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1. INTRODUCTION

IN THIS paper, we study the influence of discontinuous external body force and external
radiation on the behavior of shock waves in elastic materials which do not conduct heat.
To this end, we derive a differential equation relating the strain ¢~ and grain gradient ¢y
behind a shock when the material region ahead is unstrained and at constant entropy. First,
this equation implies the existence of an externally induced critical strain gradient 2,
proportional to the external body force and external radiation behind the wave. Next, for a
compression shock |¢ 7| will, in general, increase, decrease, or remain constant accordingly
as gy is greater than, less than, or equal to 4. These results should be compared with those
given by Chen and Gurtin [1], who studied the behavior of shock waves in elastic non-
conductors of heat, assuming that the external body force and external radiation are
absent. In their paper, they showed that the conditions under which a shock will grow or
decay are, in general, qualitatively the same as in the purely mechanical theory. Finally, we
outline a particular experiment for which the external radiation is indeed discontinuous
across the shock and give a procedure for determining A as a function of ¢™. In principle,
this experiment can be readily conducted in the laboratory.

2. CONSTITUTIVE ASSUMPTIONS

In this article, we consider the one-dimensional motion of a homogeneous clastic
non-conductor of heat defined by the constitutive relations

e = &e,n),
o = 6(g,n), (2.1)
0 = O(e, n),

where e is the internal energy, o the stress, 6 the absolute temperature, ¢ the strain and # the
entropy. The strain is defined by*

€ = uy, (2.2)
where u = u(X, 1) is the displacement at time ¢ of the material point X, identified with its
position in a fixed homogeneous reference configuration with density pg. The response
functions &, &, § are not independent. They are related by the stress-relation and the
temperature-relation, i.e.

g=2, 0O=¢, (2.3)
t Subscripts denote partial differentiation with respect 1o the corresponding variable.
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We shall assume that @ is of class C>, hence, by (2.3), 6 and § are of class C2. Finally, we
call the quantities,

E =8, G = é,, (2.4)
the tangent modulus and stress-entropy modulus, respectively, and assume that

Ee,n) > 0, Gle,n) = 0. (2.5)

3. GENERAL PROPERTIES OF SHOCK WAVES

We assume that the motion contains a shock moving with intrinsic velocity

dY(r
Ul = "E?(“)’ (3.1)

where Y(t) is the material point at which the wave is to be found at time ¢, ie.
(i) If f denoteseither &, ory, then f, f and fy have jump discontinuities across the waves,
but are continuous everywhere else.
We further assume that
(it} The external body force b and the external radiation r have jump discontinuities
across the wave, but are continuous everywhere else.
Thus, by (2.1), (i) also holds with f equal to e, o or 8. Furthermore, we have the following
compatibility conditions:

Ulel = —[a} (32)

~~~~~~~ = [/1+ U]
dt
Here, we have used the notation [ /'] to denote the jump in a function f(X, ), ie. [f] =
fo—f* with f% =limy_.y.qf(X, ). We assume that U(z) > 0, then f~ and f* are,
respectively, the limiting values of f immediately behind and just in front of the wave.
Now, balance of momentum and balance of energy imply that

Gy+ppb = pril,
xTPr Pr (3.3)
é = &+ pgl,
forall X # Y(t), and
{0] = MPRU{d]s
+prlbl = i,
lox]+prlbl = prlii] (3.4)
—Ule+ippi’] = [oul,
[e] = loé]l+prlr]
Formula (3.4,) with (3.2,) yields the well-known result
U? = —[f-]-— (3.5

 prlel
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for the intrinsic velocity of the shock, while (3.4,) and (3.2,) with f = @ and f = ¢ imply
that

dfe] dU

2U +le]l— = Uz{sxl—}—[axl-[b]. (3.6)
£r

dt dt

In view of the constitutive relation (2.1,) and (2.4), (3.6) may be expressed in the alternate
form

dfe} av __L _
U=+ el = Ullen] pR{[Esleanl} (5] (3.7)
Finally, (3.4,) with (2.1,) and (2.3) implies that

[61] = pglr] (3.8)

4. SHOCK WAVE ENTERING MATERIAL IN A HOMOGENEOUS STATE

Henceforth, we shall assume that the material ahead of the wave is in a state of zero
strain and constant entropy #,. Thus

“+

et =gt = =éY =5 =95 =i =0, 4.1

so that

f1=7s (4.2)

for f = &, 4, ey, &1, ny or ii. Furthermore, the above assumption together with the balance
laws (3.3) implies that b = r = O for all X > Y(1).f Consequently,

bt =" =0. {4.3)
Hence, by (4.2} and (4.3), formulae (3.7) and (3.8) may be expressed in the alternate forms
dle}] dU E\ _ G _  _
2U —s — = (U= ey ———nx —
o el (U pR)ex iy b,

070 = ppr’, @4
where
E™ =E&c ,n7), G =Gl ,n")
Now, (3.4;) with (3.2,) and (3.5) reduces to
fel-Ho +e7)[e] =0, 4.5)
which is the well-known Hugoniot relation. On the other hand, (3.4,) and (3.2,) with
f = ¢ imply that

d
[l = 6_%?~—0'_U8; +porr, {4.6)

t Within the context of the present theory, it is difficult for one to give examples for which both b = r = 0 for
all X > Y(r)and b # 0.7 # 0 for all X < Y(t). However, there is indeed an example for which b = 0 for all X ;
and, while r = O for all X > Y{(1), r 5 0 for all X < Y(t). The relevant details will be given in Section 6.
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and (2.1,) with (2.3) yields the relation

[ex]l=07e0+0 5y, 4.7
Thus, (3.2;) with [ = ¢, {4.6) and (4.7} imply that
dle dfs
~[-] =0 7——~[f~]‘+pRr“' +0"Uny. (4.8)
dt dt

Differentiating (4.5) with respect to ¢ and combining the resulting relation with (4.8), we

have
lo)dl] Rldo

0 Uny = e
Ty 2 A T @ TR (49)
By (2.1,), (2.4, (3.2,), with f = 1, and (4.4,),
do” dlel | [per . |
g =E 5 6 (-~{—)~~»~+(;4X i (4.10)
which together with (3.5) and (4.9) imply that
- E(l=p) dle]  ppr
e L P W) PR 4.
EGTUS ) A UG o) @)
with
prU? 0
=L = e, A2
E- G l:] (4.12)
Differentiating (3.5) with respect to ¢ and utilizing (4.10), (4.11) and (4.12) we find that
_ciU o tl-wmET dlg]
dr T peUGt D] dr “13)
Finally, by (4.4,), (4.11) and (4.13),+
dle] Uil—w@c-1)
. " ey — 4.14
dt Bu+ e~ Bu— 1)(8)‘ A), .14
with
Pr Gr -
=} .
E~(1 —u)( 0-U ) @13
and, by (3.2,) with f = 5, (44,)and (4.11,),]
d E(l—p d
dirl _ E-(1=p) dle] i)

dt G (2r—1) dt’

+ Neglecting the influence of thermodynamics, a relation of this type has been derived by Harris [2] for an
ideal gas, by Duvall and Alverson [3] for a nonlinear Maxwell material and by Chen and Gurtin [4] for a general
nonlinear viscoelastic material. Besides their earlier work on shock waves in elastic non-conductors, Chen and
Gurtin [5] also studied the behavior of shock waves in fluids with internal state variables. None of the above
papers included the influence of discontinuous external body force and external radiation. A linearized version of
this relation has been obtained directly by Walsh [6]. He assumes from the outset that [b], I7], [e}, [ex} and [¢]
are all small compared with untty. Thus, his linear theory need not be relevant insofar as the example, given
Section 6, is concerned.

T This same result is valid when the external body force and external radiation are absent or continuous. It is
not given in the paper by Chen and Gurtin [1].
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We call the quantity A the externally induced critical strain gradient. In practical applications,
it is possible that either the external body force or the external radiation may be absent, then
2 will have certain obvious reduced forms.

5. COMPRESSIVE SHOCK WAVES
We now consider a compression shock for which
[el =¢" <O. (5.1)
We assume that the isentropic stress-strain law is concave from below, i.e.
6.e,n) <0 (5.2)

for all ¢ < 0 and all #, and that in the (¢”, 6 7)-plane the Hugoniot relation (4.5) can be

represented in the form ¢~ = oy(e7), then, by (2.5} and (5.1), we can establish the following :

(1} The intrinsic velocity of the shock is supersonic with respect to the material ahead
and subsonic with respect to the material behind, i.e.

E(()? '70) < pR(]2 < E(S_’ '7_) (53)

(ii) Along the entire Hugoniot curve the entropy increases with decreasing strain.

We omit giving the somewhat lengthy derivations of the preceding results. In fact, they
follow analogously from the known derivations of the corresponding results for compres-
sion shocksin elastic fluids.T In the present context, however, external radiation and external
body force are present.

In view of (2.5,) and (5.3) we see that y, defined by (4.12,), has the property

0<u<l. (5.4)

Next, in view of the preceding result (ii} and our assumption that the material ahead
of the wave is in a state of zero strain and constant entropy #,, we must havel

dlnp] dlell
n—— =sgn —
dt dt
This, when taken together with (4.16) implies that§
E"(1-p)
G (2t—-1)

provided that d|[e]|/dt # O; for this reason we assume that (5.5) holds. Thus, by (2.5,), (5.4)
and (5.5), we have

g

<0 (5.5)

G <0e1>1 (5.6)
and, by (4.12,) and (5.2),
GT>0<=1<0. (5.7)

Now, in view of (5.2), (5.4), (5.6) and (5.7), we have the following important results from
the shock amplitude equation (4.14):

+ Compare Bethe [7], Wey! [8]. Courant and Friedrichs [9. pp. 141-148] and Serrin [10. Section 56].

1 Itis of importance to point out that this result is not true if the material ahead of the shock is not in a state
of zero strain and constant entropy.

§ A different argument leading to the quality (5.5) has also been obtained by Nunziate, private communication
(1971).
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Consider a shock propagating in a material that is in a state of zero strain and constant
entropy, and assume that (5.1) holds.

: 3
LIfGT <0o0rif G- >0andt < - K <=, then

3Ju+1
£y < A |§[~~I~ < 0,
5.8
_ dle”] >
£x > A ‘“(T >0
211G >0andt > """ then
3u+1
dle”
ex < i©~|£‘t~|~ 0,
5.9
- die™| 5%
£y > A< < 0.
de
3. If ex = A, then
die”|
_—t =0 d
ar {5.10)

For most materials G~ < 0, therefore we would expect that (5.8) and (5.10) will hold in
most situations.

Finally, in the application of the present theory, we expect that b = 0 for all X and the
material is absorbing heat. Thus »~ > 0, and, by (2.5,), (4.15) and (5.4), we conclude that

A< 0 (5.11)
for most materials.

6. A POSSIBLE EXPERIMENT AND ITS CONSEQUENCES

As we have remarked earlier, it is difficult, within the context of the present theory, for
one to furnish examples for which both the external body force and external radiation are
absent in the material region ahead of the wave, and are non-zero in the material region
behind the wave. Here, we give an example for which there is no external body force
throughout the material, and, while the external radiation is absent ahead of the wave,
it is indeed non-zero behind the wave.

Consider a plate of transparent material. Direct a high energy laser beam on one of its
surfaces. Of course, the beam passes through the material without being absorbed. Now,
hit the opposite surface of the plate with another plate at sufficiently high velocity so as to
generate a compression shock, and such that the material region behind the wave becomes
opaque.t Thus, the material region behind the wave will absorb the laser radiation, while

+ For example, the opacity of ionic crystals of sodium chloride and potassium chloride during shock compres-
sion has been studied by Kormer et al. [11] and Kormer et al. [12]. Barker and Hollenbach {13] concluded that
sapphire possibly becomes opaque during shock compression at stresses between 130-150 kbar.- Additional
relevant references are given in the review article, Doran and Linde [14].
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the material region ahead of the wave, remaining transparent, will not absorb any, ie.
there is a discontinuous external radiation accompanying the moving shock. In principie,
this experiment can be conducted in the laboratory.

First, we note that the radiation absorbed by the material behind the wave depends on
the degree of its opacity. Thus, r~ would vary for shocks of various strengths; it may also
vary as a shock amplifies or decays. Second, when ¢; = 4, with

GipRr"

P UE =

(6.1

the shock is steady, ie. (d|¢”|)/dt = 0. Thus, in view of our assumption regarding the
Hugoniot relation which implies the existence of a relation expressing #~ as a function of
£~ and for instances for which r~ depends on 7, we can experimentally determine 1 as a
function of the jump in strain by measuring the strain gradient ¢; behind the wave for
steady shocks of various strengths.t Finally, if the material properties and A are known, then,
by (6.1), we can determine r ™.
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