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BUCKLING THEORY IN SOLID STRUCTURE WITH SMALL
THICKNESS (Part I)

—(General Formulation of Problem—

Youngjoo Kwon*

(Received April 30, 1992)

A consistent methodology for the analysis of buckling phenomena in three dimensional solids is presented in this Part | and a
straightforward application of this theory to a simple structure will be treated in the forthcoming Part [[ . The main objective of
the work in this Part | is to derive the asymptotic equation from the complicate three dimensional stability equation so that we
may obtain the buckling solution in the strained solids analytically and/or numerically very easily. The desired accurate equations

are obtained through the regular asymptotic technique.
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1. INTRODUCTION

The buckling phenomenon usually occurs in such solid
structures as bar, column, plate and shell etc. when those
solid structures are strained beyond the critical load. Those
bar, column, plate and shell are basic components of all kinds
of machinery like automobile, aircraft, ship etc. as well as of
the architectural structures like bridge, house etc.. It is not
wanted for this buckling to happen during the actual loading
process, but such a phenomenon is very interesting to the
observer. The term “buckling” here is a generic one and
incorporates all abrupt changes in the deformation pattern of
a structure, occuring in the course of a loading process. In
mathematical terms the corresponding phenomenon is called
“bifurcation” and it involves the loss of uniqueness in the
solution of the nonlinear governing equations for the pertain-
ing boundary value problem describing the deformation of
the structure in question.

Although the first buckling study goes back to Euler, i.e.,
the so-called Euler’s beam theory, the theoretical mathemati-
cal foundation for the theory of structural stability as a
bifurcation problem is due to the recent works of Koiter
(1945) and Hill (1957, 1958). Thereafter, vast efforts were
made to solve the buckling problem. However, the results
were not so much satisfactory (see Timosenko (1961), Hut-
chinson(1974)). The main difficulty in solving the bifurcation
equation is due to the nonlinearity (largely, the geometric
nonlinearity and the material nonlinearity). Hence, it is
extremely difficult to get the mathematical closed form
solution of a specific buckling problem even though it has a
simple geometry. The numerical technique(e.g., finite ele-
ment method etc.) has been helpful in the analysis.

There are three steps in the buckling analysis. The first
step is to analyse the prebuckling (or primary) state. The
next step is to determine the critical marginal state including
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the critical load when the solid structural state starts to
become unstable. The final step is to analyse the postbuckling
behavior of the solid structure, but this postbuckling analysis
is not necessarily required for the practical use even though
it is very interesting phenomenally. The most important
result in the buckling analysis is the critical condition which
can be used for the structural design. Hence, most efforts in
the analysis are concentrated on the second step.

The main purpose of this work is to derive the unique
general consistent method to determine the critical condition
which is independent of the diversified classical nonlinear
theories and can be used for the numerical solution as well as
for the analytical solution. The similar effort was tried by
Triantafyllidis and Kwon(1987). And its practical applica-
tion was done by Donoghue, Stevenson, Kwon and Triantafyl-
lidis(1989) in the puckering analysis.

In place of the classical approach, in which a two dimen-
sional nonlinear theory (derived from the three dimensional
governing equations of the solid) is linearized about the
critical load, the present method starts from the bifurcation
equation of the three dimensional solid (which have been
obtained by linearization about the critical load of the same
three dimensional governing equations for the nonlinear solid
in question) and subsequently takes the limits as the structure
thickness h tends to zero, following an asymptotic technique.

2. GENERAL FEATURES OF BUCKLING
EQUATION

The starting point for the analysis of solid mechanics is
always the following three dimensional equation governing
the equilibrium state of solid, adopting the full Lagrangian
description

(r¥%+ ™u'e),;=0in V 1)
with the following boundary conditions

Ti=(r"+ t*u’x) N; (for the specified traction) or

Su;=10 (for the specified displacement) on 3V (2)
Equivalently, if the deformed current configuration coincides
with the reference one, (in other words, if we take the current
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deformed configuration as a reference one), the above equa-
tion takes

¢Y,;=0 or

367/06° + Th,6™ + 0™ =0 in V (3)
with = ¢%"n;(for specified traction) or Su,;=0(for specified
displacement) on JdV, where ‘) means the covariant

derivative. We need another expression corresponding to the
above equation for the numerical analysis (especially, finite
element method). In such a case, we can set up the following
principle of virtual work.

[(s:emyav=[ T-suds (4)

In all the cases in the above equations, we define the follow-
ing notation coventions.

S=JF'-0-(F )T Second Piola Kirchhoff Stress

r=Jo : Kirchhoff Stress(r7=S%)

0=0"G'G’ . Current Cauchy Stress (5)
E=01/2){Vu+uV+ (Vu) - (uV)} . Lagrangian Strain Tensor
u=u,G*=u"G, . displacement vector

G.=0P/df" . reference covariant vector

T=T'G; . Pseudo traction vector per unit reference area
I'L; » Christoffel Symbols

J : Jacobian

and Ju, are admissible variations satisfying the boundary
conditions.

Sometimes, we need a little variation of the above equation
for the special analysis : for example, the analysis of the
large elastic or plastic deformation. In such a case, usually we
have the incremental constitutive equation. Hence, with rates
of change denoted by a dot, i.e., the dot denotes the derivative
with respect to some monotonically increasing time-like
parameter, which is also referred to as an increment of the
quantity in question, then we have the incremental form of
the governing equation as

(794 2 %ule+™uk), ;=0 Iin V (6)
with T7= (¢¥4 ¢ ¥uls+ t¥ak) N, or Su;=0 on 3V
Equivalently, we may have the following incremental form of
principle of virtual work,

f (¢98Es+ roakdun) dV= [ T sudS )
v av

More specifically, for the buckling (bifurcation) analysis of
elastic and plastic deformations of solids, we should have the
corresponding bifurcation equation. Now, at any state of
deformation characterized by u, suppose that the bifurcation
is possible, so that for a given load increment (A : load
parameter), there are at least two solutions #¢ and #°, one of
which is the prebuckling solution (fundamental or principle
solution). Introducing the following notation convention for
the difference between two possible solutions a and b in any
field quantity,
A4¢)y=()"=(-)°

ie, du=u°—u°

dr=1°— 1" etc.
the incremental stability (buckling) equation linearized
around the critical state is derived as

A%+ uledt¥+1%duly), ;=0in V (8)
with AT = (42 9+ uird e ¥+ t¥44i) N; or 84u,=0 on 9V
And the corresponding principle of virtual work is

0= [ AT dicdS = [ (4¢ “dE s+ c°du* Biee,) AV

A% 14
(9)

Attention is next focused on the constitutive equations. Of
interest in all stability analyses for rate independent solids
(hyperelastic, hypoelastic or more generally elastoplastic
solids) is the rate form of their constitutive equation, which
most often is given in the form of the fourth order in-
cremental moduli tensor [.“* relating the convective rate of
the Kirchhoff stress 7% to the strain rate tensor D,, in the
current configuration (or equivalently relating the rate of the
Second Piola Kirchhoff Stress S¥ to the rate of the
Lagrange-Green Strain E,, in the reference configuration),
namely

¢Y=LDy (or S¥=L""EL) (10)
For most rate independent materials encountered in the

applications, the incremental moduli tensor has the following
symmetries

L{jkl:Lklij:Ljikl:szlk (11)
It should be noted at this point that the first equation in the
above equaiton is very important, for it insures the existence
of a bifurcation functional, say F, quadratic in terms of the
bifurcation eigenmode v,, which loses its positive definiteness
for the first time, as the load parameter increases away from
zero, at the onset of the first bifurcation instability. Follow-
ing Hill (1956, 1958), Hutchinson(1974), the bifurcation func-
tional F is given by

FQ, U):(1/2)£L”"’dd,-,,»dz&k,de < Lkt

:LSMIFrstqG”ka‘i‘ z.l_ic;lu (12)
where the covariant differentiation is with respect to the
reference metric. At the onset of the first variation of F, 6F
=(. The above functional form of F is valid for the case of
dead surface and body loads. For the case of configuration
dependent loading, some additional surface terms will be
required for F. The minimum eigenvalue of F, say B, is
defined as

B(A) =min[2F (4, v)/|v|?] :IIvllzzﬂc”AzMujdv (13)

and for a given solid geometry B(A) >0 for A< A., while B (A)
=( for A=A, the lowest critical load for F. The eigenvalue B
and the corresponding eigenfunction v are found from the
variational equation

OF=Bs{||dul?/2) (14)
So, for B=(, the corresponding stability equation is
SF =0 (15)

3. ASYMPTOTIC FEATURES OF
BUCKLING EQUATION

In this section our attention is focused on the specified case,
i.e., the bifurcation phenomena of the solid structures of bars,
columns, plates and shells with traction free surfaces. These
solid structures commonly have a small geometric character-
istic parameter of a thickness (namely, h). And we will
derive the asymptotic features of the stability equation with
respect to this small parameter. We will always consider the
reference configuration with a uniform thickness h. This
reference configuration will be either the deformed current
configuration or the stress free initial configuration.

The derivation will be developed in a pointwise manner.
The bifurcation equation corresponding to the bifurcation
functional at the critical state (marginal state) where the
minimum eigenvalue B is zero will be

(L”klduz‘k)»izo in V
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& L% A4 m:=0 on oV (16)
where the comma ‘,” means the covariant derivative i.e.,
Azl,,k:(?ddl/(}ﬁk*d[tml"ﬁ
AT%,0=04T%/66° + e d T + Dipa AT ™" 17
Now, we use the coordinate system (44,¢) for the Lagrangian
description, where 7= (4", §% descrxbes the reference mid-
geometry which is given for a specific configuration and ¢ is
the thickness coordinate along the normal to the reference
midgeometry of the reference solid configuration.

In order to obtain a proper equation for the asymptotic
analysis, we nondimensionalize the coordinates and normal-
ize the thickness coordinate as

Ge=0/L, £*=¢—g(8), = /L(=h/2<8*<h/2)
& E={*/e or Lr=ef (—1/25£<1/2) (18)
where ¢=//L(L ; a characteristic length of the reference
configuration) and g(#°) is a coordinate of the reference
midgeometry.

Using the above parametrization, the bifurcation Eq. (16)
will be

52{ (Laj[l‘ldu lyB) va— (Lajxldllm[‘%]);a+F';nB(L:;”ZﬂIAL.{l‘B*LBMSl

iUl }+ el (L940,/ 08) v+ (3/9E) (L At 1,y — LY

Atenl' ) + T L7040/ 0E1(0/ 08) (L3940 .,/ 0€) +

(0/0&) =0

(with T4, =T%L) for —1/2<5<1/2
& nde(L¥A5 1,5~ L% A0, T8 + L3940,/ 040,/ 06} =0

at £=11/2 (19)
Now, under the assumption that there is no drastic change in
the prebuckling state and the buckling mode, a straight-
forward regular perturbation technique will be adopted for
the analysis. For the further asymptotic analysis, we should
have a proper prebuckling expansions with respect to the
thickness parameter ¢.

le Lukl Ll}kl_+_Ll.}k[:+ +LIJ’Z1 l+ Lukl '1
F_’rk:r‘}k+rjlz€+l—‘ k€ +F,h€ e (20)
& noting #;= 8
And also we assume the buckling modes as
1] 1 2 3
A= ui+ e+ wet+ wed+ -
0ot 2 3,
A=A+ Ae+Af+ A+ (21)
0 ] 2 3

Ait1,p= 0411/ 00s— AT ™15=tts5+ 11,66 + t1rpE* + U0+ -+
with definitions
) 0 [V
U= 01/ 060* — unl'%
1 1 0 1 1 0
U= 01t/ 00" — (un Do+ unl' %)
2 2 0 2 1 1 2 0
w1,5= 0t/ 00° — (DTt tun L "o+ tUn ')
3 3 0 3 ! 2 2 1 3 0
w16= 01/ 00" — (unlU i+ tmU B+ tun D+ tum ')

etc.
and
AT"’,a=BAT“f/89“+I‘maAT”‘f+I"' I
=91‘” S+ T‘“ a€+ T‘” 2+ ’[‘“ o (22)
with

0 0 0 0 0. 0
T%%=0T /00 + Vo T + i T°"
1 1 1 o 1 0
7‘”':1: Tujv%+ F‘rzna ™ +P';na :Ivm
2 2 1 1 [ 2 0 . 2 0
T9=T" 4 Do TV + Tha T + T 5. TV + T T°"
3 3 . 1oz 12 2 1 2 1 3.0
T =T et Taa T+ T T + Ta TV + Tha T + T TV +
3.0
Do T

etc.

And then, the straightforward expansion of the bifurcation
equation will give us the following asymptotic solutions.

The lowest order solution is,
] [0}
(G u1,s),5=0 (23)

where OGaJﬂl :Iﬂ‘ajﬁl — I(lajxm (ﬁBnSrn) —11(1371,'11
and the solution is

[} o 0
am/ﬁé 0 or le*l/{’ (en)
az([/a¢_~(L3131) I(L”l_r/?kukﬂ Lj3k
The first order solution is,

e 1 0 o
,/:1 {(Gajmltz a1 Gmﬂlllzyﬁ) ,a+F aG"““u,.ngI’t,.,,G‘""“u,,;;}d$=0

where,

3)—B )

i 1 0 0 1 I .0 0
JoiAl e [ @bk ] o3t (] 3m3ky—1] 3mék ] i3t (] 3m3k)-1] 3mal |
0o 0 1 0 D)
Lausk (Lamak) -lLSmsp (LSnSP) 71]‘3711‘3! (24)
and the solution is
2 P 330y -1 ' sk 1 3i3m (T 3n3 173 ]
Guy/ 96 =— (L¥%) "1[{L¥* L% '”(L " ’")“ | el 17 W
0. 1 0 0 1
+ L% 04,5 — L% gy L7 — L”“ AmeJ
The second order solution is,
b2 oo 2 1 2 0 1 0o 1
.[1,2{ (G wnat G uns+ G usp) o+ Do (G 2,
L0 ] i 1 0
+ G u1,5) + Tha (G 1,6+ G 11,5)
2 0 0 2.0 0
+ T G 1,5+ T G 11,5} dE
2 o0 1 0 1
:f;rz[{Laﬁk(Lmak) 7de};?z+r)ma(lm]dé_ (25)
where
0 0 2 2 0 0 1
Ga]ﬂl Lﬂ’.}ﬁk Lajal(Lamak) —-lLamﬂl_Lajsk (LSm:!k)—lLSmﬂ!_Lajak
(L3m3h) —lt3mﬂk+ﬂaj3[(ﬁ3m3k) —-1]’:37,131& (ﬁSPSm)vl£3Pﬂl+ta13k
(I()‘Smsk) ‘1Il‘ﬂm3n (ﬂapan) -1ﬁ3pﬁz+ ﬁaj3h (ﬁBmSk) —1i3m3p
(IOAMSP) =1 __ IO‘S'WIIO‘ajEk (ﬁBmak) vlﬂ3m3n

[ 1 Q 0
(LSPSH) —1L3P3q (LSTGq) ~1L3rﬁl
and

| 0
at= {(Gmmut st Gm‘“uz,ﬂ) v7+r G’"wui 3

1/

*‘FL"VG’”“uz,,e}dé
and the solution is
3u1/6¢ Lamaz) -1 m+L3mBkuk B+{L3mﬁk tsmsp(£3r3p)—l
Lsrﬁk} mﬂﬁ_ {LSm/Jk - L3m3p (Larsg) -1 (ti‘srﬁlz _
Il‘aran (Io‘:isan) -lﬂSSik) — (ismw (ﬁ373p) -lﬂsrﬂk} Z{k s
0 0 2 11 2 0
L3732 (14,0 %s+ wnl Ra+ unl ') ]
The third order solution is,
vz 0 3 1 2 2 3 0
j:m{(G‘”“uz.ﬁ- G ui s+ G urs+ G u1,5) %
1 0 2 11 2 o0
+ 0 (G w0+ G™ 11,5+ G™ 141,5)
L0 2 1 1 2 0
+ M ( GaMﬁlulyﬂ+ (}"”‘"’ul,,a + Gamﬂzubﬁ)
2 0o 1 10
%0 (G™ 2,5+ G 101,5)
20 1 1 0 3 0 0
+Ta (G‘"”‘”uua+ G ul,,s) +T e G"””’uz,s
30 0 2 0 0 2
+T, Gamﬁzum}dé.:’/;q[{llmskh (L3msky-zgmi0
1 0 0 1 o 0 1
+T'a, [ 3m3k ([ 3p3k) ~1 oy T [ am3k (] 303k) -1 p

0. 2 I 0 0 1
+ I'”msa’" + { (La_,vslz — Lamar (LSQQr) —1L3q3k)
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0 1 1 1 1
(L33~ 1g™}, a+Thsa™ ) dé (26)
where,
Ga]ﬁl La;ﬁlLaJBk (L3m3k) 1L3m/!l ﬁaj3k (ﬁSmSk) Alﬂamﬂl + IOJHJG}?
(L3m3k) 71L3m3t (L3q3!) 71L3qﬂl+ Iz‘a)Sk (iSmBk) 71Il‘3m3n
03[3371 ~1 ’ 3pRL ’ aj3k 03m3k -1 ' 3m3t O3qSt =1 13q3p
(L3371 L a3k (L3m3k) 1] 3m3t (] 3q8¢) ~1],
(ﬁSrSp) AIII‘SI‘BI . I“aj3k (ﬁﬂm?}k) 7111‘3”!317 (ﬂBrSp) vl]’:3r3n
(]"liisSn) ~1I()‘3sﬂl+ f‘ajBk (ﬂ3m3k) —111‘3m3t (ﬁﬁt]l}t) 7[[{3!73?
(IO‘SrSP) 711’13r3n (ﬁassn) 71](:33,91 _ﬂajSk (ﬂsmak) ~1 t3m3t
(ﬁ3q3t) 71]?_‘312317 (ﬁSrI‘ID) *11(137)9[_1(101'3/1 (i3m3k) 7112‘3m3t
(IO‘:!qSt) -ltsq3n (ﬂ3p3n) —l£3pﬂl+ I(),”j“ (I‘:Sm.’ik) _1i3m3¢
(ﬁ303t) flIl‘3q,91+ Il‘ajsk (I(:3m3k) -1 ﬁSmap (ﬁsrap) —lﬁsrﬂl
+ ﬂaj(ik (ﬁamalz) —1i3m3t (£3q3t) -IﬂSqﬂl_ iajSk
(104377131:) vlifimﬁl — ﬁajfik (£3m3k) -111‘377131 + Il‘ajiik
(ﬁ3m3k) 711‘437!13[7 (ﬂSrIiD) 7111431}91
and

2 e 0 2 1 1 2 0 1 0 1
a”= /1/2{ (C™ w5+ G wsyp+ G™ u1,6) 3+ Dhr (G w1,

1 [ 1 0 1 1 0 2 [] Q
+ Gmﬁluz,ﬁ) +I 7 (Gﬂwlubﬂ+ Gm'“uhﬂ) +T Gy, 8
2 0 0 0 (] 1 0 1
+ T 3G 2t (L7 (L374) 1) ST Bya”)
and the solution is
4 0 2 1 0 1 3 W1
aul/asz _ (L3m3!) —l[am ;L3m3t (Laqst) -laq+ {LSmﬂk_LQmat
(IO‘3q3t) ~lf3qﬁk + i3m3t (ﬁ3q3t) —ltSlﬁP (10437‘39) -1 (tSrﬁk —
t3r3n (1’0‘35371) 7110433»913) + Il_‘:’.m:it (ﬁaqat) —liaqap (ﬂ3r3p) -1
ﬁzrﬂk _iBmSt (ﬂliqst) -1 (Illiiqﬂlz _iaqan (ﬁapan) —lﬂSPﬂk) _—
Ia‘3m3t (ﬂl{qat) ~l£3qﬁk}ouk’ﬂ+ {iiimﬂk — 1143’":” (I“‘quﬁlt) -1
II‘Squ+ Il‘3m3t (ﬁ3q3t) 'lt3q3p<ﬁ3r3t) ~1f13rﬂk —_ iamSt(quSt) -1
I()‘Ciqﬁk}; B+{Il‘3m8k 1143M3t (Iol?»qlit) —lf‘3qﬂk}§{k ﬂ+
Lamﬂk kB _L3m3k(u F 3k+ unr‘ k3+ unF k3+ unr‘ ) ]

The bifurcation functional for the case where the hy-
drodynamic pressure is applied on the surfaces of the struc-
ture will have the additional pressure term, i.e., for the
updated Lagrangian description, the bifurcation functional is

F G, 4i) = [ (L4 %" di, D) dV
+/;Vp(gijgkl_g ‘™) At ndiinidS 27
where p is the hydrodynamic pressure on the surface ¢V of
the structure and so it is a function of the thickness coordi-
nate ¢ as well as the midgeometry coordinate ¢ i.e., p=p
(8%,¢). And the corresponding bifurcation equation and the
boundary condition is
{(L¥* + 6™*g") A2t n},e=0 in V
(Lijkl‘*'o'ikgjl)duhﬁni: _p(gijg.kl__gilgjk)Au“kni
on 9V (28)
For the notational convenience, we define
LijklELijkl+o.ikgj1=Lklij
NijklEp(gijgkl__gijgjk) :Nk!ij (29)
Following the same analysis procedure, we will obtain the
straightforward asymptotic solutions for the constant solid
thickness, i.e.,
The lowest order solution is,

] 0 0
(G"’“uz,s) »?z:Fla'Wlesﬂ (30)

with
0 0 0
C;a;ﬁl Lnu/il Lnjak L3m3k) 71L3m/31
Fijﬂl uﬁl N j3k (L3r3k) 1L3T/3[ — uﬁl ;+ F 8L
and m Z/Ul (69

The first order solution is,
Lz 8 1 1 0 0 L, 0 L, 0 [
LG s+ G ) o+ (T 50 G4 T a8 T 4
=1/

1 0 [ g 1 10
U™ 4,0} dE — (B 00,0+ F2# B s+ Fo*# 00, =0 (31)
with
1] 0 1 1 0 0
Gukl Lukl Lij3m (LSnSm) —ILSI.H _ Lijiim (L3n3m) —ILSnkl +
Lz‘ij (ﬂanm) 7111‘3713.0 (ﬁSqaﬂ) —lﬂaqkl
Ul]kl sz3m(L3ﬂ3m) 1}2‘37!12[ lGijl!l:lGijlzl_*_l‘jijkl
and
Fukl Nukl Nz’jsm (ﬁ3n3m) —1t3nhl+ I{Iiﬁm (£3n3m) -III‘3VI3P
(L3q3p) —1ﬂ3qkl_ﬁ1:’j3m (ﬁanam) ll’o‘ankl
i/ijkl: ;I{Iijsm(ﬂanm)qﬁ‘whl Fuhl Fz;kl+ Vukz
And also,
1 0 0 0 0.0 0 1
0 (84,8) = — (L) “H(L¥* 445, — L334, T 13™) £+ 10, ()
(32)
Now, every mode is not unique in the function space, i.e.,
we have the infinite modes, but the practical solution is

unique. And hence, we should have the proper mode orth-
ogonality condition for the uniqueness of the solution, as

0 7
fvv,v,»dV=o (i=1) (33)

in terms of the physical components of the buckling mode.
The physical component is defined as

0 1 2 3
v,sduj\/?(no sum) =v,+vet+v;e’+ve*+ - (34)
We may note that the orthogonality condition (33) is not
unique. That is, if the lowest order mode is zero, we cannot
use (33). In such a case, the following condition should be used

1 7 1
ﬁ Vv, dV=0 (i=2) with v;%0 (35)

The meaning of the above mode orthogonality condition is
that every mode should be orthogonal to the basic mode (the
lowest nontrivial mode) in the admissible function space for
the uniqueness of the solution.

4. CONCLUSIONS

The purpose of this work in Part | is to propose a consis-
tent unified method for the analysis of buckling instabilities
in solids of the arbitrary thickness. Instead of the classical
nonlinear buckling theories, in the present approach the full
three dimensional linearized bifurcation equations for the
solid are asymptotically expanded with respect to its thick-
ness.

The natural selection for the small parameter is the refer-
ence solid thickness which is assumed to be constant versus
some characteristic length(L) of the reference geometry. In
the limiting process considered, the reference middle geome-
try remains fixed as the initial reference thickness tends to
zero, thus making the limiting process dependent only on one
small parameter.

This unified methodology results in the solution of a
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sequence of two dimensional boundary value problems whose
domain is the reference middle geometry of the solid. The
theoretical advantages in comparison with the classical
approach of the proposed method are essentially three | the
consistency in obtaining the critical loads and modes indepen-
dently of the nonlinear solid theory employed, the possiblility
of obtaining higher order terms analytically if necessary for
the thickness dependence of those quantities, and the mathe-
matical foundation for the development of general purpose
numerical codes (finite element codes) for the solid buckling
analysis.

In the forthcoming Part |, the application of this general
development to a simple structure will be treated.
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