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SHORT-TIME APPROXIMATIONS
IN NONLINEAR VISCOELASTICITY*

J. LUBLINER

Department of Civil Engineering, University of California, Berkeley

Abstract—An approximation for nonlinear viscoelasticity over short time ranges, recently published by Huang
and Lee, is extended to include large deformations and simplified by the dropping of insignificant terms. An
alternative approximation for short times is developed systematically as the counterpart to Coleman and Noll’s
approximation for slow deformations. This method is applied to the study of acceleration waves.

1. INTRODUCTION

A FEW YEARS AGO Coleman and Noll [1-3] established some important theorems on the
asymptotic behavior of nonlinear viscoelastic (‘“simple’’) materials. Using the axiom of
fading memory, they showed that for slow deformations the behavior can be approximated
by constitutive equations of the Rivlin—Ericksen type, tending to Newtonian viscosity in
the limit, while for deformations (relative to the “present” configuration) which, in the
recent past, are infinitesimal, the behavior is characterized by linear viscoelasticity. The
latter approximation is also valid for large deformations if they take place slowly, but is
superseded by the former.

A considerable amount of work in v1scoe1ast1c1ty is concerned with deformations that
vary rapidly and by finite (though small) amounts. Constitutive equations for small finite
deformations were presented by Pipkin [4], on the basis of the work of Green and Rivlin [5],
in the form of muitiple-integral expansions for functionals possessing sufficient continuity.
In order to study the effects of rapid variations, Huang and Lee[ 6] presented an approxima-
tion to Pipkin’s equations which is, in form, a special case of the equations derived by
Coleman and Noll [2] to represent “finite linear viscoelasticity”. This note will discuss the
validity of Huang and Lee’s approximation, present an alternative, and show some
applications.

While all the references cited above [1-6] work with three-dimensional deformations,
it is sufficient for the purposes of the present discussion to treat the situation characterized
by one stress variable ¢ and one deformation variable ¢, the former being a functional of
the latter. The extension to the general case is made by a suitable mapping onto the space of
second-rank tensors, providing that objectivity requirements are observed.

2. DISCUSSION AND GENERALIZATION OF
HUANG AND LEE’S APPROXIMATION

If the functional mentioned above is continuous, then, to any desired accuracy, we have

N
o=73S, (1)

n=1
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with
t t
S,,=j J Kfty,. .. t,)é(t—1t,)... ét—rt,)dey,...dt,, 2
i 0

where t is the time, with the origin so chosen that ¢ = O for ¢t < 0. The kernels K,(... ) are
symmetric functions of their arguments.
The first term S, is the familiar relaxation integral of linear viscoelasticity. The next term,

SZ “—‘j‘ j‘ Kz(tu12)8(t-21)é(t—-£2)d;1 dt:)’
0J0

may be integrated by parts to yield, after Huang and Lee [with ¢ written for &(1)],

t

K
S, = K,(0, 0)82+26J Ej-(tl,O)s(t—tl)dtl+R2, 3)
0 1
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then
|IR3| < M3(3Bt?+Ct3).

The preceding analysis completes, in effect, Huang and Lee’s approximation. But it can
be readily seen that, for any n,

S, = K,(0,...,0)"

t
0
+n£"_1j K"(tl,O,...,O)s(t—t,)dt1+R,,, (5)
o
with
R, = O(M"t?)
as
M, t-0.
Hence
¢ = F(£)+J;G(s,tl)s(t—tl)dt1+R, (6)
where
N
Fie)= Y K,0,...,0)",
n=1
N
Gle,t) = ) ng—&(tl,O,...,O)s"",
n=1 atl
N
R= Y R,
n=2
with
R = 0(t?)
as
t—-0.

With R neglected, equation (6) is formally identical with the one-dimensional equation
of finite viscoelasticity [2].

I will now show that, just as in the case of slow deformations, finite linear viscoelasticity
is superseded by the Rivlin-Ericksen approximation, with the constants related to integrals
of the relaxation function [3, 7], so in the case of rapid deformations the generalized Huang—
Lee approximation, equation (6), may in turn be simplified. Let us define

b)) = et dr,

and by recursion,

teal®) = 1+ )] et dr;
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hence by definition ¢, = ¢ Also,
1
8" = J t’{é(t—tl)dtl.
]

Clearly,

le] < Mt".

Let us consider, now, the second term on the right-hand side of equation (5). Integration
by parts leads to

1
0K
na"—lJ n(tlao""’o)g(t_tl)dtl

o 01
K
= ne" ey (t)=—1(0,...,0)+Q,,
oty
with
t
N 0K,
0, = ne" IJ C5R0,0,. Oyt 1) dry
0 1
Letting
’K,
Dn - OIEI?')S(I Ef_(tl’ 0,... ,O)’a
we find
10, < nD,Jel"™ ' M¢?;
hence

Q. = OM"t?)

exactly like R,,. There being no a priori reason to suppose that 6°K,/dt? differs substantially
in order of magnitude from 0*K,,/dt 0t ,, one should neglect Q,, if one neglects R,. Equation
(6), therefore, reduces to

o = F(e)+ G,(e)e, + O(t?), W)
where G,(g) = G(¢g, 0). On defining the kernel ““traces”,
K, (t) = K, (t,...,1),

we also have
N
Fle) = Y K,(0)",
n=1
N
Gie) = Z K. (0)" L.
n=1

The effect of the approximation (7) is that of the kernels K,(...) the only significant
parts are those which are linear in the arguments. In their calculations, Huang and Lee
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used quadratic and exponential kernels ; we see now that the contributions of the nonlinear
terms are of the same order of magnitude as the neglected terms.

3. A SYSTEMATIC SHORT-TIME APPROXIMATION
Let us expand all the kernels as power series

Kty,...t,) = Z Z KP otk otk (8)

k1=0 k,.“‘O

The coefficients K{ , are symmetric with respect to their subscnpts Inserting into
equation (2), we obtam

o

Sa= 2 ... Y K& g, ©)

k1= 0 kn= 0
The contribution of any one term is O(M™kt+-*n),
It is now possible to gather all terms of any desired order in M and ¢, and to %proximate

by lopping-off those of orders higher than a desired one (in M or t). For example, if terms
up to t? are retained we have

N N
o= Z K§ o0&+ Z nK§ 516" e,
n=1 n=1

N

N
Z nK§ o6 e, + Z n(n Kg'.)..onsn_zs% (10)

n=1

+0(t3).

The first two terms are equivalent to equation (7); the next two represent the next approxi-
mation.

If ¢ is represented by a polynomial,

) =Y anm,

then
k'm!

Consequently the stress may be represented by a power series,

o(t) = ) bt™

k+m

The first three coefficients may be obtained from equation (10), to wit:

n

by = Z Kg') 040>
N
by = Z n(K§ oay™'a,+ Ko, 01a),
1

Ng
il
Mz 1

- n—1_
[Kg'.)..o (a'(') a,+ 3 ay 2a}

1
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1
+ ("‘E)Kg.)..ma?)‘ ‘a,

These expressions are particularly simple if the strain history is continuous, i.e., g, = 0:
bo = O,
bl = Kgl)al, (11)

1
b, = KV a, + K{a? +§K‘l”a1.

These expressions will be used in the following application.

4. APPLICATION TO WAVE PROPAGATION

We consider the one-dimensional equations of wave propagation,

do ov dv  de
= py—, — =, 12
x % ma (12
v being the velocity, in the material half-space x > 0 with uniform rest density p,, and the
boundary condition

ox€L
v = ZCmt”’, t>0, x=0
m=1
Since the velocity input is continuous, we expect it to be propagated, at least for a certain
distance, as an acceleration wave moving with material speed U. Hence we assume solutions
in the form

-«

e= ) a,xp"

m=1

o= 3 blxy"
m=1
v= Y cu(x)T™,
m=1
with © = t—x/U, valid in some region 0 < t < T(x), 0 < x < X. We are not concerned
with the limits of validity T(x), X. Assuming term-by-term differentiability, we obtain, from
equations (12),
1

“Eb1 = PoC1»

1
'—_Cl = al,

U
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2 b,+b} =2
—— = OC s
TR PoC2

~—c,+ ¢y = 2a,.
Tac 2

Since b, and b, are given by equations (11), we obtain, after elimination,
(poU? = K{)ey =0,
finding the material wave speed to be given, as expected, by
U = (K/p)*;

and
1 K
K‘”c’,—EK‘,”cl-i-#C% = 0. (13)

Equation (13), which governs the variation of the acceleration discontinuity ¢, as the wave
progresses, has been derived by other means by Varley [8] and by Coleman and Gurtin [9].
Further results have been obtained elsewhere by the use of the present method [10].
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Résumé—Une approximation pour la viscoélasticité non-linéaire sur des portées a temps court, récemment
publiée par Huang et Lee, est prolongée pour inclure de grandes déformations et simplifiée par la cessation d’em-
ploi de termes insignifiants. Des approximations alternatives pour des courtes durées de temps sont systématique-
ment développées en contrepartie des approximations de Coleman et Noll pour les déformations lentes. Cette
méthode s’applique a I’étude des ondes d’accélération.

Zusammenfassung—Eine Anniiherung der nichtlinearen Kurzzeit-Viskoelastizitiit, die kiirzlich von Huang und
Lee verdffentlicht wurde, wird ausgedehnt um grosse Verformungen einzuschliessen, und durch Weglassen
unbedeutender Glieder vereinfacht. Eine Alternativ-Anndherung fiir Kurzzeiten wird systematisch entwickelt
als Gegenstiick zu Coleman und Nolls Anndherungen fiir langsame Verformung. Diese Methode wird zur Unter-
suchung der Beschleunigungswellen angewandt.
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AGcTpakT—PaciipeHo HeJaBHO OIyGAHKOBAHHOE NPHOMKCHHE AT HEIMHEHHOM BA3KO-YIIPYTOCTH
3a KOPOTKHE NPOMEXYTKH BpeMmeHu XyaHr u JIu, 4To6sl BkirounTh Oonbiame aedopmainuu ¥ ynpoiueHo
OIYLUEHHEM HE3HAMHTE/ILHBIX BhIPAXKCHHIA,

CHCTEMATHYECKH BLIBOASTCA aNhTEPHATUBHbIE NMPUOIHXKEHUS OJI8 KOPOTKMX TNPOMEXYTKOB BPEMEHM
B IPOTHBONOJIOXHOCTh npubnuxennsm Konemana u Hosn (Coleman and Noll) ana Mennenssix gedop-

Mauuii. DTOT METOA NPHMEHAETCA /IS H3YYCHHUS BOJIH YCKOPEHUS.



