stress and couple stress tensor.

The governing equations become:

O8a,p t da =0, (22)
13,8 + €3080ap = 0. (2b)
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where pg3 is the couple stress tensor, and €3, is the permutation tensor (Levi-Civita), g, the body force.
The generalized force stress tensor is:

080 = Aeyy0ag + 2pie0g — 27]535aV2u3 3)
where A and p are the usual classical Lamé elastic constants (i is the shear modulus ), in which A = 12_“2"1/,
where v is Poisson’s ratio. The symbol 7 is the modulus of isotropic couple stress theory.
The generalized strain tensor and rotation vector are:
1
€ap = 5 (Uap +Upa), (4a)
1
uz =5 (ug,1 —u12) - (4b)
Substitute from Eqn. (4) into Eqn. (3), gives
1
8o = Miyy0ag + 10 (ta,s +uga) — 27V {2 (ta,s = “B,a)} (5)
Differentiate Eqn. (5) with respect to the spatial coordinate xg gives:
0gap = (At pu+0V?) ugap + (1= 1V?) taps (6)
Substitute Eqn. (6) into Eqn. (2) and neglecting the body force, gives:
()\ +pu+ HVQ) Uug,ap + (u — 17V2) Uq,g3 =0 (@)
The above equation can be rewritten as
Lagu,g =0 (8)
where the differential operator L,z is given by
Loy = (M—UVZ) V2 + ()\—I—u—l-nvz) 0101 ()\+u+77v2) 0102 ©)
0B =

(A+ 1 +nV?) 010, (1t —nV2) V2 + (A4 p+1V?) 020,

where 0, = Fra and V* = Jre Doe implies two-dimensional Laplacian.

3. Hormander technique

Hormander technique [17] is the method used here to derive the fundamental solution as it is a general
technique.

The fundamental solution for displacement u,5(x, §) is defined as follows:

L33 tas(x,6) = =6(x,€)0ya (10)

where dej is the adjoint operator of the L,z operator, d(x, {) is Dirac delta distribution, x is the field point, £
is the source point, and d,, is Kronecker delta. Following Hormander [17] the fundamental solution is defined
as:

Uap(x, €) =CO LA} D(x, &) (11)
knowing that
o 7adj
it — 0 Los (12)
op det [Lad]

where det [L“dj ] is the determinate of L%, and ®(x, ¢) is an unknown scalar potential.
Substitute by Eqn. (12) and Eqn. (11) in Eqgn. (10)

adj radj— adj
L9 L4 et [L dﬂ} B(x,€) = —8(x,)dya (13)
then simplify, to give:
5y det [Ladf} B(x,€) = —0(x,)0ra (14)

Finally the scalar potential ®(x, £) could be computed from:

det [L90] b(x, ) = —3(x,€) (15)
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4. The proposed derivation _
The fundamental solution for couple stress problem is derived as follows, the det [L“df ] could be obtained
from Eqn. (9) as follows:

det [Ladj} = (n—nV?) 2u+ NV (16)
Substitute into Eqn. (15), gives:
D(x.6) = 5 { : }6(x,£> (17)
2+ A | VA (p—nV?)
Using the partial fraction
1 ay by cl

- 4=y 18
ZIVEn 2 R ZI Z i v (19
where a1 = % by = i and ¢; = 1%, where [ is the basic component of the small deformation size-dependent

elasticity theory, which is known as the characteristic length of material, and [* = %
Substitute Eqn. (18)into Eqn. (17) gives:

B(x, ) = 2/: : { (ZQV/QM) I (lv/f) + _IZVQ } 5(x, &) (19)
From [18], the following potentials could be computed:
V201 (x,) = —0(x, ) (20)
VA0 (x,6) = —0(x, ) @
(5~ V2)05(x,6) = —3(x,) (2)
B6) = 5 { (a8 + 1 (0a(x.9) +5 (@a(x.9) o3
2u+ A Lp Iz n
Therefore, the unknown scalar potential for the couple stress theory is:
O(x,€) = QM% {l: (; lnr> + % <;7‘2 ln7‘> +l; <;KO (’;))} (24)

It has to be noted that ®(x, £) represents the generalized Galerkin tensor for the couple stress theory, and r
is the distance between x, and &, and K, (x) is the modified Bessel function of second kind of order n.
The co-factor matrix of the adjoint operator in Eqn. (11) can be written in an indicial notation as follows:

CO L3} = (21 + AN)V20as — (n+ A+ nV?) a0 (25)

Substitute by Eqn. (25) in Eqn. (11), the generalized fundamental solution of displacement can be written
as follows:

tap(x,€) = [(21 + \)V0ap — (1 + A+ 1V?) Balp] B (x,€) (26)
Or
Uap (%, €) = (20 + Ndas VIR (x,€) = (1 + N as(x,6) = NV @ (x,8) @
From Eqn. (24) , ®(x, £) can be written as:
®(x, &) =alnr +briinr +c Koy (%) (28)
where
—?
TR o
-1
SELLTETESV .
—4
(29¢)

= 2mn(2u + A)
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Differentiating Eqn. (28) with respect to z,, gives:

B o(x,8) = a2 +b[r252 4 opr, 1117"} te [—Kl (%) : ’7“] : (30a)

[rr,a +2rr o Inr| — ; [r@Kl (;)] ) (30b)
Differentiate Eqn. (30) with respect to xg, gives:

TT.aB —Talg

D 0p(x,8) = a——5"—= +brrop[l + 2In7] + br gr o[l + 21n7]
b 2rpg| ¢ :ﬂr,ﬁ K (r) lK (r) LK (r) (D
R B A o) T P\7) Ted
where 5
aB — Tl
Tap = % (32)
Simplifying Eqn. (31)
abag 20747 r
ap(x,§) = 2 rf +2br o7 5+ b[1 +2In7]d0p + l2 Tar sKo <7)
(33)
c 2c
- (oo 2 ()
7)) s TR ) Tl
Put o = f3 the Laplacian of ®(x, £) could be written as follows:
%0(z,€) = ®a(2.€) = 4[L + Inv] + 5 Ko (7) (34)
Differentiating Eqn. (34) with respect to z,, gives:
9 Ta C ™\ Ta
D, (x, :4b’——K<—>- _4b’ K() 35
al%8) 20T z3r 7 (33)

Differentiating Eqn. (35) with respect to g, gives:

P = w1 (e (1) L () ki (] oo

Substituting Eqn. (30) to (36) into Eqn. (27) , gives:

ey (5,8) = (20 Moy [46(1 +17) + 55 ()]

—(p+A) {aéaﬁ 26”;047‘ B4 obr ar g +b(1+2In7)das
ks (5) - 5 () 2 ()]
. l4bf;@ 7 SbrSr,g n cr,;r,g Ko (;) CKlli%( )5 4 ZTKl (l) ,ar,[;]
Then the final expression for the fundamental solution of displacement is:
Uap (X, ) =0ap [2_771;]{0 (;) B ﬁ%Kl (;) + 21772;”’12 7871':/51(_147]/1/) r = 167:uzl8z V):| (38)

1 r 11 r 21 1
Ror() s ot () gt
tTalp [27m o\7 +7r/u“ '\ 7T,ur2+87w(1—u)
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Substitute by Eqn. (38) in Eqn. (5), then the stress kernel is:

5v87.a | 4Ko (%) N 8IKi(7) 8% 1-2w
2 B (1-v)r

L dayrs | 4K (1) L Ao (%) L 8 () 8 1-2v

a'ozvﬁ (X? é‘) = 471_ r r

4 l T r2 B (1—v)r
(39)
L dagrs [1Ko(5) | SIKL(5) 82 12
4 r r? o (1-v)r
| Targry | 16K (7) 32K (7)  4Ki (%) N 3210 2
4 T r2 l r3 (1—v)r
The traction kernel is:
T’Yﬁ (X, f) = Oayp (X, g)na (X) (40)
Substitute by Eqn. (39) into Eqn. (40), then the fundamental solution for the traction is given by:
5,875 | 4K (7 SIKy (T 812 1-2
T’yﬁ(x7£): V87, O(l)+ l(l)_i_ v
4m T 2 r3 (1—v)r
Lo [AKL(D) A (5)  SEa()) 8P 1o
47 l T r2 r (1-v)r
) 1)
Lrans |4K0 () | BUEG () 82 1-2v
47 T r2 o (1-v)r
L Tl —16Ko (7)  320K:(7) 4Ki(f) 322 2
A7 r 2 l B (1-v)r

5. Conclusions

The couple stress theory was derived to treat failures in classical theory of elasticity, which appeared in
composite materials, and crack problems. The fundamental solution for the couple stress theory was derived
by other techniques, which sometimes have long-way derivations. This paper derived the fundamental solution
for the couple stress theory in another way by using the Hormander technique. The main advantage of this
derivation is that the desired kernels are computed in terms of a generalized Galerkin tensor, which is made
available for further use in many engineering fields, for example using the generalized Galerkin tensor when
transferring the domain integral to the boundary.
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