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VARIATIONAL PRINCIPLES IN THE THEORY OF FINITE
PLASTIC DEFORMATIONS*

BY
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1. Introduction. In the present paper we give the variational principles of the theory
of finite plastic deformations taking into account strain-hardening. Throughout the
paper only Lagrangian coordinates will be used. This work is based on a paper of R.
Kappus,' where a very clear exposition of the theory of finite elastic deformations is
given.

The strain components are

Opa = Uqp + Up,q T Ui pUiq (1)

where u, is the displacement and a subscript after a comma denotes differentiation with
respect to the corresponding coordinate. The geometrical significance of these strain
components is the following. Let us consider the system (0, e{¥, e{®, {®) of the particle
O of the body and the three unit vectors e®, e{®, e{® which are parallel to the axes

of the fixed coordinate system. The deformation brings O to O, , and e, e{®, e{® to
(1) (2) (3)

gi, 9, gi , respectively.
The strain components g,, are given by the formulas

(») (a)

Ove = 0i " §i — 054 (2)

where 6, is the Kronecker delta. They are components of a tensor.
Let us consider now the cubic element built on the vectors ef’, e, ei®. After
- deformation has taken place it became a parallelopiped built on the three vectors
(1) (2) (3) (1) (2) (3)

g:, 952, 9:>. The forces on the faces of this parallelopiped are ;", 7;°, 7"
Let us resolve them as follows:

77 = 1gi?. €))

The components ,, are called the stress components. They are the components of a
tensor and they fulfill the conditions

Tra = Tap y 4)
The equations of equilibrium are '
(Tie + Toelhin) .o + Fi =0 (5)
and the boundary conditions are
(tiq + Toolhin)ve = Fi, (6)

where », are the direction cosines of the exterior normal.
The stress-strain relations of the theory of finite elastic deformations are taken in
the form
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1 1
Tpe = G<gw - g giiapq) + K § G:i0y, . (7)
By putting
T:a = Tpa — 5 Tii0pq , g:‘q = Ope — § Giidyq
172 1/2 (8)
(TPGTPQ ! ’ D* = (g:ag:a) ’

we get the two equations
Ts'i/gii =k (9) T* = GD*. (10)

The theory of finite plastic deformations assumes that Eq. (9) is valid again but
that Eq. (10) will be replaced by

T* = f(D¥) (11)
i.e. T* is a function of D*.
Thus Eq. (7) becomes
D* 1
Tpa = fFD*) g:a + K::); Gii0pq - (12)
Solving Eq. (11) for D* we get
* = o)
and
T*
Joa = ¢(T ) 7';‘« + = K 3 Tnapq . (13)

2. The variational principle for the virtual displacements. Let us consider the
function
D*

A= [ f(D% aD* + 3 K¢, (14)
0
where ¢ = ¢,;/3. We find
a *
G0 = 10N o+ 3K
(15)
_ f(D* _
= D* g:a + Kgapa = Tpq -«

We consider now a body in equilibrium under the action of external forces. We
denote by 7,, the actual stress components, by u; the components of the actual dis-
placements and by g,, the actual strain components, due to the loads.

We compare the actual value of the expression

pP= fA.,dV—sz,u,dV—szu,ds (16)

with the value which this expression would have if u; and g,, were submitted to small
variations éu; , 8¢g,, while the stress components and the external forces remained un-
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changed. These variations are not entirely free; the new strain components g,, + 89,,
and displacements u; + du; must fulfill the following conditions:

a) the condition of continuity,
b) the geometrical boundary condition,
¢) the equations of equilibrium

{Ts'a + Tw(ui + Bui).p}.q + F. =0, (17)
d) the statical bounda,ry conditions
{T‘-q + Tw(ui + 6“:’).9}”« = Fl. (18)

We shall prove that the actual value of P is a minimum. Let us write A = [y 4dV.
We get

_ _ [ %4 -
sa = [ savav = [ %20 5g,av = [ r.bg,0av (19
Using the Eqs. (1) we obtain
04 = f [Tm(aup.a + Uy, + Ui p0U F ui.q&ui,p)] av. (20)
1 4
Integrating by parts and noting Eq. (4), we find that Eq. (20) becomes

8A = — f [5un7"pq.a + UeTpe» + 6ui(7'paui.v).q
1 4
+ ui(quaui.a).v + &ui(Twui.e).v + ui(fwaut'.v).a] av
+ f [Wpfpal’a + U Ty + Mi(Tpaui.v)”v (21)
S

+ ui('rwau".a)”p + 8“-‘("'::«“:’.0)”?

+ Ui(7p00u; 5)v,] dS.
Using the Eqgs. (5), (6) and (17), (18) we get

84 =2 [ Foou v +2 [ Fiou, as, 22)
14 S
and because F, , F’ remain constant during the variations,
a[f 40dV -2 [ Fuiav —2 [ Fu, dS] ~0 23)
v \ 4 S
or
P = 0. (24)

This means that P is an extremum. We have to prove now that P is a minimum. We
have .

5P = 62fVA0dV - fv 524, dV. (25)
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But

52 A, = d{i(D*) (8D*)* + J(D¥)§D*, (26

The first product of the right member of this equation is positive because for all ma-
terials df(D*)/dD* > 0. Let us examine the second product. We have

2 N)*
oD% = D% 5w @7)
995.99.%
But
azD* _ D*‘smn gmgrc
dgkdgk D* -
where
1 for pg =78,
Opare =
0 for pq F# 1S,
Hence
82D* = D*z(ﬁg?iﬁg,?‘;) - (9?5395?)2
D*®
(29)

D*3 [(g 5g,, - gfaagpt)(g;kaagn - g:‘sagw)] > 0.
Therefore $°A > 0 and 8°P > 0.

3. The variational principle for the virtual stress variations. Let us consider the
function

™ 37
Bo= [ oart+3% (30
where 7 = 71,;/3. We have
BB " or
a‘rvq ¢(T ) Tpa + K aTw
(1)

*
?(L*)' (qu - Tapa) + 'IL{ 050 = Gpq -

Let us consider again a body in equilibrium under the action of external forces. We
consider the expression

Q = fBo av -2 [ Pu,as (32)

in which the second integral is extended over the part of the surface of the body where
the boundary conditions are such that the external forces F! are not given. We com-
pare the actual value of @ with the value which @ would have if the stress components
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and the surface forces were submitted to small variations, while the strain components,
the displacements, and the body forces remained unchanged. The only conditions which
the variations must fulfill are that the new stress components and-boundary forces
must satisfy the equilibrium equations and the boundary conditions. We shall prove
that the actual value of @ is a minimum.

Let us write

B = [ Byav. (33)
vy
We get
- — [ 9B 4y _
6B = fv 6B, dV = fv Taqy = fv Grud7e V. 34)
Using the Eqs. (1) we find that
3B = [ [5raultpe + o + e, )] V. (35)
v
Integrating by parts we obtain
B = — f [upafzm'a + uaaTw.p + ui(afpaui.a).v
14

+ ui(anaui,p).a] dV + f [upaTPaVa (36)
S

+ U 07, + ui(anaui.a)”v + us‘(afwuim)”a] ds
in which the second integral is valid for the whole boundary. The stress variations have
been selected such that the equations of equilibrium are always satisfied. Hence the
first integral vanishes.

In the part of the boundary where the external forces are given the second integral
vanishes because the stress variations have been selected so that the boundary equa-
tions are satisfied. The second integral is different from zero in those parts of the boundary
only where the external forces are not given. Then we have

0B = 2 u;8F} dS, (37)

So

where S, means the above-mentioned part of the boundary. As u; remain constant
during the variation, we get

a[fVBo av — 2[50 w.F! ds] —0 38)

8Q = 0. (39)

Hence @ is an extremum. The proof that @ is a minimum is similar to the proof for
the minimum property of P.

The variational principles of the theory of infinitely small plastic deformations are
special cases of the two principles given above. These special cases have been treated
by L. M. Kachanov® and by the author’ independently.

2I,. M. Kachanov, Prikl. Mat. Mekh. 6, 187-196 (1942).

3A. Philippidis, Spannungen und Verformungen im 4berelastischen Bereich, Miinich, 1944. Un-
published Report.
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