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BUCKLING THEORY OF ELASTIC CONTINUA
WITH ISOTROPIC DAMAGE

Bohua Sun’

ABSTRACT

The way in which buckling occurs depends on how the structure is loaded and on its geometrical and material
properties, in which many investigations have shown that the buckling load is mostly sensitive to the influence of
the geometric imperfection. For the geometrical influence, Koiter (1945) has developed a post-buckling theory
based on the energy approach. In this paper, by adopting Lemaitre’s strain equivalence principle and Budiansky’s
virtual-work approach, we extend the Koiter’s buckling theory to the case of isotropic damage body. Similar to
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Budiansky’s buckling parameter P~ — & =elull , for the first time, we have derived a damage-
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imperfection parameter P= =, which shows that the damage parameter “1-D” has same status or
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sensitivity as geometric imperfection on buckling loads
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1. INTRODUCTION

As we known, for the thin wall structures the membrane stiffness is general several orders of magnitude greater than
the bending stiffness. A thin wall structure can absorb a great deal of membrane strain energy without deforming too
much. It must deform much more in order to absorb an equivalent amount of bending strain energy. If the structure
is loaded in such a way that most of its strain energy is in the form of membrane compression, and if there is a way
that this stored-up membrane energy can be converted into bending energy, the shell may fail rather dramatically in
a process called “buckling”, as it exchanges its membrane energy for bending energy. Very large deflections are
generally required to convert a given amount of membrane energy into bending energy. [von Karman & Tsien
(1939), Tsien (1942), Deuker (1943), Koiter (1945), Galletly € al. (1956,1959), Roorda (1965), Khot € al. (1969,
1970), van der Neut (1973), Bushnell (1985), Budiansky (1974), Hutchinson (1974), Arbocz (1974), Arbocz €l al.
(1987), Stumpf (1981), Sun (1989,1992) etc.]. The way in which buckling occurs depends on how the structure is
loaded and on its geometrical and material properties. As was noted before, the initial geometric inperfections are
often the main cause for the discrepancy between the test results and theoretical predictions for perfect shells.
[Koiter (1945), Singer € al. (1971), Tvergaard (1973), Arbocz (1974), Danielson (1974), Seide (1974), Brush &
Almroth (1975), Arbocz € al. (1987), etc]. The prebuckling process is often nonlinear if there is a reasonably large
percentage of bending energy being stored in the structure throughout the loading history. According to the percentage
of bending energy, the two basic way in which a conservative elastic system may loss its stability are: nonlinear
collapse (snap-through, or over-the-lump) and bifurcation buckling. [Koiter (1945), Chien (1948), Budiansky &
Hutchinson (1980), Arbocz €l al. (1987) etc.]. Nonlinear collapse is predicted by means of a nonlinear analysis. The
stiffness of the structure or the slope of the load-deflection curve, decrease with increasing load. At the collapse
load the load-deflection curve has zero slope and, if the load is maintained as the structure deforms, failure of the
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structure is usually dramatic and almost instantaneous. This type of instability failure is often called “snap-through”,
a nomenclature derived from the many early tests and theoretical models of shallow arches, caps and cones. These
very nonlinear systems initially deform slowly with increasing load. As the load approaches the maximum value,
the rate of deformation increase until, reaching a status of neutral equilibrium in which the average curvature is
almost zero, these shallow structures subsequently “snap-through” to a post-buckled state which resembles the
original structure in an inverted form. The term “bifurcation buckling” refers to a different kind of failure, the onset
of which is predicted by means of an eigenvalue analysis. At the buckling load, or bifurcation point on the load-
deflection path, the deformations begin to grow in a new pattern which is quite different from the prebuckling
pattern. Failure, or unbounded growth of this new deflection mode, occurs if the post-bifurcation load-deflection
curve has a negative slope and the applied load is independent of the deformation amplitude. In general, the shallowest
shell will snap-through, while the deeper shells will bifurcate. In this paper we shall restrict our discussion to those
structures, which lose their stability by bifurcation.

The general theory buckling and post-buckling behavior of elastic structures enunciated by Koiter (1945) has
spawned a considerable amount of research in this field, e.g., Sewell (1968), Thompson (1969), Budiansky &
Hutchinson (1964), Budiansky (1965,1969), Fitch (1968), Cohen (1968), Masur (1973), Arbocz (1974, 1987),
Budiansky (1974), Badur (1982), etc.]. Koiter (1945) shown that the buckling loads is very sensitive to the influence
of geometric imperfections. Within the framework of Koiter, there is little work has been done on the general
consideration of damaged body. One common understanding is that materials imperfection-damage has less influence
than geometric imperfection. However, for isotropic damage body, this paper shows that materials damage has
same position as geometric imperfection on the buckling loads.

To make the paper self-contained we find it important to repeat part of the results obtained previously. Thus in
Sec.II we introduce the generalized principle and generalized stability criterion. In Sec.Ill, IV we perform buckling
and post-buckling analysis of generalized system. In Sec. V generalized load-"shortening” relation has be obtained
and modified. In Sec. VI some simplifications have adopted for various particular problems. Further, in Sec. VII we
introduce initial imperfection and the sensitive relation between the buckling coefficients and the magnitude of the
imperfection have been obtained and also modified.

2. GENERALIZED VARIATIONAL PRINCIPLE AND STABILITY CRITERION

Variational Principle

The all most of generalized variational principles have been studied in detail by Reissner (1953), Chien (1979), Hu
(1954,1981), Washisu (1982). Assume ¢[U; A] is the potential energy of the system R, u is the generalized displacement
vector, A is load parameter vector. In order to modified the solution the Lagrangian multiplies L can be introduced,
then we have a functional, [Budiansky (1974)], F = ¢[u; A], then we have the variational principle of the system as
follows 6F = F'[u; A]ou = ¢'[u; A]ou = 0.

Sability Criterion
This problem is very difficulty. In our discussion the following stability criterion will be adopted. For all admissible
du = 0', and if F* du = 0 for the system in equilibrium state

AF = F[u + 8u; A]- F[u; A] = Flu; AJdu + 0.5F Tu; A](Su )’ +...
— 0.5F[u;A](u)’ + R = 16" [u; A](8u)’ + R ’ 1)

where R is the remainder of Taylor expansion. Then we have general stability criterion: (a) the equilibrium state
is stability , if A F > 0; (b) the equilibrium state is instability, if A F < 0. For the finite-dimensional system,
[Thompson (1969)], (a) and (b) can be translated into (i) the equilibrium state is stability, if F(du)?> 0; (ii) the
equilibrium state is instability, if F”(du)? < 0. Unfortunately, a non-negative second variation of F is only a
necessary condition of stability for a continuous system. But (a) is a sufficiency and necessary condition of
buckling for conservative system including finite-dimensional and continuous system. [Koiter (1963), Budiansky
(1974)].
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Principle of Virtual-Work

In most case, F[u; A] may be written as [Budiansky (1974)] F[u; A] = J3[€] — AA[u], in terms of the generalized
shortening A[u], of the strains energy 3. The strains energy considered to be a funtional of the strains &. The

variational principle is now 8F = Fu;A]du = 3' [€]0€ - AA [u]du = 0, where d¢ = &’[u]du. If we introduce effective

c . . . . . . o . .
stress Y for isotropic damage by using Lemaitre strain equivalent principle (Lemaitre, 1971), where 0< D <1, is

called damage parameter (Lemaitre, 1992), then we have principle of virtual works for isotropic damage body
r
(1-D)ocde-T'Afu]du =0 or, cde _EA{H]&I =0 2)

T
- | :0 =
o0de-AATuldU =0, A D

For antisotropic damage model, the damage parameter D should be considered as a tensor(Murakami, 1981).

Formulae (2) is the form of principle of virtual work for isotropic damage model, stating that, in a equipbrium
state, the damage of the potential energy of the loads associated with “virtual” displacement du must equal to the
internal virtual work of stress (1 — D)o acting through strain d¢ that are compatible.

According to Budiansky (1974), the symbol ¢ have three meanings: it is the stress state ; it is a linear operator
on stains, making ode the total work of the stresses acting through d¢; and it is a function ofg] of strain. This
understanding of the symbol & is very useful in the deriving of buckling and post-buckling equations, and the
buckling load of the practical problems.

3. BIFURCATIONANALYSIS

In order to discover conditions for bifurcation buckling, [Koiter (1945), Budiansky (1974)], we assume first that
there exist a fundamental solution u (%), € (1), o(A) that varies smoothly with A as the load increases from zero. The
above variational equation requires that

coeTuoA)Iou -AATu(M)] =0, A3)
for all u. Now suppose that, for some range of A, there is another solution
u=u,A)+v(h) c=c,(r) +s(h) e=¢ )+ (D) 4)

that intersects the fundamental one at generalized buckling load 2, is the since that klgrll [v(h) s(b) T(K)]T =01t

will be further assumed that v (1), € (L), o, (L) exist for A greater than A, so that a true bifurcation, rather than a
limited point, is implied by (4) and the limitation. The bifurcation buckling mode will be defined as ui = lim (v/Iv),
and also define the associated stress ans strain modes by [o1, & = lim [s/Iv]./[M]", where | | represents a suitable
norm; note |u,|=1. Since the u, &, ¢ given by eqn(4) must satisfy equilibrium
{ooM)+s(M)}eTuo(r) +v(A)I3u - AATul(R) + v(A)]=0, ()
and, under the assumption that ¢, o, A and G are analytica in the vicinity of u (), a Taylor-series expansion gives
G=0cotostois’ /2t.. g=ertevterv /2 A= Avt AV ATV /2H .. (6)
for sufficiently small | A-A, | . Substitute eqn(6) into eqn(5) and note eqn(3), then gives

Sg,ou + [(00 +S)gs— kA’O’] vou + 0.5[(00 +s)g™ - kA’O”] vou...=0, (7
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Dividing eqn(7) by v , and letting A—A , then gives

oigTuo(ko)I6u +ole]eTuo(Re)lui6u - AATuo(Re)Jui6u =0, ®)
as the generalized variational equations governing the buckling mode u, and the critical load A . The notations

o(he) = tes elus(he)] = £er e Tuo(he)] = €2 0lec] = 6o ATuo(Ae)] = Ay ete. are convenient; Dividing eqn(6) by | v

b

we have relations g, =g.¢e1, £, = e.u; > then eqn(8) becomes

c1edu + o.erudu - }\«CA’C’U@U =0, )
Using eqn(2)’, we have
r,=0-D), Oy

Eqn(9) indicate the critical load of damage body is lower than of perfect one. In other words, the critical load of
damage body is critical load by damage parameter (1-D), this conclusion is also valid for antisotropic damage body.

4. POST-BUCKLINGANALYSIS

In order to proceed with a determination of v in eqn(4) for A # A, introduce the scalar parameter & defined by
[Koiter (1945), Budiansky (1974)] £ = <v, u,>, where the bracket symbol represents any bilinear inner product, the
only restriction on this inner product is that <u,, u, > # 0. Indeed, it is particularly convenient to choose the norm

| % | = <v, v>'"2 for then <u,, u>= 1, and this choice will be assumed henceforth. Then it follows that v=_&u,+ 7,

so, wehave <V ,u,;>= 0,7/ & .—0,for A > ). The parameter & is therefore a measure of the “amount” of buckling
mode contained in the difference u(A)-u (1) between the displacements on the bifurcated and the fundamental path,

at a given value of A. Similarly, s and t can be written as s =&g, +8§, T =E&g, + 7T . Substitute these into eqn(4), gives

u:uo(k)+&U1+\~’ (5:(50(7\1)"‘&(51"'g 8:{;0(7\,)4'&81'*‘75, (10)

The aim of the post-buckling analysis is now to discover how eqn(10) varies with A along the bifurcated path,
and, with u (1) considered known, this would appear to dictate a search for (1), V (1),S (), T(X) . A small change
in view-point is, however, very effective; consider & to be the independent variable, and look for & and
v(A), S(A), T(A) as function of &. To this end, we will anticipate at least the asymptotic validity, for small &, of
the perturbation expansions

K=kc+k1&+k2§2+... i728112"‘8113--- 52&2(52"‘&363"'--- %:&282"‘&383"'--" (11)

The full asymptotic expansion for the displacements is then

u=ugM) +Eu +E Uy T 6=60(A) +Eo +E G, .. e=go(M) FEe +E%e F s (12)

Although we know that v/& — 0 for £ — 0 or A — A, there is of course no guarantee that these asymptotic

expansions must involve only integral powers of &; but it will turn out that this prescription, will rare exceptions, is
self-consistent, in the sense that a systematic procedure can be developed for the calculation of the terms in eqn
(11). [Budiansky (1974)].

Each term in (7) of the variational equation of the problem will now, in turn, be expanded about A_

1 1
Co~— Gc+(}\1_}\/c)60+5(}\1_}\/c)260+'" €0~ 80+(}\1_ }\10)804_5(}\' _}\/c)zéc+"'

o N : (13)
A5 = AT (A -RIATH S (A= R) AT e

in which the notations are
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. d . .
6’ =c"uM)] o =00, 60 = ac(“’[uo(l)] 6" =6V, (14)

etc. Then, we have

1
&61+&262+&3G3 t+..= Gbs+56652+~~~ =
1
= [c; +(A-A)Ge +=(h- kc)zéa +-~](§81 +&282 +...)
2 , (15)
1
o lorrGe-noset JEent )

From eqn(16), we get the following relations

1, 1
— LI » - LIN s » s 2
02= 02T A0 +Eccel O03= 03T AGE2 T A0 e T oieie T EMGC&

1 1 , (16)
— + : + 2 — + s + s + o + . 2
2= e T A 28c111 g3=gaus T higiur tA€u teluue 27\,160,111

Substitute eqn(12) and eqn(14) into eqn(7). The term of order & in this expression simply reproduce the buckling
equation eqn(9). The terms of order & give the result

1 1
, » » » a2 a2
(6280 + OcEclU2 - }\’C Acu2 + O1€cU1 + EGCSC ui - 5}\’9 Ac u 8u
, (17)

+}\/1(('5082u1 + Gcé’c’ul + 618:: - Agu1 - }\chgul)Su = 0

. i . N . _ ., ) "2 L2
set u= u, and Gae.u; T Gceiuaur T Giuau - AcAuau; = 7\,1((51&111 +Gel ) +0.56,e2u; +0.50¢:

Consequently, the coefficient A, can be found as

r
,.2 . 3 3 sy i3
[3ciecui T oedui Toiei-—<Auil
b

- 1-D (18)
2=
__ o 2 ., 2 ., o, 2 o 2 rc <, 2 .
where E=G.esur To£our 201800 T 6e - Ajug _SACUI or rewritten as
__ o 2 ., 2 ., =, 2 2 <, 2 <, 2 1—‘c <, 2 .
o= OcEcUl +Gc£cul +2Gl£cul +Gc£l - Acul - FCAcul + FCAcul -SACUI = E— D(l —D)ill—‘CA"C u12
where the materials perfect body Z=G.giui+6.£:ui+ 208w+ Gier - Asui — L Adui .
_ (1-D)(Boigiui toerui toie)-T AUl
1= - — — - ,
2(E-(1-D)"DIA" u?) (18)

Since none of the functional o[e], €[u], and A[u] depend explicitly on A, we can write

6.=08. €:=eu. A=A u.. Hence Z can be expressed in the alternative form

T
2 o 2 - w2 o 2 o 2
E=06.0ui Toeruiuet2Gie . TOlei g - AZui g CD Auiuc. If A, =0, we have



m Journal of Mechanics and MEMS

1 T
Avuiur-——=AVul ]

c

. ,,22 .3 o2, 2 1,,,41 IV 4
[2G1ECU1u2+GzﬁcU1 +§C51801h tGoleiccu, T OcES u1u2+ch e t—0.e ur-

ha=- 6 1-D 61-D (19)
2 2 3 2 2 1 4 1 v 4 2 1 v 4
(I-D)[ 26.ecuiu2 + Gaeiui +§c518’c‘u1 +Gssls’cuz+Gcs€’u1uz+gc‘c”81 +gc5cs UI]'FCACUIUZ'EFCAC ur ] (19
= Z=—(1-D) ' DILA", u’
In the case of A, = 0, we have the governing equation of u,
1 1
068U+ 6.eiudu-(1-D) T Azudu+oiezudu+ Eccez’ufﬁu -5(1 -D) 'T,ATuidu=0; (20)

This is the governing equation of post-buckling state, and it is a nonhomegeneous equation. There is an apparatus
lack of uniqueness in the solution. Once u, is found, A, as given by eqn(20) can be computed. In practice calculation,
the u (i=1, 2,...) can be found by perturbation procedure. It is seen that the post-buckling coefficients depend only
on the buckling mode u, but the calculation of A, would generally require the determination of u, as well, and so on.
And an symmetric bifurcation corresponds to A, # 0, and in symmetric bifurcation the load rises or falls during
buckling according to the sign of A,. The results for A, are, of cause, not valid if Z = ¢_"u,*>= 0. The boundary
influence coefficients will be zero if the boundary were satisfied.

5. GENERALIZED LOAD-“SHORTENING” RELATION

For some problems, the load- “shortening” relation may be interested. The load- “shortening” relation for perfect
structure has been obtained by using the normal energy approaches [Budiansky (1974)]. Since F[u; A] is
Flu; A] = 3[u] — AAJu], where A[0] = 0, and by analogy with simple model A[u] can be regarded as a generalized
shortening. Assume further that does not depend explicitly on A, i.e. I = J[u], and it follows that F[u; A] = 3[u]
— AA[u], so we have generalized load- “shortening” A[u] = 0, F[u; A], but since dF[u; A]/dA = F'[u; A]du/dA + 0, F[u;

1], and F’[u, A] (du/dA) must vanish, then A[u]=—dF[u;A])/dA=—F[u;A]. Notice along any equilibrium path
0=dF[u;A]/dA8u = ABu - Fu,,8u . Now set u = u,, and let Su = u,, then we have Ay, =0, which says that at the
critical load the generalized shortening is stationary with respect to the buckling displacement. Then in buckling
state gives FLu; = G.e:u1 - AcAsu; =[ 6.8, Ju; = 0, which means that the stresses in inside and boundary of structures
at bifurcation do no work through the initial strains of the buckling mode. With the prebuckling generalized shortening
defined by A,=—dF[uc(A);A]/dA =—F,, we have

A- Ao = —d(F[w;A]- Fo)dA =[0.5F;v* + (1/6)Fyv: +..], 1)
and so, for small &, then v ~ u, and we have

. 1 1 ,
A-Ao=-0.5E"F 0l = —Egza = —Egz [E-DU-D)y'T A" uj}, (22)

- ) r .
where :=Gce’c’uf+Gc8’c”u121'1c+2G18’c’u11'1c+6281280-A2u12-ﬁA;”ufuc and the materials perfect body

—__ o 2 .2 ., =, 2 o 2 <, 2
E=6.0ui Togiui T 208t 6ei-Aiui — T Aui .

This relation is quite general including cases, in which the prebuckling variation of shortening with A is not
linear. [Budiansky (1974)]. Since damage parameter D must be always much smaller than 1, so “1-D” is less always

less 1 and also positive; because I'_ and A" u; are always positive, so we have

Z-D1-D)'T A" u’<E, (23)
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This relation indicates the general “shortening” of damage body is bigger than the perfect body, in other words,
the damage body is little bit softer or weaker than the perfect one, will has the worst loading capability.

In the case of symmetric bifurcation, it is useful to define the initial postbuckling stiftness of the perfect structure

dr
as K=-—"at L = A, and compare it to the corresponding prebuckling stiffness K, at A = A_ on the fundamental

dA
1 1 ZE 1 1 (1-D)_
path. we find K K_ ; 0, or K K. or =, then we have the pre-buckling and post-buckling stiffness
0 c
K, _ N (1-D) =
rate K 2F2 Al

6. SPECIAL CASE

The above results found are very general, for more so than would usually require, and in various particular problems
one or more of the following simplifications can be invoked: (i) linear stress-strain relation; (i) quadratic strain-
displacement relation; (iii) linear shortening-displacement relation. The above simplification means 6™ = 0 for
n>=2, e™=0 for n>=3, AW =0, for n> = 2; respectively. According to Budiansky (1974), we known, in very many
problems all three of these conditions are met. Limitation to elastic strains makes (i) valid in all but rubber like or
hyperelastic materials. A quadratic strain-displacement (ii) relation is, of course, obtained when the Lagrangian
strain tensor, or a simplied variant thereof, is employed. The linearity of A[u] occurs in dead-loading situations(though
not in hydrostatic loading) or for conservative system. In any event, with (i)-(iii) valid we get

36.e" u,’ 26.£" uu, +0,e" u’
)\,1:_ 1 c 2 ,}\12:_ 1 c 12 2 c 1’ (24)

— —_—
= =
— —

or

18 uz

26,£" uu, +G,e" u;

=—(- D) , T2=—(1-D)

= —

24y

The buckling equation eqn(9) also implies to ¢,¢.,6u + g.e;u;0u = 0, and post-buckling equation eqn(20) simples

to g,e:0u+G.e5u.0u+ giezudu = 0. Another simplifying assumption, independent of (i)-(iii) above, is that of a

(iv) linear fundamental state.

This assumption provides the common situation associated with buckling problems in which the prebuckling
displacement, stresses, and strains vary linearly with A, and the load A appears linearly in the bifurcation eigenvalue
problem. We will define assumption (iv) to mean a special kind of linearity associated with the function o[¢], €[u]
and A[u], and the fundamental solutions u, o, and g, in which not only do the identities
olkeo] = kole,], elkuo] = ke[uol, Alku,] = kA[u,] hold, for any constant k, but, in addition, the operators o™, g™,
A,™ are all independent of A for n > —1. This guarantees that the fundamental solution of the field equations will be
linear in A, and it also makes the buckling equation a linear eigenvalue problem. Furthermore, we have relation

Ge = AeGo £ =65 = AV =0, forn > 1. If all the assumptions (i)-(iv) can be invoked, and set u = u, in the buckling

. o 2
. . . _ . . _ GCECul _ . .
equation, and note the relation OcEUT = MG €T = —C1s Ac s =—1 then the buckling loads can be obtained
1€1
in explicitly
_ OCi1€cU1 _ G1€1
=(1-D)——==-(1-D)——, (25)

GCECul Gcegul
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I, is called damage buckling loads. The results for I', (i = 1, 2,..) become

I 3018’61112
Do _-pysoe %
I. 26.e:ut’ (26)

for A, =0, we have

r 26.esuiu2 + GoEduT
1, (l—D) O1€cu1l2 ?2& 1
c GCE’C’Ul

; 27

i S 2 , Ko_q T Geeoui + 20.g0umie
and the generalized load- “shortening™is A - A, = -0.5€"G.gzui » and stiffness rateis .~ '~ T. I
2 cCc

If all th fion ()-(iv) hold, K& —1- L= OcEiul
all the assumption (i)-(iv) hold, K s o
7. INITIAL IMPERFECTIONS

The real structures always have some imperfections. Koiter(1945) has show that small geometrically imperfections
in some structures can be responsible for large reduction in their static buckling loads. As is well know, a this shell
is often very imperfection-sensitive in this sense, with a perfect specimen some times having a “classical” buckling
load several times higher than that of an imperfect one. Many analytical studies have sought to correlate reductions
in buckling loads with assumed initial imperfections of various sizes and shapes. [Arbocz € al. (1987), Bushnell
(1985), etc.]. If the structure under analysis is not quite perfect, in that it contains a displacement u before the

application of load. The strain-displacement relations are [Budiansky (1974)] € = g[u+1u]- g[u], giving the strain €
of the imperfect structure in terms of the additional displacement u and the old function [u] of the perfect structure.

Similarly, the generalized shortening is A = A[u + 1] - A[u]. The stress-strain relation is 6= o[p], and so the variational

equation for imperfect system is now

oleleu+uldu-AATu+uldu=0, (28)
where the Frechet derivative is with respect to u. It is appropriate, in many problem, to assert that in the pressure of
an initial imperfection &= &a, where [[i]|=<10,0>'"2=1, and then E is a good measure of the magnitude of the
imperfection. A search will now be instituted for relations among the function u and the scalars A and E that, in the

vicinity of A = A, are dictated by the equilibrium condition eqn(28). Accordingly we write, in terms of the fundamental

solution u () of the perfect structure u =y,(A)+V , where now v can be made as small as desired by making both

E and ’k—kc| sufficiently small. No prejudgment is made concerning the uniqueness of y for given values of E

and A, but the double limit xll)r{lc 1512(} <V.V > =Vi must be the same for each single-valued branch of v under

consideration; it will be verified shortly that v, = u,. For a sufficiently small v. Similarly, the associated stress and
strain, and their buckling mode are

0=0y(M)*5 e=eW)+T lim lim |5/ M7/ [7]]=[s: v, (29)
It will also be verified shortly that s = ¢, T, = ¢,. we now expand eqn (28) into

[0t S] {eTuo T ul+ eTuetulv+0.5¢"Tuo +UV + -.}0u

MATuo+ T+ ATup+ TV +0.5Aup + T 72 +...}5u =0’ 39)
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Now introduce the notation &'[u,, u] to denote the Frechet derivative of p with respect to u, then

=2 =2 s

eluo+1]=gluol +Ee Tuoli += &e [uoli® .—so+§80u+ &so W, (31)

and similarly introduce the notation g’* and A’*to denote the Frechet derivative of g’ and A’ with respect to u, etc.
Then eqn (30) becomes

[Go+Sl{eo+E& eri+0.58 ¢ ™02+ ... +[gi+ Egi 0 +... ]+ 0.5[g5v +Eei 0 +.. 7> +...}du

“ . A = *k 32
MAb+EAGE+0.5E" A 02+ H[As+EAGT ..V +0.5[A5 +EAGT +.. ]V +...10u=0" 2)

Dividing by <¥V,v>'2, letting £ — 0 and then letting A — X, and note eqn(3) gives
sig:0u +Geeividu - LeAivi8u =0, (33)

and this verifies that v, s, are indeed the same as u , ,. We now introduce & =<V, v, > as in the perfect case, and
try to find a relationship among A, & and E that is uniformly valid for suitably restricted small values of &, E and

| A=A, |. More precisely, we will look for a dependence of A on & and E along curves E = o&"» Where o is a scalar

parameter, and the exponent y will be chosen to suit our convenience. Expanding the operators in (33) about A = A_
just like (14), gives

et (=16 +0.5(h- 1) G . THowE Ted + (h-AJel +.. 10 +0.58 "6 +
[8’6+(7M-Kc)é’c’—F...]V—Fogo&Y[g’c’u+...]V+0.5[g’c”+(K—kc)g;’+...]v +...}8u
8 o T (- N)ge T0.5(h - o) et + oo Ted + (M- A)ETN0 + ez + (A -Noés ... Iv
+0.5[gr + (A - LJer T Iy - A [Ar T (A -RDAIFOSA-A) As+ v
H0.5[ A"+ (M- A AL+ 1y F ol AL +..]0+...}8u=0

(34)

If the choice of an integer value for y > 2 is anticipated, it is appropriate to assume expansions in the form

A= 7»0+7_\,1&+X2&2+--- V= &lh +&2V2+&3V3+-~~ s = &(51 +&282 t... (35)

where <v_, u>=0, and A, (i = 1, 2, 3...), as well as the v , will depend on o,. The detail expansion of (34) after
substitute (35) into (33) can be found in Sun(1992). If we pick y = 2, and set Su = u , the terms of order & gives

7_u1'711+060p7bc+067_b1+61:0’ (36)
where
GCECuu CECuU
P:Tul or p=(1-D) chl 37)

which is called imperfection-damage parameter, can be viewed as the natural extension of Budiansky’s buckling
parameter p.

So, we have the relation ) = ).+ & -Ep}wg” for small enough value of & and E The approximation can be

improved systematically, appears adequate for asymptotic estimates of snapping loads A .

Fq rl " . rs ’ - rl
—=1-2/-01-D — .€. -1 =+2|-1-D —
r (( 5P rc) v (r ) (( %ps rc)’ (38)

C C
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_ Gcefﬁul . .
where p=1-D)p,, p, = ? can be called as Budiansky buckling parameter for damage body.

C —

If A, =0, we can pick y = 3, and v, is identified as u,, and with du = u , the terms of order &’ gives ), = A, -asPAe

with a,, now replaced by & /&°, gives A = ).+ ).E>-Ep).L ™" and, for 1< 0, the snapping load becomes

l—‘s 3/2~i & 12 _
o 2o ooom

I.

; (39)

In the (38) and (39), we can find the sensitivity (imperfection and boundary) discussed is clearly not only
dependent (via p) on the choice of u for the shape of the imperfection, but also the damage parameter D or (1-D),
and their interaction p.

The above results are remarkable, because it shows that damage has same influence as geometrical imperfections
on the buckling loads, which is contrary to the statement in the literature which believe that the geometric imperfection
is most sensitive effect on buckling. Eqn(40) let the perfect parameter (1-D) receive same status as the geometric
imperfection. This can be explained physically as follows: if the perfect body has a isotropic damage D, it looks a
little bit softer, it can be considered as body with a geometric imperfections (1-D), so that the damage does reduce
the buckling as any general geometric imperfection. It is perfect agree with our own experience, the softer body will
has lower buckling loads.

If the assumptions (i)-(iv) hold, and take u=u, - that is, we consider the influence of an imperfection in the

shape of the buckling mode. Then we have Z = &.g7ui, 6.£:0u licy, = 0.£U; = AGeeiui = A2 and the generalized

parameter p becomes p = 1. This remarkable results is quite general for structures. [Budiansky (1974)]. It should be
point out the generalized imperfection parameter that we obtained is different from Budiansky’s one (1974). Although
Budiansky get this result for normal case, and the final conclusion is correct, but his formula

_ i€ a ,
[p o

PP g'= 8’[u]uo:| is much different from our and not easy to be used to practical problem. Here we
€U

derived the buckling parameter in a very nature way, without assumption.

() ()

C C

1—‘ 3/2 3 1—‘ 12
( rc) 2 T ‘&
8. CONCLUSIONS

Based on the systematic discussion, we have following conclusions:

; (41)

1. The critical load of isotropic damage body is I'_ = (1-D)A_, where A _ is the critical load of corresponding
materials perfect body, and D is damage materials parameter.
1 )
2. A-Ap= —Eiz {5 -D(1-D)'T A", ulz} , the generalized load-“shortening” relation for damage body is

bigger than one of the materials pefect body. The physical interpretation is that damage body is softer.

1 - D Gcefﬁul
= —F — =, the imperfection-damage parameter has been introduced, which implies that interaction
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between geometric imperfection and damage, which can be considered as natural extension of Budiansky’s
buckling parameter for the case of damage body.

4. The most remarkable result is that damage parameter receives same status as geometric imperfection on
the effect of buckling loads.
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