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Mean-field approximation to the effective elastic moduli of a solid suspension of spheres
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We study the effective shear and bulk moduli of a solid suspension of spheres with a spherically sym-
metric elastic profile. A mean-field approximation is derived which corresponds to the Lorentz local
field in the theory of dielectrics. Thus the approximate expressions for the effective shear and bulk
moduli are the analogs of the Clausius-Mossotti equation for the effective dielectric constant. For the
case of uniform spheres the expressions are closely related to the Hashin-Shtrikman bounds. We show
that the mean-field expression may be corrected systematically for correlations in the sphere positions on
the basis of cluster expansions derived by statistical methods.

PACS number(s): 03.40.Dz, 46.30.Cn, 62.20.Dc, 81.40.Jj

I. INTRODUCTION

The calculation of the effective elastic properties of a
solid composite is an important problem of material sci-
ence. In this article, we study a solid suspension consist-
ing of spheres with a spherically symmetric elastic profile
embedded in a uniform and isotropic matrix. We derive
mean-field expressions for the effective shear and bulk
moduli of the suspension by a method analogous to that
used by Lorentz [1] for the derivation of the Clausius-
Mossotti formula in the theory of dielectrics [2,3]. For
the special case of uniform spheres the mean-field expres-
sions reduce to the Hashin-Shtrikman bounds [4], except
when the shear modulus of the spheres is larger than and
the bulk modulus is smaller than that of the matrix, or
vice versa.

In the statistical theory of dielectrics it is known [5,6]
how the Clausius-Mossotti formula may be obtained as
an approximation from exact cluster expansions, which
have been derived by statistical methods. The cluster ex-
pansions provide exact expressions for the effective linear
transport properties of suspensions. They allow a sys-
tematic calculation of corrections to the mean-field ex-
pressions due to correlations in the sphere positions. We
show in the following how, in the elastic problem, the
mean-field expressions may be obtained from the direct
cluster expansion [7], as well as from the renormalized
cluster expansion [8]. The latter is the most suitable for
the calculation of the correction terms.

II. ELASTIC SUSPENSION

We consider N identical spherical particles of radius a,
centered at R, ...,Ry, and embedded in an isotropic
elastic medium with uniform shear modulus g, and bulk
modulus «;. The inclusions are assumed to have a spheri-
cally symmetric shear modulus p,(s) and bulk modulus
K,(s), so that the elastic moduli in the inclusions are given
by

o) =p,(Ir=R;|), w(r)=ky(|lr—R;|)

for[r—R;|<a, j=1,...,N. (2.1
The linear equation of elastic equilibrium for the dis-
placement field u(r) can be written as

V-o=—F,, 2.2)

where o(r) is the stress tensor and Fy(r) is an applied
force density. The stress tensor is given by the local con-
stitutive equation

o =2u(Vu)’+«(V-u)l , (2.3)
where u(r) is the local shear modulus, (r) is the local
bulk modulus, and (Vu)? is the symmetric traceless part

of the strain tensor defined by
(Vi )°)yp=1(3,up+3pu,)—L(V-u)d,p . (2.4)

The last term in Eq. (2.3) corresponds to the local pres-
sure

p=—«kV-u. (2.5)
We define the difference functions
Ar)=p(r)—p,, ®r)=«(r)—«,, (2.6)

which vanish outside the inclusions, and introduce the

stress s induced by the inclusions as
s=2f(Vu)’+&(V-u)l . 2.7

The equilibrium equation (2.2) may then be rewritten as

1 V2u+ [§p1+xl ]V(V-u)=—FO—F , (2.8)
with the induced force density F(r) given by
N
F(r)= Y F;(r), (2.9)

j=1

where

611 © 1992 The American Physical Society



612 B. U. FELDERHOF AND P. L. ISKE 45

F,(r)=6(a—[r—R;[)V's (2.10)

is the contribution from the jth inclusion. Here 6(r) is
the Heaviside step function. It follows from Eq. (2.2) that
F is the divergence of a tensor field. We may interpret
Eq. (2.8) as the equilibrium equation for a uniform medi-
um with moduli x,«x; on which the force density Fy+F
acts locally.
The formal solution to Eq. (2.8) is given by
u(r)=ug(r)+ [ G(r,r')-F(r)dr’, 2.11)
where uy(r) is the solution in the absence of inclusions
and G(r,r’) is the Green’s function. For an infinite and
unbounded medium the Green’s function is translational-
ly invariant, so that

Gy(r,r')=Gy(r—r') . (2.12)

By a Fourier transformation, one finds the explicit ex-
pression [9]

1 |g+1 147 6 1

Gy(r)= — 2.1
o= o, |E44 r TErar |0 W
where £ is the ratio
E=3k,/u, . (2.14)

The first term in Eq. (2.13) is proportional to the Oseen
tensor known from low-Reynolds-number hydrodynam-
ics [10].

By substitution of the formal solution (2.11) into Eqgs.
(2.7) and (2.10), one obtains a self-consistent equation for
the induced force density F. The force density exerted by
inclusion j on the medium is given by

F,(r)= [ M(j;r,r)ui(r)dr’ , (2.15)
where the integral kernel M(j;r,r’') describes the
response of sphere j to an incident field, and uj(r) is the

displacement field acting on sphere j. The latter is given
by

ui(r)=uy(r)+ 3 wl(r), (2.16)
k(=)
where u, (r) in turn is given by
u(n)= [ Go(r,r')Fy(r)dr’ . (2.17)

The above equations may be solved by iteration and
hence the induced force density F(r) can be found from
the displacement field uy(r) for any configuration of par-
ticles.

For any configuration (R, ...,Ry) and applied force
density Fy(r), the above equations provide a formal solu-
tion for the displacement field and for the induced force
density. Assuming that the probability distribution of
configurations is known, one can perform an averaging
over the positions of the spheres. This leads to a macro-
scopic equation for the average displacement field and to
a constitutive equation for the average force density.

From Eq. (2.8) we find the average equation

V) + [%,ul-kkl ]V(V-(u))=—F0—<F) . 218)

We have assumed that the applied force density Fy(r) is
independent of the configuration of scatterers. The aver-
age induced force density (F(r)) may be expressed in
terms of the average displacement field {(u(r)) by means
of a linear integral kernel which has a relatively short
range. For a field {u(r)) of slow spatial variation the in-
tegral operator may be expressed with a local elastic ten-
sor. For systems which on average are locally uniform
and isotropic the average equation in the bulk of the
medium takes the form
fegV(u) + [g#eﬁﬂeﬂr]V(v-(u)):—FO (2.19)
with effective moduli p 4 and & 4

In the statistical-mechanical derivation of Eq. (2.19)
one considers a probability distribution W(1,...,N) for
which the particle centers are localized inside a volume Q
and for which the average density becomes uniform in
the thermodynamic limit N — o, }— o at constant
n=N /€. All higher-order distribution functions must
become translationally invariant and isotropic. The pro-
cedure leads to well-defined statistical expressions for the
effective moduli .5 and k., which are independent of the
shape of the volume (). We shall return to the statistical
theory in Sec. V.

To lowest order in the density, the effective moduli are
given by [11-13]

Her=H1+ [1]dp, +0(8%), Keg=K,t[K]dK; +0(?) ,

(2.20)

where ¢ =41na>/3 is the volume fraction, and the intrin-
sic moduli [u] and [«] follow from the solution of a
single-particle problem [14]. The expressions (2.20) are
useful only for very dilute suspensions. At higher volume
fractions, correction terms involving elastic interactions
between inclusions must be considered.

III. MEAN-FIELD THEORY

In this section we derive expressions for the effective
moduli g5 and k.4 in the mean-field approximation by
following the approach first developed by Clausius [15],
Mossotti [16], and Lorentz [1,17] in the theory of dielec-
trics. In the case of dielectrics, the average local electric
field acting on a selected particle is expressed in terms of
both the average Maxwell field and the average polariza-
tion. In the mean-field approximation, the correlations
between the spheres, apart from the nonoverlap condi-
tion, are neglected. As a result the expression for the
effective dielectric constant depends only on the volume
fraction occupied by the spheres and contains no further
details of the geometry of the microstructure. By follow-
ing the same approach in the elastic case, we shall find
similar expressions for the effective elastic moduli.

We begin by recalling the Lorentz derivation [1,17] of
the effective dielectric constant €.4 of an isotropic suspen-
sion of spherically symmetric polarizable particles em-
bedded in a medium with a uniform dielectric constant
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€,- Lorentz considered a macroscopic sample in an ap-
plied electric field. The shape of the sample need not be
specified. One imagines a sphere that is centered at a
selected particle and is sufficiently large to contain many
neighboring particles. Lorentz assumed that the effect of
particles outside the sphere on the central particle can be
described by the average polarization (P(r)). He
showed that, in a region where both the average Maxwell
field (E(r)) and the average polarization (P(r)) are
slowly varying, the contribution from these particles to
the average local field acting on the selected particle is
given by
EL=<E)+4—’T<P) . 3.1)
KT
The contribution from the particles inside the sphere
averages to zero to a good approximation, provided the
distribution is isotropic. Thus the average polarization is
well approximated by

(P)=ncaE,; , (3.2)

where n is the local density and « is the electric polariza-
bility of a particle. The effective dielectric constant is
defined from the equations

(D)=¢€,(E)+4m(P), (D)=¢€4(E) . 3.3)

Combining these with Egs. (3.1) and (3.2) one finds the
Clausius-Mossotti (CM) formula

€45 €

. . Lo (3.4)
€qst2€; 3¢

The formula may be cast in the alternative form
S —[ﬁ‘iﬁ 3.5)

where [€] is the intrinsic dielectric constant of a single
particle, defined by
3a
[e]=—F .

€,a

(3.6)

Spheres with uniform dielectric constant €, have a polari-
zability
. S8 3

a=¢€, e e, a’ . (3.7
In that case the CM formula reduces to the Maxwell-
Garnett formula [18]. The CM formula yields an excel-
lent approximation to the effective dielectric constant of a
suspension of spheres. Computer simulations [19,20]
have shown that correction terms are relatively small at
least up to a volume fraction ¢=0.5.

We follow the same approach in the case of elastic sus-
pensions. First of all we must find the equivalent of the
polarization. The multipole moments of the force density
of a selected sphere j are defined by [21]

I‘;")_—( 11)! fFj(r)(r—Rj)"

“ldr, (3.8)

where a" indicates the direct tensor product of n vectors

a. The moment for n =1 vanishes, since the inclusion
can exert no force, and the moment for n =2 is sym-
metric, since the inclusion can exert no torque. The cor-
responding force multipole density of order n is defined
by
N
FiW'= 3 uf"8(r—R;) . (3.9)
j=1

The average induced forced density may be effectively re-
placed by the multipole expansion

(F(r)= 3 (=" 'V 1(F"(r)) . (3.10)

n=2

In situations with slow spatial variation it is sufficient to
consider only the dipolar term (F®(r)). This is the
analogue of the electric polarization in the dielectric case.
We separate the symmetric second rank tensor into two
parts:

(F?)=((F®)°) + 11 Tr(F?) . (3.11)

The average stress in the suspension may be approximat-
ed by

(0)=2u,(V(u))°—((F
+1(k,V-{u) = L Tr(F?'))

(2))0)
(3.12)

Thus the first term in Eq. (3.11) contributes to the aver-
age shear stress, and the second term contributes to the
average pressure.

Next we consider the response of an isolated inclusion
centered at R to an almost uniform acting displacement
field. The relevant moments are

(p2)0=— 37‘;"13

(2)—

(1 ley(Vu)lg,

(3.13)
Tru'®=—4ma’[k]k,V-ulg .
At low density the acting field may be replaced by the
average field. This leads to the low-density expressions
(2.20). At higher density one must consider corrections
to the local field. Again we draw a large Lorentz sphere
around the selected inclusion and calculate the contribu-
tion from the particles outside the sphere in the continu-
um approximation. The influence of the average second-
rank force density (F®’) is mediated by the Green’s
function given in Eq. (2.13). The second term in this ex-
pression is just a Coulomb propagator. We consider first
the part of the displacement field caused by this part of
the propagator. Denoting the field by u(r) we obtain

(uc(r))—

"))dr' . 3.14
1§+4f|r F(r'))dr (3.14)
Substituting Eq. (3.10) and neglecting the higher-order
multipole densities we find
3
)=

4, §+4f lr— | )dr’ .

v (F e

(uC(r

(3.15)

This means that each of the Cartesian components of
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(uc(r)) may be regarded as the electrostatic potential
generated by a charge density given by the corresponding
component of —V-{F?(r)). Recalling that in electro-
statics —V-P acts like a charge density we can write
down the Lorentz field corresponding to Eq. (3.15), name-
ly,

(qu —V<uc>_—m< 2))

TEta (3.16)

It will be convenient to separate this into the relevant
tensor parts. The symmetric traceless part is

(Vue))°=((Vue) >——~§—+71—<(F‘2 ), (a7
and the trace part is
1
Tr(Vuc), =(V-uc)— 1§+4Tr<F(2)) (3.18)

Next we consider the displacement field caused by the
first part of the Green’s function in Eq. (2.13). We denote
this Oseen part as ug(r) and obtain

(up(r )—gﬂfT(r—r’)-(F(r’)Mr’, (3.19)
where the propagator is given by the Oseen tensor

T(r)=#‘ulirﬁ (3.20)
By comparison with Eq. (2.11) we have

(u)=uy+{uc)+ug,) . (3.21)

The Lorentz field corresponding to the Oseen propagator
has been studied by one of us [21]. Neglecting again the
higher-order multipole densities we obtain from Eq. (6.4)
of Ref. [21] the Lorentz field

(vuOS)L=V<uOS>—5—1_é% <F ) %ITI‘(F(Z))] .
(3.22)
The symmetric traceless part of this equation is
1
(Vuo,)y = (Vug, ) =5 - §§+—4< FO0) - (323)

The trace part vanishes identically. We define the local
pure strain in the mean-field approximation as

E; =(Vuy)?+((Vuc), )+ ((Vug,), )°
Altogether we find from Egs. (3.18), (3.21), and (3.23)

1 &+ F(2))0
51§-+-4< ).

(3.24)

=(V(u))’— (3.25)

Similarly we define the local pressure in mean-field ap-
proximation:

PL:_KIV'UO_KlTr(VuC )L (326)

From Egs. (3.18) and (3.21) we find

= — + = __LT F(Z)
Kk, V-{u) 3 E+a r(F?%) .
This last equation is in agreement with Eq. (6.9
[21].

Finally we calculate the average force dipole density by
replacing the acting field in Eq. (3.13) by the local field in
analogy to Eq. (3.2). For the symmetric traceless part
this yields

(3.27)

) of Ref.

(F2))y=—2¢[ulu,E,L (3.28)
and for the trace part
Tr(F?)=3¢[x]P, . (3.29)

Substituting Eq. (3.25) into Eq. (3.28) and solving for the
force density tensor we find

2[plop,
_.8t6
-5 Fra (nlé
Substituting Eq. (3.27) into Eq. (3.29) we find
3
S () R

_ &
1=y xls

((F2)0)=— (V{u))® (3.30)

(3.31)

These are the desired constitutive equations in mean-field
approximation. Substituting in Eq. (3.12) we find the
effective shear modulus

— [plo
= .32
Meff :u’l - N §+ [ ]¢ (3 )
and the effective bulk modulus
Keg=K1+ LICA. Ky (3.33)

gy xls
There is a clear resemblance to the CM formula (3.5) for
the effective dielectric constant. In the incompressible
limit, where «, and & tend to infinity, the expression (3.32)
for the effective shear modulus becomes

(wle__,
1—2[pule"!

which is closely similar to Saitd’s expression for the
effective shear viscosity of a fluid suspension of hard
spheres [22]. Saitd’s derivation was based on a local field
argument similar to that of Lorentz for dielectric suspen-
sions [21].

(3.34)

(ky—> ),

Meg=p1t

1IV. UNIFORM SPHERES

For uniform spheres the effective elastic moduli in
mean-field approximation, as given by Egs. (3.32) and
(3.33), were obtained earlier by Weng [23] on the basis of
the Mori-Tanaka method [24]. The method is explained
particularly clearly by Benveniste [25] and Christensen
[26]. There is no obvious relation to the concept of the
effective local field. An expression for the effective elastic
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tensor of a system of uniform ellipsoids proposed by Mar-
kov [27] reduces to Egs. (3.32) and (3.33) for the case of
spheres. For this case Markov refers to an earlier result
by Levin. The mean-field expressions (3.32) and (3.33) are
closely related to the so-called Hashin-Shtrikman (HS)
bounds [4]. In this section, we investigate the relation.
For a uniform sphere with shear modulus u, and bulk
modulus k, the intrinsic shear modulus is given by [13,14]

Ha™ 1y

=5(£+4) , 4.1)
)= ) e o, T e T o,
and the intrinsic bulk modulus is given by [13,14]
T c il 4.2)
[x]=(¢ Exyt+aK, )

Following Walpole [28], the Hashin-Shtrikman upper
and lower bounds can be presented in the following form.
We introduce

-1
HU*:l _1_+__L
2 | puf 9kB+8us
4.3)
-1
311 10
Lx__
== __+ R
# 2 | u! 9!+ 8k
4 4
Uk -1 g Lx__ 1 |
K 3,U-, K 3,LL ’
where
pE=max(py,u,), p'=min(u,u,),
(4.4)

k¥=max(x;,k;), «'=min(k,k,) .

Then the upper (U) and lower (L) bounds on pi.g, k¢ are

P =+, —py) 1+——————(”2—“‘)“_¢) - (4.5)
HS ~— M1 27 M , .
,Ll.1+,uU(L)‘
(K= )(1—¢) | 7"
U(L) — — e R ——
KHS _K1+¢(K2 Kl) 1+ K1+KU(L)* . (4-6)

We consider first the bulk modulus. After some alge-
bra one finds

for py<p, ,
for py>p, .

Thus the mean-field approximation coincides with one of
the Hashin-Shtrikman bounds. The same situation ob-
tains for the effective dielectric constant. The situation is
more complicated for the effective shear modulus. Here
we find

_. L
Kef — KHS

U 4.7)
Keg= KHs

Hes=ufis  for gy <p, <k
(4.8)

Her=His  for py>p,,

However, in mixed cases where p; <p,, k| >k, OF ;> l,,
Ky <kK,, the mean-field approximation lies between the
two Hashin-Shtrikman bounds.

For the special case p,=p,, the upper and lower

K1>K2 .

Hashin-Shtrikman bounds for the bulk modulus coincide,
so that for that case the bounds give the exact value. It
may be cast in the form

N
3kegt4u 3k t4p 3k, t4p

(4.9)

where p=p,=p,. This remarkable result was first
proved in greater generality by Hill [29].

V. CLUSTER EXPANSION

In this section we return to the general case of in-
clusions with a spherically symmetric elastic profile, as
specified in Eq. (2.1). We show that expressions (3.32)
and (3.33), obtained in the mean-field approximation,
may be systematically corrected for correlations in the
positions of the spheres. We can utilize exact cluster ex-
pansions which have been derived for the calculation of
the linear transport properties of suspensions. In these
expansions the mean-field expressions are obtained as a
first approximation.

A cluster expansion for the calculation of the effective
dielectric constant has been developed by Felderhof,
Ford, and Cohen [7]. They have shown that the CM for-
mula (3.4) may be obtained from this expansion by a sum-
mation of the so-called virtual-overlap integrals [5]. The
cluster expansion was applied to elastic suspensions by
Jones and Schmitz [9]. They studied the first two terms
in the density expansion of the effective elastic moduli
[13]. In particular they evaluated the first virtual-overlap
integral. We show here how expressions (3.32) and (3.33)
may be obtained by a summation of a geometric series of
virtual-overlap integrals.

The elastic moduli may be combined into an effective
elastic tensor C*% by

CT=2paP+3kQ ,

where P and Q are invariant fourth-rank tensors which
are orthogonal projectors in the space of symmetric
second-rank tensors:

Popys =384, 0p5+ 8,508, ) — 584505 »

(5.1

Qapys = 10apdys -

(5.2)

The one-body contribution to C*% is given by
nge-bodyzz[#]‘ﬁ#lp +3[k]éx,Q .

The calculation of the two-body virtual-overlap contribu-
tion C*% is based on the theorem

[, Gr—R)dR
SZa

—_ L §+65 1
Su, E+4 p(E+4)

(5.3)

Q forr<2a, (54

where the integration is over a sphere of radius 2a and
where the tensor Green’s function G(r) is given by

Gaﬁyﬁ( r)= %( aaayGoﬂﬁ + BaasGoﬂy

+843,Gogs + 335G 0ay ) - (5.5)
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The argument given by Jones and Schmitz [13] for the
validity of Eq. (5.4) is not quite sufficient, since it applies
only for r at the origin. However, the integral on the left
is constant throughout the sphere [30,31]. The two-body
virtual-overlap contribution is found to be [13]

4 £4+6
Ciomo—body= ggﬁ[u]2¢ZN1P+3z%[K]2¢2mQ .

(5.6)

The constant tensor on the right of Eq. (5.4) occurs re-
peatedly in the virtual-overlap integrals. This leads to a
geometric series which is easily summed by use of the
projector properties of the tensors P and Q. The whole
geometric series of virtual overlap integrals may be con-
structed from the first two terms given in Egs. (5.3) and
(5.6). Summing the series we find the virtual-overlap ap-
proximation

Cell=2,MFP+3,MFQ | (5.7)

where ,u]:,‘f and M are given by Egs. (3.32) and (3.33).

It has been shown by Cichocki and Felderof [8] that al-
ternatively one may formulate a so-called renormalized
cluster expansion. In this formulation large classes of
averaged multiple scattering processes are resummed
effectively. The final result of the expansion may be ex-
pressed in terms of a wave-vector-dependent susceptibili-
ty tensor x(q). From isotropy it follows that the tensor
has the form

x(q)=x.(g)q4q+xr(g)1—qq) . (5.8

The effective shear modulus is given by the limiting value

per =~ limyr(q )/q? (5.9)
q—>
and the effective bulk modulus is given by
"efr:"l‘limo[XL(q)'_%XT(q)]/qz . (5.10)
q—

The susceptibility tensor is given by the exact expression
(32]

x(q)=n(qM[I—nR(q)M] !|q) (5.11)
with the notation
(q|A\q')=fe_i‘*"A(r,r’)eiq""drdr’ . (5.12)

The operator M in Eq. (5.11) is the response kernel of a

single inclusion, defined in Eq. (2.15). The inclusion may
be taken to be centered at the origin. The recurrence
operator R(q) has been expressed as a cluster expansion

R(Q)= 3 R,(q),

s=2

(5.13)

where a term R (q) involves an s-body elastic problem
and integration over s-body correlation functions. The
recurrence operator may be written as a sum of a virtual-
overlap contribution and a nonoverlap contribution [33]

R(q)=R,(q)+R (q) . (5.14)

We have shown that the mean-field expressions (3.32) and
(3.33) result if the recurrence operator R(q) is approxi-
mated by its overlap part R, (q). The analysis follows
the lines given earlier for the case of effective viscosity
[34]. The details will be published elsewhere.

The geometric series structure is built into the expres-
sion (5.11). Hence, this expression is the most suitable
starting point for a calculation of correction terms to the
mean-field approximation. Such a calculation involves
the solution of the two-sphere problem, the three-sphere
problem, etc., and its average over the appropriate corre-
lation functions.

VI. DISCUSSION

We have found mean-field expressions for the effective
elastic moduli of a suspension of spheres, with a spheri-
cally symmetric elastic profile, that are embedded in a
uniform and isotropic matrix. We have indicated how
the correction terms may be evaluated by relating the cal-
culation to existing cluster expansions for the effective
linear properties of suspensions. It will be of interest to
study the correction terms in analogy to the theory of
dielectrics.

The theory presented here may be extended in several
directions. For example, one might consider oriented el-
lipsoids or a random distribution of parallel cylinders.
The theory applies directly to coated spheres. It will be
of interest to study the effective elastic properties of such
systems.
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