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TENSORS ASSOCIATED WITH TIME-DEPENDENT STRESS*

BY
BARBARA A. COTTER AND R. S. RIVLIN
Brown University

Abstract. It is assumed that six functional relations exist between the components of
stress and their first m material time derivatives and the gradients of displacement,
velocity, acceleration, second acceleration, --- , (n — 1)th acceleration. It is shown
that these relations may then be expressed as relations between the components of
m + n + 2 symmetric tensors if n > m, and 2m + 2 symmetric tensors if m > n. Ex-
pressions for these tensors are obtained.

1. Introduction. It has been shown by Rivlin and Ericksen [1]1 that if we assume
that the components of stress {;; , in a rectangular Cartesian coordinate system z; ,
at any point of a body of isotropic material undergoing deformation, are single-valued
functions of the gradients of displacement, velocity, acceleration, - -+, (n — 1)th accel-
eration in the coordinate system z; at the point of the body considered, then the stress
components ¢;; may be expressed as functions of the components of (n 4+ 1) symmetric
tensors defined in terms of these gradients.

We describe the deformation by

x; = xi(Xi ’ t)’ (Ll)

where z; denotes the position, at time ¢, in the coordinate system z; , of a material
particle which was located at X in the same coordinate system at some other instant
of time 7. Let v, v, »®, ... | »{” denote the components of velocity, acceleration,
second acceleration, --- , (n — 1)th acceleration at time ¢, in the coordinate system z; ,
of a material particle located at z; . Then, if we assume

o (0 0 o)
" Y\oX, ox,’ 9x,’ ’ 9z, /)’

(1.2)

it follows [1, Sec. 15] that ¢;; may be expressed as single-valued functions of the com-

ponents C;; , A’ (r = 1,2, --- , n) of (n + 1) tensors defined by
_ 9z 9z w _ " o
C” - an an’ Aii - ax,' + ax.'
and
. DA} n OV B
ATV = T AL T A o (1.3)

where D/Dt denotes the material time derivative. This result was obtained from the
consideration that the form of the dependence of the stress components ¢;; on the gradi-
ents of the displacement, velocity, acceleration, --- , (n — 1)th acceleration must be
independent of the particular choice of the rectangular Cartesian coordinate system z; .

It will be shown in the present paper, from similar considerations, that if, instead
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of describing the dependence of the stress components on the deformation by six func-
tional relations of the type (1.2), we have six independent functional relations of the
form

dx, vy’ o " Dt,, Dt,, D"t,,
Jii ) ) y T y tna s ) 2y T, m =O; (14)
X, 9dx,’ 9z, oz, Dt’ Dt Dt
with
fii = fii (1.5)
then these functional relations must be expressible in the form
Fii(CN y Az(u?y A,(,i), Tty Ax(t:;)y loe )BI(H‘I)? Bl(j)) Tt ’Bl(z:‘)) =0 (16)
if n > m, and in the form
F"i(cw ) Az(nlz)x A;i)y ) A‘();n), loa :Bz(a;)) Br(»i)y e ’Bz(:;n)) = Oy (17)

if n < m, where F,; = F,, in both cases, C,, and A5 (r = 1,2, --- , n) are defined by
(1.3) and B,y (r = 1,2, --- , m) are the components of symmetric tensors, defined by

DB{;™V -1 ;"
Dt + B dx;

(1)
(r=1) OV

By = <
+ Btl ax;

and
BY =t . (1.8)

Zaremba [2] introduced a rate of change of stress tensor, which is given in terms of
the tensors t;; , A{} and B{) by B{}’ — 1t,; ALY — L, AL,

It may be remarked that Eqs. (1.4) and (1.5) are not, in general, sufficient for the
determination of the stress resulting from the subjection of the material to a specified
‘deformation history. They may be regarded as a set of six independent differential
equations in six dependent variables ¢,;(¢;; = ¢;;) and one independent variable {. Suit-
able “initial” conditions at specified values of ¢ must be chosen if the equations are to
have a solution. However, we are concerned here only with the limitations which must
exist on the form of the relations (1.4), as a result of the necessity that they are invariant
under a transformation from one orthogonal coordinate system to another, quite apart
from any question of the sufficiency of the equations for the determination of the stress
components.

2. The deformation tensors. It is well known that if ds is the distance at time ¢
between two material particles of a body, undergoing a deformation described by (1.1),
which are located at z; and z; + dz; in the rectangular Cartesian coordinate system z; ,
then

(ds)2 = dx,, dxk (2.1)
_ 9 oz
= 3% s dX.dX,, 2.2)

where X; and X; + dX, are the positions of the particles at a previous instant of time T.
Differentiating (ds)® r times with respect to ¢, we have, from (2.1),

r 2
DD(‘:,S) = A dr, dz; , (2.3)
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where A{? is a symmetric tensor given by (1.3). A corresponding result in a convected
coordinate system was obtained by Oldroyd [3].

Equations (2.2) and (2.3), with the left-hand sides given constant values, describe
the deformation quadrics at the point of the body considered.

It has been seen [1, Sec. 10] that A}’ may also be expressed as

(r) (
;"

ry (r—p) (p)
; v, " v
= - - DK

ax; + Z; ( ) ax; 6.1:, ’ (2.4)

3. The stress tensors. If we define a quantity & by

(r)
A

® = t,'j dx ,'dx,‘ y (31)

then, since ¢;; transforms as a tensor from the rectangular Cartesian coordinate system
z; to any other, irrespective of any relative motion of the two coordinate systems, it is
apparent that ® is a scalar, invariant under such transformations of the reference system.
From (3.1), we have

D'® _ D'ty dr.dz) _ 3~ (s) D'"%t,; D'(dx, dz,)
q

Dt - Dt =0 Dt ¢ Dt
- (5 22 v q) D'~ !(dx.) D'(dx,-):l
B Z[(q) Dt° 12‘3(1 D' DE | (3.2)
Since
Di(dzy) _ o _ 9"
Dt T dv;’ = oz, dz,
and - ¢
- (a-1)
Do) = ey = 20 O (3:3)

where v\ = z,, so that 9\ /dz; = §,; , we obtain from (3.2),

s D._q_tii e q)é_v‘iiav”’ ]
;o[(q) Dt ,2_1:(1 oz, o, 0% 4o (3.9)

2= o[ (5) 2 5 (1) a_v:‘;”_ag:i]
Bi" = ,Z:‘,[(q> Dt~ =\l 9z, 9z [ 3.5)

we can re-write (3.4) as

With the definition

LS~ BY dn. da, 3.6)
with B{{ = B;?. Since D'®/Dt' transforms as a scalar, between two rectangular Car-

tesian coordinate systems with arbitrary relative motion, B!’ transforms as a tensor
between such coordinate systems.
We note, from (3.6) and (3.3), that

s+l
BU*Y dx, dz; = %t,ﬁ‘ = p; B dz: dz;)
3.7
DB(-) 31) av ( )
— ( ij + B(c) ovy + B(a) a:; )dx d:c .
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‘Whence,
(s) (1)
B§;+l) = DB-; + B(:) avl + B(n) aavx- (3.8)
4. The stress-deformation relatlons. We assume that the dependence of the stress

components on the deformation is described by the six functional relations (1.4) and
the forms of the functions f;; are independent of the rectangular Cartesian coordinate
system in which Eqgs. (1.4) are expressed. Let z* be a rectangular Cartesian coordinate
system moving in an arbitrary manner with respect to z; and related to z; by

% = a;(r; — b)) ;8 = Ojx (4.1

where a;; and b; are, in general, functions of time. Let X* denote the coordinates in
the system z* of a point located at X, in the coordinate system z; and let v¥”, v*®,

, v¥ be the components of the velocity, acceleration, --- , (n — 1)th acceleration
respectively in the coordinate system z* . Then, if ¢* are the components of the stress

in the coordinate system z*% , we have

dx% ur” v wt™ . Dk D%
1\oxy "ort oot et Dt D) = O (42)

It has been shown in a previous paper [1, Secs. 5 and 15] that we can choose the

coordinate system z*% in such a way that:
(i) instantaneously at time £, the directions of the axes of z*% are parallel to those

of z; , so that
a;; = 5"',' ) 4.3)

(ii) instantaneously at time ¢, the angular velocity, angular acceleration, angular
second acceleration, --- , angular (n — 1)th acceleration of the coordinate
system z* relative to x,; are such that the velocity, acceleration, --- , (n — 1)th
acceleration fields relative to the coordinate system z* , in the immediate
neighborhood of the material particle considered, are irrotational;

(iii) instantaneously at time T, the axes of the coordmate system z% have directions
relative to the coordinate system z; defined by

4 = g ©a, (4.4)
where

2 _ || 9% 9x;

¢ = ‘ 3X, 90X, (4.5)

and c(= || ¢;; ||) is the matrix satisfying this equation which has all its eigen-

values positive.
The choice of the coordinate system z* in accordance with the condition (ii) implies

that, at time ¢,
WX /x% = awxfoxt  (r=1,2, -+ ,m). (4.6)
Also, the choice of the coordinate system z*% in accordance with conditions (i) and (iii)
implies that, at time ¢, .
3z%/9X* = c¢; . 4.7
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‘With the notation
1 (3v%" av*f"’)
*(r) _ s i
a =5 O + 49
it follows from (4.6) and (4.7) that Eq. (4.2) can be re-written as
Fulow a0, a5, a0 B D) Z0 g

)y "pa Dt’ )Dtm

at time ¢.
From (3.5), (4.6), and (4.8), bearing in mind that v*” = z* and ¢ = t,, , we see that
if B*' are the components of the tensor B;;’ in the coordinate system z*

D' qt ( )av*(q—l) av;":(l):l
*>(n) — oh 0
B, aZo [(Q> Dt = ar* ox*
D. Dt (3) D'th < <¢I> x(a-1) *(l)]
+ ; [ q Dta—q = l dai dhi .

Also, at time ¢, from (2.4), (4.6) and (4.8), we see that if A%’ are the components of
the tensor A{} in the coordinate system z* , then at time ¢,

(4.10)

A?i(') 2d:(') ( )d*(r—v)d*(v) .
+ Z; (4.11)
Since,
AXY = 24*V, 4.12)

we see, from (4.11), that d*” can be expressed as a polynomial in the quantities 4%,
Ax® ... AXT . We also see, from (4.10), that D*t%/Dt’ can be expressed as a polynomial
in the quantltles AXD AP oo AXY tx  BXY, B2® ... | B*" Consequently,
Eqgs. (4.9) may be re—wntten in the form

(2) (n) ( (m)
¢ii(cvc ) A:G“)r A:cz y T A:c ) : ) B:a l)y Bz?o(z)y R} B:« ) = 0; (4-13)
if n > m and in the form
(1) (2) (m) (1) (2) (m)
¢ii(cw ) A:ql ’ A:c y T A:« ’ t;: ’ B:al 7B:c y T B:c ) = O; (4°14)

if m > n. It may be noted that if, in (4.9), f;; is a polynomial function of c,, , d%" ,
, D™t*/Dt™, then in (4.13) and (4.14), ¢;; is a polynomial in the dependent variables.
Smce By and B*'* are the components of the same tensor in the coordinate systems

z; and z* respectively, we have

Bp*q(’) = B,(';)a,,'aq,‘ and t;: = t,~,-a,,,-a,,f . (4.15)

Since A7 and A*" are the components of the same tensor in the coordinate systems
z; and z*% respectively, we have

A:c(') = As;)apiaqi . (4.16)

Since the coordinate system is chosen in accordance with condition (i) we see that,
.at the instant of time ¢, a,; is given by (4.3) and Egs. (4.15) and (4.16) yield

Bx” =B and AXY = AR, (4.17)
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Introducing the results (4.17) into Eqs. (4.13) and (4.14), we have

(1) (2) (n) o) (2) (m) —
‘Pii(cw ) Apa ’ Aw ) Ty Aw y tha s Bm va y T T ;Bw = 0’ (418)
if n > m and
(1) (2) (m) (1) (2) (m)
‘Pii(cpc ’ Aw ’ AM y T sz y Upa » BM anq y T 7Bpu = 07 (419)

if m > n.
Following the method adopted by Rivlin and Ericksen [1, Secs. 7 and 15] and em-
ploying the notation

dx; 0x;

Ci; = cutr; = 9X, 9%, (4.20)
the relations (4.18) and (4.19) may be written as
FiilCouy Asdy 4505 o+ s 437 b, By, ByY, -+, ByYY) = 0, (4.21)
if n > m and
FiiCooy A3dy A3y -+ s A3, ta , By, By, +++ , BY) = 0, (4.22)

if m > n, where F,; is a single-valued function of the independent variables.

If we assume in Eq. (1.4) that the functions f;; are polynomials in the variables,
then it follows from the manner in which Eqgs. (4.21) and (4.22) are derived that F,; are
polynomials in the variables. It is also readily seen that if we assume the functions f;;
are single-valued functions of dv," /dx, , dvy> /dx, , - -+ , 90, /8%, , b, , Dt,./Dt, D*t,,/DE,
--., D™, /Dt" then they may be expressed in the form (4.21) or (4.22) with C,, omitted.
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