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Abstract—In various formulations of plasticity, there is evident a structure embracing several
features, including inviscidity, a yield condition, and a constitutive inequality. By means of these
features the constitutive equations of plasticity are derived. In the present paper we introduce a
viscoplastic counterpart of the constitutive inequality of plasticity, and we consider its physical
significance. We also present a theory of viscoplasticity having a structure similar to that of
plasticity and its relation with the Hohenemser-Prager prototype of viscoplastic constitutive
relations is considered.

1. INTRODUCTION

It is widely held that many materials when subjected to dynamically applied loads exhibit
rate effects during yielding. Due to inviscidity, the theory of plasticity is unsuited for
analysis of such behavior. One approach taken to achieve a satisfactory formulation has
been to generalize plasticity to cases of rate influence. One such generalization has been
provided in various forms of the theory of viscoplasticity.

The foundations of the theory of viscoplasticity can be considered to have been set by
Bingham(1], Hencky[2] and Hohenemser and Prager{3]. In these early versions viscoplastic
deformation occurs when the magnitude of the stress vector exceeds some critical value
which is a material constant. Furthermore, the rate at which viscoplastic deformation
occurs depends in a linear manner on how much the critical value is exceeded. Perzynal4]
and Phillips and Wu[5] achieved generalizations of the previous formulations by proposing
more general conditions for viscoplastic deformation and a more general relationship of
the rate of viscoplastic deformation to the amount by which the condition for viscoplastic
deformation is exceeded.

It should be clearly understood that viscoplasticity is not the most general theory which
can be formulated for dynamic plastic phenomena. In the above named formulations, for
example, the rate of viscoplastic deformation is independent of the stress rates. More
general assumptions have been introduced by Lubliner[6] and Cristescu[7], in which the
inelastic deformation consists of an inviscid part and of a stress-rate independent part.

In various formulations of plasticity (see for example Prager[8], Drucker[9] and Phillips
and Fisenberg[10]) there is evident a structure embracing several features including
inviscidity, a yield condition, and a constitutive inequality. By means of these features the
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constitutive equations suitable to describe plastic behavior are derived. These features also
imply that in plasticity the inelastic strain rate is normal to a particular surface in stress
space.

By contrast, the existing versions of viscoplasticity do not contain a constitutive inequality.
Instead, a normality condition is assumed, presumably on the grounds of simplicity.

There are two main objectives in the present paper. The first is to introduce a viscoplastic
counterpart of the constitutive inequality of plasticity rather than postulate a normality
condition. The second is to present a theory of viscoplasticity having a structure similar to
that of plasticity.

2. CONSTITUTIVE INEQUALITY IN PLASTICITY

In the following our attention will be restricted to infinitesimal strains and temperature
independent deformations. All functions to be defined in this paper will be assumed con-
tinuously differentiable to as high an order as is necessary. The strain is given in terms of
displacements by

& =3u, j+u; ) m
We introduce elastic and inelastic parts of the strain through the kinematic decomposition
i el
& =g —&;°, 2
from which we obtain
&' =&, — &, (2a)

where

Gij— 5ijd'kk/3 + 5ijd'kka
2u 9K

éijel = 3
and p and K are the elastic shear and the elastic bulk modulus, respectively. As expressed
in equation (3), the elastic strain rate is governed by Hooke’s law.

In plasticity the state of a material element undergoing plastic deformation is charac-

terized by the quantities
[0, &, k] < state S, (3a)

where k is a scalar quantity to be selected to represent dependence on the history of
inelastic strain. It is inherent in the meaning of the history parameter k that

k =0 whenever éij‘ =0.

If necessary, more than one history parameter may be introduced. The independent state
variable is considered to be the stress, so that inelastic strain and the history parameter
are viewed as dependent state variables. For simplicity, we will regard two states as identical
if their corresponding state variables are equal.

The constitutive equations are assumed in the form

éiji =gij(S’ dpq)a )
and
k = h(S’ élri)' (5)

Substituting equation (4) into equation (5) we obtain
k=1, é6,,). (6)
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Equations (4) and (6) express the rates of the dependent state variables as functions of
the state and the rates of the independent state variables. With regard to equation (4), a
restriction on the stress rate dependence is introduced by assuming plastic deformation to
be inviscid. Then equation (4) is homogeneous of order one in the time rates; i.e.

9ii(S, Y6 ,5) =Yg S, 6,,),

where { is arbitrary.
A sufficient condition for inviscidity is linearity:

gij(s’ d'pq) = aiqu(s)dpq - (7)

Therefore
&' = ijpg(S)0pq - 3

We now state the yield conditions for plastic deformation. Suppose that at some time ¢,
the inelastic strain is ¢;;* and the history parameter is k but o;; need not be the actual stress.
Consider a function G(a, ;s €55 k) which, for a particular set of values ¢;;* comprising a
closed surface in stress space, takes the zero value:

G(oi*, &', k) = ®

We postulate that such a function exists and that the surface represented by equation (9),
the “plastic yield surface,” encloses or contains all stress points that are compatible with
;; and k, the actual values of the dependent state variables. The stresses ¢;;* are called the
y1e1d points. By convention we have G(g;, ¢;;', k) <0 if g;; is interior to the surface repre-
sented by equation (9).
The condition for a change in inelastic strain is that the actual stress point ¢;; be located
on the plastic yield surface and be moving toward its exterior; i.e.

aG(S) .

pPq

&', #0 if G(S)=0 and > 0. (10)
(The case of perfectly plastic materials is not being considered.)

Once the yield condition and inviscidity are assumed, a wide range of choice remains
concerning the constitutive equation for the inelastic strain rate in equation (4). This
choice is commonly restricted by means of the introduction of an inequality (see for example
Prager[8], Drucker[9] and Phillips and Eisenberg[10]). The inequality assures that an
inelastic strain increment will not be directionally opposite the stress increment producing
it, and is stated as

Gijéii 2 0. an

Using equations (7) and (10), according to Prager[8], the following relation can be written

for a;jp,:

oG

Qijpg = Qij o (12
pa

Imagine now two elements which are identical and in the same state at time t,:

WS = @S
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[a BG] _ [a 66]
2) Y a‘qu (1) Y aapq

For times t > ¢, the two elements are subject to stress rates (;,6,; and ()d;; which are
arbitrary. Then, using equation (12) it can be proved that inequalities (11) and (13) are
equivalent:

Then

[2y05; = Gillé’ — )€1 = 0. (13)

(Derivatives are evaluated in the limit at (t — t,) = 0, for 1 > ;). We introduce now the
symbol J defined through the following relation

ox = x(t) — x(ty).
Then for a sufficiently small time interval ot we have
ox = X*0t,
where

%* = lim [%()]
-0

and in that case inequality (13) can be replaced by inequality (14)
[2y00:; — (1)5aij][(2)5£iji - (1)53.','(1)] = 0. (14)

The equivalence of this last expression to inequality (13) may be seen by expanding the
stress and strain increments in a Taylor’s series and selecting the time increment ¢ sufficiently
small that lowest order terms dominate. A similar derivation is presented in Naghdi[ll].
Summarizing the previous discussion we observe that inequalities (11) and (13) and for
sufficiently small é¢ inequality (14) are equivalent as the constitutive inequality for plastic
deformation.

Inequality (14) warrants further discussion. Consider two identical bars which have been
pulled in uniaxial tension such that they are in the same state at time ¢,. Imagine that for
times t > t, the two bars are subject to different arbitrary (one-dimensional) stress rates.
Inequality (14) implies that for sufficiently short time intervals the bar with the higher stress
must also have the higher strain.

An inequality similar to inequality (14) has been proposed by Drucker[12] as a general-
ization of stability criteria presented for plasticity (Drucker[9]). Its implications for unique-
ness were also discussed. Here, given linearity (inviscidity) and the yield conditions of
plasticity, inequality (14) arises in the first place as the formal equivalent to the constitutive
inequality of plasticity.

On the grounds that it is an inherently reasonable classification of material behavior it
will later be assumed for viscoplasticity. In conjunction with the viscoplastic counterparts
of linearity and of the yield conditions in plasticity, it will serve to derive a constitutive
inequality for viscoplasticity.

An additional point of interest is that in plasticity the constitutive inequality may equiva-
lently be stated in terms of one element (equation 1) or of two elements (equation 11 or
equation 13). Later we will find that such an equivalence does not hold in viscoplasticity
in the case of hardening.
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The constitutive equations for plastic deformation may be derived by means of the fore-
going relations. It should be noted that the normality of the inelastic strain rate to the
plastic yield surface is obtained in the course of such derivations.

3. CONSTITUTIVE INEQUALITY IN VISCOPLASTICITY

In viscoplasticity, the concept of inelastic strain as introduced in equation (2) and the
state characterization expressed in equation (3a) are retained. In the following we will:
{(a) define the dependence of the inelastic strain rate on the stress rate in viscoplasticity;
(b) introduce vield conditions for viscoplastic deformation; and {c) present a viscoplastic
counterpart of the constitutive inequality of plasticity.

In Hohenemser and Prager[3], Perzyna[4] and Phillips and Wu[5], versions of visco-
plasticity have been presented in which the inelastic strain rate is taken to be independent
of the time rates of the stress. We retain this feature and thereby assume that the equation
for the inelastic strain rate (equation 4} is homogeneous of order zero in the stress rate.

Consequently, we have

9:/(S, ¥6,,) = 9:{(S, 6,,),
from which we conclude that g,; is independent of ¢, so that
& =9:(S). 15
Similarly, we obtain
k =18). (16)

As previously stated, it is important to understand that viscoplasticity is not the most
general theory it is possible to formulate for dynamic plastic phenomena. The zero order
homogeneity is a restrictive assumption. It has been replaced in the formulations by
Lubliner{[6] and Cristescu[7] in which the inelastic strain rate is considered to decompose
into an inviscid part and a stress rate independent part. It has also been argued that (Bell[13])
in many cases dynamic plastic phenomena may be analyzed by means of a purely inviscid
theory.

We now state the conditions under which viscoplastic deformation occurs. Suppose that
at some time ?, the inelastic strain is ¢;;' and the history parameter is k but o;; need not be
the actual stress. Consider a function Flo;, ¢;;*, k] which takes the zero value for a particular
set of points, say o,;*, comprising a closed surface in stress space: equation

ij
Flo,* &' k] =0. (17

ij »“ij»

For the actual stress F may in general be different from zero. By convention we have F > 0
if the stress point is exterior to the surface and F < 0 if it is interior to the surface.

As the condition for viscoplastic deformation we postulate that such a function exists
and it assumes a positive value for the actual stress during viscoplastic deformation. Conse-
quently, during viscoplastic deformation the actual stress is exterior to the surface represented
by equation (17), which will be called “ the reference viscoplastic yield surface.” Let us call
A the positive value of F whenever we intersect into the function F the value of the actual
stress point.

Equation

F(o;;, &', k) = A{ = F(S)} (18)
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represents a closed surface enclosing the reference viscoplastic yield surface and it is called
the ‘dynamic viscoplastic loading surface’.

A considerable range of choice remains for the functions g;; and F. In the existing versions
of viscoplasticity this choice is restricted by assuming that the inelastic strain rate is normal
to one of the viscoplastic surfaces. Instead of a normality postulate we wish to present an
inequality which is a viscoplastic counterpart of the constitutive inequality of plasticity.
As will be seen, this will allow assessing the meaning and restrictiveness of normality
postulates. It will also permit presenting a theory of viscoplasticity with a structure similar
to that evident in some versions of plasticity.

We consider various possible choices for the constitutive inequality of viscoplasticity. We
first consider inequality (11). It is clearly unsuitable since it would, for example, exclude
the case in which stress is decreasing while the strain is increasing but the strain rate is
decreasing.

As a specific example consider the bilinear constitutive equation proposed by Wood
and Phillips[14]

& =nlo — 64 — k(' — ao/Eg)y 19

where
_{0 if ¢=0
<¢>‘{¢ it ¢>o0.
It is clear that equation (19) would require
. k .
&= n(d(l + E) — k&b
0

and for 6 <0 and & > 0 would give & =0; that is & <0 would be impossible. This is
obviously unsatisfactory.

As a second choice we consider inequality (14). Suppose we have two elements (1) and
(2) which are identical and in the same state at time ¢,:

WS = @S
and therefore
Wi = @85
and
wk = @k
and
Wi = 2)0i;-
We also have
Wl =@y
since in viscoplasticity the inelastic strain rate is a function of the state and for the two
elements the states are equal at ¢,

For times t > t, the two elements are subject to stress rates (;,d;; and ()d;; which are
arbitrary. From elementary Taylor expansion we obtain
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2
@08 — 1908 = Ly’ — ()€ 101 + [Ei;" — )iy > +

and a similar expansion for the stress increments. Restricting attention to sufficiently small
time increments so that the lowest terms in the expansion dominate, we obtain from in-
equality (14)

[(Z)d-ij - (l)d.ij][(Z)éiji - (l)éiji] 2 0. (20)

Applying inequality (20) to equation (19) we conclude that

k " "
'7[(2)5' - (1)5’] [((2)6' - (1)5')(1 + E_) - k((z)8 — (1) )] >0
0

which, since the inelastic strain rates at ¢ = ¢, are equal, gives
nz0. @n

Therefore inequality (20) implies that the reciprocal of the viscosity coefficient in equation
(19) is positive. Also if inequality (21} is valid then inequality (20) will also be valid for the
material given by equation (19).

The meaning of inequality (14) was discussed in a more general fashion at the end of the
previous section. Here we assume it as a reasonable classification of material behavior. In
plasticity, given inviscidity and the plastic yield conditions, it was shown to be equivalent
to the constitutive inequality. For one dimensional deformations of a bilinear material in
plasticity it is equivalent to the positiveness of the plastic modulus.

Given zero order homogeneity (equation 15) and the yield conditions of viscoplasticity
(equations 17 and 18) inequality (20) and inequality (14) are equivalent. Inequality (20)
will be called the constitutive inequality of viscoplasticity.

The constitutive inequality of viscoplasticity (20) does not hold in the Cristescu[7] and
Lubliner[6] theories in which both an inviscid and a stress rate independent part of the
inelastic strain rate are present. In such theories inequalities (14) and (20) are not equivalent.
However, in such theories inequality (14) may be postulated.

Martin[15) has proposed for rigid non-hardening materials the inequality

Gy 20 22

which is a special case of inequality (20). It can easily be seen that this form is not appro-
priate in viscoplasticity for the case of hardening. Using equation (19) to exemplify this
point, we find that

68 =n6? — k[nd o — 0o — k(e — 0o/ Eg)>l6
which should be positive for arbitrary stress rates. However, the choice
0 <6 <klo — oy — k(e — 04/Ep)]

does not satisfy this requirement.
More generally, from differentiation in equation (15) we obtain
. . 09: . . 09;; . o9;; ,.
O'ijEijl:—ao_] o’ijo'pq+ag‘quigpqdij-i'ﬂgﬁlaij. (23)

Pg
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Due to the arbitrariness of the stress rates and their independence from the present state
we can always choose them leading to the violation of inequality (22) so long as the last
two terms in equation (23) do not vanish.

So, in plasticity, and in viscoplasticity without hardening, the constitutive inequality
may equivalently be expressed in terms of one material element or in terms of two material
elements. But in viscoplasticity with hardening one element is not sufficient.

4. A BROAD CLASS OF ACCEPTABLE CONSTITUTIVE EQUATIONS
We now wish to identify acceptable constitutive equations for viscoplasticity.
We recall that

8lji =gl}(s) zgij(o-pqs pg k)
Therefore

w i 6gij . agu - 6gu f(
-;‘ " ! 4
8!1 aapq Gl’q + 55 aapqz P& + = (2 )

Substituting equation {24) into (20) we obtain

09i; [

% @Fi; — 10200 — (1)Fpgl 2 0. (25)

pq

This result should be noted. The constitutive inequality of viscoplasticity by means of
equation (25) has introduced a restriction on the possible choices for g;;.
A sufficient condition for the constitutive inequality is achieved by setting

e [0:p0j, + 0:58;,]

06, = ol 2 (26)

N
+ 21 o L bijery g
e

where

() »l(S)=0,forallr
(©) by, is a symmetric tensor valued state function of state.

Indeed, by introducing (26) into (25) we obtain after some algebra
095 . . . .
P {205 — WFpat20i; — (193}
Pq

N
. . 2 : S 2
= oLl2)0p — 10p) T+ Zlo)“{r)bij((z)“u — 8il” = 0.
R

5. EXAMPLES
A special case satisfying equation (26) under certain conditions is

é’ij(s) = r{(gb(f‘))‘i’;}- @n

0, F<0
{P(F); = $(F), F > 0

where
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and where ¥;; = ¥;;. Indeed, differentiation in (27) yields (for F(S) > 0),

2 oF
a9, @d> '-P (28)
B0, " o, || OF d0,,
By writing
o OF
"3F 30, i = wLawbisbe @)
and
v, 81p8jq+ 6140
q& My _ (1)LB(l)le (1)bpq + [_P._zf_i_.,u](o)l. -+ Z (r)L(r)b:; (r)bpq (30)
P‘l

we see that these equations will be satisfied when

o9

¥ij = 0F[00y;, ybyy = 0F 004> (xLa =1 3¢ (31)
and
02F 0,p0jy + 8140 oF 0F X
¢0a [0, © [ : 2 : m] ay-s 5Tij5_,,,,+ r;z wkobiymbe (32
where

(l)LA + (1)L3 P 0.

The first equation (31) in conjunction with equation (27) is the normality condition. It
should be remarked that equation (32) gives then a necessary condition on the yield surface
F for normality to satisfy equation (26). Expression (27) together with ¥;; = 0F/dc;; was
directly postulated by Perzyna[4] and was derived by Phillips and Wu[5] from another
normality postulate. In neither case was there a discussion of the possible appropriateness
of restrictions on the yield function such as expressed in equation (32).

In plasticity, given linearity and the yield conditions normality of the inelastic strain
rate to the plastic yield surface is necessary and sufficient for the constitutive inequality. In
viscoplasticity, however, given zero-order homogeneity and the yield conditions, normality
is not a necessary condition. However, in conjunction with the restriction expressed by
equation (32), it is a sufficient condition.

It is of interest to estimate the severity of the restriction equation (32) imposes on the
range of choices for the yield surface function. After Tsai and Wu[16], we treat an aniso-
tropic yield function

F = /[Aju0i;04 + 4;j6] — (33)

Here we regard the coefficients 4, and 4;; as independent of the stress but they may in
general depend on the dependent state variables ¢;;' and k.
We will consider the case in which

¢(F)=F, sothat
(P(F)y =<{F> >0, and

o¢

=120
oF -



158 Davip W, NicBOLSON and ARis PHILLIPS

We seek to determine the restriction equation (32) imposes on the coefficients of equa-

tion (33).
Computation yields that
PF__ RApy, 0+ Apl24i 00 + 4] N Apgi-
adii aal’q 4\/(Amncd Gran O i + Aab aab)3 \/{Amnrs Omn Ops “+ Aab aab}

Upon comparison with equation (32), we find

wka + ole

_ ,,[1 - {\/(A,,,,,,s G Oy + Agpy Op) — 1}{ 1 }]

\/ (Amnrs O-mn ors "'l“ Acd acd

= {’? / ‘\/ gémms Cpin Ors fisb {7@)} >0
To satisfy the form of equation (32) it is now only necessary that

(Amnrsﬁmn ("™ + Ac [ ) -1
n{\/ e VI 34)
VAabsaOasOrg + Agy 0,

8,8, + 8;,0; 5
= sk [‘M}“‘@”ﬁ] + ;2 {inLnbij Ppgt

Equation (34) implies the form

Sipig + 0g0yp] . &
Aijpg = r{—F—W} + 2, {By Bt @3s)
r=3

where I" and (,,B;; respectively are positive and symmetric tensor functions of the dependent
state variables, ¢;;* and k.

1t is important to note that equation (32) implies no restriction on A4;;, the linear term
in equation (33). This term represents the Bauschinger effect.

To understand equation (35) we will give attention to a special case of anisotropy.
Referring to Hill[17] and Hoffman[i8], we write a yield condition for an inelastically in-
compressible, transversely isotropic material without Bauschinger effect, which is in a plane
stress state so that o, = 6,, = ¢,, =0, where the y-z plane is the isotropic plane.

Ire 2 2 2
Fa\/{%%%‘?m%+%}~i (36)
where
W, is the tensile yield stress in the p direction
¥ _ is the tensile yield stress in the x direction
and

S,y is the in-plane pure shear yield stress.
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Referring to both equation (36) and equation (35) we obtain
Ay, =192 =T+ B2
Ayyys = if‘?yz =I+ Byrz
Arryy = 1/¥," = B, B,,
A Ay, =1/S.2 = B>
Eliminating in favor of B,, yields
. ! 1 L
for which one obtains the solution

e lle vl w2
Yo2Ow VLW TR Ty

2
Bx.r = .

2

The positive sign solution yields real values of B,, irrespective of the relative magnitudes
of ¥, and ¥, . It is elementary to recognize that this result applies also for the solution for
B,,,I' and B,,. Hence, the yield function in the present special case satisfies the constitutive
inequality without restriction on the relative magnitude of the yield stresses.

The Hohenemser-Prager[3] prototype of viscoplastic constitutive relations is recovered

if one sets:

(@ &;°=0

© = (5

where s;; is the deviatoric stress tensor and k, is a constant. Note that, given (b) above,

0°F _ 2°F
doy; doy, - 08;; 08y,

and that (c) in conjunction with equation (36) implies the relations

Sx},&kg
Y, =¥, =./3k.

Summarizing, it does not appear that equation (32) implies very severe restrictions on the
range of choices for the yield surface function.
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AGCTPaKT-—B pazHerx GOPMYIMPOBKAX TEOPHM IIACTHYHOCTH OYCBHIHON ABIACTCH CTPYK-
TYpa, NPHHEMAIOLIAS HEKOTOPLIE XapaKTePHBIE NPU3HAKM, 3aKIHYAKIHe HICATEHYK) TEKy«
YeCTh, YCIOBHE TEKYYECTH ¥ HEPABEHCTBO cOCTOARMA. TTOCPeACTBOM 3THX NPUIHAKOB Orpelie-
NATCA ypaBHeHuS nascTHEHOcTH, B mpemnaraemol paloTe BRBOAWTCH HOTIONHSIOMIAN
BSIKOWIACTHYECKAN HACTH HEPABCHCTEA COCTOSHUR TCOPHH IITACTHYHOCTH ¥ PACCMATPHBASTCH
ee duanueckue 3naveHns. Jaercs, Takke, TEOPUS BA3KOIIACTHYHOCTH, o6naaaomasn nonobuoit
CTPYXTYpO} K Taxolt xe B rnacTuduocTH. Mconenyercs cBa3p MEXAY TeopHel BASKOMIACTHY-
HOCTH ¥ HPOTOTHIIOM BAKOIVIACTHYECKHX COOTHOWEHRH cocToanus "oresnemiepa — IMparepa.



