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Abstract—An approximate first order theory for elastic wave propagation in unidirectional, filamentary composite
materials is developed. Included are stress equations of motion, boundary conditions and constitutive relations.
For waves propagating parallel to the fiber orientation in an extended medium, the motion separates into three
distinct types : longitudinal, flexural and torsional. All motions are dispersive and sensitive to changes in relative
material stiffnesses and geometry. For propagation perpendicular to the fiber orientation, the motion is dispersive
and the frequency spectra show stopping bands typical of periodic media.

1. INTRODUCTION

IN ADDITION to their high strength over extended temperature ranges modern engineering
composites possess properties which are potentially important as pulse-attenuation
mechanisms. Among these, geometric dispersion, resulting from the interaction of the
stress wave with the constituents, can make a significant contribution to the total dispersive
nature of the material. The so-called “effective modulus” theories, which adequately
describe the static behavior of composites, have been shown to be inadequate for describing
the dispersive character of laminated composites [1]. As a result, much recent effort has
been directed towards the development of improved theories to describe the dynamic
response of these materials.

One of the most active of these programs has resulted in the “effective stiffness theory”
{1-9], which has been used extensively for analyzing the gross response of periodically
laminated composites. The success of these studies suggests that the same basic approach
can be used to describe the dynamic response of unidirectional filamentary composites
as well. These materials, consisting of long stiff fibers deliberately oriented in a single
direction and embedded in a softer matrix, serve as the basic building blocks of many
laminated composites.

In an early paper [3], Achenbach and Herrmann used the effective stiffness theory
approach to describe an extended filamentary composite. They found that for waves
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propagating parallel to the fiber orientation, the motion separated into three distinct
types : longitudinal, flexural and torsional. Of these, only the flexural motion was found to
be dispersive. It was noted that with inclusion of thickness stretch motion, the theory
could account for dispersion of longitudinal waves as well. For waves propagating per-
pendicular to the fiber orientation, all motions were found to be nondispersive. No sub-
sequent improvements or refinements of the model have appeared in the literature.

In a recent report [10], a different model, using the techniques of the effective stiffness
theory, was proposed for the filamentary composite. For this theory, the longitudinal
motion was shown to be dispersive. However, no numerical results were reported pending
experimental determination of certain constants introduced in the development.

In the present paper, a more complex model is employed to describe the unidirectional
filamentary composite. The theoretical development closely parallels that of the effective
stiffness theory for laminates [6-7] and is properly characterized as an extension of that
theory to the more involved geometry of the filamentary composite. The physical model
consists of parallel fibers of rectangular cross section embedded in a matrix. It is recognized
that few actual composites have rectangular fibers. However, it has been demonstrated that
dispersion curves for bars of circular and square cross sections are nearly the same if their
cross sectional areas are approximately the same [11]. A similar relationship between
dispersion results for composites with square and circular fibers is anticipated. The energy
method adopted permits formulation of both equations of motion and boundary conditions.
For waves propagating parallel to the fibers in an extended composite material, the theory
predicts dispersion of longitudinal, flexural and torsional waves. In addition, for waves
propagating perpendicular to the fibers, the motion is also found to be dispersive.

2. THEORY

A cross sectional view of a solid body is depicted in Fig. 1. The body is divided into a
large number of bars of rectangular cross section (heavy lines) which extend completely
through the body in the direction normal to the page. Each such bar is called a basic cell of
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F1G. 1. Cross section of a solid body showing division into basic cells and elements.
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the composite. Each basic cell is, in turn, subdivided into four bars of rectangular cross
section (light lines). Each subdivision is called an element of the basic cell. Each element is
restricted to be composed of a single, homogeneous, isotropic, linearly elastic material
s0 that a basic cell contains at most four different materials. The pattern of any one basic
cell is repeated for every other basic cell of the body so that corresponding elements in all
cells are necessarily composed of the same material. Figure 2 represents one possible
composite which may be so constructed—a filamentary composite.
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FiG. 2. A filamentary composite.

A reference macrocoordinate system x, x,, X is established and used to locate points
on the centerline of each element. Thus, (x4, x%) locates the centerline of the element in the
gth row and uth column of the assemblage of elements (referred to as the quth element).

An expanded view of the basic cell located by the macrocoordinates x%, x4, x5 and
x5 is given in Fig. 3. The dimensions of the cell are defined by H,, H,, h; and h,. Local
coordinates [X5, X5(r = p;q,s = u,v)] are established on the centerline of each element.
The displacement of a point within an element is then a function of the macrocoordinates
(locating a point on the centerline), the local coordinates (locating the point relative to the
centerline), and the time parameter ¢.

To arrive at a first order approximate theory, the displacement field within each element
is expanded in a Taylor’s series about the centerline. The series is then truncated and the
first three terms of that series are retained, hence

us = (ud)*+ X0+ X395 = 1,2,3;rs = pu, pv, qu, qv) (1)

where (u‘})’s and ;] are functions of the macrocoordinates only. Conceptually, this ap-
proximation improves as the size of the element becomes small compared to the length
characterizing the deformation.
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Fi1G. 3. A portion of a basic cell of a two material composite.

As in the laminate theory [6], dynamic interaction between elements is ensured by
matching displacements at the interfaces between elements. For example, at the midpoint
of the interface between the puth and guth elements

utt =y . (2)

%8 =h, x9=—n,

x=0 x{=0
Substituting (1) into (2) results in
(@)™ (x 1, X5 +(hy +hy), X5, ) — (W))P(x1, x5, x5, 1)
(hy +hy)
he h,

u_+_ qu 3
h +h, hy+h, * h +h W3i—v5) 3)

Since a slowly varying displacement field has been assumed, the centerline displace-
ments of all four elements are approximately the same and may be described by a single
function uj.

(P~ P (™ = () = . @

In addition it may be assumed that

x5~ x§=x,

(5)

u b2 p—

xX§ x x§ =X,

since differences in the values of the functions ¥/} and u? between x5 and x% and between
x4 and x4} may be neglected. The displacement functlons u; ? and Y} may then be regarded
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as continuous functions of macrocoordinates, describing the deformation in corresponding
elements of every basic cell throughout the body.
With these assumptions, (3) may be replaced by the approximate condition
au;) pu qu .
E = mysi+nys (j=1223) (6a)
where n, = h,/(h, +h,) and n, = 1 —n,. Matching displacements at the midpoints of the
other interfaces results in 9 additional conditions.

6u;) o v

R ms;+nys; (6b)
2

ou’

_6x] = S+ &Y (6¢)
3

ou o w

PV RSNy (6d)
3

where &, = H,/(H, +H,)and ¢, = 1-¢,.
Other interface relationships are obtained by matching displacements at the common
juncture of the four elements. For example, setting

U s1= —p, = w20y, @)
X¢=H xXy=H,
results in
au? _ pu Oy & pu qu 8)
. = 8+ di+ H (Y5 — v (
2

Comparing (8) with (6a) leads directly to the relationship

Y55 = vf; (9a)
Similarly, equating u!* and %" at the point of common juncture leads to
55 =¥ (9b)

In light of (9a) and (9b) it is evident that (6¢c) and (6d) are equivalent.
The complete set of interface conditions is found through a similar process. The result
is a set of 18 independent conditions relating the displacement functions.

“?,2 = Y85+ n0%;
uds = &R+ &0

%u. —3 ‘3"‘.
Jj i
10
l//l’”. = 1//‘1”. (19)
3j 3j
qu __ /. qu
2j = V¥2j

Y5 =5
where u?, = dul/ox,, &, = H\/(H,+H,) and ¢, = 1—61..Since a linear displacement
distribution was assumed, matching displacements at two points of every interface ensures
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that displacements match everywhere along each interface. Treating u and y/7; as continuous
functions of the macrocoordinates ensures continuity of displacements within every basic
cell of the body. Finally, if differences in the value of Y] for adjacent cells are ignored, the
interface conditions (10) ensure matching of displacements between adjacent basic cells
throughout the body. With (10), the number of independent unknown functions may be
reduced from 27 to 9. For convenience u?, 54 and y§% were selected as the independent
set.

As in the laminate theory [6], Hamilton’s principle will be employed to derive equations
of motion and boundary conditions. Mathematically, this is expressed by

131 1
5f (T—W)dz+f SW,dt =0 (11)
to to

where T is the total kinetic energy, W is the total strain energy and W, is the work of the
external forces. § indicates the first variation of the quantities indicated where variations
are properly taken on the independent displacement functions u and y?.

Since each element of the basic cell obeys the laws of classical linear elasticity, the
strain energy per unit volume of the element is given by

W = Hs+ 2, ) (€51 + 655+ €53)
+ A (€01 65) + s+ €52655) + 2, () + 5+ 53) (12)

where 4, and g, are the Lamé constants for the material of the rs element and ¢} are the
strain components for that element. The strain components are given by

ey = Huf+ul) (13)

where u}* is given by (1). In (13), partial differentiation is properly done with respect to the
local coordinates: i.e. [d( )/dx,] means [d( )/0x%] and [é( )/0x;] means [d( )/0X5] [6].
The total strain energy of the rs element is obtained by integrating (12) over the volume

of the element
h H
Wi = f f f wrs dx5 dx5, dx,
xy v ~hv—H

- f Wedx,  (rs = pu, po, qu, qv). (14)

X1

The total strain energy of the basic cell is obtained by adding the strain energies of the
elements

weell — f (We+ Wer+ Wi+ W) dx, . (15)
Xy

Finally, the strain energy/unit cross sectional area is obtained by dividing (15) by the
cross sectional area of the cell.

WP WPo 4 W Wi
W, = ¢ ¢ ¢ ¢ |dx,. 16
¢ L[ HH,+H,)(h, +h,) ] X1 (16)

The integrand of (16) then represents the strain energy/unit volume of the basic cell and
hence of the composite body.
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Following Achenbach et al. [7] and Mindlin [12], strains and strain gradients are
defined as

(a) Gross strain:
e = Hudi+ul)  (j=1223)
{(b) Relative deformation:

i'EuQi— i =23,=1,2,3
v =Wy (=231 ) (17)

(c) Gradient of relative deformation:

Ouij = Vijk k=1i=23;j=123)

(d) Local deformation gradient:
Kiij = Viju k=1i=23;j=1273)

where the superscript pu has been dropped from the ;; terms for notational simplicity.
The computations indicated in (12)-(14) and (16) were carried out to calculate the strain
energy/unit volume of the cell, W, Using the interface conditions (10) to express Win terms
of the 9 independent displacement functions and subsequently the definitions of (17), the
strain energy per unit volume of the composite may be written as a quadratic form
W= Aijkze?jel?l + Bijkze?ﬂkt + Cijkl?ij?kl
+ Dijictmn i tmn + Eijiimn® i 5 Otmn + F iixtmn0i5Otmn (18)

where the non-zero constants are given as
Ariir = Azzan = Aszzs = AGua81+ Gz 8o + G &y +G i 5]
A2y = Apprr = Ayyaz = Asagy
= Ajyz33 = Aszzzy = %[lqunzél+iqv’12§2 + A1 &1+ 2116 5]
Aia12 = Agiin = Aiapr = A2121 = Aizns
= Ayjz31 = Az113 = Asizr = Az3na

= A3;5,3 = Az33; = 4323, = %[#qur’2€1+uqvn262 + Upull 1 &1+ 11 €]

Byray = Goi &1+ Go1 & — G i & — G &y

Bj33; = _unﬂzfx+un'72€1“Gpu’1161+Gpv'7161

Bi122 = B33z = g1 $1 Ao — 41181 — Apui

By13z = Byaaz = — A28 H A28 — A &1 + A &y

Biy21 = By1z1 = Byiys = Biyps = Au'qurllél+ﬂqv"1€2—lupunlél—lu'pvr’152
Bissy = Byizy = Biazy = Bazzn = —paMa8y +gMa8y — ol &+ 1yt i &4
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Ca222 = 7[Gaul 1+ Gool /M2 +(Gpuly + G ooyl

Ci333 = 3G+ G, )¢, +(qu’72+Gpv’11)é%/éZ]

Cs23> = Cayzy = l(ugutlz + 1p1)E1 + Wguta + 1yt )E1/E5)
Craz = Chypy = %[(:uquél +.uqvél)r,%/'12+(/‘tpuél+upv52)rll]
Cir332 = C3pp3 = %[.—#qu+#qv+ﬂpu—iupv]nlél

Cyz33 = Cy3p, = %[_iqu-"-)“qv—*_;“pu_;“pv]nlél

Dz = é[(unél + unéz)”lzhg +(Gpuél + Gpvfz)’hh%]
Di3143: = %[(unﬂz+Gpu'71)f1H%+(qu’72+Gpv711)sz§]
Dis3122 = Dya3i2s = 6l(1gls +.uq052)'72h§+(upuél+.upu§2)’71h%]

Di33132 = Dy33133 = %[(#quﬂz +#pu'71)51Hf+(.Uqu’12+#pv’11)sz§]

Eyzi121 = %[un@*‘unfz]h%
Ei31131 = %[un’l2+Gpu’71]H§
Ei3z132 = Ei33i3s = gz + o JH3
E 52122 = Eiz3123 = 3[tguls + #a2103

Fioar = #lGuéi + unéz]hg/ﬂz
Fiztia = 8lGot2 + G JH3/E,
Fiy2122 = Fia3i23 = $lugdy + 1,803/,
Fiszisz = Fiasiss = sttt +ipu JH3/E,

Guu = Agut 20,
Goo = Agot 20,
Gou = Aput2pp
G = Apot 2ty

As in the laminate theory [7], stresses are defined in terms of derivatives of the strain
energy density.

(a) Cauchy stress:

ow
T = T aeg (i,j ,2,3)
(b) Relative stress:
oW
O-ij: (122:3?]=1a2a3)

a?ij
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(c) Double stress:

oW
i 5’%’;
ow

Ykij = 25 (k=1;i=23;j=123) (19)
T 00y,

with these definitions and the quadratic form of (18), the variation of the total strain
energy may be computed. The procedure and results are described in [7].
An expression for the kinetic energy density is obtained in the same manner used to
compute the strain energy density
TH+TE+TE+TY

T — c c c c 20
4H, 1 Hy)(h + hy) (20)

where
H ph
T = f J %p,sugsu;s dx’, dx5.
-HJ—n
Pys 18 the density of the material of the rs element and &}° = duj*/0t. The resulting expression
for the kinetic energy of the composite is
T = M, udul + N0 up,
+ ijkl'//ijlj/kl_’_Qijklugj'»bkl 2y
where the non-zero constants are given by
My, = M,; = M3z = [(pgl 1+ 048202 +(ppuél +Ppufz)’11]/2
Ni212 = Njjzs = Nazzy = [pg8y +qu52]h§/6nz
Ni313 = Nj323 = N3zzz = [p,01, +Pqu"lz]H§/652
Pyi21 = Paszas = Przay = [(pgl 1+ paCanihi/ng, +(p 2 +Ppuf1)’11h2]/6
P3131 = P332 = Pazzy = [(pqur,2+ppur’1)élH2 (Ppu'11+/)qv'l2 )1H? 3/€,1/6
Q1221 = Q2222 = Q3223 = —[pgl1 +PuC21005/30,
Q1331 = Q2332 = Q3333 = _[va’h +qu’72]f1H2/3fz'

Again, the variation of the total kinetic energy is obtained as in [7].
Following Mindlin [12], the virtual work of the external forces is postulated as

oW, =f(fj5u})+F,-j5t//ij)dV
N

+ §pj6u}’ ds (22)
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where f;, F;;, t;, T,; are components of body forces/unit volume, body double forces/unit
volume, surface forces/unit area and surface double forces/unit area, respectively. Q; and
p; may be interpreted as linear combinations of surface double force components per unit
area. D is an operator, D = n,[d( )/0x,] and n, are components of the outward unit normal

to the bounding surface.
Applying Hamilton’s Principle then leads to the governing equations of motion and
boundary conditions for the theory.

In V:
Tt 00— Auiji— 2M ity

+2N gl e+ QoW i +f; = 0 (23a)
Hiije— Tiijie + 01— 2PrupijVnp — Qumificm + Fi; = 0 (23b)

onsS:

=T+ 04— Xuiju) — (Do )meng + Dy + (D) 24

+ ;= m2N it + Qi ) = 0 (24a)
=M (thhi;— xei) + Ty = 0 (24b)
— i+ Q; =0 (24c¢)

on C:
—[nke,,,.s,n,xk,-j] +p;=0 (25)

where D; = (8,;, —nn)[0( )/0x,] and e, is the alternator tensor. In (25) the brackets ([ ])
indicate the difference in the enclosed quantity as the bounding curve C is approached from
different sides. For a body with an edge this quantity will, in general, be non-zero. It is
evident that although the stresses, tractions, body forces, etc. of the present theory are
defined differently, the equations of motion and boundary conditions have the same form
as those of the laminate theory [7].

If all four elements are taken to be the same material and the limiting case H, - H, —
hy = h, > 0 is considered (while n,,n,, ¢,, £, remain bounded), the equations of motion
and boundary conditions return to those of classical linear elasticity. In that limit, the
motion of a point (basic cell) of the body is completely described by the gross displacement
u?.
’ If the gth row elements are taken to be one material and the pth row elements a dif-
ferent material, the theory describes a laminated composite. The theory is not the same
as that of [7], however, and is, in general, less accurate since displacements were approxi-
mated in both the x, and x; directions in the present paper. Only in the limitas H, - H, —
0 where &, and £, remain bounded, with

qu __ ,fqu __ ,jm
ij — ¥Yij — VYij

pu _ [ pv _ [ f
ij = ij'-'//ij

and for the case of plane strain in the x; direction (u3 = ¥,3 = Y33 = 0 and for no depen-
dence on the x; coordinate) are the theories the same.

In [9], an effective stiffness theory for layered composite cylinders was formulated in
terms of averaged stresses and moments of stresses. That study suggests a method for
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interpreting the stresses and double stresses of the present theory. The elastic strains for
each element may be calculated from (13). The stresses in the rs element may then be
calculated from the generalized Hooke’s law

O-:j = irse;iéij+2#rse;; (26)

where 4,, i, are the Lamé constants, J;; is the Kronecker delta and o7} are the stress
components for the rs element. Average stresses and moments of stresses may then be
defined.

g, a% dx dx

= 27
i 4(H1+H)(h +h2) @7
H h rs—r d—s
m2ij J. '[ % ak (28)
4H, +H )(h +h2)
5, = [Zuf2, ohj%s d5; dxy. )
4H,y+Hy)(hy +hy)
Using the constitutive relations (19), it follows that
T =1, = 6 +el +al+af
02j=—(0 .+ G ) — (655 +a%)
2
_ 51 =pv —qu
0'3,'—6—(0'3,'+03,) (6%5+0%)
2
(30)

= mbu mbv e qu
Myeiy = My + My + M+ MG
- i(——qu + L)
Xk2j = " Moy Moy
2

1 byl s pv
Y3y = é‘(mg':cj—i_mgkj)-
2

The interpretation of the indices of the double stresses as given by Mindlin [12] and
Achenbach et al. [7], is thus verified.
These relationships also make possible the interpretation of boundary conditions as
averaged forms of Cauchy’s law
tf =otn (31)

where t}, o?; are classical traction and stress components, respectively, and n; are compo-
nents of the outward unit normal to the bounding surface. For example, for a plane per-
perpendicular *o the x, axis [n = (1,0,0)], conditions (24a) and (24b) are non-trivial.
From (24b)

sz = "1(#121"%12,')
— Apu pv
4(H1+H2)h +h2)[” (of" X5+ ”,,,,(0* )

( f f (x4 f f (o*""xz))] (32)
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where ff, ()= [, [",( )dX5dx$ and (30) has been employed. Comparing (31) and
(32) suggests that

T, = (mg;+m5‘;)—3—;(m‘%‘}+m%’j (33)
where

[ P an as
2 HH,+H,)(hy+hy)

These relationships are the same as would be obtained using the smoothing relationship
established in [7]. Similar interpretations may be made for the other boundary conditions.

3. WAVE PROPAGATION PARALLEL TO FIBERS

An extended homogeneous body is non-dispersive. An extended composite body, on
the other hand, is inherently dispersive because of its internal structure. To investigate
this dispersion, we assume travelling waves

ud = C, explijﬁ(le—QVsz):l
(I=23m=123) (34
H

where K is the dimensionless wave number, Q the dimensionless frequency, ¥, the shear
velocity for the puth element (V2 = K Ppudr J =  —1and H is a length parameter.

H, = Hr,
h; = Hr;,,

b
Vin = J " exp[ﬁ(le—QVst)}

{i=12) (39

and r,,r,,r; and r, are dimensionless ratios. Substituting (34) into (23) results in four
sets of coupled algebraic equations in the amplitudes C,, and D,,,. The necessary and suffi-
cient condition for a nontrivial solution of each set of equations is that the determinant of
coefficients vanish identically.

The first set of equations describes longitudinal modes of motion consisting of a uniform
translation of an element cross section in the x; direction, coupled with lateral expansions
(contractions) of the section. The frequency determinant is given by

2(B,Q*—A4,K?) —-A.,K —A;sK
A K 2AA;, K>+ A4,—B,Q?) Ays =0 (36)
AsK Az 2(A11+A33K2—BSQZ)‘"
where
Abpy = Ay111 A3llupuH2 = Diy312:—E122122+Fi22122
Aottpy = Ci222 AzsppuH? = Di33133~Er33133+ F 133133
Ay fpy = Ci33s Blppu =M

Ay, = 2C;53;3 B4ppuH2 = Py33,
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Aahpy = —Bi122 BsppuH2 = P;333.
Ajshps = —Bi133

Numerical results obtained by expanding (36) are presented in Fig. 4.

I T I
-
, Bf/Hm =50
L = ] Pt/Pm =30 -
vE=vg =1/3
n=t =5
r3=4 r,=|
] 1 1 1 ]
K 2 | 0 | 2 3 «

FiG. 4. Frequency spectrum for longitudinal motion.

The second and third sets of equations describe flexural motion consisting of a uniform
lateral translation of a section coupled with a rotation about the local axis. For flexure
about the X5 axis, the frequency equation is

2(BIQZ—A24K2) —A;3,K _o 37
A37K 2(A30+A10K2_B4QZ)
where
A24.upu = Ajz12 A30.upu = Cj323

—_ 2 _ _
Asvﬂpu = — B3, A1oﬂpuH =Dt~ Eniiai 2012

Numerical results for flexure are given in Fig. 5.
The fourth set of equations describes torsional motion of an element. The frequency

equation is
Aza 2(A3;+A33K? — BsQ?) -0 (38)
2(A30+ A3, K* —B,QY) Asa

where

A34ﬂpu = 2C;33; Aazﬂpu = C3,33.

Dispersion results for torsional motion are presented in Fig. 6.

In Figs. 4-6, a cross sectional view of a typical basic cell is depicted in the legend. The
quth element was taken as the fiber element, while the remaining three elements were
assigned the properties of the matrix. Frequency values corresponding to real values of
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F1G. 6. Frequency spectra for torsional motion.

the wave number (K axis) lie to the right of the origin, while imaginary values of wave
number (jK axis) lie to the left. The shear moduli, mass densities, and Poisson’s ratios of
the fiber and matrix are designated by u,, p,, v, and p,, Pp, Vi, TESPECtively.

Symmetry considerations dictate that the motion in all basic cells of an extended,
periodic, filamentary composite is the same. Hence, it may be anticipated that the frequency
spectra resulting from the expansion of (36)38) should resemble the corresponding
spectra for traction free bars, especially when the fiber element is much stiffer than the
surrounding matrix.

Typical results for longitudinal motion (Fig. 4), are dispersive and strongly resemble
those for rectangular bars [13]. Calculations were carried out for several values of the
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stiffness ratio (u,/,), Poisson’s ratio (v,) and for several element geometries. Larger
stiffness ratios resulted in increased dispersion. Results were also affected by changes in
geometry, depending not only on the amount of fiber present, but also on the precise
geometric configuration. The dispersion curves showed little sensitivity to changes in
Poisson’s ratio.

Frequency spectra for flexural motion generally show the same sensitivity to material
and geometric parameters described above. Typical results for two values of the stiffness
ratio, p/u,,, are depicted in Fig. 5. The dispersive character of the lower branch increases
as the stiffness ratio is increased. In the limiting case (u,/u,, — 0), the slope of the lower
branch approaches zero at vanishing wave number and looping between the first and
second branches in the imaginary plane occurs. In this limit, the behavior strongly re-
sembles that of bar theories [14].

Results for torsional motion for two values of the stiffness ratio, u,/u,,, are given in
Fig. 6. As in the case of flexural motion, the dispersion curves for torsion more closely
resemble results for free bars [15] when the ratio of stiffness is increased. The behavior for
variations of the other material and geometric parameters is the same as described for
longitudinal motion.

4. WAVE PROPAGATION PERPENDICULAR TO FIBERS

The propagation of waves perpendicular to the fiber orientation may be studied by
assuming displacements of the form

| (u}, ¥i5) = (4, Bj) exp [%(Kxa - QVst)]- (39)

The equations of motion again separate into four sets of coupled equations, three of which
are dispersive. The nondispersive motion is that associated with the y,, displacement
function. For that mode, the cross section of each element rotates about an axis parallel
to the direction of propagation.

| | 1
Q
3+ —
2+ —
| - -
me/ pm =20.0
K1 prt/pm= 3.0
| 1 | wve=174 vy=1/3
n=2 r=3
r3=2 rg=1
1 1 L
0 | 2 3 K

F1G. 7. Frequency spectrum for wave propagation perpendicular to fibers.



1404 RODNEY A. BARTHOLOMEW and PETER J. TORVIK

Numerical results were obtained for the set of equations which describe a uniform
translation of an element section in the x5 direction coupled with thickness stretch motions.
The resulting dispersion relationship is shown in Fig. 7. There are substantial differences
between this spectrum and those shown earlier. Stopping bands characteristics of waves
in periodic media [16] are evident. In addition, all branches rapidly approach zero group
velocity asymptotically. However, since the theory, by its very construction, was designed
to describe motion parallel to the fiber, these results should be regarded as valid over a
limited range of wave numbers.

5. SUMMARY AND CONCLUSIONS

In the present paper, a first order theory for wave propagation in a unidirectional,
filamentary composite was developed. It was demonstrated that the theory predicts
dispersion of elastic waves propagating parallel to the fiber orientation and that the
frequency spectra for these motions resemble results obtained from bar theories. For the
case investigated, wave motion perpendicular to the fiber orientation was also dispersive
and exhibited stopping bands typical of periodic media.

As in the laminate theory upon which the present study was based, it is anticipated
that the addition of adjustment factors in the strain energy should improve these results.
It may also be desirable to include higher order terms in the displacement expansions (1).
Results for both the laminate theory and for bar theories indicate that this may be the case.
Such judgements await sufficient experimental data since no exact elasticity solutions
exist for comparison purposes. The uncorrected theory presented herein should serve as a.
foundation upon which a more accurate and complete theory may be built.
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AbeTpakr—Onpeaenserca npubankKendHas Teopus NEPBOro MOPAAKA AAN PACMPOCTPAHEHMA YIPYrOi
BOJIHBl B OAHOHARNPABJICHHLIX, HUTEOOPa3HbBIX, COCTABHBIX MATEpHANax. YUYUTHIBAIOTCH YDABHCHMS ABHXK-~
C€HHS RIS HAMPSOKEHu, TPAHMYHBIC YCIOBHA M KOHCTHTYTHBHBIC 3asucuMocT#. [lis BOMH, pacmpoct-
PaHAIOIKUXCS MAPAJINENIBHO K HANPAaBACHHK) BOJIOKHA B PACTATMBAIOUIEH cpelie, OBHXKEHHE OKA3biBAETCH
Tpex pa3lHbiX THUMOB: NMPOAOABHOE, U3rHOHOE M KPYTHILHOE. Bce ABHXEHMA ABNMOTCA C PACCEAHUEM M
YYBCTBHMTENIbHBIE K 3MEHAM XECTKOCTH U FEOMETPHM OTHOCHTENBHOTO Matepuana. [Ina pacnpocrpaHenus
MEPHEHANKYIAPHOTO K HATIPABICHHIO BOIOKHA, JIBMIKEHUE €CTh C pacceaunem . CHexTpbl YacTOThl yKAILIBAKOT
TIONOCH! OCTAHOBKM, THITHYHDBIE [N MEPHOAMMECKHX CpeA.



