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Abstract—The paper deals with elastic-perfectly plastic solids which shake down to a purely elastic state under
the action of quasi-static loads which vary arbitrarily remaining within a given domain. It presents a technique
for bounding the dissipation energy which is done locally at a given point of the body during the adaptation
process. This technique leads to a problem of finite plasticity which may be considered as the holonomic
version of the original shakedown problem suitably perturbed. The holonomic solution can be directly used to
construct the local bound which proves to be also the most stringent one. A simple example illustrates the
method.

1. INTRODUCTION

The bounding techniques play a crucial role in the assessment of structural safety within the
framework of shakedown theory. Among the post-shakedown deformation parameters to be
bounded, plastic dissipation energy is an important one. The bounding theorems for dissipation
energy formulated so far (see, e.g. [1-5]) consider the dissipation energy of the overall
structure, while the interest is in a bounding theorem for the energy dissipated locally at any
point of the structure. In certain narrower circumstances, the known bounds on the so-called
“plastic strain intensities” (or on functions of them) can be considered as local bounds on
dissipation energy associated with specific deformation modes (see, e.g. [6-8]). However, to the
author’s knowledge, a true local bound on plastic dissipation energy has not been formulated so far.

The present paper, following a perturbation method adopted by the same author
elsewhere[9-11], furnishes a bounding technique for the local plastic dissipation which is
produced during the application of external actions (repeated loads and temperature cycles).
Dynamic effects as well as workhardening are considered as negligible and displacements are
treated as infinitesimal.

By the use of an argument which is similar but not identical to that used by Koiter in his
famous article on plasticity[1], we obtain a bound expression which, being dependent on some
free parameters, may be optimized. This leads us to formulate a constrained minimization
problem, whose optimality conditions describe a boundary value problem of finite plasticity,
which appears as the holonomic version of the original shakedown problem suitably perturbed.
The holonomic solution permits the bound to be the most stringent and expressed in local terms,
in the sense that the bounding quantity is referred to the same body portion which the dissipa-
tion energy is referred to.

The usual conventions of tensor calculus are adopted, such as the summation convention for
repeated indices. Commas indicate derivatives with respect to coordinates, i.e. (...), =
(.. .)/ax;, while the time derivative is indicated by a superimposed dot.

2. THE SHAKEDOWN PROBLEM
An elastic-perfectly plastic solid of volume V is referred to a rectangular cartesian
coordinate system, say x =(x;, X; x3). Its surface S is restrained on the part S;, where the
displacements &; = U; are prescribed; while on the complementary part S, = S — S; the tractions
T, (i=1,2,3), are applied. Body forces F, as well as imposed strains 9, (for instance of
thermal origin) are supposed to be present.

tThe results presented in this paper were obtained in the course of a research project sponsored by the National
(Italian) Research Council, C.N.R., PAdIS Committee.
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The above external actions, which vary with time ¢ through a time-sequence which is
unknown, belong to a given loading domain 11, or, in other words, they can be considered as
one-to-one functions of the point =, (#=1,2,...,r), of an r-dimensional domain, as in the
following

7} = T.i(.rv)v on Sl

F,=FE(r), iV _
U=Ufr), on s,,>' €I, (v=12,...,n. @la-d)
¥y=Nn), V.

A time function 7, = 7,(t), t =0, determines a possible loading history provided 7,(t) € II for
every t =0.

Denoting the stress tensor by o, the equilibrium equations are

O + F; = 0, in V, (2.23)
om=T, onS$, (2.2b)

where n; is the unit external normal of S, while the compatibility equations are

g=e+p;+¥; inV, 2.3a)
€= % (uu + ll,".'), in V, (2.3b)
u;= U on Sy, 2.3¢)

where ¢; is the (total) strain tensor, ¢; its elastic part and p; its plastic part.
The elastic behaviour of the material is described by Hooke’s law, i.e.

€ =Apon, IV, 2.4)
where Ay is the usual elastic coefficient tensor, as well as by the elastic domain
fulo =0, Ya E€(L2,....m), inV, 2.5)
where the convex yield functions
fa=fulop (@=1,2,...,m), inV, 2.6)

are independent of plastic strain and play the role of plastic potentials. Therefore, the plastic
strain rate tensor is given by the usual flow-rule

. _Ofey .
Py am])t.,, inV, 2.7
along with the following side equations
fs0,A,20, Ya€(1,2,...,m), inV, (2.8a,b)

faha =0, fohe=0, inV. (29a,b)

The plastic strain intensities A, = A.(x, 1), given by

A,:[’A’.d:, (@=1,2,...,m), 2.10)
0
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as well as the plastic work density W = W(x, 1), given by

'
W= f (7,',‘[5,7 df, (2.1 1)
0

are nonnegative functions of ¢ for any x € V. If they remain finite everywhere in V while ¢
increases, the structure shakes down to a purely elastic state and, as we say, it adapts to the
loads. Shakedown (or adaptation) criteria enable us to recognize if the structure is able to shake
down {or to adapt). However we know that such information is insufficient: the structure, in
fact, may fail because the parameters (2.10) and (2.11), though finite, are excessive with respect
to given safety criteria. The loading history being unknown and a direct evaluation of the above
parameters being thus impossible, we are faced with the problem of finding a priori bound on
their post-shakedown values. Bounds on plastic strain intensities A, have already been
given[6-11], while bounds on plastic work density W have not been formulated so far. We will
give a bound on W in the following paragraphs.

3. AN ASSOCIATED BOUNDARY VALUE PROBLEM

Let us consider a fictitious elastic-perfectly plastic solid which is identical to that of Section
2, except that its yield functions, instead of (2.6), are

falo)=fulgop), (@=1,2,...,m), inV, 3.1)

where the coefficient g is an arbitrary scalar function (perturbation function) such that
g=gx)=z,vxe V. 3.2)
Moreover, this solid is in an arbitrary state of “initial” plastic strains p¥; with associated

self-stresses o¥;, both independent of .
The elastic response to the given external actions satisfies the following equations

6‘;;_]+E=0, mV,) P
Gm=T, onS,, (equilibrium) (3.3a,b)
E=&+9;+pt, mV,
G=3Giy+a), iV, > (compatibiity) (3.4a-0)
ﬁl = Uiv on SZ!
&y = AjjuGru, in V. (Hooke's law) (3.5)

The solution to this set of equations is statically admissible if it does not violate the yield
condition, i.e.

fuG)=0, Ya€(,2,....m), inV, (3.6)
or, in view of eqn (3.1),
fu(86)s0, Va€(,2,...,m), inV, 3.7

where the stresses &; can be decomposed into the elastic stresses off (elastic solution to the
original problem) and the self-stresses o%;. We have in fact
Gi=of+at, (3.8a)
&=ejt+el, (3.8b)

i =uf+uy, (3.8¢c)
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with obvious meanings of the symbols.
Suppose a statically admissible solution exists. Then, in virtue of Drucker’s postulate[1], we
have

(86— o)p; <0, inV, 3.9
or, equivalently,
(8- Doy =gloj—Gy)p, inV, (3.10)
which can be written in the form
(g - Doypy = Gloy—Gy)py,  inV, (.11

provided that G is a constant satisfying the inequality
Gzgx), VxeE V. (3.12)
From eqns (2.3a) and (3.42) and from Hooke's law we deduce the equality
Pii = €~ & — Ay ~ One)s (3.13)
in view of which inequality (3.11) becomes, after an integration over the volume V,
fv (8- NoypydV=G UV (0= )&y — &)V
- | Amtou-aou -G av] (3.14
Since the first integral in the right-hand member is zero, we finally have
fv (g - Doyp; dV <-GB(1), (3.15)
where B(t) is the nonnegative functional
B()=3 fv Al = G:)ow — Gu) V. (3.16)

An integration over the time interval (0, ¢,), remembering the definition (2.11) and cancelling the
subtractive nonnegative term B(t)), furnishes

jv (g-1DW(x,1,)dV = GB(0) (3.17)

where, in consideration that o;(x,0) = o§(x,0) =0 everywhere in V, B(0) proves to be the
functional

BO=}] Awctotiav. (3.18)

Inequality (3.17) is a bound on plastic dissipation energy. This bound, if we take g(x)=
const. = G, transforms into the bound on the overall plastic work given in[1).

4, A MINIMUM PRINCIPLE
In order to make the bound (3.17) the most stringent, we may search for the best choice of
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the self-stresses o%; subject to the condition that the elastic solution &; = off +o¥; satisfies
eqns (3.7). For the sake of a greater generality, we set

g=vy+1l, inV, “.1
and let the net perturbation function y = y(x) be defined within a positive multiplier w, i.c.
¥ = vy, ¥=9(x)=0, >0, {4.2a-<c)

Here ¥(x) is supposed to be arbitrarily prescribed in V, while w is unknown. With these
transformations, inequality (3.17) can thus be written

] Wix, 1) dv <& B). 43)
v (/1]

Let us now consider the following minimization problem:

min®=3 [V%AWM av, (4.43)
subject to w >0 and
pii=0, inV, (4.4b)
=0, onS, (4.4c)
@a(s)<0, inV+II, (4.4d)
g-G=0, inV, (4.4¢)

where the following substitutions are to be operated:
g=o¥x)+1, @, =f(gs;), inV, (4.5a,b)
si=0f(x, 1)+ pi(x), inV+IL (4.5¢)

The problem (4.4a-¢) is a convex problem of calculus of variations with equality and inequality
constraints. It can be treated following a classical path (see Appendix). The optimality
conditions prove to be the following

Pijj = 0, in V, (4'63)
Pt = o, on S, (4.6b)
%(v.-,, + U,'J) = Am + Gip in v, (4.78)
4=0, onS, (4.7b)
Pa = fa(gsli)v si] = U'E + Pijs (4-139 b)
3 inV+II
®=0, L=0, @l=0d =34:—f';1.,, (4.8a-d)
i
= fn dydll, D= fn sdydl, iV (4.92-b)
fv 3 Apapion 4V = oG Lf'g“’D av, @.10)
G = max g(x), @11
XEV

where g is given by eqns (4.1) and (4.2a).
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The set of eqns {4.6a,b)~(4.11) may be interpreted as the holonomic description of the
original shakedown problem suitably perturbed. This perturbation consists in a homothetic
shrinkage in the ratio 1/g of the yield surfaces. Since the stresses p; are the elastic response to
the imposed strains g;;, we find that the best choice for o3; and thus for p¥; is

oY=p; Pli=qu InV. (4.12a,b)

The bound optimization can be performed in two different but equivalent ways: one is
solving the holonomic boundary value problem (4.6a, b}«4.11), the other is solving the mini-
mization problem (4.4a—€) with the side equations (4.5a—c). The latter constitutes in fact a
minimum principle which characterizes the holonomic solution and hence the optimal bound.

In view of the optimality condition (4.10) and the eqn (4.12a), the bound (4.3) can be given a
different form, i.e.

f FW(x, 1) dV = G? [ 78~'D(x)dV. 4.13)
v v

Let us now make the following choice for ¥:

1, within a given volume element A V,
0, in V-AYV,

sothat g=1+winAVand g=1in V-AV. Since G =1+ w in accordance with eqn (4.11),
inequality (4.13) takes the significant format

Wk ) =s(1+w)D(X), inV. (4.14)

Equation (4.14) is valid for any subsequent time ¢, >0 and for any point £ € V which the
plastic work density is referred to. The quantity D represents the local dissipation energy
associated with the holonomic solution mentioned earlier, which is to be computed in the same
reference point £.

Inequality (4.14) is the desired bound on plastic work density W, at any point of the body.
For every such point this bound requires the solution of an analysis problem of finite plasticity,
while a bound on the overall plastic work like that given in[1] requires only an elastic solution.
The more information one can get through the application of inequality (4.14) is thus to be paid
for with a greater computational effort.

5. EXAMPLE

As just an example, we consider the clamped beam of length 2L (Fig. 1a), whose
elastic-perfectly plastic behaviour is characterized by the yield moments

M, =M, M =BM, (B>1). (5.1a,b)

A point load is applied on the middle section and its intensity F varies quasi-statically as
F=Fr €, MI={r:0=<rss} 5.2

where F; is the elastic limit load, i.e.

Fo=4MJL. (5.3)
In view of the symmetry, the self-stresses which arise in the beam can be described in tesms
of two equal and opposite couples, say X, applied at the ends of the simply supported beam
(Fig. 1b). For s <1 the system is in the elastic domain, while for 1 <s <. it is out of the elastic

domain but able to adapt to the loading at the price of plastic deformations. We want to find a
bound on the plastic work which is dissipated at one of the clamped end sections.
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Fig. 1. Clamped beam loaded on the middle section: (a) geometrical and loading sketch; (b) deformation
pattern; (c) perturbed bending moments for 1 < s <(8 +2)/3; (d) perturbed bending moments for (8 +2)/3 =
ss(+1)2

5.1 Real plastic work
The real plastic work W, which is done locally at the extreme point A, is expressed by the
product M,|p|, p being the plastic rotation at A. Since p = ~F,L¥s ~ 1)/4EI, it follows:
dWIF,L=a(s-1), (Iss=s,) b4
where we have set

a = FLY4EI, (5.5)

and eqn (5.3) has been accounted for. The value s, is the plastic collapse load which proves to
be

se=(B+D2. (5.6)

5. BOUND ON PLASTIC WORK

For the evaluation of the bound we will apply the optimality conditions of Section 4. We
consider the total bending moment M% + X, which is amplified in the ratio 1/(1+ w) in the
vicinities of the end sections A and C. The yield conditions are

at Section A: - (X~} FoLs)(1+)- M, =0, (5.72)
at Section B: (x+% F.,u) - BM, <0, (5.7b)
which can also be written in the following dimensionless form

at Section A: (s —£X1+w)—1=<0, (5.8a)
at Section B: (s+§)—8=0, (5.8b)
where we have introduced the self-stress parameter

§=4X/FL. .9

S8 Vol. 16, No. 3—E
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The complementary strain energy By associated with the self-stresses is
By= LXYEI = (FyLi4)aé?, (5.10)
while the plastic rotation q at the end section (Fig. 1b) is
no yielding at B: q=-XL|El =-a¢, (5.11a)

yielding at B: q=- (ag+% qo), (5.11b)

o being the relative rotation at B. In accordance with eqn (4.10), ¥ being equal to one in the
vicinities of the end sections and equal to zero in all the remaining part of the beam, we write
the equality

aé* = 2uw(f - 5)q, (3.12)
where we have set
4DIFL=(¢(-5)q, G=1+w. (5.13a,b)
Two different cases are possible:
(i) No yielding occurs at the middle section (Fig. 1b with g, =0 and Fig. 1¢). Solving eqn
(5.8a) considered as an equality, as well as eqn (5.12) with g given by eqn (5.11a), we obtain

E=2s-1), wo=(-1/Q2-9) (5.14a,b)
q=-2a(s—1), 4BJFL=4a(s~1) (5.14c,d)

and the bounding quantity proves to be

1G 4B, _ _
™ }.—— a(s-1). (5.15)

This is valid for 1 =5 =<gs,, 5 being the load for which yielding first occurs in the middle
section, i.e.

=(B+2)3. (5.16)

(ii) Yielding occurs at the middle section (Fig. 1b with g # 0 and Fig. 1d). Solving eqns

{5.8a,b), both considered as equalities, as well as eqn (5.12) with g given by eqn (5.11b), we
deduce

E=B-s, w=2s.—5)2s-B), (5.17a,b)
a=3a(BFlisc~5), 4BJFL=a(B~ s, 5.17.d)

while the bounding quantity is now:

i‘gﬁ-;a(ﬁ sPI(se = s). (5.18)

In Fig. 2 the real plastic work (5.4) and the bounding quantity (5.15) or (5.18) are plotted as
functions of s for different values of 8(8 = 1.5; 2.0 and 2.5). It is shown that within the interval
(1, sy) the bounding quantity is twice the real plastic work, while within the interval (s;, s.) the
difference still increases with s and diverges for s » 5.
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Fig. 2. Clamped beam loaded on the middle section: Comparison between the real plastic work W (dashed
lines) and the upper bound D (solid lines) for different values of 8= M, M,

6. CONCLUSION

Considering an elastic-perfectly plastic solid subjected to variable external actions which
belong to a given domain but whose time history is unknown, we have formulated a bound on
the dissipation energy which is produced locally at a given point of the body during the
shakedown process. The method used is a perturbation method we have already applied in
previous works[9-11]. Such method enables us to find optimal bounds by solving an analysis
problem of finite plasticity or, equivalently, a convex minimization problem. This analysis
problem may be interpreted as the holonomic version of the original shakedown problem
suitably perturbed, and the above minimization problem thus constitutes an associated mini-
mum principle. The holonomic solution causes the bounds to be expressed in a local form
instead of an integral form.

The question to be answered is how good bounds the present method furnishes. The
numerical example of Section 5, presented only for the sake of an illustration, does not give
such an answer and further numerical applications are needed. Extensions and developments of
the present method (for instance considering workhardening behaviour and/or dynamic loads)
will be considered in future research work.
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APPENDIX

In this appendix the optimality conditions (4.6a, b){4.11) are deduced. First of all let the inequalities (4.4d,e) be
transformed into equalities introducing appropriate slack variables, say z, in V+Iland zin V, ie.

Cals)+2,2=0, Va€(,2,....m), inV, (A.D)
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g~G+22=0, inV. (A2)

Denoting by ', vj and I, (@ =1,2,...,m), Lagrangian variables which are defined in appropriate domains, we
consider the Lagrangian functional

G l ] t]
o == L 3 Aimpypn 4V + fv pijvidV - L puny;dS
+L[ (@alsi)+ z,’][{,dVdH*»] (8~G+Awdv, (A3
v v

where g is given by eqns (4.1) and (4.2a) and ¢,, 5; are given by eqns (4.5a~c). The first variation of ®*, after some
rearrangements and using the equality

& r l ’ ’
fv ap,uu,- dv= L v;8p§n,~ dS- jy i (D;_,‘ + U,',s)5p.',' d V, (A4)
reads as in the following:

W={~*3f 2AW¢V+f f ¥sy 3Q; ' I‘ dﬂdV]&u
U — l‘- t — f. ]

+vanﬁ”‘dv+fy[wm+f“8a@i I,dﬂ Viy Mdv
- f v, dS + [ Spun,dS + ] ] u_(o,,)+z.2]a;dVdn

St 51 v
+[—l-f -l-Awp;de—f w'dV]&G-i-f(w‘i-G-H‘#z’)ﬁw'dV

» v2 v v
+2[nf 2,106z, dVdﬂ+2f w'ézdv, (AS)

v v

where for the sake of convenience we have set
Qy=gsy, inV+IL (A.6)

i;;rdet that 6&* be zero for any consistent variation of all the variables, the following field equations are to be
satisfied:

£ii=0 iV, pm=0, onS; {A.7a,b)
Mi=3Ghtoi) in Vi %=0, on Sy (ABab)
,_G ] P A
i = Ay + ' ' Vv =
i = 2 Aimdns ngaqlldﬂ in (A8¢)
flQ@p+ 2. =0, zl(=0, in V+II (A9a,b)
Gf1
fyw dv+] f‘“ao‘ deVs;—;]viAmde, (A10)
wf-G+1+22=0, 2w'=0, inV, (Al
mf w'stI%Awp,de. A1)
1 4 v
Let us now make the transformation
wagol L=Fh wegw, n=gn (ALa-d)
Then, in view of the equality
%zg%, Va€(L2....m), inV, A1)

and by elimination of the slack variables, eqns (A.7a,b) to (A.12) become respectively

pi=0, inV, pm=0, onS; (A.15a,b)
=%(vu +o5), inV: u=0, onSy {A.16a,b)
1y = Agapa + Gy in V; (A.16c)

el5i)s0, L20, @l=0. inV+IL (A.17A~C)
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f‘,%A,,,.,p,.,-p,.k V=uw fv ! f" sudh dﬂdV+wfv wdv (A18)
g-G=<0, w20, (g-Gw=0, inV, (A.19a)
fv % AoV = G f Wy, (A.20)
where we have set
d; =%%;1.. in VI, (A21a)
4= fn d;dIl, inV. (A.21b)

The integration of the equality (A.19c) over the volume V gives

fvgde=ijde. (A.22)

Then, combining the latter with eqns (A.18) and (A.20) yields

1 - -
fv i A,’,‘MP,‘W dV=Guw fv b7 4 ! Jn S,"d,'i diidv. (A.23)

Finally we observe that:

(a) If w=w(x} is everywhere zero, the integral on the left side of eqn (A.20) vanishes, which implies that p; =0
everywhere in V, This situation occurs when the elastic solution is everywhere inside the perturbed yield surface, i.c.
¢.(a5) <0 (and hence f,(5) <0). In other words, the body remains always elastic.

(b) If w#0 at a point, there it follows that G = g in accordance with eqn (A.19¢c). Therefore, the constant G proves to
be

G = max g(x), (A.24)
€YV

and w may be different from zero only where g takes its maximum value.
(c) The Langrangian variable w can be eliminated from the set of optimality conditions by simply substituting eqn (A.18)
with eqn (A.23) and eqns (A.19a-c) and (A.20) with eqn (A.24). So we obtain the optimality conditions of Section 4.



