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Abstract—The propagation of shock waves into semi-infinite viscoelastic rods is studied. The particle velocity
behind the wave front is expanded in a Taylor series about the front. Conditions under which a wave front is
stable to small disturbances are discussed ; and, when the front is stable, it is shown how the theory of propagating
surfaces of discontinuity can be used to find the partial derivative terms and the time of arrival function appearing
in the series when the material ahead of the front is undisturbed. The series is valid as long as the first order wave
front remains stable and as long as other shock waves do not form behind the original one. A single integral,
nonlinear constitutive equation, which characterizes the response of many elastomers, is used to illustrate the
application of the theory.

1. INTRODUCTION

Quire a number of investigators have looked at wave propagation in nonlinear viscoelastic
materials,} but in most cases attempts were not made to find general closed form solutions.
One exception to thisis the work of Achenbach and Reddy [2], who used a wave front Taylor
expansion, in conjunction with the theory of propagating surfaces of discontinuity, to look
at acceleration and higher order shear waves propagating into an initially undisturbed
nonlinear viscoelastic material characterized by a second order multiple integral constitu-
tive equation.

Among those who have looked at shock waves} in viscoelastic materials are Coleman
et al. [3], Achenbach et al. (6], Coleman and Gurtin [7], Pipkin {4], Greenberg [8] and
Waterston {9]. Although solutions are presented in [4, 8], they are only for steady motion
in media of infinite extent; boundary conditions necessary to generate the rigid wave
form solutions found are, of course, not mentioned. In none of the references [3, 4, 6-9]
is the wave front expansion approach of [1,2] used; and, in contrast to shock studies
[3, 4, 6~9], we develop a method of solution for unsteady motion.

In this paper we investigate uniaxial, isothermal shock fronts propagating in rods which,
to avoid the problem of reflection, are assumed to be semi-infinite. The rods are made of a
material having a constitutive equation that is included in the portion of Schapery’s single

1 Our designation "noniinear” does not include the semilinear materials considered by Lubliner and Secor[1].

1 Although some authors [3, 4] call the first order waves occurring in linear viscoelasticity shock waves, we
shall call a first order wave front a shock only when the magnitude of its speed of propagation is greater than
the magnitude of the sound speed just ahead of it and less than the magnitude of the sound speed just behind it.
This identification agrees with that given in [5] for ideal fluids, and it precludes shock waves from occurring in
linear or semilinear materials since first order waves and sound waves in these types of materials have a common
speed of propagation.
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integral constitutive theory that is described in [10]. The nonlinearity of the material is
associated with both the entropy production and free energy and appears in the constitutive
equation as a strain dependent stiffening or softening factor but does not alter the time
scale. The constitutive equation was selected because it is comparatively simple and yet
realistic. We emphasize, though, that uniaxial wave propagation in materials having
considerably more general isothermal constitutive equations from Schapery’s theory can
be analyzed with virtually no additional analytical difficulties. In fact, the method can also
be applied when the multiple integral theory of Green and Rivlin [11}and Green et al. [12] is
used. For this theory, however, the work involved in applying the method increases con-
siderably as the number of multiple integral terms in the expansion increases.

In Section 2 we state the uniaxial assumptions and mention the Lagrangian representa-
tion to be used.

Two different definitions of the jump operator are given in Section 3, and in Section 4 it is
shown that two particular wave front Taylor expansions lead quite naturally to these
different definitions for the jump. One of the expansions developed in Section 4 has been
considered by Reiss [13] and is a generalization of the expansions used in [1, 2]. The expan-
sions in [1, 2] are for a constant wave speed and, hence, a predetermined time of arrival
function. The time of arrival for a shock wave, however, depends upon the boundary condi-
tions and is not in general known a priori.

Propagating discontinuity equations corresponding to kinematic compatibility,
balance of momentum, and the constitutive equation are given in Section 5.

In Section 6 we find the Lagrangian speed of both a first order wave and a sound wave ; in
Section 7 we discuss the conditions under which a first order wave front is stable to small
disturbances and use the results of Section 6 to find stability criteria for a first order wave
propagating into an initially undisturbed material.

Section 8 is used to develop a method to obtain the unknown functions appearing in a
wave front Taylor expansion when the material ahead of the front is undisturbed. For
definiteness, it is assumed that the particle velocity at the end of the rod, rather than the
stress, is specified. It is found that, for a Neohookean type material, the wave front speed
can be found as an explicit function of the jump in the particle velocity. The special case of a
constant wave front speed is also discussed, and it is noted that the solution for a shock wave
cannot be directly reduced to that for an acceleration wave in a nonlinear material or to
that for a first order wave in a linear material.

Limitations of the wave front expansion approach are discussed in Section 9.

2. THE UNIAXIAL ASSUMPTION

The specimen that we shall consider is a cylindrical semi-infinite rod which is homogen-
eous in its undisturbed (unstressed and unstrained) state. It is assumed that the end of the
rod is set in motion at time ¢ = 0, and that prior tot = 0 the rod is undisturbed. The positive
X axis of a rectangular cartesian coordinate system X—Y-Z is aligned along the rod such
that, prior to t = 0, the origin coincides with the plane of the end of the rod. As is often the
case in investigating wave motion in rods, it is assumed that the motion of all particles
in the rod is one dimensional so that all cross sections remain plane and do not rotate for
all time t. Every cross section is given a label X, the Lagrangian coordinate, that, before
the wave front arrives at the cross section, is equal to the Eulerian coordinate x of the
section. Since the Lagrangian rather than the Eulerian viewpoint is used, the independent
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variables are X and ¢ rather than x and ¢; the displacement u is therefore written as

u=x(X,t)— X. (1)

3. JUMP OPERATORS

A fundamental idea in the theory of singular surfaces is the jump in a function. For one
dimensional wave propagation, the jump can be defined in terms of the Lagrangian position
X. time t, or in terms of some function of X and ¢, such as a characteristic variable [14]. In the
next section, we shall develop two different wave front expansions ; they will require that we
know the jump in a function both as a function of X and as a function of ¢, and so in this
section we shall define the jump in these two ways.

Suppose that a wave front arrives at the position X at time T(X). Then the jump [f]ina
function f(X, t) is

Lf] = f(X)— fAX), (2a)
where
fX) = lim (X0 (20)
flX)= lm f(X,?). (2¢)
t—T(X)~

When using definition (2), we assume that the Lagrangian velocity of the wave front
does not vanish for any finite interval of time, for if this were the case, X would be constant
during this time interval, and this would automatically imply a constant value of [ f].

In (2) the jump is considered to be a function of position, but it can also be written as a
function of time [3, 6, 7]. Let N(t) be the Lagrangian position of the wave front at time ¢.
Then

(f1=1O—-1.0, (3a)

where
o= lim [(X.0 (3b)
fat) = xliﬁ?)+ f(X,0). (3¢)

Note that, according to definition (3), the Lagrangian velocity of the wave front may
vanish for some finite interval of time without forcing [ f] to be constant during this interval.

4. TAYLOR EXPANSIONS

If we regard the particle velocity v, defined as

Ju
b= (E) . @
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to be a function of the two variables X and ¢, then the Taylor expansion about the Lag-
rangian position X, and time ¢, for the velocity is

X, t)*b(XasioH (Xosio)(X Xo)+ (Xe,io)(f to)+ ... )

Now it is desired to choose X, and t, so that the partial derivative terms in (5) are
evaluated just behind the wave front and thus become propagating discontinuities. One
way to do this is to let

X, - X", t, — T(X)™ . (6

Then, according to definition {2b}, series (5) becomes the wave front expansion

0 k.
WX, 0= 3 ;},-(5 ”) X)(t— TN ™

oy
= k],

Series (7) has been given by Reiss [13] in his investigation of one dimensional waves in
inhomogeneous elastic materials.

Another way to evaluate the partial derivative terms in (5) just behind the wave front
is to let

Xo - N@O™, to—1t" 8)

Then, according to definition (3b), series (5) becomes the wave front expansion

© 1 ak
uX, 1) = Z kt( an) O(X — N )

By considering v to be a function of variables other than X and ¢, other series can be
developed in which the partial derivative terms of the series are propagating discontinuities.
For example, we could consider v to be a function of the characteristic variables of the
problem [5], say @ and §. Then by expanding v about a4 and §, and by properly choosing
oo and By, expansions other than (7) and (9) can be obtained. Such characteristic expansions
are most simple for the case of propagation in linear and semilinear viscoelastic materials,
where the Lagrangian first order wave front and sound speeds are constant, and where the
characteristic variables can therefore be determined independently of the boundary
conditions of the problem [14].

Having developed two different series which are not mutually exclusive brings up an
important question ; namely, given a choice of series, which one should be selected? In our
work, (7) is chosen because it is easier to relate the initial values of the partial derivatives
in (7) to the boundary condition than is the case with (9), and also because the series used
in 1,2, 13, 15-17] are of the same type as (7), and so (7) is most convenient for comparison
purposes. A better selection criterion, however, might be convergence. If either of the series
(7) or (9) should, for a particular problem, converge appreciably faster than the other, this
could be an important advantage. We shall not investigate convergence in the present study,
however.
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5. JUMP EQUATIONS

Kinematic compatibility
As a first step in deriving governing equations for the unknown partial derivatives
appearing in series (7), we shall develop some kinematic results. Thomas [18] calls the

equation
of
—{f] [ ] C[ax] (10a)

where the Lagrangian wave speed C is defined by

dN
C=—,
" {10b)
a kinematic condition of compatibility of the first order for the function f. A relationship
which is similar to (10) but which we shall find more convenient to use is

¢S = [af ]+c[af ] (1)

Some important equations which can be found from (11) and which will be used in
later work will now be developed,
The compatibility condition (11) along with definition {4), the definition of engineering

strain
g = (%}), (12)
and the continuity condition
fu] =0, (13)
give
1
le] = — &Ml (14a)

In addition, (11) along with (4), (12) and (13) gives
e d ot v
[ﬁ:‘ dX[ = 1} C[E{"] ; k=1,2,3,.... (14b)
In {14) we have divided by C and so implicitly assumed that
C #0. (15)

Balance of momentum
Balance of momentum for a propagating discontinuity implies that [18]

[o] = —pClv] (16a)

e v
[@] = P[m]; k=1,23,..., (16b)
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where o is the engineering stress; that is, force per unit undisturbed cross-sectional area,
and p is the mass density of the undisturbed material.

Some results that will be used in later work will now be derived by combining the
momentum results (16) with the compatibility equation (11). Applying (11) to the engineering

stress o gives
do d do
%] el | 7]} w

Using (16a) and, for k = 1, (16b) in this last result gives

d ov
[%‘;] = —pc(ﬁ,-(C[v]H [6—;]) (18)
Similarly, one can show that
Pa df d d | [a]) [o%
(5] = refaxledvenn) vzl 2] + %) w

Expressions for the jump in higher order time derivatives of ¢ should be apparent after
looking at (16a), (18) and (19).

Constitutive equation
A special uniaxial isothermal constitutive equation, taken from Schapery’s thermo-
dynamic constitutive theory [10], is

1
o = ap(s)(Eos-i» f E(t—1)e(X, t)dt'|, (20a)

0

where
_ __ ) material property function that satisfies

ar = arle) “{the relations ag(¢) > 0 and a.(0) = 1 (20b)
E = E@) :{umax;a) rf;lfaxanon modulus of linear (20¢)

viscoelasticity
E, = E(0) {20d)

dE

E =+ (20e)

By setting a, = 1 in (20a), the uniaxial isothermal constitutive equation for linear visco-
elasticity is obtained. Thus the function a, which in (20a) is associated with both the free
energy of the material and the entropy production [10], acts as a strain dependent stiffening
or softening factor. A great deal of relaxation and constant strain rate data for unfilled
amorphous polymers, some of which can be found in [19-21], is in agreement with (20a).

Perhaps a better understanding of the role of g, in (20a) can be obtained by actually
finding a4, for a material whose isothermal equilibrium behavior is Neohookean. For such
a material, the stress—strain behavior, which is illustrated in Fig. 1, is given by [22]

E,e*+3e+3
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F1G. 1. Stress—strain curve for a Neohookean material.

But under isothermal equilibrium conditions, (20a) reduces to

o = ag(e)E ¢, (22a)
where

e = E(o0). (22b)
So comparison of (21) and (22a) shows that

1e2+3:+3

=3 er 1) (23)

Jump conditions implied by (20a) are derived in the Appendix. When the material
ahead of the wave front is disturbed, it is shown that

g
(o] = [ar](a—) +(aphEole]- (24)
Fla
For an initially undisturbed material, (24) reduces to

0, = agEge,, (25)
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and it is also found that

do ,{0¢ J¢
( wé?)b = ap(‘a—t)onsb“I‘aF(Eo(E)b'f‘Eleb) (26)
3_2,9; _ ! ?ﬁ: " 68 : E
or*), o oy A at], of
O 0% de
+ 2a; (6 ) (E"(at) +E181,) +aF(Eo(5t—2)b +E1(5t‘)b +E28b)’ 27
where
d'E .
E = (dﬂ)mo’ i=0,12..., (28)

and where primes affixed to a, denote differentiation and a, and its derivatives are functions
of ¢,. Expressions for the jumps in higher order time derivatives of ¢ can be found by
extending the work in the Appendix.

6. SPEED OF PROPAGATION OF FIRST ORDER AND SOUND WAVES

In order to obtain an explicit functional form for the Lagrangian speed C of a first order
wave front propagating into a nonlinear material having constitutive equation {20a), we
use the constitutive result(24)along with the momentumequation (16a)and the compatibility
condition (14a) and find that either

1 laF] @
C?=- Eo+—t —* } =0 29
ol 32 @
or
1 {az] o,
Cc? = {a Eo+—2 } # 0. 30
o U5 ey G0
Result (29) corresponds to a contact discontinuity for which
[6]=0, [v]=0, [e]#0. (31)

While a discontinuity such as (29), (31) may be of interest in certain situations, such as the
interaction of two first order waves or the reflection-transmission of a wave passing through
a junction of two materials having different densities [14], they are not needed in our present
work. For further discussion of contact discontinuities in ideal fluids and elastic solids,
we refer the reader to [5 and 23], respectively.

Two special cases of (30) are of particular interest. First, when the material ahead of
the wave front is undisturbed, (30) reduces to

E
C* = agle)—. (32)
P
Second, we wish to use (30) to find the speed of sound in nonlinear material (20a). In [5]

it is shown that a sound wave can be interpreted as an infinitely weak shdck. Motivated
by this result, we shall define a sound wave as an infinitely weak first order wave. Then it is
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possible to find the Lagrangian sound speed c from (30) by letting the strength—as measured
by the absolute value of [¢]—of the first order wave front go to zero. Such a procedure
shows that

2 _ 1 ag(e) )
c P (ap(s)Eo +aF(8)a . (33)

Note that according to our definition of a sound wave, an nth order wave is a special
case of a sound wave when n > 2. This is because all the partial time derivatives of the
displacement may be continuous at the “front” of a sonic disturbance. Therefore, the
Lagrangian speed C, of an nth order wave is the same as the Lagrangian sound speed ¢
given by (33).

7. STABILITY OF FIRST ORDER WAVE FRONTS

We shall now discuss conditions that must be satisfied in order for a first order wave
front to be stable to small disturbances. The approach taken is similar to that used by
Bland [24] for nonlinear elastic materials.

Let us consider an example. Suppose that the jump in the strain at a first order wave
front is [¢] at time ¢. If a small incremental wave with a strain amplitude of d[¢] at its front
should break away from the front, will this increment, which moves with the local Lagran-
gian sound speed, tend to move back toward the wave front (which would be the case for
a front stable to small disturbances), or will it tend to move away from the front (which
would be the case for a front not stable to small disturbances), or will it simply move at
the same speed as the front (which would be the limiting case for a stable front)? It is
important to realize that some authors (see [9, 23]) have suggested that stability with
respect to small disturbances may be the criterion needed to insure the uniqueness of
solutions to certain nonlinear wave propagation problems. -

For simplicity, we shall confine the remaining discussion in this section to first order
wave fronts propagating into a previously undisturbed material having constitutive
equation (20a). For such a front moving in the direction of increasing X, equations (25)
and (33) show that the sound speeds immediately ahead of and behind the front are,

respectively,
Eo\
=[— 34
Ca ( » ) (34)
E, 4
Cp = {';(ar(eb)"l'a;r(ﬁb)sb)} . (35

Table 1 summarizes the stability conclusions that can be drawn from (34), (35) and
the positive square root of (32). The terminology “evolutionary”, “intermediate” and
‘“exceptional” that appears in the Table corresponds to that used by Collins in [23] for
an elastic material. Note that, according to our definition, only an evolutionary type first
order discontinuity is a shock front.

For the Neohookean type material discussed previously, equation (23) can be used
to show that for an expansive wave front (¢, > 0)

ag(ey) < 1, ag(ey)e, < 0. (36)



514 JosepH P. VogT and RICHARD A. SCHAPERY

TABLE 1. STABILITY OF A FIRST ORDER WAVE FRONT MOVING INTQ A PREVIOUSLY
UNDISTURBED NONLINEAR MATERIAL

ag(ey)e, < 0 ag(e,e, = 0 apley)e, > O

agfe,) < 1 g<C<e g=C<c C <oy

Unstabie Unstable Unstable
age,) = 1 g<C=¢ =C=¢ c¢,=0C<g,
Unstable Stable Stable
{exceptional}  (intermediate)
aple,) > 1 cp, < C e, <C=c¢, ¢, <C<g
Unstable Stable Stable

{intermediate) (evolutionary)

So according to Table 1, an expansive wave front is unstable. It will therefore smooth out
immediately and propagate with the sonic velocity given by (34). On the other hand,
for a compressive wave front (g, < 0}, it can be shown from (23) that

agey) > 1, apleyle, > 0. (37

Soaccording to Table 1,a compressive waveisa genuine shock front. Therefore it propagates
with a speed given by (32).

8. THE SHOCK SOLUTION

We shall assume that the particle velocity at the end of an initially undisturbed rod is
specified in the form
0, t<0

(0, =< = 38)
( > ivkt", t>0. (

Also assume that the conditions (37) are satisfied for all times under consideration.
Then, according to Table 1, the wave front is stable to small disturbances and is a true
shock ; therefore the particle velocity for some distance behind the wave front can be
represented by the expansion (7).

The time of arrival of the wave front at the Lagrangian coordinate X is given by

dX’
T(X J 39
X0 =], Sl )
In (39) we assume that we can find the wave speed C as a function of v, by first substituting
{14a) into (32) to obtain
c= ( aF(—v,,/m%—) (40)
and then solving this last equation for C(v,). It is interesting to note that when result {23)

for a Neohookean type material is substituted into (40), we can show, after solving a cubic
equation [14], that

C 1w, (U 1{,\*> 1], 4fv,\2\})
AR D S ) PR/ 52 I T 4
Co " 2C, ‘L{z 4(C0) +2( +3(c0 (41a)
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where
E 3
Co = (—") . (41b)
‘ Po
A graph of result (41a) is shown in Fig. 2. Note that (41a) is valid irrespective of whether
the material is elastic or viscoelastic.
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F1G. 2. Shock speed vs. jump in particle velocity for a Neohookean type material.

In order to formally solve the wave propagation problem that we have posed, we must
solve for the partial derivative terms appearing in (7). This shall now be done by combining
previously developed compatibility, momentum and constitutive results.

Substituting compatibility results(14a),and, fork = landk = 2,(14b),and momentum-—
compatibility results (18) and (19) into constitutive results (26) and (27) gives

apE, {0v _apE, d Eogv, , d d A ,
c (6t),, C ax\©wt—g drgxtear| Eoqyt=Ei )

oz = e leaxen) wax (<[5 )}
e araxal, o ela) ) |
2 vl ) {es [l ) ) 2]
~er{sogel ) 5 (el 22

where we have also used result (32), and where a, and its derivatives are all functions of
—,/C..

(43)
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Now we have seen from (40) that the wave speed C can be regarded as a function of v,,
and so equation {42) can be written as

i
( U) = f; l(vb) vb +8:(v), (44a)
where
C dac
fl(v,,) = (1 ";(2 %"@)) (44b)
_c%*E
sio) = CL L (#40)

Similarly, substituting (42) into (43) gives a result having the form

%o d
(‘ét‘z’) _ﬁ(ﬁb)dxz vb +g2 ( vb, a“‘k‘;f)b) . (45)

By extending the results of Section S and combining them so as to extend the results (42)
and (43) to obtain expressions for higher order time derivatives of the particle velocity,
it can be shown that

k=1

ki ) d . k=123 46
(gg)b —~fk(%)&")'(‘;;ffﬂ”gk{%&"%wwé‘f@”{%} ; Fody sy Fyan s (46)
The functions f; and g, appearing in (46) will not be solved for when k > 2, but since they
could be, they are considered as known.

Our next task is to use the results we have just developed to find the constant coefficients
¥, appearing in the expansion

[+4)

1
wX) = 2, X" ¢ (47a)
k=0

where

(47b)

dk
P;c (kavb(X} Y=o
The particle velocity v,{X) just behind the wave front will then be known, at least formally,
and so we shall be able to use (46) to find the partial derivatives (9"0/0%),(X) and (39) to
find the time of arrival T(X), and we shall then have solved our wave propagation problem
as it was formulated.
Let us first find V. Using result (47b) for k = 0 gives the resuit that

V;) = Vs (48)
where v, is defined by boundary condition (38).

Next we find ¥, when & = 1. Evaluating both sides of (46) at X = 0 and using (47b)
and (48}, it is not hard to show that

U‘;“"gk(i}(}, Vl"“’ Vk»«l) 4
= : = S 9
% To0) ;i k=123 (49)
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where v, is defined by boundary condition (38). So from (49) we can successively solve
for Vi, V;,Vs,....

An interesting special case of shock propagation occurs when C is a positive constant.
From (40) we see that v, is also constant, and equations (38), either (42) or (44) and (43)
give the respective results

v, = Vg (50)
ov agE,
bl I 51
(6t) a’FE ¢ D
arE, 2 E,[a;E, arE, E,
—_ ——— C| —2— C C+ C, 52
(atz) o c o (a;Eo ) E\ayEo) = arEqug aFEO (52)

where a; and its derivatives are functions of —v,/C.

These last three equations show that the first three partial derivative terms in Taylor
expansion (7) are constant, and from (46) we can see that this is also true for the jumps in
all of the higher order partial derivatives. Since v, is constant, time of arrival (39) becomes

X

T(X) = o (53)

and expansion (7) can be written as

u(X,t) = fo x 6t")( ——) (54)

where all of the partial derivative terms in (54) are constants which depend upon the value v,,.
Thus the wave form travels rigidly down the rod.

Let us now find the boundary conditions that will generate a rigid wave form. Since all
of the partial derivative terms in (54) must satisfy the initial conditions

o
((87‘),,),=o o k=01,2..., (55)

where the constants v, are defined by (38), the velocity that must be applied to the end of
the rod to maintain a constant speed of propagation is

N
0, 1) = —(—) ¢, (56)
Eo k!\ otk
where, according to (50), the first partial derivative in (56) is v,, and the second and third
partial derivatives are given in terms of vy by (51) and (52), respectively.
For an elastic material, the functions E; defined by (28) vanishfori = 1,2, 3,...,and so
the constant shock speed solution (54) becomes

(X, t) = vy, (57)

where v, is arbitrary.
Before concluding this section, let us note that the shock solution (7) does not directly
reduce to the solution for an acceleration wave in a nonlinear material, nor does it reduce
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to the solution for a first order wave in a linear material. To see this, write (44) as

ov ag(,C dC\\dv, _aE,
Gkl ICY PRI P | e L e Y
(ax),, ( a'F( v,,+dv,,))dX+Ca’F E, (38)

Now by letting v,(X) go to zero, the acceleration just behind the front becomesindeterminate,
so expansion {7) for a shock wave does not directly reduce to an expansion for an accelera-
tion wave. Also, as a; goes to zero, the acceleration just behind the front becomes infinite,
s0 expansion (7} does not directly reduce to an expansion for a first order wave in a linear
material.

9. DISCUSSION OF THE SOLUTION

Although the series solution developed in the last section gives a good deal of physical
insight into wave propagation and leads to some important conclusions, it does have
certain limitations. For example, if a second shock wave should form somewhere between
the original one and the end of the rod, the largest region for which a wave front series
solution can be valid is between the two shock fronts. Also, a wave front expansion cannot
be used after a first order wave front becomes unstable to small disturbances. In these two
instances, however, one can obtain a numerical solution to the wave propagation problem
by using the method of characteristics [14].

As can be seen by looking at equations (42} and {43}, a wave front expansion depends on
knowing the initial values of the relaxation modulus and its derivatives. Although Sackman
and Kaya [25] have pointed out that it is practically impossible to experimentally obtain
more than the first two or three of these values, the use of the time-temperature super-
position principle [26] and extrapolation methods—such as assuming that a particular
functional form for the relaxation modulus is valid from time ¢t = 0 to as large a time as
is necessary—should overcome this difficulty to a considerable extent.
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APPENDIX

We wish to find the jump conditions implied by constitutive equation (20a).
First, use the product rule of differentiation and the fact that a jump in the sum of n
functions is equal to the sum of the jumps of each of the n functions to write

(o] = —af(—“—)] A1
do [ dap| o oo
2] = ) 2 &
%o %a| o dap 8] o ?leo
|5 )= (5] [l o[l ) a9

Now from either (2) or (3) or any other consistent definition of the jump, it is not hard
to show that

gl = [f1g.+filzgl) (A4)
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So using (A4) in (A1)}(A3) gives the respective results

[0] = [aﬂ(%)a +(ap)b[f;] (A5)
e e A e e R T
#-FEAEEAEEL

{5 [l ol el al) |

Now in [10]itis shown that ag{e)is always positive. Therefore, constitutive equation (20a)
can be written as

= Ege+ f E(t—)(X, ) dr. (A3)
ap 0

Repeated differentiation of (A8) gives

dilo ag t
F e e el E — > ’
GI(GF) EO §t+ &+ J‘D Eﬂ(t t)b‘(X,t)dt (Ag}
Fle a%s de ¢ ‘ o
5;(%) EozgtEiy, +Eza+j E (t—1)(X, 1) dt, (A10)
where
d'E .
Ei-(dfi)(zo’ t—~0,1,2,'.., (AII)

and where each subscript ¢ affixed to the relaxation modulus E denotes a time differentia-

tion.
To find the jump in o/a, as a function of the jump in strain, use (3) and (A8) to write

[—a—] = Eue,(t)+ qu E(t,— el X, ) dt' — Eqe,(t)— J‘ - E(t,—theX, ) dr'. (Al2)
ar 0 0

But, since ¢, = 1, equation (A12) in conjunction with (3) shows that

E;] = Eqfel. (A13)

Similarly, the fact that ¢, = ¢, along with definition (3) and equations (A9) and (A10) can be

used to show that
élo o
[5‘(“)] - E M‘*‘E “ A9

0 % de
[5}—5(%)] E{azz} +E1[6 ]+E2[g3 (A15)
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Substituting (A13)+A15) into (A5)(A7) and using the chain rule to carry out the derivatives
of ay gives the respective results

[o] = [ar]( ) +(aphEole] (A16)
] o3l ool 2] e
e Y O¢ , 0% ,0e|{d]a
(7] =[5 v ] +(l) <o) 2ol w5 (5021

Z(a;(;—f)b (Eol:g]+El[e])+[aF]( ( )) +(aF),,(E(,[62 :I+E [Zj (A18)

+E2[8])-

For the particular case when the material ahead of the wave front is undisturbed, all the
terms having a subscript a vanish and equations (A16}{A18) become, respectively,

» = (ap)hEots (A19)

)

oe Oe
(a} E) Eoe,+(ag)y (Eo (E)b + Elgb) (A20)

0 0
( ”( +aFa ) Eosb+2(aF;) (Eo(a—j)b +Elab)

+(ag)y (

P
2P
bl Q

_—

[

0% J¢
Eo(?)b +E1(6_t)b +E2£b) . (A21)
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AGcTpakT—Mccnekyercs pacnpocTpaHeHNe yaapHbIX BOJH B NOAYOeCKOHEYHbIX BA3KOYMPYIMX CTEPKHAX.
YacTuyHas CKOpPOCThb 3a GPOHTOM BOJHBI pa3naraerca B paa Teitnopa Bokpyr ¢pponta. Obcyxaarorcs
YCIJIOBHS, IIPH KOTOPbIX QPOHT BONHbI YCTOWYMB, B C/ly4ae Mabix BO3MYyLUeHHR. ns ycroituuBoro dponra
BOJIHBI TNOKA3aHO CMOCOO® UCMONBL3OBAHMA TEOPHH DPACIPOCTPAHEHHA TOBEPXHOCTEH pa3pbiBa, ¢ LEJbIO
ofnpeaesieHus YISHOB ¢ YaCTHBIMH MPOU3BOAHBIMKU U BPEMEHH (DYHKLIMH BO3BDALLEHMS, KOTOPbIE TOABSA-
IOTCA B PsiAax, KOraa Matepvan nepex GpoHTOM BOJHBL HE NTOABEPraeTcs BO3MYILUEHHAM. Psaa cnpasennus
TaK [OJrO, KaK A0Nro (GpOHT BONHAI MEPBOrO MOPSAKA YCTOWYHMB, M Tak AONTO, KOTAA OPYTHE yaapHbie
BOJIHBI He 00pa3yloTcs, xpoMe OQHOM NEPBOHAYANBHOA. ISl MAMOCTPALIMH HEKOTODBIX CllyYaeB TEOPHH,
UCMONB3YETCH BA3KOYNPYrui Matepuan, MPOABIAIOIIMA HEOTYKOBOE HAMPAXKEHHO-IehOPMHUPOBAHHOE
MOBEJACHUE B COCTOAHHAX M3OTEPMHUMECKOTO PABHOBECHA,



