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DEFORMATION BOUNDS FOR A CREEPING STRUCTURE
APPROACHING RUPTURE
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Abstract—The paper discusses the application of an energy principle [10] to constitutive relationships which
describes the creep rupture of metals. It is shown that a bound on the displacement of a body subject to constant
load, may be evaluated prior to the instant when rupture occurs at the most highly strained region. For a certain
class of compact structures the bound is reduced to a simple form involving the rupture behaviour at a mean
stress. An example of a two bar structure shows that the displacement bound may, in some circumstances, be
translated into a lower bound on the time to initial rupture.

1. INTRODUCTION

THE lifetime of many engineering structures which operate at high temperatures depends
upon the rupture property of the material. Continued creep deformation, which occurs in
metals and alloys at temperatures above approximately half the melting temperature,
produces degeneration of the material structure. Cracks and voids appear and ultimately
failure occurs. The mode of failure may be a crack propagating through embrittled material
or large plastic distortion of a plastically weakened material. Although the broad features
of this behaviour have been known for some time, attempts to predict the behaviour of a
body approaching rupture have occurred only in recent years. The problem requires, at
the outset, a description of material behaviour which takes into account the degenerative
effects of creep deformation. A most promising theory has been developed by Kachanov
[1, 2], which is discussed in the recently translated book by Rabotnov [3] and the mono-
graph by Odqvist [4]. In this theory the actual stress ¢ in a uniaxial specimen is assumed
to be intensified by a damage function @ which represents the loss in effective cross-
sectional area due to the presence of cracks and voids. Thus the conventional stationary
state creep relationship

é = ko" 0
becomes

n

§= k( d ) : 2)
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where ¢ denotes the creep strain rate, k a material constant, and n the creep index. We

will assume that n is an odd integer. When o increases from zero the strain rate predicted

by (2) exceeds that of (1) and becomes infinite when @ = 1. The change in @ as time in-

creases is predicted by a further state equation

v
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where 4 and v are material constants. A full description of the predictions of equations (2)
and (3) may be found in Rabotnov’s book [3], including some extensions. Here it suffices
to mention that the predictions of creep rupture time (when w = 1), and the strains at
which rupture occurs may be adequately predicted by equations (2) and (3) but the form
of the strain—time curve is less faithfully reproduced.

Equations (2) and (3) may be generalized to a general state of stress in a variety of
manners and the forms most appropriate to metals remains an open question at this
time. A particularly simple form appears when it is assumed that the degeneration may
be described by a scalar function and that the material remains isotropic (or retains a
constant degree of anisotropy) as creep deformation proceeds. Such a model would be
consistent with random void growth and cracking with no preferred directions developing
in the material. In terms of a homogeneous function of the components of the stress tensor
a;; of degree one, ¢(0;;), the generalization of (2) and (3) becomes

ne
£ = l\% % (4)
and
i = Al(S I, (5)
where

S = O'ij/(l—w)~
It appears unlikely that (4) and (5) have wide applicability, as the requirement that (4)
shall coincide with the usual steady state creep relationship when w = 0 requires that ¢
shall depend only upon the deviatoric stress components and be independent of the mean
hydrostatic stress. The consequence of the assumption that @ is independent of mean
hydrostatic stress, seems implausible in general. For certain metals, however, creep rupture
appears to be governed by a maximum shear stress criterion (see for example Henderson
(6] and Hayhurst [5]) indicating that equations (4) and (5) may be appropriate in some
circumstances. The equations may well be of use in problems where the principle stress
directions remain reasonably constant in time and where one stress component has the
dominant effect. Equations (4) and (5) are introduced here for purely pragmatic reasons,
which will become apparent late in the text.

The predictions of the behaviour of structures using these equations has occurred
only fairly recently. Some simple examples are included in Refs. [3] and [4]. Recently Hay-
hurst [5] has investigated the behaviour of a plate containing a circular hole under tension,
both experimentally and theoretically, using equations of a similar form. Solutions for
parallel bar structure and a thick walled tube under internal pressure are included in the
report of Martin and Leckie [7].

The problem of predicting the creep rupture of a structure has features which are not
untypical of many structural calculations. To arrive at the quantity of interest, in this
case the time when the full-scale rupture of the body occurs, necessitates the calculation
of the complete history of stress and strain over the entire history of loading. Such cal-
culations are often tedious and expensive in terms of effort. Martin and Leckie have
investigated the possibility of predicting the rupture time without carrying out a complete
analysis. In [7] they have described a method of calculating a lower bound to the rupture
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time for a class of parallel bar structures which involve the calculation of “modal” solutions
to the problem. These “‘modal” solutions involve constant stress histories and are much
simpler to evaluate than the complete solution. A further upper bound is described in [8].

The author has been involved in the development of general methods of approximate
analysis of structures using energy methods. These methods allow the prediction of bounds
on the displacement and deformation of structures, composed of inelastic materials, in
terms of equilibrium stress fields. The theory is developed in its various aspects [9-13] for
time dependent materials. The purpose of this paper is to recount an investigation into the
application of these theorems to a body composed of the material described by equations
(2), (3), ¢4) and (5). To achieve this end it becomes necessary to investigate the problems
associated with unstable materials which fail to satisfy certain conditions which are
required for the derivation of the bounds. It is shown that only limited information may
be achieved and the prediction of the time to creep rupture due to plastic collapse or un-
bounded creep displacement remains beyond the scope of the theory. However, it is possible
to derive an upper bound on the displacement of the structure from the time of initial
loading to the time when rupture first occurs at some more highly strained point in the
structure. This more limited objective is pursued analytically for the case n = v to produce
a direct relationship between the deformation of the structure and the plastic limit load
associated with the yield condition

¢€g&1) = G}w

where o, denotes the uniaxial yield stress. It is assumed that plastic behaviour of the
structure involves the complete volume of the body being at yield at the limit state, and the
theory is therefore confined to compact structures. It is then shown that for structures with
a single kinematic redundancy this bound may be interpreted as a lower bound to the
time when rupture first occurs at the most highly strained part of the structure. The bound
is computed for a structure consisting of two parallel bars. Comparison with the analytic
solutions indicate that the predictions are acceptably accurate.

In Section 2 the bounding method is described and the difficulties associated with
unstable materials are discussed. In Section 3 the extremal stress histories involved in the
bounding method are derived from the Katchanov equations. The analysis is first carried
through for a uniaxial stress state and subsequently generalized in Section 4. In Section 5
the bounding method is derived in terms of the plastic limit state and in Section 6 the result
is applied to a two bar structure.

2. THE APPLICATION OF AN ENERGY THEOREM TO UNSTABLE
MATERIALS

The energy theorem [9, 10] concerns the behaviour of a body with volume V which is
subject to time constant surface tractions P; over part of the surface which we denote by
S and suffers no displacement u; over the remainder of the surface S,,.

The loads are applied at time ¢ = 0 and the subsequent quasistatic deformation results
in displacements u(x;,t). In [9] an upper bound on the total deformation was derived
which, on ignoring elastic strains, may be expressed in the form

Pu(T)dS < flm j w(let;, T)dV. (6)
ST {(A—1) v
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Here of; denotes an arbitrary statically admissible stress field, in equilibrium with P; on
S7,and 4 is a parameter which may have any value 4 > 1. The function w(¢};, T) provides
the maximum value of the integral _[g £;;6;;dt amongst all possible stress histories which
satisfy the conditions ¢,(0) = 0 and ¢,(T) = o%. Thus

T
w(a’, T) = fo £,;0,;dt. (7
The derivation of (6) presupposes that the constitutive relationship satisfied three
conditions.

(1) For a small instantaneous change in stress do;;, the resulting small instantaneous
change in strain de;; satisfies the Drucker stability condition [14]
> 0.

do;;de;; =

(2) At an arbitrary state of stress o,,(7T) which is the terminal stress of some stress
history commencing at g;;(0) it must be possible to instantaneously change the stress to
the terminal state of any other similarly defined stress history.

(3) The maximum complementary energy function w must be finite. The condition (3)
arises from purely practical considerations whereas (1) and {2) are sufficient conditions for
the derivation of (5). These conditions are generally satisfied by constitutive relationships
which describe the creep and plastic deformation of metals. The creep rupture relation-
ships of the form (4) and (5) are however unstable in some sense and violate at least one of
these conditions once rupture is allowed to occur.

To simplify arguments we first refer to the simple creep rupture model whose behaviour

is described for uniaxial stress ¢ > 0, by

& = ko", g < g:
and either,
e > g, =0
or
£ — o0, o> 0. (8)

Rupture occurs at a critical strain g, prior to which the usual homogeneous relation-
ship holds. When rupture occurs either the stress is zero or the creep rate is indeterminate.

The model contains the principal features of the Kachanov equations in a much
simplified form. We now proceed to show that the conditions for (6) are contravened. This
is most easily achieved by showing that the complementary work j(T) &g dt may not be
bounded from above. Consider the stress path shown in Fig. 1. Within the time interval
0 <t < t, a sufficiently high constant stress is maintained to cause rupture at t = ¢,.
The stress is then reduced to zero and remains zero until a time ¢, < T. A finite strain &
is then produced by imposing a stress for an instant. The magnitude of € may be as large as
desired. The stress remains zero again until t = T when the stress is instantaneously brought
to its final value o*(T). It is not necessary to calculate the complementary work in detail ;
it is sufficient to notice that the complementary work during 0 < ¢ < ¢, is finite and the
contribution at t = t, may be made as small as we wish, as an infinitesimal small stress
is sufficient to produce the strain Z. The contribution from the stress change at t = T
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is given by é¢*(T). As ¢ may be made as large as we like, the complementary work may
not be bounded from above. It may easily be shown that the Kachanov equations show
the same mode of behaviour in this respect as equation (8), as the unbounded nature of
the complementary work arises from the existence of a ruptured condition.

This difficulty may possibly be overcome by introducing a model in which final failure
occurs by plastic collapse at a reduced yield stress. Such a model is provided by the
equations

= 0+p

vV=ka",p=0,06 < ayf(v)}

. )

p=0,0=0,f(v)
where f(v) denotes a decreasing function of the creep strain v, and p denotes the plastic
strain. A specimen of such a material will collapse plastically when ¢, f(v) reduces to the
applied stress. It may be shown that an increase in plastic strain at a fixed yield stress has
the effect of decreasing the complementary work [10] and the effect shown in the previous
model does not occur. Unfortunately this model contravenes condition (2). Consider two
constant stress histories ¢, > ¢, which results in creep strain »,(¢) and v,(¢). The current
yield values will differ, so that at some time ¢, there exists some stress g3 which lies between
o, and o,, which cannot be reached by the specimen which has been maintained at the
higher stress level.
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As a consequence of these calculations we see that the energy theorem (6) will not hold
for the Kachanov equations, or a plastically softening material. We may, however, derive
a theorem which requires less strict conditions on material behaviour. In [9] it was shown
that the stress histories which maximize the complementary work between prescribed
states of stress provides strain histories which minimize the work between prescribed
states of strain. We may derive a displacement bound by commencing with the assumption
that the work done between zero strain at t = 0 and strain ¢;(T) may be bounded from
below. We postulate that it is possible to find a function of g;, w(g;{T),T) so that

T
J‘ Gijéij dt = W(Ekt(T), T). (10)
4]
We now seek a function (4g,;) which satisfies
w(e(T) = Qe(T)), (11)
and which also satisfies the convexity condition
o0
1 ~ QT — | ——— LTy — g2, > 0. 2
Qe}T)~ e T)) ( TS )sﬁ{e.,m ST} 2 0 (12
Inequality (12) is equivalent to the condition that the stress—strain relationship
oQ
O—ij = agij (13)

shall have positive slope when expressed in terms of uniaxial stress and strain.
A complementary work function Q(c;;) may now be defined by the relationship

K
8i‘:

T ey

(14)

where (14) is the inverse of (13). The functions Q and Q are related by
Qe+ Qo) = G;i€ij- (15)

The energy theorem may now be derived from inequalities (10}, {11) and (12), which com-
bine with equation (15) to yield the inequality

el {(T) _
f 0.6, dt = alel;— Qo). (16)

0

The strain s! ;may be interpreted as the strain within the body at time ¢ = T and the integral
on the left hand side may be taken over the history of strain which occurs at a point in the
body during 0 < t < T. We equate the stress of; to Ac§; where of; denotes an arbitrary
equilibrium stress field in equilibrium with P, on S;. Integrating inequality (16) over

the volume V and applying the principle of virtual work, we obtain
T T
J j o8 drdV = f j Pa,dtdS = Pu(T)dS
v Jo ST Y0 St

> [ Pugmds-— f Q(iaty) dV,
v

Sy
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which, on rearrangement becomes

1 ~

The inequalities (17) and (6) are identical except that the function Q has replaced w. Clearly
when w, which results from minimum work histories, is also convex then the two inequalities
are identical. The inequality (11) however allows a wider range of material behaviour, as
the bound exists provided any finite Q may be found which satisfy the inequalities (11)
and (12).

We may now compute the minimum work histories for the models described by
equations (8) and (9). The analysis will not be given in detail. Figure 2 shows the minimum
work for uniaxial strain, together with the stress—strain relationship

_ dw
de’

for two times T, and T,. It can be clearly seen that w is not convex and that there exists
no non-zero convex function Q. The model described by equation (9) exhibits the same
behaviour, except that ¢, is replaced by the creep strain corresponding to f(e;) = 0 and
the minimum work to states of strain ¢ < ¢, is somewhat increased.
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It may be concluded that it is unlikely that a theorem of the form of equation (17) exists
for materials models which describe the creep rupture of metals once creep rupture has
occurred at any point in the body. We may, however, develop a theorem if we assume that
a rupture state has nowhere been achieved. For the models described by equations (8) and
(9) such a theorem would be very uninformative, as it would merely produce the com-
plementary energy theorem for equation (1). If, however, such a theorem is developed for
the Kachanov equations (2) and (3), the effects of material degeneration will appear in the
theorem. The theorem would remain valid while @ < 1 throughout the volume and will
cease to provide a bound once rupture commences.

In the next section the extremal paths for the Kachanov equations {2) and (3) are
evaluated for a uniaxial state of stress, which are then generalized to the multiaxial case
in Section 4,

3. THE EXTREMAL PATHS FOR THE KACHANOV EQUATIONS: THE
UNIAXIAL CASE

As the conditions described in Section 2 are fulfilled by equations (2) and (3) provided
® < 1, we may adopt the procedure described in [10]. The extremal paths are evaluated
from the mimimum work condition, and we look for the history of strain &(t) which

minimizes
T T
F= f O’édl—#{f édt—s(T)}. (18)
0 o

where u denotes a Lagrange multiplier. This objective may be achieved by re-expressing
equation {18) in terms of the damage function w, to yield

T
F = —f Y(w, ) dt
0 (19)
Yo, d) = kA" {pd™ — A~ et I — ), @ > 0.

We seek the minimum of equation (19) amongst the damage histories «(t) which satisfy
w(0) = 0. The first variation of F is given by

T /A -
SF = —f (i‘(’éwﬁ“’&a) dt

o (0w a0
W ""rdaw i .
=—1-3 el b ——L A S dt 20
[a@ w]0+0 i \ea| " dw|® (20)
The condition 8F = 0 gives rise to the natural boundary condition, on noting that
dw(0) = 0,
0
[—q —o, @2)
aw t=T

and the Euler equation

dfay] o _
E{é@} —eo =0, 23)
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Equation (22) yields that
n+1

A~ (TY (1 — eo(T)) = ”%a(:r). (24)

The Euler equation (23) may be integrated on noting that

df. oy _ . jdfoy) oy
&{‘“%"/’} - w{dt(@d)) (9(,0}’

so that
oy
D = . 25
o Y = constant (25)
Substituting for ¢ in (25) yields
- 1—
1 " v,ué(t)— (n+ v)a(t)é(t) = constant (26)

where p is given by (24).

In its general form equation (26) does not appear to possess a simple analytic solution.
However, when n = v a simple solution does exist and we will pursue the analysis for this
case. Note that this assumption allows equations (2} and (3) to be integrated to give w(t)
as a function of &1),

i) = - 00, @7)

and that the strain at rupture ¢ = k/a remains independent of both stress history and the
value of n. When n = v, equation {26) becomes

g€ = constant. (28)
On substituting for o(t) and &(¢), (28) becomes
" VM _ ) = constant,
which possesses the solution

(1—w) = (1—Cr)r+ ien+ 1), 29)

where C denotes a constant of integration, The stress and strain histories resulting from

equation (29) are given by
ifn
a(t) = [E( ntl )] (1= Cry/3n+ D,

A\2n+1
c . (30)
n+
Y = f - —nf(2n+1)
&) kA(—2n+1)(1 Ct) .
The stress history may be much simplified on substituting
1 2n+1
C=?=Aa"(0)(n+1), (31)
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to yield
n/(2n+ 1)
o(t) = 0(0)( 1—%) . (32)

Before the maximum complementary work may be computed we may note that at
t = T a discontinuity in the stress history is likely to occur [9, 10]. The value of this dis-
continuity may be evaluated from the minimum work by the introduction of an elastic
strain [10]
a(t)

gt) = —E—+ v(t) = e(t)+v(t)

where e(t) denotes the elastic strain and v(¢) denotes the inelastic strain. We are required
to find the minimum of

T

F = 1Ee? +f av dt + ue(T) +v(T)—&(T))
0

where u denotes a Lagrange multiplier. The minimum condition

oF _ 0OF
de(T) ~ 0uv(T)

=0

results in the relationship

dw(o(T))

dw(T) ° (33)

o(T) =

where w(v(T)) denotes the minimum work to the creep strain v(T). From equation (30) we
find

C

n+ 1 (n+1)/n
=og0T = k|={=—— 34
wmor =) o
on noting that
dw dw dC da(T)
du(T)  dC dw(T) du(T)
we obtain from equations (29), (30), (32), (33) and (34) after some algebra
1
o(T) =" o(T)
n
where o(T ™) denotes the terminal point of the continuous part of the stress history:
T a/(2n+ 1)
alT™) = a(O)(l—% (35)

We may now evaluate the maximum complementary energy, which is found, after some
algebra to be given by

kn+1
Wo(T) = 5 -

[o(T )= a(0)+ Ac"* H(O)T]. (36)
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Unfortunately w(o(T)) is only an implicit function of ¢(T) as the relationship between
o(T) and o(0), which is obtained from equations (30) and (36), may not be inverted
analytically.

Finally, to show that the solution (26) of the Euler equation (23) provides a minimum
it is necessary to show that the second variation of F is always positive. The analysis is
given in Appendix 1 where it is shown that §2F is always positive.

An expansion of equation (36) as a power series in A demonstrates the effect of the
damage upon w(a(T)),

In+1

3 3
nt 1)T +0(4°).

w(o(T)) = %ko"“r NO)T—kAs? 1 (0)T? —1A4%6(0)*" !
In the limit as A - 0,
w(a(T)) = %ka"“(O)T
and

o(0) = o(T") = ;%am

and we recover the result for equation (1) given in [9].

4. THE EXTREMAL PATHS FOR THE KACHANOV EQUATIONS: THE
MULTIAXIAL CASE

In this section the theory of the previous section is rederived for the general creep

relationships
a ¢"+1(S~-)
=k R el 4 4
i asu{ i @)
@ = AlP(S;)" )
where
S;; = o;/(1 —w).

The analysis of the uniaxial case requires only slight extension as the equation for
o(t) will be shown to be unchanged. Following the argument of Section 3, the function F

becomes
T T
F=J aija'ijdt—yij{f sijdt—a,.j(T)}, (37)
0 0

where y;; denotes a tensor of Lagrange multipliers. As the function ¢ is homogeneous of
degree one the rate of work done becomes, upon substituting for ¢ from (5)

a d)n+1
=8 —<K—3(1—
O-ljglj S”aS”{n"l'l}( (U) (38)

(b)(n+ 1)/v

= (l—w)™* ! = (l—w)(;
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Further
o= (sl
Hygiy = (,Us'“"'*‘ -1 - 3%
Xath Jasij A
The functional F now becomes
T
F = —f Ylow, @, §;;) dt (40)
0
where
o (G $ 754 5(}5 ) a/v
7.8 ) =L —(1-w)l—~ e I .
Y, @, S} { { a)){A) + N‘J(?S,-j)(A) } 41)

Note that i is identical to the corresponding uniaxial functional, equation (19), except that
u has been replaced by y;(@¢/3S;;). The first variation of F is given by

T (Y W G
The last term in the integral of (42) becomes
oy . o\" e
38, = |— S S, L
a5, S (A) ﬂ”@SMaSijaS“ (43}
We now proceed to show that 0F = 0 if
6;; = (1 —=wlt)S; = p(t)o {T ™) {44)

and
n+1 -
By = T"gij(’r )
where () is given by (23). Consider the coefficient of 8S,,,
B¢ _ntll-oW), ¢
MiiaSydS, ~ n ) 98S,084

As ¢ is homogeneous of degree one, the derivative 8¢/0S,, will be homogeneous of degree
zero for each component S,,. Therefore, by Euler’s theorem for a homogeneous function

0 o) _
Sizs o) =0

and the coefficient of 8S,, is zero. The remaining terms in the integral of (42) now become
identical to the uniaxial case as

0p n+1
ﬁij‘é“i} = ai{T)

0p  n+l
GofT) T¢(0i;(T)) (45)

where ¢{o;(T) replaces o(T) in (24). Similarly from (44) we may write
dlo (1) = wtydlo (T 7).
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The analysis of the multiaxial case becomes identical to the uniaxial case except that a(¢)
is replaced by ¢(o,,(t)). The solution of the Euler equation becomes

n— v(n + I)UU(T)SU(t) (n +1-—- V)O'ij(t)é,-j(t)  constant
v n v

For the case n = v we obtain

(L—o(t) = (1—C't)n* @n+1)

and
t nj/(2n+1)
P(o(1) = 4)(0.-,-(0))[1 —7J (46)
where
1 . 2n+1
The maximum complementary energy is given by
kn+tl a1
w(o(T)) = 1 7[¢ 0 AT ") —¢lo;0)+ A" o, (0)T] (48)
n+1 _
0;(T) = ——0(T").
n
5. THE DEFORMATION BOUND IN TERMS OF THE LIMIT LOAD
SOLUTION
In the previous section the deformation bound
J Pu(T)dS < l.[ w(iof) dV (6)
St

has been derived in explicit form by the evaluation of the maximum complementary work
w for the Kachanov equation. We repeat here the value of w,

k 1
WoiT) =~ " — 7 [Bla{T7) — o 0))+ A¢"* (o, {0)T] (48)

where

nf(2n+1)
¢(6ij(T—)) = ¢(aij(0))|:1 _;:' (46)

and

oy T) = "oy 1),

Although the functions involved are of a fairly simple form, it is not possible to express
w as an explicit function of its principal argument ¢,(T). The application of (6) requires
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the choice of a particular ¢¥; and A from which the related stresses o, (T ~) and o, (0) are com-
puted for each point in the body. Certainly the computation is much simpler than a complete
analysis of the problem, but optimization of the bound with respect to o¢; and 4 will be a
time-consuming operation. In a previous paper {12] it was shown that the form of bounds
of this type could be considerably simplified by equating ¢¥; to the perfectly plastic limit
state solution, giving a deformation bound which required, for some structures, knowledge
only of the limit load and not the details of the limit state stress distribution. The results
were principally relevant to “compact’” structures, which, at the plastic limit state, are at
a state of incipient plastic yield throughout the volume. Many of the simpler structures,
such as beams under flexural, axial and torsional loading, thick tubes under internal
pressure and plates under certain states of lateral and in plane loading, fall within this
category. Less kinematically restrained structures, such as portal frames and near statically
determinate pin-jointed frames, fall outside this category.

The adoption of a similar procedure for the theorem contained in equations (6), (46) and
(48) above produces an extremely simple bound which we now derive. We note that
although 4 is a spatial constant, it may vary with time 7. We are concerned with the inter-
related stresses f;, 6,(T), 6,(T ") and 0,(0) and their relationship between each other is
shown schematically in Fig. (3). The function # (48) is an implicit function of ¢,(0) and we
therefore require a simple means of relating ¢,(0) to of;. We may achieve this by adjusting
A(T) so that at all times

0%, = 0,(0)
Le.
n
0T ") = —hoty = — =4, 0) (49)

ol?) o(T)e ntl o(T)
n
a (o) og=0(T)
A
_no (o)
ntl

t/r

FiG. 3.
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This procedure may continue until A(T) = 1 when the bound (6) becomes infinite. The
appropriate value of A(T) is given by substituting equation (49) into equation (46).

n+1 T |rent 1 g 2nt1
MT) = " [1 T:l , and T = Ap™(a; ntl (50)
from which the range of T may be computed for a particular %;.

For a general stress distribution ¢f; this computed value of A(T) would vary from point
to point within the body. We may evaluate a constant value of A(T) if a stress distribution
o%; exists for which ¢(s%;) remains constant throughout the volume. Such a distribution is
provided by the limit state solution ¢}; associated with yield condition

Ploy)—0, =0 (1)

where o, denotes the uniaxial yield stress.

Consider a class of loading states [P, where ! denotes a loading parameter. There will
exist a particular value of | = I, at which plastic collapse will occur for a material satis-
fying the yield condition (51). The limit state stress distribution of; will satisfy equation (51)
for at least part of the volume, and we will assume that the yield condition is in fact satisfied
throughout the volume and write

o8 = —gl (52)
so that

l i
dlof) = Z—Ld)(fff} =79 =& (53)

L

where o denotes a mean stress for the structure. Thus we obtain from (50) the relationship

= Aoy (54)

and A(T) becomes a function of o, and n. Further W, equation (18), becomes a constant
throughout the volume, and upon substituting the relationships (46) and (54) into (48) the
bound (6) becomes

k T
Pu{T < —oR V) -
[, Pucryas < ey (59)
where V denotes the volume of the body and
T\ 1 n+l T (n+1)0?
4 ("’ T) - A(:r)—l[’I n T n(2n+1)] 0

where A(T) is given by equation (50).
The bound (55) requires knowledge of o only, which may be computed from /; . In the
following section we investigate the application of the bound to a simple two bar structure.
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6. THE APPLICATION OF THE BOUND TO STRUCTURES

We first compare the upper bound with the analytic behaviour of a bar subject to
uniaxial constant stress ¢. By integrating equations (2) and (3) it may be shown that the
uniaxial strain for n = v is given by

k (n+l)2 T 1/(n+ 1)
=—|1=-[1= Z
) A[ (1 il T) : (56)
where
1 W2n+1
T =40 (“::r)

whereas the upper bound yields, on equating ¢ = oy,
k T
< - =}
&) < Af (n, T) (57)

Equation (56) and bound (57) are shown for n = 3 and n = 5in Figs. (4) and (5). It isin-
teresting to note that the two curves are coincident at the rupture time T/T = (2n+1)/(n+ 1)?

Upper bound equation (57)
n=3

() A

05
Analytic equation (56)

Analytic, (w*0)

I { 1
o Ot o2 03 o4 o5

FI1G. 4.

when £(t) = k/A. The error before rupture is encouragingly small. It may be noted that a
knowledge of the rupture strain and the upper bound allows a completely accurate cal-
culation of the rupture time. Furthermore, we see that the bound (55) may be interpreted as

PuT)dS < ogélog, T)V
Sr
where &6y, T) = (k/A)f(n, T/T) denotes the upper bounds on the uniaxial creep curves
exhibited in Figs. (4) and (5).
We now proceed to compare the bound with the behaviour of the parallel bar structure
shown in Fig. (6) which consists of two bars of equal cross-sectional area a and of length
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10
n=%
Yx
E 05 |-
v Upper bound equation(57)

Analytic equation (56)

Analytic, (W=0)
1 | |
[o] (e ]] 02 03 04
/T
Fi1G. 5.

L, = L, and L, = 8L,. This problem has been solved analytically for the equations (2)
and (3) by Leckie and Martin [8]. The displacement of the model at time ¢ for load P is

given by

v+ )P
1 (Z ,) (58)

et}

0
o
~
(-3

Fi1G. 6.
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L i/n L 1/n
L=~ L= .
R

As the hmit load solution is given by

where

PL == 20'),(1
then
P
"=

and the upper bound becomes

k Ty 1 2n+1
2 o =1, = .
G'Rau(T) < AG'RVf(n: T)a T AGJ;{( n+ 1 )

Therefore

u(T)Aa
Vk

<} f(n, —;) (59)

The bound (59) and the analytic solution {58) are compared in Fig. 7 for n = 3 to the
time when initial rupture occurs in the shorter bar. The predictions of equation (1} are
also included, to indicate the additional displacement due to the presence of damage.

The most remarkable feature of Fig. 7 is that the analytic solution and the upper
bound almost (but not exactly) coincide at the instant when initial rupture occurs in the
smaller bar, which provides the limit of validity of the upper bound. As the strain at rupture
¢ = k/A4 is known a priori for the case n = v, and the displacement u = (k/4)L, is also
known from consideration of kinematics, it is possible to obtain a lower bound on the

O-Ht —

ne3

y(TJA
vk

005 b Upper bound

Analytic solution,
{ws0)

T
Fic. 7.
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initial rupture time as the time when the upper bound equals this value. For the case shown
in Fig. 7 this estimate is extremely close to the analytic value.

This procedure may clearly be applied to any structure where the maximum strain is
determined by the surface displacements. Further discussion of the application of the
bounds will appear in a forthcoming paper.
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APPENDIX 1
The complementary energy is given by

T T
F = —o(t)é(n)dt = v, ) d
fo (1 o(e))(r) i L (o, ) dr
where
b = {ukc™ — o™ IM(1 )Y 4", (A1)

For the second variation of w will be negative provided the following inequalities hold

0%

dar?

azd) 02¢ azd) 2
() [t <0 -

< 0 (A2)

and
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Clearly (A3) is always satisfied for w # 0 as ¢ is a linear function of w. For n = v and
# = [(n+1)/n}o(T).
% n+1
67 = T
As @ > 0 and @ < | we see that (A2) is always satisfied. Thus 62w < O for arbitrary

variations in w and @ and we conclude that w can possess neither a minimum or a saddle
point.

a-)—n/(n+ 1)(1 —a))kA_"/V.
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AGcTpakTt—PaboTta obcyxnaer npuMeHeHHe NIpUHLMITA 3Hepruu (10) A5 KOHCTUTYTUBHBIX COOTHOLUCHHUH,
KOTOpO€ OIMCHIBAET pa3pyllieHHe METAJUIOB BCIEACTBUE TON3YYeCTH. YKa3aHO, YTO TPEAes] Ha repeMe-
LIEHUAX TEMA, NMOJIBEPXKEHHOTO NeHCTBUIO NMTOCTOSIHHOM HArPY3KH, MOXHO OIPENE/INTh MPEeABAPUTENILHO K
MOMEHTY, KOTr4a NMPOUCXOAUT pa3pylieHne B Hailbosee HanpsxeHHoM paitoHe. [lns HEKOTOPOro Kiacca
KOMIMAKTHBIX KOHCTPYKLMIA, Ipeaen CBOAUTCA K mpocroit Gopme, 3akmovas HOBENEHHE PA3PYLICHHS LIS
cpeaHero HanpsukHusi, IIpMep KOHCTpYKLMH, COCTOSAWEH K3 OBYX CTEPXHEH, YKa3biBaeT, YTO MOXHO,
OPH HEKOTOPBIX, YCIIOBUAX, MEPEHCTH NMApaJUIeNIBHO TPAHHLY HEPEMEIIEHU K HWUXKHOMY TIpeAeny, BO
BpEMS HAYanbLHOTO Pa3pPyIIEHUA.



