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Abstract

The (elastic) shakedown problem for structures subjected to loads and temperature variations is addressed in the
hypothesis of elastic—plastic rate-independent associative material models with temperature-dependent yield
functions. Assuming the yield functions convex in the stress/temperature space, a thermodynamically consistent
small-deformation thermo-plasticity theory is provided, in which the set of state and evolutive variables includes the
temperature and the plastic entropy rate. Within the latter theory the known static (Prager’s) and kinematic
(Ko6nig’s) shakedown theorems — which hold for yield functions convex in the stress space — are restated in an
appropriate consistent format. In contrast with the above known theorems, the restated theorems provide dual
lower and upper bound statements for the shakedown limit loads; additionally, the latter theorems can be expressed
in terms of only dominant thermo-mechanical loads (generally the vertices of a polyhedral load domain in which the
loadings are allowed to range). The shakedown limit load evaluation problem is discussed together with the related
shakedown limit state of the structure. A few numerical applications are presented. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The extension of the classical shakedown theorems to thermal loadings and materials with
temperature-dependent yield stress was achieved by Prager (1956) for Melan’s static theorem, and by
Konig (1982a, 1982b) for Koiter’s kinematic theorem — though the latter author quotes Rozemblum
(1965) as a previous contributor to this matter. Both extensions considered perfectly plastic materials
with yield functions convex in the o stress space for every temperature ¢. In contrast with classical
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shakedown theorems, related to temperature-independent yield stress, these two extended theorems
exhibit the following undesirable drawbacks:

1. In general, except in the case of linearly dependent yield-stress, they do not constitute dual lower and
upper bound theorems for the shakedown limit load whenever the temperature variations are
nonstationary and thus (possibly combined with the mechanical loads) are susceptible to
amplification.

2. In general, except in case of fully convex yield functions, they cannot be simplified by considering, in
place of all load/temperature combinations, only the discrete set of dominant loads; that is, the
loading conditions represented by the vertices of the polyhedral load/temperature domain within
which the loads and temperature are allowed to range.

It is the purpose of the present paper to show that, if the yield function is convex in the stress/
temperature space, the two shakedown theorems can be cast in consistent forms, i.e. free from the above
drawbacks, like the classical shakedown theorems. To this purpose, within the framework of
thermodynamics of internal variables, suitable thermo-plasticity flow laws will be introduced in which
the temperature and the ‘plastic entropy’ rate will play the role of further state and evolutive variables,
respectively.

From experimental data (Konig, 1987; Hansen and Schreyer, 1994), the yield stress kx=k(6) is known
to decrease with increasing temperature 6 and to exhibit a concave shape for a rather wide range of 6
(approximately, —10°C < 6 < 600°C for many metal and alloys). It must be remarked that in order to
maintain the problem inside the standard thermo-mechanical formulations, the maximum admissible
temperature that the material can suffer is always well below the melting temperature, typically no more
than one-third of it (Lemaitre and Chaboche, 1985). For modest temperature variations, the hypothesis
of temperature-independent, or linearly temperature-dependent, yield stress is usually considered
adequate. For more important temperature variations, the above mentioned hypothesis may be the
source of unacceptable errors in elastic—plastic analysis, and it then may be more appropriate to assume
k(0) to be concave, hence f(o, 0)=¢(c)—k(0) is convex in the (o, 0) space. Considering that the yield
stress k(0) is concave for many structural materials, the study of shakedown theory under the general
assumption of yield function being convex in the stress/temperature space turns out to be of interest
both from the theoretical and practical viewpoints.

The plan of the paper is as follows. In Section 2, the two mentioned extended shakedown theorems
are reviewed and their drawbacks discussed. Section 3 is devoted to the thermo-plastic internal-variable
material model and to the related associative thermo-plastic flow laws which are expressed in terms of
plastic strain rates, kinematic internal variables rates and plastic entropy rate. The thermodynamic
consistency of these flow laws is partially discussed in Section 3, but mainly in Section 4, where
arguments of the thermodynamics of internal variables are developed with the conclusion that, at least
within small-deformation and quasi-static processes, all coupling thermo-mechanical effects can be
disregarded. The shakedown problem is then posed in Section 5 and the related (consistent) static and
kinematic theorems are addressed in Sections 6 and 7, respectively, showing their differences with respect
the existing ones, as well as the cases in which these differences disappear. Section 8 is devoted to the
analysis of the shakedown limit state produced by the shakedown limit load, for which static and
kinematic approaches are presented. A few numerical applications are presented in Section 9. The
conclusion are drawn in Section 10.

2. Review of existing shakedown theorems

For later use, the two extended shakedown theorems mentioned in Section 1 are reported hereafter
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with reference to a continuous solid body of elastic, perfectly plastic material, which is characterized by
a yield function f{o, 0) < 0 being convex in the o stress space for every 0 value, the body being
subjected to quasi-static loads and temperature variations. The plain word ‘shakedown’ is used to mean
elastic shakedown; that is, to mean that the body will eventually respond elastically to any subsequent
loads and temperature variations within the given load/temperature domain, after a transient elastic—
plastic phase during which some limited amount of plastic strain has been produced (see, e¢.g. Koiter,
1960; Konig, 1987; Gokhfeld and Cherniavsky, 1980; Halphen, 1979).

2.1. Static shakedown theorem

Shakedown occurs if, and only if, there exists some time-independent self-stress field, 6%, such that
the stresses resulting from the superposition of this &° with the thermo-elastic stress response, 6, to
the loads and temperature variations in any potentially active load/temperature path, nowhere violates
the temperature-dependent yield condition, i.e.

f(6f+ 6%, 0)<0in ¥, Ve € (0, 1), W

where V' denotes the body’s domain, ¢ the ordering time-like parameter along an arbitrary load/
temperature path, 0 < ¢ < ¢, in the given load/temperature domain, #; > 0 is any subsequent time

2.2. Kinematic shakedown theorem

Shakedown occurs if, and only if, for any potentially active load/temperature path, 0 < ¢ < ¢, the
inequality

J r [DE™, 0) — oF:&"] dr dV=0 (2a)
Vv Jo

is satisfied with arbitrary kinematically admissible (k.a.) plastic strain rate cycles, £, that is, resulting
into a self-compatible field A€P°, i.e.

1t
AP = J dr=Vu“inV, u“=0o0nS,. (2b)
0

The symbol := means equality by definition, D is the temperature-dependent dissipation function
(related to f, hence convex for every 0 value), V° is the symmetric part of the gradient operator V, u‘ is a
time-independent displacement field, S, is the part of the boundary surface S=09V, where the
displacements are specified.

The above theorems exhibit the drawbacks described in points 1. and 2. of Section 1. The latter
drawback is quite obvious, but the former needs further explanation. To this purpose, let the loads and
the temperature variations be specified to within a scalar-valued multiplier 8 > 0, such that o = pot
and 0 = 0, where 6% is the thermo-elastic stress response to the reference loads and temperature
variations 6. The shakedown safety factor, f,, can thus be computed as the maximum multiplier f for
which shakedown occurs; that is, for which the following conditions hold:

e The static-type condition
F(BSE + &R, pO)<0in V, Vi € (0, 1), Q)

to be satisfied for every potentially active load/temperature path and some time-independent self-stress
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field, 6%;
e The kinematic-type condition

JV J: [D(P, BO) — B&E:67) dr dV >0, @)

to be satisfied for every potentially active load/temperature path and for every k.a. plastic strain rate
cycle, €.

Obviously, any f§ complying with the static-type condition (3) is a lower bound to fg,. On the
contrary, the kinematic-type condition (4) which holds for any f < fg,, rewritten for f=pfy and
considering only those nontrivial k.a. plastic strain rate cycle for which the reference external work is
positive, i.e.

Iy
J J 6L:edrdlV >0 (5)
Vv Jo

provides the inequality

ﬁsthV r D(&%, p,0) drdV / JV r G drav. (6)

0 0

This inequality is not a proper upper bound to fqp.

An exception to the latter result occurs for materials with a yield function of the form
f=¢(0)—Ko(1—c0) < 0, where ¢(o) is convex and homogeneous to degree one, x, is the yield stress at
the reference temperature 6 =0 and ¢ > 0 is some material constant. In this case, it is D = (1 — c0)Dy(£P)
where Dy(€P) denotes the dissipation function at =0 (Konig, 1982a, 1982b), and Eq. (4) can then be
transformed as

J y L { Do) — BLGE:&P + ¢ Do(e™)]} dr dV=0, ™

which, when written for ff=f,, is able to provide proper upper bounds to fg,. Additionally, f being
linearly dependent on 6 and thus convex also with respect to 0, it can be stated that none of the
drawbacks mentioned in Section 1 arise for the considered class of materials. However, this is not the
case in the general case of materials with yield functions being nonconvex with respect to the
temperature. In the following, the above shakedown theorems will be suitably restated such as not to
exhibit the named drawbacks.

3. Inelastic material behavior

A rate-independent associative material model is considered, with a yield function f(o, yx, 0) < 0,
where y denotes the dual (static) internal variables, f is, by hypothesis, smooth and convex in the space
of all its arguments and =0 denotes a reference ambient temperature. Viscous effects are disregarded
for simplicity’s sake, which is reasonable for temperatures below certain limits. The material behavior is
described in the space of the state variables (o, %, 0) by expressing the evolutive laws, or thermo-plastic
yielding laws, in analogy with the analogous laws for isothermal process (see e.g. Lubliner, 1990), as
follows:
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o of _f
ap A% —&,—/Lax,rl 80 (83)
f(o, 1, 0)<0, 1>0. Jf(o, %, 0) =0. (8b)

Here, / is the consistency (or plastic activation) coefficient accounting for the loading/unloading rule
through Egs. (8b). The instantaneous deformation mechanism is described by the set of evolutive
variables, (¢°, &, #P), including the plastic strain rates, &°, the (kinematic) internal variable rates, & and
the plastic entropy rate density, #°. The energy dissipated per unit volume reads

D:=0:8" —x-E+0p°>0, ©)

which is the intrinsic thermo-mechanical dissipation density.

Note that provided f is nonlineraly dependent on o and 6, Eqgs. (8a) and (8b) can be uniquely solved
with respect to the state variables o, x and 0, expressing them in terms of a given nontrivial mechanism
(&P, &, P), such that D in Eq. (9) turns out to be a one-degree homogeneous function of the evolutive
variables and to possess, for any nontrivial mechanism, the following properties:

D D dD
= X=—— O0=_—. 10
o=cp X oE anp (10)

Due to the convexity of f, the following Drucker-type (Drucker, 1960) inequality holds, i.e.
(6 — 0" —(x — 1) - &+ (0 — 6")iP =0, (11)

for any sets (o, y, 0) and (&P, E'_,, 7P) corresponding to each other through the constitutive equations
(Egs. (8a) and (8b)), as well as for any, plastically admissible set (o™, %*, 6%), i.e. such that f{c*, x*, 6%)
< 0. The equality sign holds in Eq. (11) if, and only if, &’ =0, £ =07 =0 (in which case, o*, x* and
0*, may differ from o, y and 0, and then the mechanism &P, €, #® may be nontrivial).

Eq. (11) is equivalent to a Maximum Intrinsic Thermoplastic Dissipation Theorem, extension to the
present contest of the classical one (Hill, 1950); that is:

D(EP, &, iP) = max o8P —x - &+ 0P
(0.2, 0)

subject to:
f(o, %, 0)<0, (&, &, P fixed). (12)

It can be shown that the Kuhn—Tucker conditions of the maximum problem in Eq. (12) coincide with
Egs. (8a) and (8b) and are not only necessary, but also sufficient conditions, but this point is skipped for
brevity.

It can be easily checked that the nonnegativity of D in Eq. (9) is always guaranteed. In fact, using Eq.
(8a), we can write:

D:;L[ aaf+x af+ gﬂ>zf(c x, 0), (13)

where the inequality
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of of | ,of _ .
c.%+x-a+0£2/‘(c, % 0) (14)
due to the convexity of f has been used. Finally, by the complementarity condition if =0 in Eq. (8b),
we have D >0 for any arbitrary deformation mechanism.

The consistency of the above constitutive equations from the thermodynamics point of view deserves
further discussion, which will be done in the next section. This is devoted to the thermodynamic aspects
of the material constitutive behavior and to a possible justification of the nonclassical concept of ‘plastic
entropy’, which appeared in the literature quite recently (Simo and Miche, 1992; Pantuso and Bathe,
1997; Svedberg and Runesson, 1997; Borino and Polizzotto, 1997a, 1997b). The main point, as shown in
detail in the next section, is that the entropy production is sum of two contributions, one related to the
independent state variable, i.e. the ‘reversible’ entropy #°, which appear in the Helmholtz free energy
function and then in the state laws, the other, the plastic entropy 5P is related to the yield stress
variation through the temperature, the rate of this last term multiplied by its dual variable temperature
gives a contribution to the thermo-mechanical dissipation function.

4. Thermodynamic considerations

Let the material of Section 3 be further considered in the context of small deformations and let the
existence of a specific internal energy, u=u(e’, n°, §), be postulated. u depends on the elastic strains, &,
the ‘reversible’ entropy, 1 °, (i.e. the entropy entering the state equations) and the internal variables, E.
The total entropy, in fact, is assumed to be composed of two contributions, that is

e, 0

=i (15)
where T=Ty+0 is the absolute temperature, p is the mass density and yP is the ‘plastic entropy’
entering the thermo-plastic constitutive equations. Note that #° is multiplied by the ratio 6/pT in Eq.
(15) in order to transform 7P (which is referred to the relative temperature 6 and the unit volume) into
the ‘irreversible’ entropy i’ = 0P /pT, which, like #°, is referred to the absolute temperature 7" and the
unit mass. The first thermodynamics principle reads:

pu=oc:E+r—divq, (16)

where & = €°+ &P is the total strain rate, r the heat source per unit volume and q the heat flux per unit
area (see, e.g. Germain et al., 1983; Lemaitre and Chaboche, 1985).

Introducing the Helmholtz free energy, ¥ =y(c%, T, &), related to u by y=u—Ty°, as well as the
external entropy production, 1, 1.€.

Mo = %[% — div<%>:|, (17)

we can rearrange Eq. (16) to express the internal entropy production, 1.e. 1, =1 — ey, as follows

pTiyy = 028 — pif — pn° T+ Gﬁp—%-VTZQ (18)

where the nonnegativity sign is a consequence of the second thermodynamics principle.
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Eq. (18) is equivalent to the Clausius—-Duhem inequality, with which it coincides for 7" =0.
Developing the time derivative y, Eq. (18) takes on the form:

. o\ . W\, . W . . 4
T = <G - p(‘)—%:e).se — p<i7e + ﬁ)T—i- c:&f — pi &+ 0P — T VT=0. (19)

Since the latter inequality holds for any type of deformation and heat flow mechanisms, a classical
reasoning enables us to write the relevant state equations, i.e.

G=p§i, ne=—g—l4, X = % (20)
(the third of which is a mere definition), as well as the relation

pTiyimzozéueﬁP—x-&—%-VT=D+D920, @1)
where D >0 is recognized as the intrinsic thermo-mechanical dissipation density of Eq. (9), and

D':=—2.VT>0 (22)

is the thermal diffusion dissipation density. Eq. (21) conforms to a classical result of thermodynamics;
namely, the internal entropy production in any deformation and heat flow mechanisms is determined by
the related total dissipation density, including the contribution from the plastic entropy. The total
entropy rate, 1 =1;, +ex» can be obtained using Eqgs. (21) and (17). After some easy mathematics, one
can write the entropy balance equation as

pTi = D +r—div q. (23)

Let the Helmholtz free energy be assumed in the form:
1 (3 e (] T

oY = 58 E:g®+ V(&) —e:b(T— Ty) — pCyT| In T~ 1], (24)
0

where E is the (constant) elastic moduli positive—definite fourth-order tensor (with its usual symmetries),
b is the thermal moduli second-order tensor, C, is the heat capacity per unit mass at constant volume
and finally ¥(&) is the hardening potential, by hypothesis smooth and convex. By Eq. (20) we have:

oc=Eze —b(T-T), (25a)
oY
= e — 25b
x = %) oF (25b)
and

T 1
n°=CyIn — + —b:g". (25¢)

Ty p

These (considering p as being constant in time) can be rewritten in an equivalent rate form, i.e.

6 =E:i&° —bT (26a)
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X =HE) - & (260)
and

® = C,T/T+ (1/p)b:&s. (26¢)

where H(E)= 0°¥/(9€ ® 9E) is the (positive—definite) hardening moduli tensor. At this point, introducing
(for simplicity’s sake) the Fourier equation for a thermally homogeneous and isotropic medium, i.e.
q=—kVT, substituting the latter into Eq. (23), remembering Eq. (15) and using the identity € = = £° +
€P, we can write the heat conduction differential equation as:

kV2T + r+ Dy — Th:® = pC, T, (27)
where V? is the Laplacian differential operator and Dy, is the intrinsic mechanical dissipation, i.e.
Dy=D—0i°P =oc:8" —x - E. (28)

Eq. (27) shows that heat conduction is not directly influenced by the plastic entropy rate.

Eq. (27), written for the body’s domain V' with the appropriate boundary conditions on 9}/, cannot be
solved to obtain the temperature field evolution without considering the mechanical structural problem
with which it is coupled through the thermo-plastic evolutive variables as well as the elastic strain and
temperature rates. However, as usual in the framework of small deformations and quasi-static problems
(see, e.g. Boley and Weiner, 1960), all these coupling effects can be disregarded, such that Eq. (27)
simplifies considerably, i.e.

kV20 4 r = 0. (29)

Thus, the temperature field can now be evaluated independently of the structural mechanical problem,
obtaining 0(x, t), which can thus be considered known for the solution of the structural problem. We
conclude this section by stating:

1. the thermo-plastic constitutive equations of Eq. (3), devised to cope with materials with temperature-
dependent yield functions, exhibit a satisfactory thermodynamic consistency, and

2. the usual procedure by which the temperature field, 6(x, ¢), is viewed as assigned in the framework of
quasi-static small-deformation structural problems, can also be adopted in the case of materials
obeying the above constitutive equations.

5. The structural shakedown problem

Let the solid body (or structure) of Section 2 be made of a material obeying the constitutive equations
of Eq. (3), as well as Eqgs. (25a) and (25b) or Egs. (26a) and (26b), and let it be subjected to loads and
temperature variations which vary in time in a quasi-static manner. The loads in general include body
forces specified in V" and surface forces specified on S, = S. Impressed displacements specified on S,=.S/
S; may also be included for greater generality. The thermo-mechanical loadings depend on a set of
independent parameters, say Q=(Q%, Q”), Q* for the mechanical loads, Q’ for the thermal loading. Q*
and Q' are allowed to vary arbitrarily within the (closed) domains IT" and IT’, respectively, these
domains being assumed — without loss in generality — as being convex hyperpolyhedra of, respectively,

mY and m’ vertices. Thus, Q is allowed to range within IT=I" x 11, which is a convex
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hyperpolyhedron with m=m"m’ vertices. The vectors Q;, all i € I(m):={1, 2,..., m}, which specify the
vertices of I, are referred to as the dominant (or basic) thermo-mechanical loads.
Any Q inside II can be represented (Polizzotto et al., 1991) as:

m
Q=) Q. (30)
i=1
where the coefficients y; must satisfy the admissibility conditions

7,>0 Vie I(m) and Zy,-:l. (31

i=1

If the coefficients y; vary in all possible ways complying with Eq. (31), Q will then describe the entire
domain II. Additionally, if the coefficients y; are taken as time functions, i.e. y;=7y(t), t >0, and satisfy
Eq. (31) for every ¢, then Eq. (30) will generate a load path Q(¢) inside I1, that is a potentially active
load path, or Admissible Load History (ALH). Let 6 denote the thermo-elastic stress response to Q,
that is the (fictitious) elastic response of the body when the existence of the yield surface, f(o, %, 0)=0,
is ignored. Denoting by of(x) the thermo-elastic stress response to the dominant load Q, = (Q,L, Q‘?),
with the associated basic temperature field 6,(x), we can write

m

of(x, 1) =Y (Do (x) (32a)

i=1

and

00, 1) =Y _7(00,(x) (32b)

i=1

m

to designate (by Eq. (32a)) the thermo-elastic stress response to the load Q = ) " 7,(1),Q;, which
includes the temperature field, 0(x, ¢), of Eq. (32b).

The actual inelastic response of the structure to any assigned ALH Q(t¢), ¢t > 0, can, in principle, be
computed using the relevant constitutive equations, as well as the equilibrium and compatibility
equations. But the main question of our interest here is whether shakedown can be predicted to occur in
the considered loading conditions. The shakedown theorems are criteria to ascertain whether shakedown
occurs or not, (see, e.g. Koiter, 1960; Konig, 1987; Gokhfeld and Cherniavsky, 1980). In the following
sections, the classical static and kinematic shakedown theorems will be restated to cope with the present
material model. To this purpose, the load description given in the first part of this section, with the
representation in Eqs. (32a) and (32b), will be helpful.

6. Consistent static shakedown theorem

For the structure considered in Section 5, the following can be stated:

6.1. Consistent static shakedown theorem

A necessary and sufficient condition in order that shakedown occurs in a structure subjected to
thermo-mechanical loads allowed to range within a (convex) polyhedral domain IT with dominant loads
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Q,, i € I(m), is that there exist a time-independent self-stress field 6%, and a time-independent dual
internal variable field, ¥, such as to satisfy the conditions:

f(of + 6% %, 9,—) <0 in V. Vie I(m). (33)

Proof 1. The proof procedure is similar to that of classical shakedown theory. For the necessity
part of the proof, by hypothesis, let shakedown occur. This implies that, under any ALH, say
Q(?), t >0, plastic strains stop being produced at a certain time ¢,, after which the structure responds
elastically to the thermo-mechanical loads in IT including the dominant loads. Thus Eq. (33) is satisfied
with 6% and § being the actual residual stresses and dual internal variables at =1,

The proof of the sufficiency proceeds showing that plastic strains must stop being produced after a
certain time under whatsoever ALH. To this purpose, by hypothesis, let Eq. (33) be satisfied with some
&% and %, and let Q(¢), 1> 0 be any ALH, the latter being obtained from Eq. (30) with the time
functions y,(¢) arbitrarily chosen, but Eq. (31) complied with for all 1> 0. Egs. (32a) and (32b) give the

related thermo-elastic stress response o”=oc%(x, r) and temperature field §=0(x, ). Due to the
convexity of f, we have:

m
f" +6%. 2. 0= 1 0f(of +65.3.0,) <0 in V. Vi=0. (34)
i=1

Therefore, denoting by o, &, %...., the actual response to the considered ALH, by Eq. (11) with the
positions 6'=6: = 6f +6%, y' = % and 0'=0, we can write:

ji=(c—8)& —(x—%)-E>0 inV,Vi>0. (35)
By Egs. (26a) and (26b), it is
P=¢f g _E(6— 6) (362)
and

(X — )& =in (36b)

where ¢ is the total strain rate related to &% and wy, is the function:

wh: = P(&) — P& — 1 - (& — &) =0, (37)

where é denotes the internal variables corresponding to ¥ through Eq. (25b). The nonnegativity of the
function w;, — devised by Maier (1987) in the framework of shakedown for nonlinarly hardening
material models — stems for the assumed convexity of the hardening potential ¥(&). Substituting from
Egs. (36a) and (36b) into Eq. (35) and then integrating the latter over V' gives

Lj dv = JV(G —&)(g — &bV — % JV{%(G —&6)E (o -6)+ wh} dV>0, (38)

with the equality sign on the r.h. side holding if, and only if, j = 0 everywhere in V.
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Considering that the first integral on the r.h. side of Eq. (38) vanishes by the virtual work principle, it
follows that

d

1
4 JV{E(G —&6)E(c-6)+ wh} dV<0 Vr>0; (39)

that is, the positive definite function W(t), defined for all >0 by

, (40)

W(t): = JV{%(G —6)E (o -6)+ wh} dv

t

turns out to be monotonically decreasing all along the body’s inelastic straining process, even if j # 0
only within a small portion of V. Since W(¢) is bounded from below, a time ¢; must exist such that for
all 1>1, it is W(¢) = 0, hence j = 0 everywhere in V/, which means that Eq. (35) is satisfied as an equality
for t>1, i.e.

(6—8)& —(x—%)-E=0 inV, Vi>1. 41)

The latter condition can be satisfied only if &% = 0 and F, =0, hence #° =0, everywhere in V after f,,
i.e. if shakedown occurs. The proof is so completed [].

Remark 1. The difference between the static theorem presented in this section and the analogous one of
Section 2 — apart from the internal variables here included — consists in the time-free discrete form of
Eq. (33), where the discrete set of dominant loads is considered in place of all ALHs of Eq. (1). This is
rendered possible by the assumed convexity of f.

Remark 2. Specifying the loads and the (relative) temperature to within a scalar multiplier f > 0, such
that 6F = ot and 0,= B0, in Eq. (33), the shakedown safety factor, By, can be obtained as the maximum
B value for which shakedown occurs, that is, for which the static-type condition (33) is satisfied.

Remark 3. If I1° is empty, but there is a stationary temperature field, 0(x), in combination with the loads
O“c11”, it is m=m" and Eq. (32a) reads

of(x, 1) = iyi(t)cf”(x) + o™ (x) (42)
i=1

where ofL

+ and o™ denote the elastic stress responses to the loads Q,-Land to the temperature field 0,
respectively. The static shakedown theorem remains unaltered, but Eq. (33) can more precisely be written

as

foft + 6% + 6%, %, 0)<0 in V,Vie I(m). (43)



3132 G. Borino | International Journal of Solids and Structures 37 (2000) 3121-3147

It is easily recognized that the theorem’s proof continues to hold, but the convexity of f with respect to 0
is no longer required, as in fact Eq. (34) now takes on the milder form

m

fe™ + 6™+ 6% 3. 0)< D 9(0f(cf + 6 + 6%, 1. 0)<0 in V., Vr>0. (44)
i=1

This means that, in the case of stationary thermal loading, the static shakedown theorem of this section
coincides with that of Section 2 (straightforwardly generalized to include internal variables).

7. Consistent kinematic shakedown theorem

The kinematic shakedown theorem grounds on the concept of Plastic Accumulation Mechanism
(PAM) which generalizes that of kinematically admissible plastic strain rate cycle of Koiter (1960), see
Polizzotto et al. (1991). In essence, such a PAM consists of set of (fictitious) plastic strain fields in one-
to-one correspondence with the set of dominant loads, and resulting into a cumulated strain field that is
self-compatible. In case of polyhedral load domain IT with m dominant loads Q;, every PAM will
consist of m such strain fields.

In the present context, a PAM includes m plastic strain fields, €, m internal variable fields, & and m
plastic entropy fields, nt°, such as to satisfy the homogeneous compatibility conditions:

m
Z e =Vu‘in ¥V, u“=0onS, (45a)

i=1
and

m

Z E=0inV. (45b)

i=1

No constraints are imposed on the 7' fields. Let M denote the set of all PAMs (including the trivial
one), and let M * = M be the subset of (nontrivial) PAMs such that the dominant loads Q;, perform
globally positive work through every such PAM. With these definitions in mind, the following can be
proved for the structure of Section 5.

7.1. Consistent kinematic shakedown theorem

A necessary and sufficient condition in order that shakedown occurs in a structure subjected to
thermo-mechanical loads allowed to range within a (convex) polyhedra domain IT with dominant loads
Q,, ie I(m), is that the inequality

K[el'. & 0] = J )3 {D(S}’Ca &) — |of & + 0| }deo (46)

V Jj=1

is satisfied for every PAM in M.

Proof 2. The proof proceeds in analogy with Polizzotto et al. (1991), with arguments different from
those of Koiter (1960). The necessity is first proved and to this purpose shakedown is assumed to occur.
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Thus, by the static shakedown theorem of Section 6, there must exist some self-stress field, 6%, and a
dual internal variable field, ¥, both time-independent, such that Eq. (33) is satisfied. Then, by absurdity,
let us assume that Eq. (46) is violated; that is, there exists some PAM, say &, E:, e, (=1, 2,.., m),
such that the functional K in Eq. (46) takes on a negative value, i.e.

klere &L ] <o. @7)

Applying the maximum thermo-plastic dissipation theorem (Eq. (11) or Eq. (12)), we can write the
inequality:

(&, & ) = (of + 6% )& — L + 0 in V. vie lom). “8)

This, after integration over V' and summing with respect to i€ I(m), transforms into
~c m m ~c
K[ég.”, E, ﬁfC]zj 6R:Zé§°dV—J iy Eav. (49)
v i=1 v i=1

where, by the compatibility conditions (Egs. (45a) and (45b)) and the virtual work principle, the r.h. side
is recognized to vanish and thus Eq. (49) contradicts the initial assumption in Eq. (47). The conclusion
is that, if shakedown occurs, Eq. (46) cannot be violated by any PAM whatsoever.

To prove the sufficiency, let us assume that Eq. (46) is satisfied for every PAM. This obviously
amounts to stating that the minimization problem

min K[e*, &f, 1] in the set M of PAMs (50)

has an absolute minimum, as in fact K vanishes for a trivial PAM (but, possibly, also for some
nontrivial one). Because Eq. (50) admits a solution, a solution must possess also the related Euler—
Lagrange equations. The latter equations are easily derived by taking into account the constraints (Egs.
(45a) and (45b)) and writing the relevant augmented Lagrangian functional, i.e.

K, = K[S?c’ gf? ;,IIIJC] - J 6R:<ZslijC - VSUL>dV—|—J
4 i=1

u‘-&R-ndS+J i) Eav. (51)
Su v i=1

where n is the unit external normal to S, whereas 6%(x) and §(x) denote Lagrange multipliers. In the
hypothesis that all the field and boundary functions enjoy the necessary continuity requisites to apply
the classical procedure of the calculus of variations, the first variation of Eq. (51), after some
mathematics including the application of the divergence theorem, reads:

m 8D m aD
5Kg:J 58P°:[ —Gf—&Ri| dV—i—J 0 f|: C+A:| dv
20 9ex ) ; & |5e 1

i=1

1t oD A A
+J 5;75”[ o —Hj] dV—J ou’ - div 6° dV—i—J out- 6% .nds (52)
Vool 8’71 Vv S

m m
—J 56R:(Zsfc—vsu‘> dV—i—J u‘-56R~ndS+J 52-Z§de.
v P S, v =

Therefore, the Euler—Lagrange equations read, beside Eqs. (45a) and (45b):
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R oD oD aD . .
of + &6r = @, X = _8_<§f’ 0, = W in V, Vi € I(m) (53a)
divé®=0inV, 6% n=00ns.. (53b)

In other words, as a consequence of the assumed validity of Eq. (46), there exist some time-
independent self stress and dual internal variable fields, namely the Lagrange multipliers 6° and %, such
that the fields on the Lh. side of Eq. (53a), being derived from the (convex) dissipation function D
through (generalized) partial derivatives with respect to the related evolutive variables, are plastically
admissible, i.e. Eq. (33) is satisfied. Thus, by the static theorem, shakedown occurs. The proof is so
completed .

Remark 4. The difference between the theorem presented in this section and the analogous one of Section 2
— apart from the internal variables herein included — is twofold. First because of the presence of the
plastic entropy as an additional ingredient; second, because of the time-free discrete form of Eq. (46),
where the discrete set of dominant loads are considered instead of all ALHs. Again, this is rendered
possible by the convexity of f (and thus of D).

Remark 5. Specifying the loads and the temperature variations to within a scalar multiplier § > 0, such
that oF = 6%, 0, = 0; in Eq. (46), the latter equation reads

m

| oer gy ar=p| > [oter+iar]ar (54)
i=1

i=1

which holds for any B < P, In particular, assuming = Py, and considering only PAMs in the subset M~
i.e. PAMs such that

J Z[Gf:sfc + éﬂﬁ”] dv >0, (55)
V=1
Eq. (54) can be rewritten as

m

ﬁshgj i D(g™, &, nt) dV/JV Z[c’rf:s'ix + é,-n?c] av, (56)

Vo=l i=1

which can be used to compute upper bounds to Bg,. Obviously, the minimum value of the ratio on the r.h.
side of Eq. (56) in the subset M " coincides with B, since, otherwise, Eq. (54) would be satisfied with for
B values greater than fg,.

Remark 6. In the case considered in Remark 3, i.e. the case 11°=%, but with a stationary temperature
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field, 0(x), the above kinematic shakedown theorem simplifies. In fact, being 9f]/00 = 0, the plastic entropy
rate, W°, disappears from all equations and Eq. (46) takes on the reduced form:

K[e&, E]: :JV Z{ (e, £, 0) — P} dr=0. (57)

i=1

This inequality must be satisfied for every PAM, a PAM being defined as a set of m fields (€, &)
satisfying Eqs. (45a) and (45b). Note that the integral,

J 0E0:<Z sf-”) dV =0, (58)
4 i=1

drops from Eq. (46). The theorem proof can proceed in exact the same way as in the general case, but the
convexity of f with respect to 0 is no longer required, as in fact the third equality of Eq. (53a) now drops
and D in Eq. (57) is allowed to be nonconvex with respect to 0. This means that, in the case of stationary
thermal loading, the kinematic shakedown theorem here proved, coincides with that of Section 2
(straightforwardly extended to internal variable material models). In the considered case, the thermal
loading can be treated as a permanent loading in the search for the shakedown safety factor, B, and Eq.
(56) reads

By < J ZD (e, €, dV/J > &teav. (59)
V=1

8. Shakedown limit load and related limit state

In this section, for greater generality, the dominant loads and temperature variations are specified as
of =P + p&F and, 0, = 0y + B0;, Vie I(m), where 6" is the elastic stress response to a given steady
load P and 6, > 0 is the ambient temperature. For < fiy,, shakedown occurs and the structure is safe.
For = f,,, shakedown still occurs, but the structure is in a (shakedown) limit state, characterized by an
impending inadaptation (or noninstantaneous plastic) collapse. The latter exhibits either an incremental
(or ratcheting) collapse mode (in which the plastic strain increment per cycle is not identically
vanishing), or an alternating plasticity collapse mode (in which the opposite occurs). Knowing the
features of this limit state is paramount in order to assess the kind of collapse mode that takes place in
the structure for f slightly exceeding fg,. The equations governing the shakedown limit state can be
derived by addressing the problem of evaluating the shakedown limit load, i.e. f¢. This task, already
accomplished in the framework of classical shakedown theory by Panzeca and Polizzotto (1988),
Polizzotto et al. (1991) and Polizzotto (1993, 1995), will be pursued in this section.

Using the static shakedown theorem of Section 6, S, can, in principle, be evaluated solving the
following problem:

ﬁsh = max ﬁn (608.)
8. 6% 2

subject to:

A" + p&E + &*. §. 00+ p0.) <O in V. Vi € I(m). (60b)
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divé®=0inV, &% n=00ns. (60c)

Making use of the classical Lagrange multiplier method, let the augmented Lagrangian function be
written as

m

L=—/3+J 3ok 6,-,2,(;,->dV+J
V

i=1

u’ - div 6% dV—J u’-6%.nds, (61)
4 Su

where the positions 6;: = O'EP—i—Bc‘Sf—i—&R and 0: = 0y + B0; hold, whereas 2(x)=0, i € I(m), and u‘(x)
are Lagrange multipliers. The first variation of L, after application of the divergence theorem and with
some re-ordering, reads:

m _ 8}(‘ af,, . m af,, )
E. c R, ¢ S 1 C
5L:5ﬁ[—1+JV E {6"8 2+ 0; 9Ai}dV:|+JV56 |:,E 86»Ai_vu:|dV

=1 a0; =1 °0i

+J u"-éé‘R-ndS+J 5;1R.Zaf J > 0181 1.0 av (©2)
S

4 i=1
+J ou’ - div &R ay — J ou¢- 6% .nds.
Su

Then, the Euler-Lagrange equations of Egs. (60a), (60b) and (60c) are, besides Eq. (60c), the
following

60 2.0,) <0, 220, 24(61 3. 8;) =0in v, vie 10w (63a)

6= o+ p5F + &8, 0 =060+ B0, in V, Vi € I(m):; (63b)
C af C C af f

8?°:=i,~861_, —i;rzif@, = [ (63¢)
m

AgP = Z £ =Vu‘inV, u=0 onS; (63d)

m
Z E=0 inV (63e)
i=1

and

3

JV Z{(yf.a‘-’c 4O } 1. (63f)

=1
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From the latter equations, the meanings of the Lagrange multipliers A; and u“ transpire as plastic
coefficients and displacements respectively.

Egs. (63a), (63b), (63c), (63d), (63e) and (63f) — which express necessary conditions — assess, by
Egs. (63d), (63e) and (63f), the existence of a PAM in the subset M *, complying with the thermo-
plastic constitutive flow laws (Eqs. (63a), (63b) and (63c)). This PAM describes the impending
inadaptation collapse mechanism, which turns out to exhibit a ratchetting mode if u® # 0, or an
alternating plasticity collapse mode if u“=0 in V. Furthermore the following can be proved:

1. Egs. (63a), (63b), (63c), (63d), (63e) and (63f) are not only necessary, but also sufficient conditions for
the problem expressed by Egs. (60a), (60b) and (60c). In fact, denoting by starred symbols the
solution to Egs. (63a), (63b), (63c), (63d), (63¢) and (63f) and Eq. (60c), on one hand we have that
6™ and §* possess the requisites required by the static shakedown theorem, and thus f* < fg,. On
the other hand, the PAM described by Egs. (63d), (63e) and (63f) can be utilized to compute an

upper bound to f, through Eq. (56), which now reads

m

ﬁshéj ZD(S?“,&;’*,W?C*)C‘V—J ["": 48" + 6oan>'] av, (64)
Vo= V

where onP* = Y7 #P". But, by Egs. (63a), (63b) and (63c),

D(S?C*, E*y ;/I]I;)c*) — (GEP + ﬁ*élE + 6R*):8ic* _ i* . E-”c* + (00 +ﬂ*él)n?c*y (65)

which, after integration over ¥ and summing with respect to i € I(m), reveals that the r.h. side of Eq.
(64) equals p*. Therefore, Eq. (64) reads By, < B* and, combined with the previous result, it is
necessarily %= fq.

2. Egs. (63a), (63b), (63c), (63d), (63e) and (63f) and Eq. (60c) admit a unique solution for all, except
possibly for 6% and g in the region(s) of V (if any) where no (fictitious) plastic strains occur. In fact,
denoting with symbols as (-)" and ()" two solutions, which are assumed to exist, and introducing the
symbol A(:):=(-)'—(-)", we can write:

A8 A8 — AR - AES + A0;AqP° >0 in V, Vi € I(m). (66)

Noting that (being f’'=p") 46,=A48~, Aéi = 0 everywhere in V' and for all ie I(m), integration of Eq.
(66) over V' and summing with respect to ie I(m) yields:

JV A6R:A<Z s$C> dV—JV Aid(; E,;‘) dy=0. (67)

i=1

Both integrals in Eq. (67) vanishing by Egs. (63d), (63e¢) and (60c) and by the virtual work
principle, it follows that Eq. (66) is always satisfied as an equality, i.c.

AGR A — AR - AES = 0in V, Vi € I(m). (68)

This identity (remembering Eq. (11) with its consequences) implies that Ag’ =0, 4& =0, hence
A =0, ie er=€n, E7=ESr and 7=y everywhere in ¥, hence u”’=u” in ¥ but 6%/ and
%' may be different from 6%/ and §”, respectively, at points in ¥ where no plastic strains occur in
the impending deformation process.
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The shakedown safety factor, fis,, can also be determined making use of the kinematic shakedown
theorem of Section 7 and, in particular, of Eq. (56). So we can write the problem:

m
B = min J {Z D(el, &5, ) — ™P:4€™ + OgAn®e § AV, (69a)
u‘) vV

pe ze o pe -
(e, &b, i=1

subject to:

JVZ( &Ll 4+ 0 AV = 1, (69b)

i=1

m

Z g=Vu‘inV, u“=0o0nS, (69¢c)

m

D E=0inV. (69d)

i=1

This problem amounts to minimizing the ratio on the r.h. side of Eq. (56) with respect to the subset
of PAMs in M *. It can be easily recognized that the Euler—Lagrange equations of the above problem
coincide with those of Egs. (60a), (60b) and (60c) and that Egs. (60a), (60b) and (60c) and Egs. (69a),
(69b), (69¢) and (69d) are the dual of each other, but this point is not further elaborated for simplicity.
Considering that D is not differentiable for zero values of its arguments, there exists a computational
convenience in substituting Egs. (69a), (69b), (69¢) and (69d) with the following one:

m
Bl—  max J > (65 + 0) av. (70a)
(e &l we) Vo
subject to:
J Z D(ef, &, J [6EP: 4" + 0y An*°] dV = 1 plus Egs. (69c) and (69d) (70b)
V

see, e.g. Pycko and Mréz, 1992; Stumpf and Le, 1991.
The type of collapse mode exhibited by the impending inadaptation collapse of Egs. (63c), (63d), (63¢)
and (63f) depends, for a given structure, on several factors, namely:

1. The shape of the elastic stress domain, I1,, i.e. the polyhedral domain of the stress space, which is
specified by the stress points éf(x), Viel,< I(m), at points xe V.

2. The hardening law in the thermo-plastic constitutive equations.

3. The hardening potential, ¥(§), or also the hardening matrix H(§).

In order to briefly discuss this point, let us consider the sum on the l.h. sides of Egs. (63d) and (63e)
and let them be respectively denoted with AeP° and AE°. Using the plastic flow laws in Eq. (63¢), we can
write:
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Z AS (c,, e 9) inV (71a)

and
_AE = Z)( of (0',, %.0) =0in V. (71b)

In the case of perfect plasticity, only Eq. (71a) is meaningful and both collapse modes are possible in
principle, depending on the shape of the elastic stress response domain II, (Polizzotto, 1993). For
kinematically hardening materials, it is AE°=0, 4g”°=0, i.e. the impending collapse mode is always
alternating plasticity. For isotropically hardening materials, there is a pair of internal scalar variables,
$AY Yiso» Cisor With 9f]0yiso = —0ic/dyiso < 0 and thus, the condition A& = 0 can be satisfied if, and only
if, all A; coefficients are identically vanishing, i.e. the limit state is never reached and fiy,= oo (Polizzotto
et al., 1991).

Finally, for hardening materials characterized by hardening matrix H(E) tending to vanish for ||| —
&lim» the dual internal variables tend to become constant with increasing ||€||, i.e. ||%(§)|| — yim, hence 9f/
oy — 0, for |[E]| — &im; thus, 4&° in Eq. (71b) tends to vanish too, without the vanishing of the A{’s,
such that AcPC is then allowed to take vanishing or nonvanishing values, and both types of collapse
modes are possible in principle. The latter result may also be achieved by introducing a saturation
surface as in Fuschi and Polizzotto (1998), and Fuschi (1998), but this point is not further discussed
here for brevity.

9. Applications

9.1. Thermoplastic von Mises material models in perfect plasticity

Let us consider the temperature-dependent von Mises yield function of the form

f=+/3J2 — ko(1 — c0*) <0, (72)

where J, is the second invariant of the deviatoric stress, o', (i.e. J,=1/26": ¢’), ¢ > 0 and k( are given
constants. For any assigned deformation mechanism, (&P, #P), by Egs. (8a), (8b) and (9), we obtain —
dropping the procedural details for brevity — the relevant thermoplastic dissipation function as

: 1
-p 2
D = kog + e 06p”lp , (73)

where, by definition,

& = %épzép. (74)

The above equations can be particularized to the case of one-dimensional stress state, obtaining:

f=lo] — Kol — cb*)<0 (75)
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and

.p2

D = Kol#| + (76)

4exeoEP|

9.2. Two-bar system subjected to cycles of temperature variation

The system of Fig. 1(a) is composed of two elastic, perfectly plastic bars and a lower rigid block. Bar
#1, of cross section A, is maintained at constant temperature 0;,= 0p; whereas bar #2, of cross section
24 is subjected to cycles of temperature variations, 0 = 0y + 0u (0 < u < 1), as shown in Fig. 1(b). A
steady load P = «P is applied on the rigid block, where P = 34k, is the plastic collapse load and x is
the yield stress at temperature 0=0. The material model is described by Egs. (75) and (76). With the
definitions of Section 5, IT* is empty, whereas I1” coincides with the segment 0 < u < 1, and u turns out
to be the single component of vector Q’, i.e. QY = u. There are, thus, two dominant temperature
variations, 1.e.

- K
9(1)1 - 90 =0, 9(2)1 - 90 = Hﬁ = ﬁ,ﬁ for H= 1 (7721)
and
0(1)2 — 90 = 0(2)2 - 00 =0 for = O, (77b)
N
— K
) 0=
24 oF
N 2L
(2
I )

b) v

(1)

= 190 19(2) = 190_‘_6<:Uvﬁ)

O<u<l

Fig. 1. Two-bar system subjected to a fixed mechanical load and to cyclically varying thermal loading: (a) Geometrical and loading
scheme. (b) Temperature history in the two bars.
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where 0 = Ko/aE is assumed to be the reference temperature variations, a is the thermal expansion
coefficient (by hypothesis, temperature independent) and E is Young modulus. The elastic stress
responses to the dominant thermal loads for f=1 are

Ko

_F i _E
Oy = Eal = kg, 0oy = ——>

> foru=1 (78a)

and
Gy =004y =0; foru=0 (78b)

whereas the elastic stress response to the steady load P is: (i) = 310/2 and 603 = G(}} /2. Also, the yield
stress turns out to be constant in bar #1, i.e.

Oy(1) = 0y = KoCp, Co = 1— C@éﬁ 1, (79)
where 7, denotes the yield stress at temperature 0y, but it is variable in bar #2, i.e.

050 = 0yp(2) = O s (80)

where o, denotes the yield stress at the maximum temperature, 0y + éﬁ, i.e.

Ops = Ko[l - 6(90 + éﬁ)z] = Ko(Co —2c18 — CZﬁz)a (81)

where, by definition,

1 = CaGO, C) = C(_)z. (82)

The interaction Bree-like diagram of the (x, f)-plane is shown in Fig. 2(a), where Bs is the
(elastic) shakedown > zone, Bg the reverse plasticity (or plastic shakedown) zone, and By the ratchetting
zone. This diagram has been obtained by the so-called direct method (Polizzotto, 1994), illustrated
by Fig. 2(b—c). Note that, on superposition of the self-stresses py=xof/2 and pny=—p) to the
elastic stresses afl) = Kkofu and o(Ez) = aﬁ) /2, respectively, one obtains the so-called post-transient stresses,
ie. 6q)y=rwxof(u—1/2) and 6py = —0o)/2. These describe the elastic stress paths Sy and Sp),
respectively, both of which are in a neutral configuration, i.e. symmetrically located with respect
to the stress origin, Fig. 2(b,e). For f < 2¢y, one has to consider the stress state of Fig. 2(b), where
both bars possess the reduced plastic resistance roco for positive axial forces and, respectively, roco
and rko(co—2¢1f—c2B?) for negative axial forces. Thus, the plastic collapse load of the system turns out
to be:

aP = Axo<co - g) + 2Ax (co - g) for oo > 0 (83a)
and
5 _ p 2 B
—oP = Ako\ co — 5 4+ 2Axg| co — 2¢1p — 287 — 1 for oo < 0 (83b)
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f’,) 7777777 (2),, m_ (2)

T Lt/ g -

o ,l_ /( 0 ~B/4) ,

) s "

~l.‘0 J
‘ w| B/2
[ 2

'—¥‘ o o —_—‘

(co-2¢,8-csBB/4) (B/2-c,)

[co —2¢,8—c,B=B/4+(B/2-c,)/2]
b) c) d) e)

Fig. 2. Steady response of the two-bar system of Fig. 1. (a) Bree-like interaction diagram: Elastic shakedown domain,

Bs={RTT'R'}; Alternating plasticity domain, Bg={TT'Q }; Ratchetting domain, B ={RTQ} and {R'T'QQ’}. (b—e) Stress paths
for the direct location of the shakedown domain.
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from where, since P = 3kyA4, one obtains the equations
_ B
oc_co—g (o0 > 0) (84a)

and

2
—a=co—(1+ 401)§ — 262% (o < 0) (84b)

which are respectively represented by lines RT and R’'T’ in Fig. 2(a). The zone RTT'R’R is the Bg zone.

For B > 2¢, one has to consider the stress state sketched in Fig. 2(c), where the resistance of bar #1
has been exceeded. For =1, bar #1, works in traction at its reduced limit xocg, whereas bar #2 works
in compression below its reduced negative limit + xo(co—2c1f—c>f2). Thus, movmg the elastic stress
path S(l) downwards to S (1) through a shift (f/2—cg), such that the upper end of S (1) is at the positive
reduced limit xyco, Fig. 2(d), the elastic stress path S(z) will correspondingly move upward by (f/2—cp)/2
and bar #2 will exhibit a remaining negative plastic resistance as ro[(co—2c1—c2p %)+ (B/2—co)/2]. Then,
the plastic collapse load of the system is

—aP=2Axo[c0 — 201 — e + (E —c )/2— E} (85)
from which the equation follows
< B B
—o= 4c13 2¢5 T (86)

which is represented by the line 7'Q of Fig. 2(a). Analogously, for =0, bar #1 works in compression
at its negative reduced limit xoco, whereas bar #2 works i In traction below its positive reduced hrnlt KoCo-
Thus, moving the elastic stress path S(l) upwards to S(l), Fig. 2(e), and S(z) downwards to S(z), the
positive plastic collapse load can be computed:

aP = 24K |:co + (g - co)/2 - g}; (87)
where follows the equation
€o
Y 88
o= (88)

which is represented by line 7Q of Fig. 2(a). Point Q is the intersection point of Egs. (88) and (90) and
its location f; is specified by the temperature variation amplitude for which ¢,, =0, i.e.

1—\/590 _ VT —co+co—1
Ja o c ’
The diagram is bounded, from above, by the line f=f3; and laterally by the plastic resistance curves,

RQ and R’'Q’, the equations of which are easily found to be

2
+o=rc —401§ —2()2%.

Br = (89)

(90)

The area TQT' is the reverse plasticity (or plastic shakedown) zone Bp, whereas the ratchetting zone
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Bg is represented by the areas RTQR and R'T'QQ'R’. The shape of the diagram of Fig. 2(a) depends
on the actual value of the material parameters ¢y, ¢; and ¢,; the values ¢g=0.995, ¢, =0.02 and ¢, =0.08
have been adopted in Fig. 2(a) (obtained for 6,=350°C, § = 200°C, ¢ = 2 x 10 %k, =16.55 MPa). Note
that the case ¢;=0 implies that ko — oo, ¢y — 0, 0y — oo, but xyco=0,9 and 2koc; — Koo Thus, Eq.
(91) yields

/Ko — G0 + 0,0 — Ko 010 1
Br= > =, (91)
KoCq 2KOC1 K

which coincides with the result given by Polizzotto (1994) for the case of yield stress being linearly
dependent on the temperature variation.

Using Eq. (56), but modified according to Egs. (65) and (63f), upper bound to f, (i.e. the shakedown
boundary RTT'R’ of Fig. 2(a)) can be obtained using the kinematic theorem. With the notation, D)=
D(efy» My )» We can write the ratio:

D(l)l + D(1)2 + 4D(2)1 + 4D(2)2 — 3akou/L — 00(4‘11?10) + 44‘11?2%)

1= Kogflc)l — 2K08F20)1 + 4911?20)1 ’ ©2)
where
8?10)1 + 8flc)z = %
and
B+ o5 = 57 (93)

Considering a ratchetting collapse mode with u > 0, we have &), = &3, = 0 and n{}), = (3, = 0, such
that Eq. (92), by Eq. (93), becomes

pc pc
R P o)

B Kou/L h Kou/L
pc2 472 0, (lec +4VIPC )
=3(1—a)+ T 22 Yol 22
derd(u/L)*  4ercd(u/L)(u/2L) Kot/ L
ny : e 2
H1 @2
= — N N S L 2 _Mee )
3(co — o) + C<4CK0u/L 9()) + C(4CK0 WL 90> 94)
and thus
B1=3(co — ). ©5)

Considering an alternating plasticity mode i.e. u = 0, Eq. (92) reads:

2Dy + 8Dy — by (Aﬂflc) + Any )
: (96)

2 e pc 0,,PC
K0E() — ZK()S(Z)] + 4(911(2)1
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ZhiCh takes a smaller value if &y, = (3, = 0; that is, using Eq. (76) with &}, > 0 and n(;), = nfy,, we
ave

2P 200n"; 2enP? 4cOon’s
N, =2+ Wi 5 — p(cl)l =2co + 2603 + (1 775 f,lc)l
4eid (8516)1 ) K0&(1)| (2”608%1) CKOE(])
o ’
1
= 2C() —+ 2C<ﬁ —_ 9()) . (97)
0¢(1)1
that is
N,y = 2cy. (98)

10. Review and conclusion

The shakedown problem for materials with temperature dependent yield functions has been addressed
in this paper with the purpose to remedy some deficiencies exhibited by the existing static and kinematic
theorems when applied to the case of thermal loading (possibly combined with mechanical loading).
This goal has been reached by assuming the yield function convex in the stress—temperature space and
by restating the shakedown theorems within the framework of a more refined thermo-plasticity theory in
which temperature and plastic entropy rate play the role of additional state and evolutive variables.

Grounded on the idea that (total) entropy is the sum of the reversible part (i.e. entering the state
equations) and on irreversible (or plastic) part (i.e. entering the evolutive equations), thermodynamic
arguments have been developed in the hypothesis of small strains and internal variables to provide a
firm rational basis to the above thermo-plasticity theory. In particular, the second thermodynamics
principle has led to the concept of intrinsic thermo-mechanical dissipation density, which is the sum of a
mechanical part (attached to the plastic strain and internal variables rates), and of a thermal part
(attached to the plastic entropy rate). A maximum intrinsic thermo-plastic dissipation theorem,
extension of the classical one to the present context, has been shown to characterize the relevant
thermo-plasticity flow laws.

In the hypothesis of negligible thermo-mechanical coupling effects, a polyhedral load/temperature
domain has been considered in order to formulate the two shakedown theorems with suitable discrete
forms in which the so-called dominant (or basic) load/temperature conditions are involved, what is
rendered possible by the (full) convexity of the yield function. Both necessary and sufficient conditions
have been proved for the two theorems, showing that both of them provide dual lower and upper
bound statements for the shakedown safety factor. This is in contrast to the existing shakedown
theorems, which are nevertheless recovered whenever there is a stationary temperature field to consider
as a permanent loading combined with time-variable mechanical loads, since in fact in this case all terms
containing plastic entropy drop from the extended formulation.

The static and kinematic approaches to the problem for the evaluation of the shakedown safety factor
have been shown to save their classical formats, but the kinematic approach is based on plastic
accumulation mechanisms that include — beside plastic strain and kinematic internal variable fields —
plastic entropy fields. The shakedown limit state, i.e. the state of the structure caused by the shakedown
limit load, has been shown to be characterized, among other, by the impending noninstantaneous plastic
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(or inadaptation) collapse mechanism which is about to establish in the structure under loadings slightly
exceeding the shakedown limit.
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