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PLANE WAVES IN NON-SIMPLE ELASTIC SOLIDS

M. M. CARROLL

Division of Applied Mechanics, University of California, Berkeley

Abstract—A form of the constitutive equation, which is appropriate to describe the propagation of plane waves,
of finite amplitude, in non-simple solids, is obtained. This equation is used to discuss the propagation of such
waves in non-simple, holohedral isotropic, elastic solids of grade n. In particular, it is shown that a transverse,
harmonic, circularly-polarized, plane progressive wave can propagate, in any such material, with phase velocity
which depends on the wave amplitude and on the wavelength.

1. INTRODUCTION

GREEN and RivLIN have developed a general nonlinear theory of non-simple continua, in
which the force system consists of multipolar surface and body forces of various orders,
whose rates of work are related to the velocity and the velocity gradients of various orders.
A major difficulty in obtaining solutions of problems in this theory lies in the fact that the
constitutive theory for non-simple materials has not been studied in any detail. Thus,
reduced forms of the constitutive equations for such materials, with any particular sym-
metry, have not been obtained.

In this paper we show that the constitutive equations, which are appropriate to describe
the propagation of plane waves (of finite amplitude) in non-simple materials, can be
obtained quite readily. We confine our attention to non-simple elastic solids of grade n
(for which the internal energy is a function of the deformation gradients of orders 1, 2, .. ., n),
and especially to holohedral isotropic solids. In particular we show that a transverse,
harmonic, circularly-polarized plane progressive wave can propagate in any such material,
with phase velocity which depends on the wave amplitude and on the wavelength.

2. BASIC EQUATIONS

In this section we review the theory of Green and Rivlin [1] for a non-simple elastic
material of grade n.

We refer the motion of a continuum to a fixed system of rectangular Cartesian axes
and we express the coordinates x; of a typical particle at time t as functions of its co-
ordinates X 4, in an undeformed reference state, and of the time ¢, thus:

X; = X{X 4, ). 2.1

Upper-case and lower-case Latin indices are associated with quantities pertaining to the
reference state and to the deformed state, respectively, and take the values 1, 2, 3. A comma
is used to denote partial differentiation with respect to the coordinates X , or x;, and the
usual summation convention is used.
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The internal energy U, per unit mass, for a non-simple elastic material of grade n is a

single-valued function of the deformation gradientst of orders 1,2, ..., n, thus:
U= 0(Xi,41...A,.) (u=1,...,n). (2.2)
The invariance property of the internal energy under superposed rigid motions, i.e.,
0Qixjar.a) = Oxiaoa)  (=1...0n) (2.3)
for all proper orthogonal transformations Q;;, implies the reduced form
U=UOEq.s) (=1,...n) (24)

where U(. . ) is a single-valued function of its arguments
EAAl..AAM = Xi,a%Xi,4,..4, w=1....n (2.5)
The form of the functions U(...) and U(.. ) is further restricted by any symmetries which
the material may possess in the reference state, thus:
G(QAlBl e QA“BMxi,B,..‘BM) = ﬁ(xi,Al...Au) w=1....n (2.6)
or

U(QABQAlBl e QA“B“EBBI...B“) = U(EAAl...A“) w=1,....n (2.7)

for all transformations Q . in the group of material symmetry transformations. We shall
restrict our attention to non-simple elastic solids, so that the material symmetry group is
a (proper or improper) subgroup of the full orthogonal group of transformations.

Green and Rivlin [1] have given two alternative formulations of the theory of non-
simple elastic solids. The following form of the basic equations is most convenient for our
present purposes:

Taiat PoF; = poX;, (2.8)
U
Tc(Al...A“)i+p0FAl...A,.i+nAAl...A“i,A = Po&—— (mw=1,...,n—1), (2.9)
XiAy... Ay
au
Ay dn)i = Pog;i, (2.10)
LAY An
where my,. 4,0 (0 = 1,...,n) is that part of n,, _, ; which is completely symmetric in the

indices Ay, ..., A,. Here p, denotes the density of the material in the reference state, the
monopolar and multipolar stress tensors n,; and n,, ,,; are associated with monopolar
and multipolar tractions across surfaces in the deformed state which were coordinate
surfaces in the reference state, and are measured per unit area in the reference state, and
F;and F,, , ;are monopolar and multipolar body forces per unit mass.] We restrict our
attention to the case when monopolar and multipolar body forces are absent. Substitution
from equations (2.9) and (2.10) in the classical equations of motion (2.8) then gives

i (—U"“{——ﬁl—]—} = X,. 2.11)
p=1 0 Ay Ay

Xi,Ay... Ay

t For simplicity, we restrict our attention to purely mechanical effect:. We also consider only homogeneous

materials.
1 We assume that there are no multipolar inertia terms. (See Section 5.)
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3. PLANE WAVES

In order to apply the theory of non-simple elastic solids, outlined in the previous section,
to the solution of problems involving finite deformations of such materials, we must first
determine the effect of the material symmetry condition (2.7) in restricting the form of the
internal energy function U(...). In general, this requires the calculation of an integrity
basis, under the appropriate group of symmetry transformations, for n tensors of orders
2,...,n+1. Integrity bases, under various groups of symmetry transformations, have
been calculated for vectors and second-order tensorst but not for tensors of higher order.
We do not deal with this general problem in the present paper. Instead we effect a con-
siderable simplification by restricting our attention to a very special class of deformations.

We consider the motion described by

X; =0, X +ulZ,t), Z=X,N,, 3.1)

where 6,4 denotes the Kronecker delta and N, are the components of a constant unit

vector (N 4N, = 1). The deformation gradients associated with the motion (3.1) are given
by

Xpq = 04+ uVN,, (3.2)
X, = UWN, .. Ny, u=2,....n), (3.3)
where we have used the notation
up = g;‘i; (k=1,...,n). (34)
It follows from equations (2.5), (3.2) and (3.3) that
E 4, = 04, HuPN  +ulIN ,+ulPuVN N, (3.5)
Ejgyon, = @P+ulPuPNIN, ... N, (u=2,....n) (3.6

The internal energy U associated with the plane wave (3.1) is thus a single-valued func-
tion of the n+1 vectors %’ (u = 1,...,n) and N, thus:

U=0u®,N) (u=1...,n. (3.7)

It follows from equations (2.7), (3.5) and (3.6) that the material symmetry restriction on
the function U(.. ) is

U(QAB“%”; Q4sNpg) = ﬁ(“g‘)a Ny w=1,...,n (3.8)

for all (orthogonal) transformations Q ,5 in the group of material symmetry transformations.
Consequently U(...) is a scalar invariant function of its n+1 argument vectors under this
group of transformations. Standard tables of basic invariants of vectors have been obtained
for isotropic and transversely isotropic materials and for the crystal classes (see Adkins [3]
and Smith and Rivlin [4]).}

The equations (3.2) and (3.3) can be inverted in the form

uf" = (x; 4= 0:)N 4, (3.9)
u?‘) = xf,Ax...AuNAI e NAu (Au = 2a ey n), (3.10)
t See, for example, Wineman and Pipkin [2].

1 We remark that the permissible forms of the function [J{(. . ) are restricted by equations (3.5) and (3.6). Thus,
for example, the total degree of U(...) in u® (u = 2, ..., n) cannot exceed its total degree in u{'’.
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and hence we have
U cUu

s = N Ny (=L, 3.11)
Xi Ay Ap Uy

Substitution from equation (3.11) in equation (2.11) yields the equation which governs the
propagation of plane waves in a non-simple elastic material of grade »:

L o0
(— 1t aZ"{WM} = . (3.12)

n[\/]=

4. ISOTROPIC MATERIALS

We now consider the propagation of a plane wave of the form (3.1) in a non-simple
elastic material of grade », which is isotropic with a center of symmetry (holohedral iso-
tropic) in the reference state. The group of material symmetry transformations for such a
material is the full orthogonal group, and the condition (3.8) implies the reduced form

U= U w01y (@ By=1....n) (4.1)

for the internal energy, where ‘
Ly =uPu, I,=uPN,. (4.2)
We may assume, without loss in generality, that the wave propagates in the X 3-di£ection,

so that N, = 03,. Since 1,4 is symmetric in its indices, we may also assume that U(.. ) is
written as a symmetric function in I,; and /. It follows from (3.7), (4.1) and (4.2) that

&
o0 z 8U ou
A 03y 4.
G’H(“) Z allua +€I“ 3is { 3)

and substitution from (4.3) in the equations of motion (3.12) yields

o " U
ut 1 (4) _ = {i.
- { O T 53} i (44)

A==l

IIMz

A. Longitudinal waves
A longitudinal plane wave is described by

X=X, xa=X,,  x3=Xa+ulZ,t)  (Z=X,) 4.5)

For such a wave, the equations of motion (4.4) are satisfied identically for i = 1,2, and
for i = 3 we obtain

*
n " oU o OU

‘u+l =1 4.6
PR { T 61,} "’ 49

where

J*u

Iﬂ. s Il—azl.

=1, 4.7)

u
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Thus, the propagation of longitudinal plane waves of finite amplitude is governed by the
scalar equation {4.6). This equation may also be written in a more concise form similar to
equation {3.12), and in general it is a nonlinear partial differential equation of order 2n.

B. Transverse waves
A transverse plane wave is described by

Xy = X, +ulZ. 1), x, = X,+0(Z, 1), Xy=X;=27. {4.8)
For such a wave, the equations of motion {4.4) become

n n

2y Y (=t o0 o = i
E e azuaz F7Z3

U ¢
- u+1 — 5
ZAZI ,‘Z =1 Z“{al azﬁ} ® (49)
r ot (oU
u+ 1 —
; 92“{61 } 0,
where
A i Ay iy
*u ofu o'v otv I =0 4.10)

W= e i ez

It is evident that, in general, solutions u and v of equations (4.9), , will not satisfy equa-
tion (4.9);. Thus, for example, a linearly-polarized transverse wave (v = 0, say) cannot
propagate in a general isotropic non-simple elastic solid. However, if the material is
incompressible, then it can be shown, by appropriate modification of the theory of Green
and Rivlin, that the equations of motion (2.11) become

; nf o0 .
—pit 3 (PP = X, 4.11)
p=1 axi,Al...A“ g Ay

where p is an arbitrary scalar function. This implies a similar modification of the equa-
tions {4.9), and the function p can be chosen so that equation (4.9); is satisfied for any solu-
tion u, v of equations (4.9), ,

We now consider the special case of a transverse circularly-polarized harmonic plane
progressive wave, described by equation (4.8), with

wZ, t) = acos k(£ —ct), o Z, 1) = asin k{(Z —ct), 4.12)
where a, k and ¢ are constants. It has been shown [5] that such a wave can propagate in

every isotropic simple elastic solid, with phase velocity ¢ which depends on the amplitude
a. Differentiation of equation {4.12) yields

éfjfi = {(— 1Y*k**u, 6_2& = (= )AHEZAT Yy,

9Z** Z2A+1

5%y g2it, . (A=0,1,..) (4.13)
5-2_——2.7 — (_ I)Ak“v, W — (__ 1)A,k2).+ lu,
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and substitution from these equations in equations (4.10) yields

I, = (=)~ #2k4* kg2 for j+ peven,
. 4.14)
=0 for A+ y odd.

Thus, the isotropic invariants associated with the motion (4.8), (4.12) are independent
of position and time, so that the internal energy is also constant. The equations of motion
(4.9),,; become

X

n n 6U 6;L+“ll
-1 u+l____~.7 — ",
2;;1 ugl( : oL, 0z )

4.15)

L all v+
B A VRS |
20 L e g = b

and equation (4.9), is satisfied identically. It is evident that the terms in equations (4.15)
for which A+ u is odd will cancel in pairs, due to the factor (—1)**! and the symmetry of
I,,. Consequently, equations (4.12) and (4.15) are compatible providedf
*
n n 6U
2 =2 (—1)Br+ N2 ___ fAtu=2 (4.16)
i3

1u=1 allu

with I, given by (4.14), where we need only consider those terms in (4.16) for which A+ u
is even. Thus, a transverse, circularly-polarized harmonic plane progressive wave can
propagate in any (compressible or incompressible) isotropic non-simple elastic solid of
grade n, with phase velocity ¢ which is given by the dispersion relation (4.16) and which
depends both on the amplitude a and on the wavelength 27/k.

5. MULTIPOLAR INERTIA TERMS

In writing the equation of motion (2.11) we assumed that all multipolar inertia terms
may be neglected. We now consider briefly a more general theory (see Green and Rivlin {7])
in which the kinetic energy per unit mass K is given by

n—1
2K = v+ ba,..aViVia,...4,
=1

a=

(5.1)
n—1n-1

+ > > CAy...Ax:By..BpVi Ay 4,ViBy .. .Bg>
a=14=1

where by, 4, and ¢y, 4..5,..8, are constants. Without loss in generality we may assume
that the b,,  ,, are completely symmetric in the indices A4, ... 4, and the c,, 4.5, 5,
are completely symmetric in the indices A, ... A, and B, ... By, and satisfy

(5.2)

CAy...A.:By..Bg = CB,..Bg:Ay.. A"

+ We assume that a and k are such that equation (4.16) yields a positive vaiue of ¢.
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The monopolar and multipolar inertial forces per unit mass, obtained from equation
(5.1), are

d (0K ; 1
_5(%7) 3 & DBt (53
and
d aK n—1
T o R ; 54
dt(@vi‘Al‘..AG) —2baabi— ﬁZl CA,...Au:By...BgiBy...B, - (5.4)

We see from equations (2.8), (2.9), (2.10), (5.3) and (5.4) that the equation of motion (2.11)
must now be replaced by

i(“‘l)‘”l “—QO—* A1...A U‘*"l"il{l'*‘(“l)y}bm AV Ay Ay
=1 axi.A,,..A“ e 2,5 (5.5)

n—-1n-1

+ > Y (—1¥Cu,. auBy...BOi Ay... AuBr.. By
a=18=1
We remark that the terms for which y or a4+ f are odd do not contribute to the expres-
sion on the right-hand side of equation (5.5). Thus, in particular, the transverse harmonic,
circularly-polarized, plane progressive wave, described in the previous section, can propa-
gate in an isotropic material. The dispersion relation (4.16) must now be replaced by

*
aip OU "
1yEut 2 L piru=2 = (214 ¥ (= 1)"2k0by, 4 Ny, N
2 Zl“zl( alluk C{ y;l( ) A Ay Y AT Ay

(5.6)

n—1n-1

+ Z Z ('—1)(3a+‘g)/zka+ﬂCA1,,,A,:B1...BﬁNAl"‘NAaNﬂl"'NB/J}’

a=1pg=1

where N , are the components of a unit vector in the direction of propagationt and we need
only consider those terms in (5.6) for which A+, y and o+ f are even.

6. REMARKS

The results presented here may be generalized in various ways. For example, the motion
(3.1) may be extended to include a homogeneous deformation, thus:

x; = Fi X +ulZ,1), 6.1

where the F,, are constants. The material symmetry condition then necessitates the calcula-
tion of integrity basis for n+1 vectors and one second-order tensor. Again, the material
symmetry considerations may be applied, in an obvious way, to non-simple materials
with memory (see Green and Rivlin [6]). Finally, it was shown in [5] that a circularly-
polarized wave of the form (4.8), (4.12) can propagate in the symmetry direction of a
transversely-isotropic simple elastic solid, which may also be subjected to uniform stretch-
ing in the symmetry direction. A similar extension is possible here. However, the more

t If the form (5.1) of the kinetic energy K is not isotropic, then the phase velocity ¢ will depend on the direction
of propagation of the wave.
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general wave described by equation (4.8), with

Z—ct

Z-—-ct
Wz, t) = af cos f (@) do, uZ,t) = af sin f(¢) de, (6.2)

where f(-) is an arbitrary function, can propagate in a simple elastic solid but not in a
non-simple one.
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AbctpakTt—Ilpennaraetca GopMa OMpedensAloIero YpaBHEHHA, KOTOpas OMHUCBHIBAET DaclpencsieHHe
MUIOCKMX BOJIH ¢ KOHEYHOM aMIUINTYyAbl B HENpOCThIX Tenax. Mcrmonwb3yercs 3TO ypaBHeHHe IJis
obcyxaeHus pacrpeneneHusl 3THX BOJNIH B HENPOCTLIX, TOJO3APHYECKUX, H3OTPOIHbBIX, YIPYIHX Teaax,
“n”’~-troro mopsaaka. B o0coBGeHHOCTH, OKa3blBaeTCs, 4YTO MNOMNepevHas, TAPMOHHYECKAs, KPyrJo-
MOJIAPU30BaHHAs, TUIOCKAs MOCTYMATENbHAA BOJIHA MOXET paclpeneaarcs, B 1i060M TakoOM MaTepuase,
¢ ()a30BOi CKOPOCTBLIO, KOTOpAsA 3aBUCHT OT aMIUIUTYbl U AJIHHbl BOJIHBI.



