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Abstract—The variational approach developed in Parts I and 11 is applied to some two-dimensional problems
of waves propagating transversely to the fibres in a unidirectional fibre-reinforced composite. Estimates of
wave speeds (both bounds and self-consistent estimates) and associated estimates for the attenuation of the
mean wave are given for long waves. They are studied in detail for the case of SH waves propagating
through materials reinforced by aligned elliptic cylinders. All of the results are sensitive to the statistics of
the medium. This is illustrated by considering two distinct pair distribution functions. Simple closed-form
expressions are given for the limiting cases of a body weakened by aligned cracks and a body strengthened
by aligned rigid plates. By-products of the analysis include a new representation for the two-dimensional
dynamic Green's function for an anisotropic medium and an expression in the Rayleigh limit for the
scattering cross-section of a single elliptic cylinder in a uniform matrix. both of which may be anisotropic.

1. INTRODUCTION

In a previous paper, Talbot and Willis[1] presented a general study of waves in randomly
inhomogeneous, and possibly anisotropic, elastic media, starting from a variational principle [2]
that was associated with a set of operator equations for stress and momentum polarizations,
first given in[3, 4]. Specifically, for a medium with constitutive relations

o=Le p=pi. (1.

where o, ¢ denote stress and strain, p, # denote momentum density and particle velocity and
L, p denote tensor of elastic moduli and mass density, stress and momentum polarizations 7, 7
are defined so that

1=(L—Lole, m={p ~ po)it, (1.2)

relative to a comparison body with moduli L, and density p,. Then, as shown in[3.4], =, =
satisfy the operator equations

(L“ Lg _‘T*}' SXT*I’ Mx‘rr = &g,
(P-PO)_I77+S(T+MIW = Uy, (1.3)

where e, o represent the strain and velocity fields that the given boundary and initial
conditions would induce in the comparison body. The operators S,, etc. are obtained from the
Green’s function for the comparison body. It was shown in[2] that eqns (1.3) imply a variational
principle that reduces to the principle of Hashin and Shtrikman(5] in the static limit, and an
extension was noted, which generated the hierarchy of equations which follow from (1.3) where
L, p are random fields. In particular, for an n-phase medium in which L, p take the values L, p,
in phase r, so that

L= 2‘ L.fAx), p= z] p,f,(x), (1.4
where f,(x) is the indicator for the event “x € phase r”, substitution of the simple trial fields

T= g m(x Df(x), 7 = i; m,(x, )f,(x) (L.5)
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into the stochastic variational principle generated the equations

P(L,—Lo)'1, + >, [Su(7.P) + M, (m,P,)] = Pey,
s=1

P.(p, —po) ' m + 2 [Si(7,Py) + M(7,P,,)] = Pk (1.6)
s=1

in which
P(x)={(f,(x)), P, (x', x) = (f(x")f (x)). (1.7

Equations (1.7) define one- and two-point probabilites for the medium. Relative to the
variational principle, eqns (1.6) make optimal use of this information, in the sense that
allowance for the configuration in any way more generally than in (1.5) would generate
equations involving probabilities of higher order. It is emphasised that (1.5) is not expected to
provide the exact field in any particular realization of the composite. It can, however, provide
precise bounds which involve only two point statistics, for the Laplace transform of the
variational operator, if applied to an initial value problem; this was shown in[2]. It is used, in
the present work, to estimate the dispersion relation for the mean wave, in the long-wavelength
limit. In this case, its status is less precise but it is not at present clear how it could be improved
upon, given only two-point statistics; it does, at least, have the virtue of providing, at lowest
order, estimates of Hashin-Shtrikman form for overall moduli, which are ‘‘best-possible” in
terms of two-point statistics.

Plane-wave solutions of (1.6) were discussed in[1] and explicit formulae were derived, in the
form of integrals, for dispersion and attenuation coefficients in the limit of long waves. The
integrals were evaluated, and detailed results presented in[6], for a variety of composite media
which displayed overall isotropy. The present work is devoted to a corresponding study of
waves in composites containing a single family of long aligned fibres, when the waves travel
transversely to the fibres. The problem to be considered is thus a two-dimensional analogue of
that discussed in{1] and the basic formulation is the same, apart from differences of detail
arising from the reduction in dimensionality. A new representation for the two-dimensional
Green’s function, analogous to the three-dimensional representation given in[3], is developed in
Section 2. Then, in Section 3, eqns (1.3) are applied to the study of the scattering of plane
waves by a single fibre of elliptical cross-section, in the long-wavelength, or Rayleigh, limit.
Section 4 contains the basic equations describing the propagation of waves through a com-
posite, starting from (1.6); the resulting estimates for the dispersion and attenuation in the
Rayleigh limit are analogous to those given in[1]. Section 5 specializes to a composite consisting
of a matrix containing a single population of identical fibres. This is specialized further in
Section 6 to the case in which the fibres have elliptical cross-section. For such a composite, the
long-wavelength wave speeds (or equivalently, the overall elastic moduli) can be estimated
explicitly, once the pair distribution function g(x) for the fibres is specified. Furthermore,
different choices of comparison material yield strict upper and lower bounds, and self-
consistent estimates. The bounds might be termed generalized Hashin-Shtrikman bounds, since
they are obtainable also from the form of the Hashin-Shtrikman variational principle given by
Willis[7], but they depend upon the shape of the fibres and upon the form taken for g(x),
reducing to the classical Hashin-Shtrikman bounds{8, 9] in the case of transverse isotropy. The
term that defines dispersion contains a complicated integral of g(x) and is not considered in
detail. The attenuation term, however, allows for pair correlations through a simple factor A,
together with a term which has the form of a scattering cross-section.

Finally, several results are presented for the propagation of SH waves. Bounds and
self-consistent estimates for long-wavelength wave speeds are displayed graphically, for a
variety of fibre cross-sections and for two choices of the pair distribution function. Associated
estimates for the attenuation are also given. The formulae reduce significantly in the cases of a
matrix reinforced by rigid plates, and a matrix weakened by aligned cracks. These results are
summarized, again for two choices of pair distribution function, in an Appendix.
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2. PRELIMINARIES

Although the present work follows the general pattern of[1], specialization to two-dimen-
sional problems introduces differences of detail which require discussion.

First, the tensor of elastic moduli L will be taken to depend upon x,, x, only (corresponding
to fibres aligned in the 3-direction) and only waves propagating transversely to the 3-direction will
be considered. Thus, generally, the displacement u will depend upon x,, x,, t only and the strain
component e;; = 0.

As in[1], time-harmonic problems will be considered so that two-dimensional versions of the
time-reduced operators S, M are required. They are given by eqns (2.6), (2.7) of[1], with G
taking the appropriate two-dimensional form. It is, in fact, possible to deduce the two-
dimensional G from (3.11) of {1] by expressing the displacement field generated by a long (but
finite) line of body-force as an integral and taking a limit. It is easier, however, to proceed
directly, along a route which parallels the one that was followed by Willis(3] in producing the
three-dimensional G. Thus, for a uniform comparison material with moduli L, and density p,,
the two-dimensional G satisfies the equation

LoV)G + ppw’G + I8(x) = 0, Q.1

where x is taken as the two-dimensional vector (x), x5) and L(£) is the acoustic tensor for
waves propagating in the direction ¢ = (£, £,), with components

[Lo(8)] = (Lo)iakﬂfa&s» 2.2

the summation convention for Greek suffixes implying summation over the values 1,2 only. It
should be noted that the unit tensor I has components §; and, correspondingly, G has the nine
components G;, though these depend only upon x,, x,. Now from Gel’fand and Shilov[10], the
two-dimensional Dirac delta has the plane-wave representation

- -2
8(x)= Z;:J;ﬂﬂ(f.x) ds, (2.3)

the integration extending around a unit circle in the &-plane. This motivates study of the
problem

L(V)F + pow’F = I(£X)72, (2.4
in which F may be taken as a function of £.x only; this reduces (2.4) to the form
Lo(&)F"(p)+ pow’F(p) = Ip~?, (2.5)

where p = £.x. The solution of (2.5) can be expressed in terms of the normalized eigenvectors
U™ (£) and eigenvalues pocn’(¢) of Lo(£). These satisfy

[Lo(§) - poch®lUN =0; UNUN =1,N=1,2,3, (2.6)
so that, when £ is a unit vector, cy represents the speed with which a plane wave of
polarization U" travels in the direction £ The solution F of (2.5) can be given in the form

k)

F UuNUNTfy, @n

N=]

where

pden’fi+ w’fn)=p . 238
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The solution of (2.8) can be found by Fourier transforms. Elementary manipulation followed by
the superposition implied by (2.3) to generate G from F then gives the result

B UNUM (in . *exp(-|£.x|z)z d:
G(X)—Z?NZI mﬂdSW{—ECXp(Iw1§.X|/CN)+L Z +w'/CNh

}. 2.9)
In contrast to (3.11) of[1], the representation (2.9) does not decompose directly into a static part
(w~0) and a dynamic correction. The operator S, however, does: the components of its kernel
follow from (2.9), and (2.6) of [1], as

- UNUNES 1 re .
Spij(x)_m’gl J’m:lds v {—-a—EE;sgn(§.x)exp(1w|§.xl/c~)
W’ *exp(—|€.x|z) d: \ R
+E;zsgn(§.x)jo T wllog } " (2.10)

where, as in[1], the suffix (ij) implies symmetrization on these indices. The other operators that
are needed follow correspondingly from their definitions. From (2.10) of {1].

3 NpjNg .2
(Shpai = =1 2 f s &% U 5{ L im0 pliol. xlicn)
1 Jlgg=1 PoCN

(Ex) 28
_g_i “exp(-|£.x|2)z dz
CN-J.O I+ ooy }

and, from (2.7) and (2.11) of{1],

2.1D

(i pg)

M, = iwG,. (2.12)
(Mx)pq{ = iwsmar (2 13)

3. SINGLE SCATTERING IN THE RAYLEIGH LIMIT
Since no two-dimensional problems have yet been solved using the present formulation, it is
advantageous to consider first the problem of the scattering of a wave by a single inclusion
embedded in an infinite uniform matrix. The moduli and density of the matrix will be taken as
Lo, po and those of the inclusion as L, p,. if the comparison medium is identified with the
matrix, the scattering is described by eqns (1.3), where u, now denotes the incident wave and

the polarizations r, = are non-zero only over the region occupied by the inclusion. The field u,
will be taken to have the plane-wave form

ug= m expl— i(kn,x, + wt)], 3.1

so that the unit normal n is orthogonal to the 3-axis and the polarization m and wavenumber k
satisfy

[k*Lo(n) ~ pow’Iim = 0. 3.2)
Once eqns (1.3) are solved, the total field follows as
= Uo+ s (3.3)
where the scattered field ¢ is given by
v=-S87—~Mnm. (3.4)

Rather than finding v explicitly, attention will be concentrated upon finding the scattering
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cross-section R of the inclusion. This is defined as the ratio of the mean rate of energy radiation
E associated with v to the mean energy flux F associated with u,. It was shown by Willis[3]
that

. 2
E=£—4‘£I ('r,-jv,?f‘,-—ﬂ}‘u.-.,-)dx—w?j (’ﬂ’ivf""‘ﬂ’f'l),') dx, (3.5)
D D

where D denotes the cross-section of the inclusion, while

3

=2
F 2k

m;m;, (3 '6)

the superscript * denoting complex conjugation. The cross-section was called Q in[3] but here
it is called R to avoid conflict with the notation in[1, 6].

Equations (1.3) are difficult to solve in general but they simplify drastically in the Rayleigh
limit kd =0, where d denotes a dimension characteristic of the inclusion. In this limit, terms of
order w are neglected so that (1.3) reduce to

(L1 = Lo)™' +T7]7 = —ike, 3.7

(pi— Po)_"ﬂ’ =—iwm, (3.8

where ™ is the static limit of the operator S,, with kernel

. _ 1 JJ' §UMUNE 1 39
Pt = G!NZI 1§|=|ds pocN. (€. XY igiwin (39)

and

(&) = ';‘ (min; + myn;). (3.10)

The other operators, M,, S, , M, , are at least of order @ and so do not appear. Equation (3.8)
gives 7 immediately, as the extra momentum associated with the inclusion being carried along
by the incident wave, while (3.7) characterizes 7 as the static polarization induced in an
inclusion in a matrix subjected to the uniform remote strain —ikeo.

A formal solution of (3.7) follows immediately if the inclusion has elliptical cross-section,
for then T may be taken constant over D. Application of I'" to 7 in this case requires evaluation
of the integral

_ dx’
I(P)—Refum, 3.1D

when p = £.x. Inclusion of the term “0i™ facilitates evaluation of the integral by elementary
means. Suppose first that the section D is a circular disc of radius a. Then I(p) can be reduced
by transforming to rectangular coordinates (p’, '), where p’ = ¢.x', and integrating with respect
to q'. This gives

a (aZ__plz)IIZ dp/

MD=2Re ] o=p-on

(3.12)

which can be evaluated by the method of Muskhelishvili[11] to give

I(p)= 21rRe{@:6Li;70_i—a;;m— 1}. (3.13)
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Thus, in particular, when p = £.x and |x| < a, I{p)=—-27 and

Ir1=PsxeD, (3.14)

where P is a constant tensor with components

éUNUﬁ

i 15
p[” 27"N lL; 1 POCN (3.15)

(pqXij)

The general case of elliptical D = {x: x”ATAx < 1} can be reduced to the one just considered by
the dual transformations y = Ax, £ = A7{. The result

-1 3 NNy
Py = AL f ds —2a0p Ui € (3.16)
1€l=1

27 & sﬂocN’g (AA) ¢

(paXij)
was derived by Willis[12] by the alternate method of considering the limit of the corresponding
result for a long ellipsoid.

Thus, in the case of elliptical D eqn (3.7) can be replaced by the set of algebraic equations

(L= L)'+ P]r = —ike. (3.17)

Inverting (3.17), therefore,
—ik[(L,~ L)™' + P} e, (3.18)
Turning now to the evaluation of the cross-section R, (3.3) reveals the need 10 evaluate the
imaginary part of v and the real part of the associated strain, asymptotically as w —0. Since 7, =

are imaginary, the real parts of S, M and the imaginary parts of S,, M, are required. The
imaginary part of S, and the real part of M are, respectively. w’AS.. wAM, where

1< J‘ £UNUNE
i =g d 3 . 3.19
(AS)rai 87 NZ=1 leg=1 S PolnN (panif) { )
3 Ny~
AM, =1 S f as Lo U (3.20)
87 {21 i1 pocn

asymptotically as @ -0, from (2.11), (2.12) and (2.9). The operators S, M, do not. in fact,
contribute, since 7, 7 are constant and these operators have odd kernels. Hence. to lowest
order, for an ellipse with semi-axes q, b,

R ~ (mab)*w’[tAS+* + 1AM *])2F. (3.21)

4. MULTIPLE SCATTERING
We now address the two-dimensional analogue of the problem studied in[1]. For an n-phase
random medium, substitution of the polarizations (1.5) into the variational principle of Willis{2]
and seeking a stationary point leads to the eqns (1.6). Planewave solutions are now sought, by
taking
7(x, 1) =7, expl~ i(kn.x, + ot}], 4.1)
m(x, t} = m, expl— i{kn,x, + 01)], 4.2)

with u,= 0 and the probabilities P,, P, translation-invariant. The algebraic equations that define
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the constants 7,, 7, then take the form

Pr(Lr - LO)_‘T, + 2 J’ dx’ I'“(xl)(P" - P_‘P,) e—ikn.x' 7,

s=}

= Pr(e) - Zl I dX'(Sx - m(P" - P‘P’) e—ikn.x'T,__ 2 jdlex(P;, - P,P,) e—ikn.x’"”

s=1

Pp.= 001, = = i (u) +iw 3, [ dx' (P~ PP,

s=1

+ioY f dx' M(P,, - P,P,) e *"*m,,

s=1

where

7%

“4.3)

4.4)

4.5)

(4.6)

4.7

and $ represents the Fourier transform of the operator S, evaluated at (kn, ), with similar

definitions for the other operators; they are given explicitly in[1].

Proceeding now by perturbation theory, as in{1}, consider the asymptotic form of (4.3), (4.4)
as w—0. The function P,,~ P,P, is assumed to decay to zero at a rate that defines a
characteristic microscopic dimension L “Small w" is thus taken to be such that kI < 1. Retaining

just 0(1) terms in (4.3), (4.4) gives
Pr(Lr - LO)—lTr + 2 Ars‘rs = Pr<e)v
s=]

P.p: — po)”'m, = — iwP (u),

where

A= f dx' T(X)P,, - P,P,).

Equations (4.8) have the formal solution

= ,21 T,,P,(e),

giving rise to the approximate constitutive relation
(o) = L(e),

where

L= Lo+§"_‘, 2 P.P.T,.

r=] s=]

(4.8)

4.9

(4.10)

4.11)

4.12)

(4.13)

It should be noted, however, that (e);; = 0. Correspondingly, (4.13) defines all components of L
except Ly The estimate (4.13) can be obtained directly by employing the static variational

principle of Hashin and Shtrikman{5], as outlined in[7).
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Now consider the lowest-order perturbations to (4.8), {4.9), by making allowance for the
terms that have so far been neglected in (4.3), (4.4). Inspection of the equations shows that
these perturbations are of order »?. Furthermore, since the term P, — P,P. ensures con-
vergence of the integrals, the perturbations can be found from lowest-order estimates of the
relevant kernels. These follow trivially from their definitions, except for the term involving the
integral with respect to z. This can be estimated by a device introduced by Fraenkel{13]. The
integrand is replaced by the uniform approximation

exp(-lexzz 2 exp( JE x|z 1 414
Tt owfen ‘+u7/c~ e )

which reduces the integral. following an integration by parts, to the form

j exp(—]§ x|2)zdz [ (glc%\m (4.15)

B /CN

where y is Euler’s constant. The logarithmic variation with w is counted as 0(1) so far as the
asymptotic approximation is concerned.

The perturbed equations now follow in much the same way as in[1]. They may be given in
the form

PAL, - Loy 'r,+ 2, A7, = Ple) +e, (4.16)
s=1
P,(p,"po)_lﬂ‘,=—ia)P,(u>+L‘,, 4.10
where
€ = E [(kZA(r,;k) + w:A(r‘;M) + l.‘-'-’Z‘Drs)"'s + karswsL (4.18)
s=1
=Y [wkB 7, +(@0'Cy + i E,)m,). (4.19)
s=1
The constants are as listed.
(Al = ! ij’ Sé‘l.._LN_UI_gl\ (&) (4.20%
- T =1 Poln " (pgXin
3 N
(A =2 f ‘““"l& Yo U8 (n.9,°A0(0) (@.2h
8 N=1 Jig]=1 (pgij)
| & UNUN
Bar=gn 3 [ skl vanne| . @)
T N=1 Jig|=1 (rq)
(B,rs)pij = (Brs)ijps (423)
1 3 NuN
(Crx)pi = Z—_! z j ds 2 A, ‘(f) (424)
T N=1Jjg=1
1< J § U U
e § B A R 4.25)
(Drs)Pqu 8 2 =1 pOCN h (Pl

3 NyN
2 UUA

(Ersdyi = lef=1 PoCN
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A, = j (P,,— P,P,)dx, 4.27)

A= f [y + ln(ﬂf;x—'l)](f’m -PP)dx" (4.28)

The constant A, is directly analogous to A,, as given in{1], the integral now extending over
two-dimensional space. A}, on the other hand, is less simple, the term 8(£.x) that appeared in
the three-dimensional problem being replaced by the logarithmic term.

Equations (4.16), 4.17) can now be treated by perturbation theory exactly as in[1]. First, to
zeroth order, plane waves

(u)N = My exp[-i(u(kun,x + col)] 4.29)
are found by solving the equations
kn?L(n) = pw’Iimy =0, (4.30)

where the “‘overall acoustic tensor” L(n) is defined as in (2.2) and

n

p=2 Po, 4.31)

is the mean density. The associated lowest-order polarizations ry, 7y are then defined as the
solutions of (4.8), (4.9) with the right sides formed from (u)y. Then, finally, the perturbed
wavenumber, k = ky + 8ky say, is obtained by solving (4.16), (4.17) by perturbation theory, to
give

ke
[¥]

=Q'+iQ, 4.32)

e
F.A

4 J

where

kZML(")m 2 2 {Tr(sz(r's&)'*' sz(r?w))Ts +2wk7, By, + wzw,C,,’fr,], 4.33)
r=1r=|

Q=

Q= 2 2 [7,D,7, + mE,em,). (4.34)

ksz(n)m r=tr=|

In (4.33), (4.34), a suffix N is suppressed: it is to be understood that k, m, take the values ky, my
and that 7, m, are the polarizations associated with them through (4.8), (4.9). The only
difference between these expressions and the corresponding formulae given in{1] is that Q is
now proportional to w® rather than «°; and, of course, the constants A% etc. are defined
differently.

5. A MATRIX-FIBRE COMPOSITE

For a matrix containing a single population of aligned fibres, denote the moduli and density
of the fibres by L,, p, and those of the matrix by L,, p,. The formulae of the preceding section
simplify somewhat, upon use of the relations

P! + PZ = l:
(5.0
Plr+P2r=Pn(r= 112)
These imply
Au==Au=An 5.2

S8 Vol. 19, No. 9D
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with similar relations for A, and, consequentially,

Q= m (7, — (KA + 0* A ) (1 ~ 1)
+2wk(7, - 1)B {7 = )+ (7, = ) Ciy(m, ~ 7)) (5.3)
Q= Fm—L(—)—— [(r,— 1)Dil71— 1) + (m ~ m) Eqi{r — m)} (5.4)

The statistics of a matrix-fibre composite are most likely to be given in terms of the number
density n, (per unit cross-sectional area) and the pair distribution function g(x) of the fibres.
The latter is defined so that the probability density for finding a fibre centered at x, conditional
upon there being a fibre centred at the origin, is n,g(x). The constant A,, represents the
difference between the area occupied by fibres, conditional upon a fibre covering the origin, and
the corresponding area, calculated unconditionally. It follows, therefore, either by direct
physical reasoning or by manipulation as given in[6], that

A“ = dP]A, (55)

where o denotes the cross-sectional area of a fibre, P, = &n, and

A= l+nljdx[g(x)~1]. (5.6)

The parameter A gives the difference between the expected number of fibres intersecting any
large area, conditional upon one fibre having specified location and the corresponding number.
calculated unconditionally. Its evaluation causes no special problem. The other parameter, A;.
depends upon £ and is less simply expressed in terms of g(x) than its three-dimensional
counterpart.

The relations (5.1) also simplify equations (4.8). As already noted in[12], they allow (4.8) to
be given in the form

[((L,— Ly + P17, - P'7=(e), (5.7)
where
P'=A1|/P1P2. (58)
It follows from (5.7) that
2 - 2
7= {3 PU+L-LoPT'} 3 PUI+(L - LOPT L, - Lo, (5.9
s=1 s=}
so that
2 -1 2
- {}_“, PUI+(L~LoPT'} 3 PAI+(L,~LoPT L. (5.10)
s=1 r=1

If Ly is chosen so that L, — L, is either positive or negative definite, then L, as given by (5.10).
is such that L— L is correspondingly definite, where L denotes the exact tensor of overall
moduli. In the case of (transversely) isotropic statistics, P' can be evaluated exphgllly and
(5.10) yields the bounds of Hashm[8] and Walpole[9]. A self-consistent estimate for L follows
by assummg that (5.10) yields L = L when L, is identified with the overall material, so that
Lo= L. The resulting equation

L)=L (5.11)
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for L is approximate, because the variational estimate (5.10) is based upon a polarization field
that is unlikely to be exact for any choice of L, Self-consistent” prescriptions of this
particular kind have been discussed in[7, 12, 14].

Equations (5.7) also yield an explicit solution for the term 7, — r, that appears in (5.3), (5.4).
This is

1= 1= [I +(PL;+ P,Ly~ L)PT(Ly = LyXe). (5.12)

6. A COMPOSITE CONTAINING ALIGNED ELLIPTICAL FIBRES

Here we study the implications of our formulae for a matrix containing a set of identical
fibres, whose elliptical cross-sections have semi-axes of length g, parallel to Ox, and b, parallel
to Ox,. Both fibres and matrix will be taken as isotropic, and two pair distribution functions
g(x) will be considered, for both of which the composite overall is orthotropic. The simpler of
the two functions g(x) is a two-dimensional version of one that has been considered in[7]: g(x)
is taken to depend upon x,, x, only in the combination (x,%/a>+ x,2/b%)'?, so that the composite
could be realised (conceptually) by subjecting a transversely isotropic composite with circular
fibres to an affine transformation. This g(x) will be referred to as having “elliptical symmetry™.
The other g(x) is of a type that has been considered by Varadan, Varadan and Pao[15]. g(x) is
taken as “transversely isotropic” and so a function of r = (x,x,)"” only, with the restriction
g(x) =0 when r <R, for some R > 2a, to ensure that the fibres do not overlap.

Evaluation of the constant P' requires an expression for P,,(x,0) in terms of n, and g(x).
This takes the form

Puu(xi0) = nsf(x) + f dy f dy glx+y -y, ©.1)
D

where D represents the ellipse {y:y./a’+y,’/b><1} and s(x) represents the area of the
intersection of D with an identical ellipse centred at x. The first term on the right side of (6.1)
represents the probability that 0 and x lie in the same ellipse and the second is the probability
that they lie in different ellipses. It follows now that

An=n [ ()t (x) dx + .2 j M dx [ dy [ dylaec+y-n-1. 6.2)
D

D

having also used P, = sfn,, where sf = 9£(0) denotes the area of D.

The function sf(x) has elliptical symmetry and this enables the single integral in (6.2) to be
evaluated, using the result (3.14). This is independent of the size of the ellipse and it follows
that, when applied to any function with elliptical symmetry, I behaves like P times a delta
function, with P given by (3.16). The first term on the right side of (6.2) thus reduces to
dfhp =P |P .

The other term depends upon the function g. The integral over x can be written in the
alternative form

II"‘(x)[g(x +y' —y)-1ldx= f (x -y + y)gx)~ 1] dx. 6.3)

Suppose first that g has elliptical symmetry. The vector y’' — y lies within an ellipse of semi-axes
2a, 2b and the result (3.14) implies that the contribution to the integral for x outside this ellipse
is zero. Within the ellipse, g(x) =0 and the integral therefore takes the value ~ P, independently
of y,y’, so that the integrations over these variables are now accomplished trivially. The result
is therefore

An = P1P2P (64)
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so that

P'=P. (6.5)

Now consider transversely isotropic g(x). A similar argument shows that the right side of
(6.3) reduces to — Py, the value of P appropriate to a circular disc, given by (3.15). Hence, in this
case,

PI = (P - P1P0)/P2. (66)
The tensor P’ still depends, of course, upon the choice of comparison medium.
The expression (5.4) for Q can be put in a form in which its relationship to the scattering

cross-section R of a single inclusion is displayed, since

D, = P AS, = szizn,AS,,}

. (6.7)
E\ = 4P\AM = of’n,AM.
Thus, (5.4) can be written
Q = nARJk, (6.8)
where
R =-d0[(7)~ 7)AS(1, = 1) + (m, = m)M(m, — m))2F (6.9)
and
F = po’*mmf2k = wkmL(n)m/2. (6.10)

When the dispersion of fibres is dilute, L ~ L, and it is natural to take Lo=L,. Then, R, F
reduce to R, F and, so long as g(x) is such that A— 1, Q reduces to the form that it has to take
if scattering by the fibres is uncorrelated.

7. EXPLICIT FORMULAE FOR SH WAVES

If the tensor L is orthotropic and only the component u; of the displacement is different
from zero, the only non-trivial parts of the stress-strain relation ¢ = Le are

a2 =2ley, o3 =2l'ey, (7.1
where [ = L33, I'= Ly and e,3= i, .. We write, consequently,
L=l (7.2)
and
L™ =(1721,1721%. (7.3)
If L is isotropic, with shear modulus p, then [=1'= u.
The relevant components of the tensors S,, M,, S, M are those with suffixes a3a3, a33, 33a
33 respectively. These follow from Gi;,, to which only one eigenvector U¥ contributes (namely,

the unit vector in the 3-direction) and the corresponding wave speed, which we simply call c, is

(&) = (&7 + 16&D) po) (1.4)
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in (7.4), ly, Iy represent the relevant components of L. It follows now, from (3.16), that

ab &aé
Paipy=— d —2oB, 7.5
R 1el=1 s (lo€)* + 16&, )@’/ + b°Ey) .3)
so that, using the notation of (7.2),
b a
= 7.
P (Zmo(am(, + bmg)’ 2my(amy+ bmo))’ (7.6)

where mg® = lo, m§® = I§. The tensor P, is obtained from (7.6) by setting a = b.
Expressions for overall moduli now follow from (5.10). Again using the notation of (7.2).

L=l 2, (1.7

where

5=) (7.8)

The factors a,, a, that appear in (7.8) depend upon the statistics of the medium. If the
composite has elliptical symmetry,

a, = 1/[molamg + bmo) + (., — lo)b],} 1.9)
a'= Himygamy+ bmy) + (u, — lga] '
while if it has transversely isotropic g(x)
a, = 1/[Pamg(amq + bmo}(mg + mo) + (., — lo)[b(mg + mg) — Pi(amg + brno)]}.} (7.10)
a; = 1/{Pymy(amg+ bmo)(mg+ mo) + (., — lo)la(mg + mo) — Pi(amg + bmy)]}. '

Bounds for the components [, I’ of L are obtained by substituting into (7.9) or (7.10) the
values lo= 5=, or lo = ly= w,. Assuming that the fibres are stiffer than the matrix, the former
choice yields upper bounds while the latter yields lower bounds. The expressions (7.9), (7.10)
simplify somewhat when L, is taken isotropic. Self-consistent estimates, however. require the
comparison material to have moduli lo= I, 1§ = [" so that these involve (7.9), (7.10) in the forms
given.

Attenuation of the mean wave in the composite is described by (6.8) which, in turn, requires
the evaluation of AS,, AM. The relevant components of AS, follow from (3.19) as

—_bo J’ __Sbs
AS,GM e |€|=|ds UoE T+ LD @.1hH

Thus, with the notation of (7.2),

AS, = —£o_ (1 '). (7.12)

~16memy \Iy’ I
The only relevant component of AM is AM,;. From (3.20),
AMy; = 1/(4momy). (7.13)

The term 7, - 7, follows from (5.12); the substitutions are routine but lead to long formulae
which are not displayed.
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8 RESULTS AND DISCUSSION

A computer program has been written to evaluate the expressions given in the preceding
section, when the fibres and matrix are both isotropic, with shear moduli y,, u respectively. In
addition, certain limiting cases can be simplified analytically; these are summarised in the
Appendix.

It has been remarked earlier that identifying L with L,(r = 1 or 2) generates estimates L for
the exact moduli L that are bounds, and that a “‘self-consistent” estimate is obtained by solving
the equation L,= L(Ly). Having obtained L, the long-wavelength dispersion relation (4.30)
shows that an SH wave propagates in the direction n = (cos 8, sin 8) with speed

¢ =[(I cos® 8 + I"sin? 8)/5]". (8.1)

When the fibres have circular cross-section, [ =i and (8.1) is independent of 8. Figure 1
shows plots of ¢ against concentration P, for boron fibres with circular cross-section in an
aluminium matrix. The three curves correspond to the Hashin-Shtrikman lower bound, the
self-consistent estimate and the Hashin~Shtrikman upper bound for I. They are normalized to
the wave speed of the matrix. The values adopted for the moduli and densities were

p, =250, u,=387GPa, p =253, p=2T2gem™>.

Figure 2 shows corresponding plots of the normalized cross-section R/k’a‘. These figures
demonstrate the sensitivity of the estimates to the choice of comparison medium. At low
concentrations, the choice L, = L, is known to produce the exact result and we would speculate
that the self-consistent choice L, =L is likely to be the most satisfactory over a range of
concentrations. The attenuation term Q, as given by (6.8), aiso requires knowledge of A. This
depends upon g(x). Plots of A against P, are shown in Fig. 3 for the “‘well-stirred” ap-
proximation g(x) =1, |x| >2a and for the Perkus-Yevick g(x), for which A has been given by
Twersky[16]. The Perkus-Yevick g(x) is not the exact distribution function for a two-
dimensional ‘‘hard-sphere’ ensemble in statistical mechanics. An improved (though still ap-

18
L;L,
70 Ly~ L2
] L; L
L;L,
141 1 3
35 Lol
///Lo' L,
. - , 0 . -
o 5 p 3 5P 3
Fig. 1. Fig. 2.

Fig. 1. Plots of SH wave speed against concentration of fibres for boron fibres of circular cross-section in
an aluminium matrix, normalized to the wave speed of the matrix. The th_ree curves correspond to the
Hashin-Shtrikman upper and lower bounds and the scif-consistent estimate.

Fig. 2. The normalized cross-section RIk*a* plotted against concentration of fibres, for the same composile
as in Fig. 1. The three estimates correspond to choosing the properties of the comparison material so as to
give the two Hashin-Shtrikman bounds and the self-consistent estimate for the wave speed.
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proximate) g(x) has been given by Rowlinson[17]. Since there is no reason in any case to expect
a composite to conform to these particular “hard-sphere™ statistics, the simple Perkus-Yevick
form is adopted for illustration. The main point of interest is that Q is sensitive to g(x). It is
noteworthy in particular, that the well-stirred approx:mation predicts that A<0 for P, = 1/4.
This unphysical behaviour has already been remar«:4 upon-in[4,6], in the corresponding
three-dimensional problem for which P, = 1/8 is the critical value. Figure 4 shows plots of the
specific attenuation 2P,AR/(ka)* against P,, for both functions g(x), with the matrix chosen as
comparison material. Plots of specific attenuation are also shown on this figure for waves
travelling in the direction ¢ =0 in a composite containing fibres of elliptical cross-section with
bla = 0.6. They are both for “‘transversely isotropic” g(x). The one termed “well-stirred™ takes
g(x) =1, |x| = 2a and the one termed P-Y takes the Perkus-Yevick g(x) appropriate to circular
cylinders of radius a. Corresponding results for this “‘well-stirred’* approximation were given by
Varadan et al.[15], for b/a = 0.6, 0.8 and 1.0. They employed multiple scattering formalism with
the quasicrystalline approximation. Plots of their results for ka = 0.5 dip close to zero around
P, = 1/4 but then they rise again. This is presumably an effect of retaining high-order terms in
the multipole expansion for the field scattered by any fibre. The present result, however,
coincides with that of Varadan et al.[15] in the limit ka >0 and demonstrates that the
well-stirred approximation is invalid except at low concentrations.

Figure 5 shows estimates of the wave speed c, as given by (8.1), plotted against 6, for fibres
with aspect ratio b/a = 0.6, at volume concentration P, = 0.3, with g(x) transversely isotropic.

104
P

PN

5 4 4

‘4_
\ P-Y d b \N
0 > ) 0 + -
25 Pl 5 25 Pl 5
Fig. 3. Fig.4.
16

E n n,b2 g
Fig. S.

Fig. 3. Plots of the structure factor A against concentration of fibres, for a2 matrix containing circular
cylindrical fibres, for “well-stirred™ and for Percus-Yevick statistics.

Fig. 4. Plots of the specific attenuation 2P;AR/(ka)* against Py, for the same composite as in Fig. 1, with

the matrix chosen as comparison material, and for a composite containing fibres of elliptical cross-section,

with b/a =0.6 and the waves travelling in the direction 8 =0. (a) b/a = |, Percus-Yevic statistics, (b)

b/a =1, “well-stirred” statistics, (c) b/a = 0.6, Percus-Yevick statistics, (d) bfa = 0.6, “well-stirred™ statis-
tics.

Fig. 5. Estimates of the wave speed ¢, plotted against 8, for a B/A1 composite with b/a =06 and
concentration Py =0.3. g(x) is taken transversely isotropic, as in{17).
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SH waves at any orientation were studied in this type of composite by Varadan and
Varadan[17}. We have checked that their estimate for ¢ agrees with ours when L = L,, for the
case § ={. The present derivation demonstrates that this estimate is, in fact, a lower bound. It
has the simple analytic structure given by (5.10) but it is not what might be termed a classical
Hashin-Shtrikman bound because of its explicit allowance for two-point statistics. We also
have, of course, an upper bound and a self-consistent estimate, which are new.

Finally, Figs. 6-8 show some results for cracks and rigid plates. Figure 6 shows estimates of
¢ against mn,b% for cracks with 6 =0 and for rigid plates with 6 = 7/2. The corresponding
estimates of R are shown in Fig. 7 for cracks and Fig. 8 for rigid ribbons. For these extreme
cases, only the choices Lo=L,, L are possible, so that only one bound, and a self-consistent
estimate, are displayed, for each of the two forms chosen for g(x).

204

rigid inclusions, 8=0

104
— a
cracks, 8= % T
0.5«
0 . - .
04 nnp? 08

Fig. 6. The wave speed c, plotted against mmb’, for waves propagating normally to a set of aligned cracks,

and for waves propagating paraliel to a set of aligned rigid plates. (a) Lo= L, elliptical symmetry, (b)

self-consistent, elliptical symmetry, (¢) Lo = L,, transversely isotropic g(x). (d) self-consistent, transversely
isotropic g(x).

1:51
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Fig. 7. Estimates of the normalized cross-section Rik*p* for waves propagating normally to 2 set of aligned
cracks. Curves are labelied as for Fig. 6.
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Fig. 8. Estimates of the normalized cross-section R/k’b* for waves propagating paralle! to 2 set of aligned
rigid plates. Curves are labelled as for Fig. 6.
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APPENDIX
This §ppendix lists results which are obtained as limiting cases from the general formulae of Section 7.
.F;;st, if the fibres have circular_ cross-section {and fibres and matrix are isotropic), the two model: discussed above
coincide, so that P = Py. The elastic response of the composite is transversely isotropic so that | = [. The comparison
material is chosen to be transversely isotropic, with [g=lo= uy and then (7.8}, (7.9) give .

i = s+ (Pos + Papadso
Pir+ Pyt -

(AD

The Hashin-Shirikman bounds for the exact shear modulus I follow by choosing o= or uy and the self-consistent
estimate (I = lo) is obtained as the solution of

P (Py = Plpr = )l — sy = 0. (AD)

The Hashin-Shtrikman bounds were derived in[8, 9] and the self-consistent eqn (A2) was given in[9].
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The “cross-section” R for this composite reduces to the form

2 2
ﬁ=d’k’{‘—"§( BiT B ) +(""_"2)L}, (A3)
26\Cipa+ Copy + o P74

where k* = po’/i. The cross-section R of a single fibre is obtained from (A3) by setting uo= i = p2 and Py = I:

R:ﬁ:ks{l @;&)J(P_-ez)} (Ad)
2 1+ e 4 p2

The other limiting case that we consider is that of a composite containing plate-like inclusions at fixed number density
ny, with a/b—0. The volume concentration P, = mabn, correspondingly tends to zero and the inclusions have no effect.
unless their properties are extreme. Thus, we consider a matrix weakened by aligned cracks (u, = gy = 0) and a composite
containing aligned rigid platelets (u,/u;—x), by first making these substitutions and then taking the limit a/b—0. The
composites so produced have orthotropic elastic properties, which depend upon the form chosen for the function g(x).
Before listing the results, we remark that, for a wave with normal n = (cos 6, sin 8), the two non-trivial components of the
mean strain (e) are

{e)= -% ik(cos 8, sin 6) (AS)

and the cross-section R decomposes into the form
R=R.cos’8+R,sin" 6. (A6)

These terms come, respectively, from the (13) and (23) components in (7 — 1))AS. (7, — 12), the term (7, — ®)AM (7, — 72)
making no contribution in the limit a/b - 0.

(a) Aligned cracks, “elliptical™ symmetry

22
1=u:-—-——ﬂ'—b—m- "=y, (A7)

momg+ T by’

bk uslo cos’ 6

R= 8momimom¢ + mn b)) (A8)
Identifying the comparison material with the matrix, so that mg’ = m§’ = 12, gives the upper-bound estimate
I = pal(1 + 70 b?) (A9)
for I. The self-consistent choice (lo = [, 1§ = 1) generates the quadratic equation
B+ mmb?p-1=0, (A10)
where
B*=1lp.. (A1)
(b) Aligned cracks, transversely isotropic g(x)
In this case,
- b us’(mo + mg) .
b b e+ mi)+ b asmo+ Moy = g | (1D
f= 72k wallomo + gz,)’ cos’ 6 . (ALY
Smomi{momifmo+ mi) + wnib {pa(mo+ mo) — lomaf}
The upper-bound estimate for I is
[ = pall = 7 B[ + 7nb72) (Al4)
and the self-consistent equation reduces to
(1- 7mbHB +2mn, b’ - 1=0. (A15)

It is, perhaps, worth noting that (A14) is consistent with the low-frequency dispersion relation for the composite under
consideration, given by Varadan and Varadan([17]. This can be seen by reducing their complicated eqn (13) to the simpler
form

KUK = 2+ ma*no)l2 + ma’no cos 2a),

using their notation.
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(c) Aligned rigid plates, “elliptical” symmetry

’.= Ha, l-’ =u>+ ‘rm.bzmomé,

ALY
g-Tbk (ﬂ’)sinza.
8 mg

Setting mo> = mg” = o produces the lower-bound estimate
I'= pa(l + wnyb)
and the self-consistent equation, obtained by setting mo” = ua, Ig= 1" is
Bl-mmb’p ~1=0,
where
g7 =1"lpx

(d) Aligned rigid plates, transversely isotropic g(x)

['= 2, 1" = o+ mnyb’momimo + m)l{(mo+ mi) - mnyb’m),

22b* K mi(mo+ my)*sin’ 0

R= )
8mo(mo+ my— mwnib*mo)”

The lower-bound estimate is
U= a1 + 2n > 1201 = mny b2}
and the self-consistent equation is

B —2mnb*B' 1+ 7n,’b* = 0.
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(A16)

(A1)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

Cross-sections for a single crack or a single rigid plate follow from the formulae given above by taking n, =0 and

lo = 1§ = 2. From (A8) or (A13), the cross-section of a crack is
R =7b**cos’ 4/8
and. from (A12) or (A22), that of a rigid plate is

R = nb*k>sin® 0/8.

(A25)

(A26)



