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Abstract—Wave propagation in an inhomogeneous elastic rod or slab is considered. The
governing equations are written in a matrix form and transformations are sought which reduce
the system to a form associated with the wave equation. Integration of the system is then
immediate. It is shown that such reduction may be achieved subject to a function involving the
density and elastic parameters of the material adopting certain muiti-parameter forms. These
parameters are available for fitting to the behaviour of a variety of inhomogeneous elastic
materials. A specific initial boundary value problem is solved by utilising the present method.

1. INTRODUCTION

One-dimensional wave propagation in an inhomogeneous elastic material has been investi-
gated by Payton [1], and Eason [2]. In the latter paper, the elastic parameters were assumed
to depend on one spatial co-ordinate alone; the stress and displacement components were
taken to be dependent on this space co-ordinate and time. It was shown that both for
longitudinal wave propagation in a rod and also for the propagation of shear waves under
conditions of cylindrical or spherical symmetry, the basic equations reduce to the wave
equation with variable wave speed. The latter equation has been discussed by various
authors in connection with other physical situations (see [3--5]). Here, a novel approach is
adopted in which matrix transformations are generated which reduce the equation to the
conventional wave equation. Consequences of this reduction are then developed.

2. THE GOVERNING EQUATIONS

Wave propagation along an inhomogeneous elastic rod or in an inhomogeneous elastic
slab is considered. The relevant stress-strain relation is

o=t cu 2.1
Tt ex D
where x is the space co-ordinate measured along the rod, ¢ is the stress and u is the dis-
placement; here £ = E in the case of the rod and £ = 4 + 2u for wave propagation in a slab
(E is Young’s modulus, A and 4 are the Lamé constants). In the absence of body forces, the

equation of motion becomes

do _ 02u 55
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where p is the density of the medium, and ¢ denotes time. It is here assumed that both p and
E are independent of t. Combination of (2.1) and (2.2) yields

G, (: 6u) _ o*u )
ax\"ax) TP e (2.3)
If the independent variable x is now changed according to the transformation
y={ (o) ax (2.4)
(2.3) becomes
] 1, OU 0*u
— 2" =~ L,
5 w2 - o 25
In (2.4), x, is a convariant reference co-ordinate. Introduction of ¢ and v defined by
ou ou
= 12 —_ = —,
e= (O v=g 2.6)
now provides a convenient matrix system descriptive of the wave propagation, namely
Q, = HQ,, 2.7
where subscripts denote partial derivatives and the matrices are defined by
3 0 K2
Q= (v)’ H = (K"”z 0 ), K =pE. (2.8)

3. THE MATRIX TRANSFORMATIONS
Matrix transformations of the form

Q, =AQ,+ BQ, |A] #0, 3.1
Q, =A4Q, + B, |4] #0, (3.2)
VY =y, t =t (3.3)

are now introduced where 4, B, 4, B are, in turn, 2 x 2 matrices [g}], [5}], [d}], [6}]4,/ = 1,2
with entries functions of y. Transformations of this type are sought which transform

Q,=HQ,— Q. =H'Q,, (3.4)

where H is defined by (2.8), and H' adopts a form associated with the wave equation,

namely
, {01
H = (1 0)' (3.5

Transformations of the form (3.1-3.3) were first introduced by Loewner [6] in connection
with the reduction to canonical form of the hodograph equations in subsonic, transonic
and supersonic flow It emerges that reduction may be achieved subject to the real gas
pressure-density relation being approximated by certain multi-parameter forms. Various
important approximations of gasdynamics such as the well-known Karman-Tsien relation
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may be extracted as particular cases of the theory. In analogous fashion, in this paper, it is
shown that reduction of the system (2.7) to one associated with the wave equation may be
made provided p¢ can be approximated by certain forms,

It is assumed that ¢, v, &', ¢ have continuous mixed second order derivatives with respect
to the independent variables y, t so that the commutativity conditions

Q,=0Q,, Q.,=Q.. (3.6), 3.7)
obtain. Thus, employing these conditions and the relations (3.1-3.3) it is seen that
(4 - A9, - B, +(B-4)Q,-B,Q=0. (3.8)
Since Q, = HQ,, (3.8) is identically satisfied by setting
A=A, (3.9)
-BH+(B-A4) =0, (3.10)
B,=0. (3.11)
Returning to (3.1) and (3.2), it follows that, if 4 is non-singular
Q, ~ HQ, = A[Q, — A" 'H'AQ,] + (B — H'B)Q, (3.12)
whence, setting
A'HA=H, B=HS, (3.13), (3.14)

the system Q, = HQ, is transformed to the associated system Q' = H'Q', and conversely
via the transformations (3.1-3.3) subject to the conditions (3.9-3.14) prevailing. Thus the
transformation (3.4) is achieved via the relations

Q, =4Q, + H'BQ, (3.15)
Q;, = AQ, + BO, (3.16)

where B is a constant matrix and
A,-HB+BA'Hi=o0. (317

It is now necessary to specialise the matrix 4 = 4 so that the property of zero diagonal
glemgnts i§ preserved under the ma.?pingH — H'.From (3.13) it is clear that this property is
invariant if (but not only if) 4 = 4 adopts the diagonal form

al 0
A= (ol a%), (3.18)
in which case
- -1 __ 0 a} h; ag
H = AHA ' = (aghfa} o ) (3.19)
while (3.17) yields
(ad), = hy'b% + h¥'bi(aljad) = o, (3.20)

(a3), — hi'b; + hy'b3(a3/al) = 0. (3.21)
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Combination of equations (3.20) and'(3.21) shows that
det 4 = ala? = constant = 1, 1 # 0, (3.22)

whence, the system may be reduced to a single Riccati equation in a} or @?. In particular,
the Riccati equation in af is, on setting 4} = 4% =1,

(a{)y+a(ai)2 +p=0, (a=b%it, f=—b}) (3.23)
Thus,
(@ If =0,
ai = 1/(ay + ),
(b) Ifo =0,

ay = =By +34,
(© If Bja >0,
a; = (Blm)'"? cot{(Bla)**(ay +{)}.
(d) If Bl <0
a; = (—p/o)'/? tanh{(— f/a)'*(ay + n)}

where 8, ¢, {, n are arbitrary constants of integration.
Now, since

K = (a/a})* = A*/(a})*,

it is seen that reduction of the system (2.8) to one associated with the wave equation may be
made provided K = p¢ adopts one of the forms

@ Aoy +el*  (b) 2/[-By + 5T,
(©) (Po?[B)tan*{(Bfa)' P(ay + O} (d) (A%a®/B*)coth*{(— By *(ay + n)}.

4. INTEGRATION OF THE BASIC EQUATIONS

The matrix transformations (3.16) now yield
g\ _ (a1 O0\(e + bi 0)(e
v, a3)\v), " \0 b3)\0)°
€\ _ (a1 0)\/[e +(° b3\ (e @.1)
o), \0 a2J\v),  \bl 0]\’

y =yt =t

<

where al adopts one of the forms (a-d) of the preceding section, a3 = A/a} and b}, b3 are
constants. The cases (a-d) are now investigated in turn.

(a)
The system (4.1) gives

e, =[A(b3y + i)le,, & =[A/(B3y + Ae)le, + b3 v, 4.2)
v, = [b}y + Aelv, + b3, v, = (b%y + Ae)y,. 4.3)
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The relations (4.3) provide
v =(b3y + Ao,

so that

v =(b3y + 2e) '[H(E) + J(D)], 4.4
where H, J are arbitrary functions of &, #j respectively with

E=0+02, g=0@-12 (4.5), (4.6)

Moreover, equations (4.2) show that
g =3HE@Q) -J@M)L & =3HE® +J @]
whence
¢ = H() — J(@),

so that, employing (4.2),

e, =403 y + )i [H'(E) — J' ()],

& = 3(b3y + AATH'(E) + I ()] ~ b3 A7 [H(E) + I (@)
Integration of the latter pair of relations gives

8 =B34 + 7+ ebBHE) - I - 2([ HO aE - [J an)]. @)
Thus, when the product p& takes the form
pt=2%ay +el*,  (a=b347Y,

the system (2.8) may be integrated to provide the expressions (4.7) and (4.4) for ¢ and »

respectively.
(b)
In this case, from (4.1),
g, = (biy + 8), + bie, g = (biy + &), (4.8)
v, = [A/(b1y + Oy, v = [/(b1y + &), + bie. (4.9)

Integration of the relations (4.8) yields
¢ = (b1y + de,
whence
& =(biy + &) [F() + G{)), (4.10)
where F, G are arbitrary functions of their indicated arguments. Further, from (4.9),
v, = [A/(biy + 8)Jv, = [bly + d]e, = 4[F'(§) — G'()],
v; = [A/(biy + &)lv, + bie = [biy + dle, + bie = 3[F'(§) + G'()],
so that
v' = F(§) — G(@),
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and
vy =3(biy + DATF(E) — G ()], (4.10)
v, = 3(b1y + O)AT'F(E) + G'(M)] — biA7'[F(O) + G@)). (4.12)
In terms of the variables &, 7, equations (4.11) and (4.12) may be written in the form
vg = [b1(€ + ) + 8127 F'(&) — biAT ' [F(O) + G()],
vy = —[bi(€ + 7)) + S12T'G'(\) + bIAT[F() + G()],

whence, on integration,

v = bl (€ + 7+ SBHIFE) - 6@ - 2{[ FOdE - [eman]]  @13)
Consequently, it is seen that, when p¢ adopts the form
p& =23[~py + 31, (B=-bY),

the system (2.8) integrates the expressions for ¢ and v being given by (4.10) and (4.13) res-
pectively.
(©

If L(¥) and M(5j) are arbitrary functions of their respective arguments,
e =L@+ M@, V=L M@
and the relations (4.1) provide, in this case
L) + M'(] = aje, + bie = ajv, + bie,
& = 4[L'(&) — M'()] = ado, + bjv = ale, + blv,

i

’
8)’

whence,
% & cos{(B/a) 2 (ay + O] = Ho/B)' 2 [L'(E) + M ()] sin{(B/w)' *(ay + &)},  (4.14)
and

56} [v sin{(B/a)**(ay + E} = (B/e) >4 [L'(€) — M (7)) cos{(Ba)*(xy + O} (4.15)

On integration, (4.14) and (4.15) yield
& = (o/B)'*[(L(E) + M(%)) tan{(B/a)' *(ay + )} —

— (2f)*/* sec{(B/o)'*(ay + O)} f (L&) + M) cos{(Blo)*(ay + O} dy] +

+ Ty(1) sec{(B/a)' *(ay + O}, (4.16)
v = (BJa) 24~ (L&) — M) cot{(B/a)!*(ay + D)} +

+ (@) cosecf(Bja)"(ay + O} [ (L(E) — M) sinf(B/2)**(ay + 1)} dy]

+ T,(f) cosec{(B/x)"/*(ay + O)}, (4.17)
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where T,, T, are functions of t. Moreover, the relations

g, = [A@)Tv,, v, =[(a)?/2ke,,
show that
Ty =&'PB732T;, T = -7 12T,

whence, since a8 > 0 in this case,

T,(f) = A cos[(xf)*/%t] + B sin[(ap)*/*t], (4.18)
T,(1) = A7 (Bla){4 sin[(«f)'/*t] ~ B cos[(ap)'/*11}, (4.19)
where A4, B are arbitrary constants of integration.
(d)Setting

¢ =P&)+ 0@, v =P -0,

by virtue of the relations (4.1),
7]
> [e sinh{(— B/0)!/*(ey + 7)}] = 3(—a/B)'[P'(§) + Q'(M)] cosh{(~ B/e)'/*(ay + 1)}

% [ coshi{(~ Bja)'*(ay + M} =447 (—o/B)"*[P'() — Q'(M)] sinh{(— pja)'*(ay + 7)}.
On integration, it is seen that
& = (~a/B)!"*[(P(E) + Q) coth{(— B/a)*/*(ay + )} —
— (—ap)!/? cosech{(— By *(ay + v)}f(P(f) + Q) sinh{(~ B/a)!*(ay + y)} dy) +
+ T5(f) cosech{(— Bfa)' *(ay + 7)), (4.20)
v =(=a/f)"*A7 [(P() — Q) tanh{(—B/o)'*(ay + y)} —

— (—af)!’? sech{(~ Bfa)! *(ay + v)}f(P(f) ~ QM) cosh{(~ B/a)"*(ay + v)} dy] +

+ T,(1) sech{(— B/)"*(ay + 7)}. (42D
The relations

g =A@V, v, =[(a})*/A)e.,
further show that
Ty = C cosh[(—ap)'/?t] + D sinh[(~af)V/?t], (4.22)
Ty = — A7 (Bla){C sinh[(~aB)"/*t] + D cosh[(—ap)*/1]}, (4.23)

where C, D are constants of integration.
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5. WAVE PROPAGATION IN A SEMI-INFINITE ROD

The application of the preceding work to a specific problem involving wave propagation
in an inhomogeneous semi-infinite rod is now considered. The semi-infinite rod x > x, is
subjected to the displacement

u=H(t) at x=x,, (5.1

where H(?) is the step function. We suppose the density p and Young’s modulus ¢ = E adopt
the respective forms

E = Ey\(1 + x)", (5.2)
p = po(l +x)" (5.3)

where m = +2 and E, and p, are constants. Then, using (2.4),
¥ = (po/Eo)'*(x — Xo). (5.4)

We consider the case m =2 and m = —2 separately.
When m = 2 it is seen that pE adopts the form associated with case (@), where

o= (Eo/Po)I/z, e=1+x, A=(E, Po)l/z- (3.5)

Now in this case ¢ and v are given by (4.7) and (4.4) respectively and these equations may
be readily integrated to give the displacement in the form

u=2"Yay + &) [V + W] (5.6)
where
V(&) = 2H(), W) = —2J@). (5.7)

Recalling that & = (y + 1)/2 and # = (y — 1)/2, it follows that an appropriate choice of
V(&) and W(H) is
V&) =0, W) = AeH(~27). (5.8)

Thus, substitution into (5.6) shows that, on employing (5.4) and (5.5),

I+ x4
= H(7), 59
“ | +x ®© (>9)
where
o 1/2
T=-2=1t— (—0) (x — xq)- (5.10)
E,

Thus, when the material parameters £ and p increase with x according to (5.2)and (5.'3) (with
m = 2), it is apparent that the pulse propagates with constant speed. Also, the amplitude of

the displacement given by (5.9) tends to zero as x — oC.
When m = —2pE adopts the form associated with case (b), where

B = ”‘(Eo//’o)l/z’ 0=1+x, A= (Eopo)1/2~ (5.1D
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Integrating (4.10) and (4.13) we obtain an expression for the displacement which can be
written in the form

= 37 {BHE + 1)+ SME + NG — 261 [ M) &€ - 261 [ NG 7], 512

where
M'(& =2F(), N = 2G(®). (5.13)
For the problem considered in this section the appropriate choice M(&) and N(#) is
M(&) =0, NG = A8~ ! exp(2b1i/0)H(—27). 5.19
Hence, substituting (5.14) in (5.12) and using (5.11), we obtain
w= {1+ T2 el c(Eolpo) I HE). (5.19)

Thus, when the material parameters E and p decrease with x according to (5.2) and (5.3)
(with m = —2), the pulse propagates with constant speed. Also the amplitude of the dis-
placement at x = x, > x, decreases from (1 + x,)/(1 + x;) at ¢ = (pg/Ep)'"*(x; ~ X¢) to
unity as t — .

Finally, it should be noted that the assumption that the rod is semi-infinite leads to the
solutions having some features which are unsatisfactory from a physical viewpoint. However
the solutions can certainly be regarded as giving a satisfactory description of the first stages
in the propagation of waves along a finite rod.
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N
OrALOR

PesoMe — PaccMaTpHBAIOT PACOPOCTPAHEHHE BOIHE! B HEGHHOPOMHOM 3/TACTHIHOM CTEDIKHE
WM rockolt wiactyuse. Onpefesione YpaBHEHNS 3AACHIBAIOT B BUAe TAGNIMULI M HIOyT
rnpeoBpa3oBaHus, KOTOPHe IPHBEAYT cHCTEMy K GOPMe CBA3AHHOM ¢ ypaBHeHAeM BOJHLL
VIRTerpupOoBaHMe CHCTEMBI TOTAA IPOUCXOANT HeMeAleHHoe. BLIsSCHEHO, YTO Takoe npeobpa-
30BaHHe BOZMOXHO NPH YCHOBHH, YTO YHKIHNS, BKIIOYAIOWIAS ApaMeTPhi MIOTHOCTH M
3/IACTHYHOCTH MaTepHalia TIPUMET OnpefclieHHbie MHOTONAPAMETPHYECKHe (POpMBL DTH
napaMeTphl HOAXOAAT IO OTHOLUEHHKY K MOBEACHHIO PA3IHBIX HEONHOPONHEIX SNACTHYHLIX
Marepyanos. ITpH HOMOIIKM HACTOSMIEr0 METOHA PelliaeTcs BONPOC CrielM(HIEecKoro HCXoI-
HOTO FPAHYYHOTO 3HAYEHUS,
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