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Buckling of Bulk Structures With
Finite Prebuckling Deformation

The prebuckling deformation of structures is neglected in most of the conventional buckling
theory (CBT) and numerical method (CNM), because it is usually very small in conventional
concepts. In the preceding paper (Su et al., 2019), we found a class of structures from the
emerging field of stretchable electronics, of which the prebuckling deformation became
large and essential for determining the critical buckling load, and developed a systematic
buckling theory for 3D beams considering the effects of finite prebuckling deformation
(FPD). For bulk structures that appear vastly in the advanced structures, a few buckling
theories consider the effects of the prebuckling deformation in constitutive equations by
energy method, which are significantly important but not straightforward and universal
enough. In this paper, a systematic and straightforward theory for the FPD buckling of
bulk structures is developed with the use of two constitutive models. The variables for the
prebuckling deformation serve as the coefficients of the incremental displacements, defor-
mation components, and stress in the buckling analysis. Four methods, including the CBT,
CNM, DLU (disturbing-loading-unloading method) method and FPD buckling theory, are
applied to the classic problems, including buckling of an elastic semi-plane solid and buck-
ling of an elastic rectangular solid, respectively. Compared with the accurate buckling load
from the DLU method, the FPD buckling theory is able to give a good prediction, while the
CBT and CNM may yield unacceptable results (with 70% error for the buckling of an elastic
semi-plane solid). [DOI: 10.1115/1.4053726]

Keywords: buckling, finite deformation mechanics, stretchable electronics, an elastic semi-

plane solid, an elastic rectangular solid

1 Introduction

Euler and Lagrange raised the concept of buckling and estab-
lished the pioneering mechanical theory for buckling analysis in
the 18th and 19th centuries [1,2]. It plays an important role in
both of the conventional civil and mechanical engineering, and
the emerging nano and micro science and technology [3-8]. The
buckling theory was prosperously developed in the past hundred
years, focusing on beams, plates, shells and bulks, which dominate
the structure designs of the civil and mechanical engineering [7].
Structures usually undergo four regimes during the bucking
process: (1) the original regime without any load; (2) the onset of
buckling subject to the critical buckling load, with the prebuckling
deformation and the prebuckling stress/force before the bifurcation;
(3) the buckling regime subject to the critical buckling load after the
bifurcation; and (4) the postbuckling regime subject to the increas-
ing/decreasing load. In the conventional structures, however, the
prebuckling deformation is usually very small and is neglected in
most of the conventional buckling theory (CBT) and numerical
method (CNM), while the prebuckling force or stress in the
second regime serves as the coefficients of the incremental displace-
ments, deformation components, and stress. A few buckling the-
ories consider the effects of the prebuckling deformation in
constitutive equations by energy method [9-11], which are signifi-
cantly important but not straightforward and universal enough.

In recent decades, soft materials, flexible, and stretchable struc-
tures spring up like mushrooms in the fields of soft robots and flex-
ible electronics. For some of these structures, the prebuckling
deformation is found to be large and becomes essential and
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indispensable in the buckling analysis [12,13]. In our preceding
paper [13], we found a class of beam structures from the emerging
field of stretchable electronics, of which the prebuckling deforma-
tion is large and essential for determining the critical buckling
load. They are called the buckling problems with finite prebuckling
deformation (FPD) buckling. Experiments, numerical simulation,
and theoretical analysis were conducted to show the importance
of prebuckling deformation on buckling analysis. A systematic
and straightforward theory (FPD buckling theory) was developed
to analyze the FPD buckling behaviors of beams and was applied
to three classic problems, including lateral buckling of a
three-point-bending beam, lateral buckling of a pure bending
beam, and Euler buckling. Our FPD buckling theory for beams
was able to give a good prediction, while the CBT (by Timoshenko
et al.) and CNM (by commercial program packages) yielded unac-
ceptable results (with 70% error for a three-point-bending beam
with h/b=0.8, for example).

The preceding paper [13] focused on the FPD buckling behaviors
of straight beams that deformed in the three-dimensional space.
Besides that, FPD buckling exists in many more structures, such
as the buckling of semi-plane problem, the buckling of helical
springs, lateral buckling of thick arches, buckling of thin-wall struc-
tures, etc. On the buckling of bulk structures, Biot started the early
work with a mechanical theory of incremental deformation [14—17].
The theory focuses on the influence of prebuckling force or stress on
incremental stress. The effects of the rotation are considered in the
stress transformation and the buckling analysis. The theory is also
extended to the structures with incompressible materials [16] and
viscoelastic materials [15]. However, the effects of the prebuckling
deformation are not considered in the theory. Based on the founda-
tions of the nonlinear theory of elasticity [18], Kerr and Tang [19]
Brunelle [20] investigated the stability of the elastic rectangular
solid and the elastic semi-plane solid with the consideration of the
prebuckling stress, but without that of the prebuckling deformation,
respectively. Triatanfyllidis [21,23], Jiménez and Triantafyllidis
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[22], and Lee et al. [24] studied the buckling problems of various
structures, including the semi-space solids, honeycombs, tubes,
etc., with electro-mechanical material, magneto-mechanical mate-
rial, elasto-plastic material, elasto-viscoplastic material, etc.
However, the prebuckling deformation was always neglected in
the buckling analysis of these models, because it is very small in
these practical situations. For the first time, Chadwick and Ogden
[11], Ogden and Fu [25], and Ogden [26] considered the effects
of both the prebuckling stress and deformation by energy method.
The energy of prebuckling deformation in the second regime of
the clarified buckling process in the first paragraph takes effects
in constitutive equations of the buckling analysis from second to
third regime, which, to be specific, appears in the first-, second-,
and third-order tensors of instantaneous elastic moduli. Based on
this theory, Fu and Ogden [9], Fu and Rogerson [10], and Ogden
and Fu [25] investigated the buckling of thick elastic bodies sub-
jected to finite elastic deformations. However, the works of Fu
and Ogden require a holonomic constitutive model rather than arbi-
trary one and adopt the first Piola-Kirchhoff stress to avoid the
explicit effects of prebuckling deformation on the equilibrium equa-
tions. It is significant to carry out further theoretical investigation
that is more universal and straightforward for arbitrary buckling
analysis considering effects of the prebuckling deformation.
Besides, various definitions of incremental stress [18,27-29] have
been proposed considering the effects of prebuckling stress,
which, in a sense, perplex the buckling analysis.

Recently, compressive buckling of the stiff film that is bonded on a
prestrained compliant substrate, into a wrinkling mode has become a
desirable means to generate micrometer-scale surface patterns for a
wide range of applications in flexible electronics. Vast theoretical
works have been devoted to the buckling analysis of these film-
substrate structures. In the pioneering work by Khang et al. [8],
Huang et al. [30], Huang [31], Chen and Hutchinson [32], and
Bowden et al. [33], the stiff film and the compliant substrate are
modeled as an elastic thin plate satisfying the nonlinear von
Karman plate equations and linear elastic support, respectively,
which gives a constant wavelength of the buckled film. The measure-
ments show, however, a qualitative behavior characterized by a clear
and systematic decrease in wavelength with increasing prestrain, con-
trary to the prediction of the theory [5,8]. To solve this question, a
buckling theory [5,34] that accounts for finite geometry change of
the substrate and the thin film is established to yield an accurate solu-
tion. In this theory, the bending energy and the membrane energy of
the film are integrated over the length of strain-free thin film instead of
the length of the buckled film/substrate system in the previous
models. The analytical solution shows the prestrain-dependent buck-
ling wavelength and agrees well with the experiments. Besides, a
nonlinear buckling model is presented by Jiang et al. [35] for the
buckling of thin films with finite width on compliant substrates. Ana-
lytical solution shows that the buckling amplitude and wavelength
increase with the film width, which agrees well with experiments.
In all above theories, the buckling analysis is only applied to the
stiff film, while the compliant substrate is modeled as an elastic
support. An alternative way is to apply the buckling analysis to the
entire structure including both the stiff film and the compliant sub-
strate. In this theoretical framework, the effects of prebuckling defor-
mation should be considered, because the compliant substrate is
usually subjected to a finite prestrain when entire film-substrate struc-
ture undergoes the critical buckling process (second to third regime).

On the other hand, as applications of soft materials, such as elas-
tomers and gels, grow, there is increasing interest in the buckling of
soft films on compliant substrates [36—40]. The buckling of soft
films sensitively depends on the thickness and compressibility of
the compliant substrates, the mechanical properties of the films as
well as the sliding interface condition between the thin film and
the compliant substrate. Specifically, Holland et al. [39] examines
the buckling of soft films on compliant substrates, in which com-
pressive strains arise in both films and substrate layers when com-
pression is applied to the sides of the entire domain of the film/
substrate system. The analytical model gives the Euler-Lagrange
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equations and the boundary conditions expressed in terms of the
displacement component. The effects of the prebuckling deforma-
tions of soft films and compliant substrates in a simple mode are
considered in the energetic analysis. The energy of prebuckling
deformation in the second regime of the clarified buckling
process in the first paragraph are considered in the total energy
during the buckling analysis. However, the theory is restricted to
the incompressible materials modeled by a strain-energy function
and avoids the explicit effects of prebuckling deformation on the
equilibrium equations and geometrical equations.

The finite element method, which includes the linear buckling
method and the nonlinear bucking method, has been used in a
variety of buckling analysis. The linear buckling method is based
on the CBT, with the consideration of the prebuckling stress/force
but without considering prebuckling deformation. It results in a
linear eigenvalue problem in mathematics. The numerical solver
for critical buckling loads and buckling modes of structures is
general/linear perturbation in commercial program package
ABAQUS (Dassault-Systemes, 2010). It is effective to solve the
problem of critical buckling for most of the existing structures
with neglectable prebuckling deformation. Nonlinear analysis is
powerful to accurately capture the mechanical behavior of struc-
tures with the consideration of the past history of both stress and
deformation. However, in the nonlinear buckling method, the
defect or disturbance must be imported to lead the structure to the
buckling deformation mode, if the symmetricity hinders the bifurca-
tion of the structure. Using the nonlinear buckling method, Wang
et al. [41] and Bertoldi et al. [42,43] studied the buckling of the
carefully designed materials with meso-structures that leads to
novel effective behavior at the macroscale. Therefore, the existing
numerical solvers are still not enough to analyze the buckling prob-
lems with effects of the prebuckling deformation straightforwardly,
if the defects or disturbance are prohibited to apply.

In the present paper, we focus on the FPD buckling behaviors
of bulk structures. A systematic and straightforward theory for the
FPD buckling of bulk structures is developed in Sec. 2.
Different types of constitutive models significantly affect the critical
buckling load. Here, two constitutive models including the

Saint-Venant-Kirchhoff model, which is T=L:E and ; =L:d are
adopted in Secs. 3 and 4, respectively, where T is the second type of
P-K stress, L is the elastic tensor, E is the Green strain, 7 is the Kirch-

v
hoff stress, d is the deformation rate, and () denotes the Janmann rate.
The new developed theory with the two types of constitutive models is
applied to two classic problems including buckling of an elastic semi-
plane solid and buckling of an elastic rectangular solid, respectively.
Discussion and Concluding remarks are given in Sec. 5.

2 Finite Prebuckling Deformation Buckling Theory for
Bulk Structures

2.1 Kinematics for Finite Deformation of Bulk Structures.
Let X=X(X") (A=1, 2, 3) be the position of a “material point”
in the reference state, where X* is the Lagrange coordinate. With
the vector displacement U, the material point X in the reference
state moves to x =X+ U in the current configuration (Fig. 1). The
infinitesimal vector dx becomes

dx=dX +dU (1)

after the deformation, where dX and dU can be represented as dX =
GAdXA, dU = GAdUA, respectively. Here, G4 (A=1, 2, 3) are base
vectors in the reference state. Substitution of dX, dU into Eq. (1)
gives

ouX
dx = dx* (5§ + X ) Gy (3)

where 56X is the kronecker delta. The definition of the deformation
gradient, i.e., F = dx/dX, yields
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Uk
F= (5§ + a?) GxG* 3)

The deformation gradient F relates dx and dX by dx =F dX.
The vector of the embedded Lagrange coordinates is then
obtained as

. Ox ouX
gA=67=<5§+67)GK, A=1,2,3 Q)

Comparison of Egs. (3) and (4) gives F = g,G*. The Green strain
tensor is obtained

E=%(FT~F—1) )

by the deformation gradient, where 1 is the unit tensor.

The present paper focuses on examples of two-dimensional prob-
lems with the reference state described by Cartesian coordinates.
The basic vectors, coordinates and displacements can be simplified
to G4=G"*=E,, X*=X,, U=U,, (A=1, 2). The vector of the
embedded Lagrange coordinates and the Green strain tensor
become

. oUxk
=4 — |Ex, A=1,2 6
8 (AK+ 6XA> K (6)
and
EZEIIEIE_/ (7)
where
ou, 1| (ou\* [oUy\?
En=-"+-| (=2 =2
" axfz[(a)q) ax

| (3U, oU, aU,aU, oU,dU;
Ep=Ey = (St C2 00100 ORORY g
2= 2<ax2+ax1+axlax2+axlax2> ®)

ou, [ fou\? | [oUy\?
En=—+-|l=) + |5
2T, 2 |:<8X2> X,
In Secs. 2.1-2.4 for the finite deformation analysis, all the com-
ponents must be accurate to the second power of the displacements
and their derivatives, as it is the foundation of the buckling analysis.

Here, Eq. (8) for Green strain is the accurate expression, and is just
right accurate to the second power.

2.2 Constitutive Relations for Finite Deformation of Bulk
Structures. Many constitutive models approach the same behavior
for small deformation problems. However, buckling are actually
problems with the finite deformation. Therefore, the constitutive
model must be clear in the framework of finite deformation. In
this paper, we will discuss two typical constitutive models and
apply them to examples of buckling analysis with significantly dif-
ferent results. One simple constitutive model is the
Saint-Venant-Kirchhoff model that the second Piola-Kirchhoff
stress T is linearly proportional to the Green strain E, i.e.

T=LE ©)

Here, L= (E/1 + )] + [vE/(1 +v)(1 — 2v)]11, where I is the identity
tensor, = (00, + 0;0;)/2; 1 is the unit tensor; E is Young’s
modulus, and v is the Poisson’s ratio. For two-dimensional prob-
lems with Cartesian coordinates, the constitutive relation (9)
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)('2 X, A
X, dv=F.dX
ax X U dx !
X X
X%

Fig. 1 Schematic illustration for the kinematics of the material
point
becomes

E _
Ty =ﬁ(E11 + VEp)
-v

E
T22=ﬁ(E22+‘7E11) 10)

E E

Here, E=E, v=v for plane-stress cases, while E=
v/(1 —v) for plane-strain cases. Another common
constitutive model is that the Janmann rate of the Kirchhoff stress

7 is linearly proportional to the deformation rate d, i.e., ¥=L:d,
which will be discussed in Sec. 4 separately.

2.3 Equilibrium Equations for Finite Deformation of
Bulk  Structures. For  two-dimensional problems  with
Cartesian coordinates describing the reference state, the equilibrium
equation is

0T
——+ Ve Taxk =0, I=1,2 11
GXK_H/;(A AK (1D

where 7, is second Christoffel symbol of the embedded Lagrange
coordinates in the current configuration. 7}, represents the influ-
ence of the finite deformation on the equilibrium, and can be
obtained by

Al 1 L[<agKL agAL agKA

- - , LK.A=12 (12
k=38 \ax, T axg aXL> 12)

Here

P ou oug
0 = . = 5 - 5 - I A, K= 1, 2 13
8ak=84 "8k ( ALt 6XA>< KL + GXK> (13)

and "X can be obtained by

1=, K.A=1,2 (14)

Using Egs. (13) and (14), the second Christoffel symbols can be
accurately obtained in terms of displacements as
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U, oU, 38U, 80U, 6*Us
L OXT U 0X, 0XI 0X» oX2
T 90, 00, [aU;dU; 40U, U,
6X1 6X2 8X1 6X2 8X2 6X1
PU,  oU, 8fU, U, U,
0.1 0X[0Xs 0X, 0X{0X> 0X, 0X10X,
712_?21_1 U, oU, 0U,0U, 0U, 00,

X Tax, Tox X, ax, oxy
85U, @aZUI %azUz

. 0X3  0X, 0X2  0OX» 0X2
T 0 00 Ui, _3U: 3U;
X, 0X, ' 0X, 0X, 0X, 0X; as)
U, %azuz_@azul
o OX2 T OX, oX? aX, oX?
m= 00, a0, 3,30, 30U, 30
X, | 0X,  0X, 0X, 0X, X,
PU, oU, U, U, 8°U;

B 00X, 0X,0X> X, 0X,0X>
rRTIM T 8Ur Uy 00\ 00, _ Ui U
6X1 6X2 6X1 6X2 6X2 6X1

U, aﬂazuz %azul

") }72 _ 0X10X»

. 0X3  OX, 0X3 0Xy X3
2T 0, 03U, 30 3
0X; 0X, 0X)0X, 0X;0X;

Assume that the displacements U, and U, are at the same order,
Eq. (15) can be expanded as

. _ UL _[ou &Uy  oU, 8U,
M=%xz T |ax, ox? T ox, ox;
S TS B U, _[@ U, +% 52U2i|
T2 =T T 556X, T | aX, 010X, 0X, 010X,
o U, [ou,*U, oU, 8*U,
}/222—2— ——2+— > e
ox; ~ | X, ox2 T oX, ox2 »
2 _OU [@U0U, FU U,
M= oxz T ax? ax, T ax? ox,
P =72 = PU _ ’U, % Uy %
27207 0X,0X, | 0X,0X2 X, - 0X,0X, 0X,
o _OU [PV, UL
™= T | ax3 ox, ' ox3 o,

Substitution of Eq. (16) into Eq. (11), together with constitutive
Eq. (10), yields the equilibrium equations in terms of displacements
for finite deformation problems, as well as buckling problems.

2.4 Boundary Conditions for Finite Deformation of Bulk
Structures. It is worth to study the stress/force boundary condi-
tions for finite deformation problems. Most of boundary conditions
should be established in the current configuration, since the
structures equilibrate in this state. The traction-free boundary con-
dition is

c-da=0 (17)

Here o is the Cauchy stress, which is the so-called real stress; da is
infinitesimal area of the traction-free surface in the current configu-
ration. Equation (17) can be transfer to the formulate in terms of
second type of P-K stress as

6-da=F-T-dA=0 (18)
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which is convenient to use, considering the expression of the con-
stitutive relations and equilibrium equation in the above paragraphs.

2.5 Buckling Analysis Considering the Effect of Finite
Prebuckling Deformation. As we discussed in preceding paper
[13], the buckling process undergoes four regimes including the
original regime without any load, the onset of buckling subject to
the critical buckling load, the buckling regime subject to the critical
buckling load and postbuckling under increasing/decreasing load.
The regime at the onset of buckling should be studied before the

o o o

buckling analysis. Let U, E, T, and ;“/;é‘ denote the displacements,
the Green strain, the second Piola-Kirchhoff stress, and the
second Christoffel symbols at the onset of buckling. Here and in
the following, “°” denotes the variables at the onset of buckling.
According to Egs. (8), (10), (11), and (16), it is straightforward to
obtain the governing equations at the onset of buckling, including
the geometric equations

© _6U1+
1=2x
© ° 1 6[;1 6L72
Eir=E, =— ... 19
12=E2; Z(BXZ ox, ) 19)
© 6[52
Ep=—"+
2=,
the constitutive equations
I = 2<E11+1/E22>
o E o _ o
T> = <E22 +v E11> (20)
1-v
To=Tn=—"t—Ey=-L_E
p=ln == i

and the equilibrium equations

57;1(
—+---=0, I=1,2 21
0Xk ’ ’ @D

Here, Egs. (19)—(21) are accurate to the first power of displacements
for all the components. They are actually the governing equations
for linear elastic problems.

0 o o
Substitution of U = U +AU, E = E+AE, T =T +AT, and 7, =
;7;’{2 + Af/;m into Egs. (8), (10), (11), and (16) yield the equations
for the regime after buckling, which together with Egs. (19)—(21),
result the governing equations for the critical buckling behaviors.
The yielded geometric equations, constitutive equations and equi-
librium equations are

oU,\ 0AU, U, 0AU,
AE, =(1+22 oL,
n ( +axl) ox, Tax, ax

1 oU,\ 6AU, oU,\ 8AU;
AEp, =AE) == ||1+— 14+—=
12 = Af21 2[( +ax1) X, +( +ax2> X,

0UL0AU, 29U, 0AU;
X ox T o

oU,\ 0AU, U, 6AU,
AEy=[1+22 i
2 ( +6X2> X, "X, ox, T

(22)
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o respectively, where

E
AT === (AE)| +PAE) ) )
B Ao 62 U1 Ao Ao 62 Ul
E }’1 = 7’12_}’% =
ATp =1 (AEx + PAE) (23) 1 axg 12T o, 0X,
— VU
r Il o 2 17 o 2 19
E E ~1 5 U1 ~2 6 Uz 25
ATy, = ATy =——AE;; =——AE th=—m o Thi=Fpm to (25)
12 21 1+ 12 1+2 21 22 aX% 11 aXlz
nd pop 00 52U
"= =55 ax, 2 =552
6AT1K 2
+ Afh, Tax +y’KAATAK+ =0, I=1,2 (24)
Xk and
ol _ [ _2UN\PAUL_F UGN 09U FAU, 3 U2 AU,
mME T ) e T axy | ox, ox2 | ox? ox,
Aol =gl — _oU\\ PAU,  @U 0AU, 90U, BAU, & U, AU,
M= =\ 1T x| ox0X,  aXi0X, OX,  0X, 0X,0X,  0X10X, 0X,
Ao = 1_aU1 & AU1_6U1 FAU, & U,0AU, & U, 0AU,
2= X, 0X; oX2 X, 0X3 oX

(26)

o . aU2 FAU, FU,0AU, 0UL3AU, & Uy oAU,
= X;  oXp oX, X, X7 | oXp oX,

AP = 272
Pa=72 = X, | 0X,0X,  0X,0X, X, | OX, 0X,0X,  0X,0X, 0X,

( 6U2>6AU2 FU, 6AU, 0U, AU, U, 6AU,

wr (20 PAU _FUa8U: B UMY, 02U, PAU;
=" X2 X2 X,  oX2 oX,  0X, ox3

11

0.38 1

0.36

0.34 1

0.32 -

0.304 Conventional buckling theory ™~
' & Brunelle’s result ~

0.28 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

|4

Fig. 2 Buckling analysis of the elastic semi-plane solid with the constitutive
model T=L:E. The (a) undeformed, (b) buckling modes, and (c) The curves of
the dimensionless critical buckling load o versus the Poisson’s ratio v for the
FPD buckling theory, the CBT and E. J. Brunelle’s result
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It is worth to point out that the critical buckling analysis needs to
account for all terms up to only the first power of displacement
(with “A”) in the deformation components. On the other hand,
the variables with “0” serve as the coefficients of the incremental
terms. These coefficients are also accurate to the first power of
the variables with “0”. The underlined terms in the above and fol-
lowing equations are for the effect of the prebuckling deformation,
which are neglected by the CBT and conventional numerical
method (CNM). Here, they are considered for FPD buckling
problems.

3 Examples With the Saint-Venant-Kirchhoff Model

3.1 Buckling of an Elastic Semi-Plane Solid Subject to
Compression. Buckling of an elastic semi-plane solid subject to
compression is a classic problem that has been studied by Brunelle
[20] and Biot and Drucker [44]. Figures 2(a) and 2(b) illustrate the
modes before and after buckling, respectively. It is easy to obtain
the stress distribution at the onset of buckling

Thw=—-P, Ti,=T5,=0, Ty, =0 27)

Substitution of Eq. (26) into Eq. (20), together with Eq. (19),
gives

oU, P OU _

oU, P
Xy

=, —=0, @z , — == (28)
E X, 00X, X E
Here, it is not necessary to compute the displacements, since the
following buckling analysis requires their derivatives only.

Using Eqs. (27) and (28), Eqs. (24)—(26) give the expanded equi-
librium equations as

-

The combination of Eqgs. (22), (23), and (29) yields the equilib-
rium equations in terms of the displacements

E_o[(, ou\asu  _(  oU:)aau;
1 -2 0X, X, ] ox, X, | 0X,
+—E il ]+a_§l —aAUl+ ]+6_(;2 6AU2

1+00X;2 X | ox» 00X, | X

oU,\ PAU,
_p[1=-C)E2 g
( 5X1) oxt

E o1 1+aﬁl oAU Haﬁz 0AU,
1+00X;2 % 0X, 0X, 0X,
L E o 1+LIZ oAU: 1+al31 oAU,

1— 720X, X, ) ax, U\ Tax ) ax

g 2
_P<1 aw)a AU

S X, ) ox?
Let

3L

S}
Il
=l

be the dimensionless critical buckling load. Using Eq. (28), the
derivatives of displacements can also be expressed in terms of

0 l} 1 0 (;2 —
X, ax, (32)
Here, the same standard holds. Variables with “0”, as the coeffi-

cients in the differential equations, are accurate to the first power.
Substitution of Egs. (31) and (32) into Eq. (30) yields

OATY, aAle_P<l_aL7l>azAU1=0
X, | ox, X, | ox?
] (29)
OATy  OATy P<l _@) FAU _
oX, X X, ) ox?
|
LLPAU, 1-D
[(1-a)—al -v7)] X +— (

AU,

2 i

The general solution of Eq. (33) is

[ﬂ(l +a) —a(l — ;2)] >+

AU, = sin(kX))[C; cosh(b1kX,) + C; sinh(b1kX,) + C3 cosh(bykX3) + Cy4 sinh(bykX5)]
AU, = cos(kXy)[D; sinh(b1kX;) + D, cosh(bikX,) + D3 sinh(b,kX,) + D4 cosh(brkX5)]

& AU, 0w AU,
ox3 2 = 0X,0X,
) , (33)
_ O0AU, 1+v 0°AU,
1 —_ =
)t Dy, =0
(34)

where k, by, by, C; ~ Cy4, and D; ~ D, are the coefficients to be determined. Here, only even functions about X are used for AU,, without
the universality of the problem. Substitution of solution (34) into Eq. (33) gives

3 =2V = 3)a+ 2+(=37> — 47+ 1)a? + 27 — Qa

+\/ G+ D[ + D2+G57 + Dat + (6 — 20)a? — 4a?]

by

\ 2(1=va? + va — a)

(35)

P =20 =3)a+24+(=3> —4v + Da® + 2y — 2«

—\/(v + 1[5+ D457+ Dt + (6 = 20)a® — 4]

by=
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The relations between the coefficients in solution (34) needs to
satisfy

Dy =NCy, Dy =NCy, D3=N,C3, Dy=N,Cy  (36)
where

bi(v+ Da—1)

N —
T2 2P)a+ 207 7 — 1+ + P —Da
(37)
by(v+ D@—-1)
N, = =2 2.5 SR+ 1
(2 =2v)a+ 2b; + v — 1+(2vb5 + V- — V)
The boundary condition at X, — oo requires that
lim AU; = lim AU, =0 (38)
Xr— 0 X,—>o00
which yields
C,=-Cy,C4=-C5,Dy==Dy, Dy =-D; (39)
Substitution of solution (36) and (39) into Eq. (34) gives
AU, = sin(kX))[Cre 27 + C3e7b2k%)
(40)
AU = cos(kX [N, Cie™""° — N, C3e7%]
The traction-free condition at X, =0 requires
6-daly,_o=F T (dA2E>)|y,-=0 41)
which yields
o oU, 0AUY\ /.o
Ty, + AT et Bt (T AT
(ﬁ"' 12) + <6X1 + X, ) L+ 12)
oU, 0AUY\ /e
+ (224 Ty + AT ) =0
(axz X, )(22 =
) 2)
° 0 U2 OA U2 °
Ty + AT gz (T AT:
(ﬁ‘* 22) + <8X2 + X ) I+ 22)
oU, 0AU, ( o
—_— T ATz ) =0
* (axl ox, ) T+ ATiz)

Using Egs. (22), (23), (27), and (32), Eq. (42) becomes

AU OAU.
(1-a) 8X1+(1+La) . 2=0
2 1 —
(1+za)aAU2+a(1 a)aAUl—o’ wesh @
= X = oxy

The solution (40) needs to satisfy the requirements (43), i.e.

(I+va)Ni = —a)by (I +va)N> — (1 —a)by |( C -0

(I +2Niby +(1 - (1 +20)Noby + (1 —a)p [\ C3 )
(44)

4 —2+/4 — 60 cos (; arccos <£%))

s

3@+1)

a=

1/3
(12\/9653 3307 + 180 — 15 + 1800 —44)

The determinant of the coefficient matrix of Eq. (44) must be
zero for nontrivial solution. It requires

[ +2)Niby + (1 — )P][(1 + 2N, — (1 — )by ] 43)
= [(1 + 2)N2b; + (1 — )][(1 + D)N; = (1 — @)b1] =0

the solution of which gives the dimensionless critical buckling
load a. In Eq. (45), it is found that there is only one physical solu-
tion for a without higher-order solutions. On the other hand,
Eq. (45) is independent of the parameter k, which exists in the
expressions (34) and (40) for sinusoidal buckling modes. It
means that, for the buckling problem of the elastic semi-plane
solid, there is only one critical buckling load which corresponds
to infinite sinusoidal buckling modes. It is worth mentioning
that the postbuckling analysis reveals that sinusoidal buckling
mode may be unstable and imperfection-sensitive [45]. On one
hand, for structures with no imperfection, the sinusoidal buckling
mode may switch to the creasing mode under the external distur-
bance or the occurrence of plasticity. On the other hand, the creas-
ing mode may also appear when the initial imperfection exists in
the structure. In the present paper, we focus on the FPD buckling
behaviors for the sinusoidal buckling modes, the critical buckling
load of which can be determined by the linear buckling analysis.
The study of the buckling mode selection by FPD buckling theory
will be discussed in the future work.

Without the consideration of the prebuckling deformation
(CBT), the terms with underlines are neglected. The equilibrium
Eq. (33) and the boundary conditions (43) become

AUy 1-D3°AU, l+D&2AU2_a(1_DZ)62AU1_O
ox? 2 X2 2 0X,0X, x:
FAU, 1-03*AU, 1+ AU AU
2 TVeo  TAVE R - i =0
X3 2 oX3 2 0X,0X, oX?
(46)
and
dAU; OAU
% tax ="
2 1 —
OAU, | 0AU; _ atX; =0 “7)
v =
X, X,

respectively. The requirement (45) for the critical buckling load is
reduced to

(N1b1 + D)(N2 — by) — (Naby + D)(Ny — b1) =0 (48)
and can be further simplified to
F+204+ 1D — @0+ 4P +Qu+dHa—-1=0  (49)

The solution for the lowest dimensionless critical buckling load
is obtained analytically as

for 962° + 3302 + 180 —15<0
(50)

13
+<—12J9653 3302 + 180 — 15 + 1800 — 44)

+
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6(r+1) 3w+

0 for 962° + 3307 + 180 — 15> 0
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which agrees well with the results by Brunelle [20]. For compari-
son, Ogden’s theory [26] is applied to the buckling of an elastic
semi-plane solid with the Saint-Venant-Kirchhoff constitutive
model (the details of the derivation are shown in Appendix B). It
is found that for @ < 1, the equilibrium equations and the boundary
condition of the Ogden’s theory are same with Egs. (33) and (43) in
the FPD buckling theory, respectively.

While there is not any dimension parameter for the elastic
semi-plane solid, the only variable parameter is the material
property, i.e., the Poisson’s ratio v. Figure 2(c) shows the com-
parison of the dimensionless critical buckling load a versus the
Poisson’s ratio. The solid line shows the result from Eq. (45) by
FPD buckling theory for bulk structures. The dimensionless crit-
ical buckling load « decreases with the increase of the Poisson’s
ratio v. For comparison, the dashed line gives the result from
Eq. (50) by the CBT without the consideration of the effects
of finite prebuckling deformation, which is consistent with the
results by Brunelle [20]. The maximum error yielded by the
neglect of the finite prebuckling deformation is about 10%,
which occurs at v — 0.5.

3.2 Buckling of an Elastic Rectangular Solid Subject to
Compression. Buckling of an elastic rectangular solid subject
to compression is another classic problem [19]. It degenerates to
Euler buckling, which is the most famous buckling problem, if
the aspect ratio is large [1]. Here, our theory is also applied in
the follows. Consider an elastic rectangular solid subject to pressure
P, as depicted in Fig. 3(a). Its buckling mode shown in Fig. 3(b) is
similar to that of slender beams, but without the assumption of the
plane section.

The analysis from Egs. (27) to (37) also works here. The bound-
ary conditions require that

AU |x,=412 =0 (51

Substitution of solution (34) into Eq. (51) yields

2r
k=" 52
7 (52)
which, together with Eq. (36) gives
X
AU, =sin (2;: —‘)
L
X X
C) cosh <2n'b1 —2> + G, sinh (27;191 —2>
L L
X X
+C; cosh (271172 f) + Cy sinh (2;;132 f)
(53)

X
AU, = cos <27r Z])

X X
N;C; sinh (2;:171 f) + N, C, cosh <2ﬂb| f)
X X
+N,C5 sinh <2ﬂb2 f) + N>Cy cosh (2;:192 f)

In Eq. (53), Cy, G5, C3, and C, are coefficients to be determined.
The coefficients by, b,, N;, N, are functions of the dimensionless
critical buckling load a. Similar to Egs. (41)—(43), traction-free con-
dition requires

AU AAU
-0+ (1 +0@) =0
X, X,
,atXo =+t (54)
(1 +aa)aAU2 +o(1 a)aAU‘ =0
- 0Xy - 00Xy -

which yields

[(1 + 2a)Ny — (1 — @)b1]sinh(b1k)Cy + [(1 + va)N; — (1 — @)b]cosh(b1kr)Cy

+[(1 + Za)N> — (1 — @)b,]sinh(b2kt)Cs + [(1 + Da)N> — (1 — @)by]cosh(bok)Cy =0
[(1 + DN, by + (1 — @)]cosh(b1kt)Cy + [(1 + DNy by + (1 — @)isinh(b k)C>

+ [(1 + D)N2by + (1 — @)i]cosh(bokt)Cs + [(1 + Da)Naby + (1 — @)i]sinh(bokr)Cy = 0
[(1 + 2a)Ny — (1 — @)by]sinh(b1k)Cy — [(1 + va)N; — (1 — @)b]cosh(b k1) Cy

+ [(1 + 2a)N> — (1 = )b, Jsinh(b2kt)C3 — [(1 + va)N> — (1 — a)by]cosh(b2k)Cy =0
[(1 + DN, by + (1 — @)]cosh(b1kt)Cy — [(1 + DNy by + (1 — @)isinh(b k)C>

+ [(1 + Ba)Naby + (1 — @)p]cosh(b2kt)Cs — [(1 + Da)Nbs + (1 — @)D]sinh(b2kr)Cy = 0

(55)

The determinant M of the coefficient matrix of Eq. (55) must be zero for nontrivial solution, which yields the dimensionless critical buck-

ling load a. Here, it can be shown that

M=4M; -My=0 (56)

where

[(1 + B@)N>bs + (1 — @)7] cosh(b kr)

| (1 + 2@ — (1 — @)bs ] sinh(b ko)
[(1 + za)N; — (1 — )b, ] sinh(bykt)

1A + 2@)Naby + (1 — @] cosh(brk)

1

2

[(1 + 2a)N,b; + (1 — a)v] cosh(bykt)
[(1 + za)N; — (1 — @)b;] sinh(b2ki)
[(1 + 2a)Ny — (1 — @)b1] sinh(by k)

[(1 + Da)N1 by + (1 — a)v] cosh(b; ki)

(67

The condition M; =0 gives the lowest critical buckling load, which can be obtained from the following equation

[(1+ BNy by + (1 = @71+ Za)N> = (1 = @b ] tanh(2ab, %)

(58)

= (1 +Z@)Nabz + (1 = @BI[(1 + Z)N; — (1 = by ] tanh (2> 2) =0
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Fig. 3 Buckling analysis of the elastic rectangular solid with the constitutive model T=L:E.
The (a) undeformed and (b) buckling modes. The curves of the dimensionless critical buckling
load « versus the Poisson’s ratio v for (c) L:2t = 3:1 and (d) L:2t = 10:1. The curves of the dimen-
sionless critical buckling load « versus the aspect ratio L:2t for (¢) v =0 and (f) v = 0.4.

Without the consideration of the prebuckling deformation before
the onset of buckling (CBT), Eq. (58) becomes

t
(N1by + D)(N — by) tanh (27rb1 Z>
— (Naby + D)(Ny — by) tanh <2ﬂb2 i) =0 (59)

which agrees well with the results by Timoshenko and Gere [7] and
Kerr and Tang [19].
For cases which justify the assumption of slender beams

t
a < 1 and I <1 (60)

both Egs. (58) and (59) can be simplified and yield

_ 2(21)?
Co3

which agrees well with the classic solution of Euler buckling.
The aspect ratio L: 2¢ and the Poisson’s ratio v are the only two
parameters for the buckling analysis of the elastic rectangular solid.
Figures 3(c)-3(f) show the comparison of the dimensionless criti-
cal buckling load a by the FPD buckling theory and the CBT. The
solid line shows the result from Eq. (58) by FPD buckling theory,
while the dashed line gives the result from Eq. (59) by the CBT
without the consideration of the effects of finite prebuckling defor-
mation, which is consistent with the results by Kerr and Tang [19].

(61)

Journal of Applied Mechanics

Similar to the buckling of the elastic semi-plane solid, the dimen-
sionless critical buckling load a decreases with the increase of
the Poisson’s ratio v (Figs. 3(c) and 3(d)). For L: 2t=3:1, the
maximum error yielded by the neglect of the finite prebuckling
deformation is about 6% (Fig. 3(c)), which occurs at v — 0.5.
For larger aspect ratio (Fig. 3(d)), e.g., L: 2t=10:1, the elastic rec-
tangular solid approaches the Euler beam and the error becomes
very small, as indicated in the analytic derivation of Egs.
(58)—(61). Figures 3(e) and 3(f) show the effects of the aspect
ratio L: 2t with 7 — 0 and v — 0.4, respectively. For L: 2t <3:1,
the error yielded by the neglect of the finite prebuckling deforma-
tion is considerable, while for large aspect ratio, both results by
FPD buckling theory and the CBT approach the Euler buckling.

4 Examples With the Constitutive Model t=Ld

4.1 The Analysis of the Constitutive Model. Another widely
used constitutive model is that the Janmann rate of the Kirchhoff
stress 7, i.e.

T=t—W-TH+T-W 62)

is linearly proportional to the deformation rate d
t=Ld 63)

where w is the spin rate. Equation (63) should be converted to the
expression in terms of the second Piola-Kirchhoff stress T and the
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Green strain E, for the convenience of the derivation here. Accord-
ing to the relations among different types of stresses and strains (or
stress and strain rates)

t=F.-T-FT (64)
and
d=F7T.E.F! (65)
Equation (63) is converted to
T= [(F*F“F*F“)%L]:E -F'"FT.E.T-T-E
FUFT (66)

According to the rule of derivation for FPD buckling theory, con-
stitutive model (66) can be simplified to

O_IO_IO_IO_] * O_l O_T o
AT=|:<F F F F )zLi|:AE—F -F -AE-T

o—l o-T

_TAE-F -F (67)

For uniaxial compression, only stress le is nonzero before the
onset of buckling as shown in Eq. (27). The deformation gradient
before the onset of buckling is

o oU ouU
F= (1 + —1)E|E| + (1 + —2)152192

0X, X

ol 6[;1 6(;2
F =|1-—|EE 1——=|EE, + - - 68
( %) 1 1+< %> 2y + (68)

o-T 6[31 6(32
F =|1- E\E 1——|EE, +---
( 6X1)ll+< X, 2Ly +

Substitution of Egs. (27) and (68) into Eq. (67) yields the
expanded constitutive model for the critical buckling analysis

A= (©)

6(52 661 al;z_
1-4=22|AE 1-2=2L—2=22|9AE

E oU, ol
ATy = ATy =—— (1292192
12 2 1+a< ox, 6X2>

ou,\ -
AE, —|1-2— AE
12 ( 6X2) 171" 12

which will be used in the following examples.

4.2 Buckling of an Elastic Semi-Plane Solid Subject to
Compression. The solving process for buckling of an elastic semi-
plane solid subject to compression is the same with Sec. 3.1. Sub-
stitution of the constitutive model Eq. (69) into the equilibrium

051006-10 / Vol. 89, MAY 2022

relations Eq. (29) yields

E o[, 36171 asur (| 25(3. oU,\ oAU,
—_— -3— -2——-—"|v
re X, | ox, X, ox, )" ox,
N E 01
1+00X,2

1_67&"_267[;2 6AU1+ 1_267&_67&2 oAU,
ox,  “ox, | ox, oX,  ox, | ox,
8 o\ oAU, o 1 oU, U,

Pl (1-224 S f PR L Bt

* {axl( %> ox, +ax22[( ax2+axl>

oAU, oU,\ AU,
1—2== =
X +< 3"2) oXi “ ’

E 01
1+00X,2
1_8_[;1_26_&2 6AU1+ 1_20_131_5_52 oAU,
X, “ox, | ox, X, ox, | ox,
A
1—1728X2
oU,\ 0AU, oU, _oU,\_6AU,
1-322 122,02
[( aXz) ox; +( M) 6X1}
o1
p—_=
T2

oU, _oU,\ oAU, oU,\ 6AU,
1+ —-2—= -1 -= =0 70
[( +u) X, ( ai) axl} 7o

The underlined terms in Eq. (70) are for the effects of
the prebuckling deformation while the prebuckling stress/force
P is the critical buckling load to be obtained. Using the
definition of dimensionless critical buckling load @ = P/E, Eq.
(70) becomes

[1+3a+a(l -7 62{5?([211 +%[(1 +a=20a)1 - D)+ a(l —77)]
1
aaiU %[“ +2a=pa)(1 +0) +a(l = 7)) sanl;]( -
(1 - 30a) azaigz +%[(1 +2a —a)(1 - D) — a1 — %)) 626?(?2
#3101+ =201 4+l =) SXA;)]( =0 an

Equation (71) is the same type equation with Eq. (33), but with
different coefficients. The general solution (34) and the relations
(36) also work for Eq. (71). The coefficients by, by, N1, and N, in
Eqgs. (35) and (37) become
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—G+1D2G-1D?+ G+ DG =1 ’a—-2v+2
(=7 + 277 + 1272 = 28V — )a? + 6( — 1)’a
G+ DE=DXav—a—1)
+ |+ DPa?| +B7 — 417 + 1745 — 3067 + 1997 + 3)a?
2 = 16v+3D)F = D*a -8 — )T —2)
b =
—Vva+a+1+@Bv -6Vac+ (1 —Sv)a
R 2(1 =) 1+ (37 = 67)a? + (1 = 5v)a]
(72)
—G+ D=1+ G+ DG -1 ’a-2v+2
(=7 + 277 + 1272 — 28V — )a? + 6(3 — 1)’
G+ DHE - Dav—a—1)
— |+ DPa?| +B¥ — 417* + 174%° — 30672 + 1997 + 3)a?
. 2% = 16v+31)F - D?a—8F - 1) -2)
2T 2l —v)Fa+a+ 1+ G2 —6v)a2 + (1 — 5val
and
b+ Da—a—1+2va—a)
Ny = =2 2.3 2 _ 32 1 33
(1 =v)a+2by + v — 14+(=6Vby —V* + 3V = 2)a
73
b+ Da—a—1+2va—a) 73
Ny

T =)+ 262 + 7 — 1+H(—6162 — 2 + 30— Dat

which are functions of the dimensionless critical buckling load @, while v is the Poisson’s ratio. The derivations (38)—(42) also work here.
Using Eqgs. (22), (69), (27), and (32), Eq. (43) becomes

1+ a—2va)

aaAU' +(1+2a— m)aAU2 +a(l + a)(

O0AU, 0AU,
=0
X Xy

X, | oX
,atX, =0 (74)
U oAU,

BN
(1 _@)aT;HI + =Wy =0

1

The solution (40) needs to satisfy the requirements (74), i.e.

(14 2a—va+ a+ va)N; (14 2a—va+ a+ va)N, C
—(1 + a—20a + a + Da)b, —(1 + a—20a + a + ba)b, <C1>=0 (75)
(1= 30a)Niby + (1 +a=200)p (1 =30a)Nsbs + (1 +a=20a) |
The determinant of the coefficient matrix of Eq. (75) must be zero for nontrivial solution. It requires
(1+2a—va+ a+ va)N; _ -
_ _ [(1 = 3a)N2bs + (1 + a = 2va)v]
—(1+a—2va+ a+va)b; (76)

|: (14 2a—va+ a+ va)N,
-1+ a—2va+ a+va)b,

][(1 = 30N by + (1 + a = 20a)v] =0

the solution of which gives the dimensionless critical buckling load a. Similar to the results in Sec. 3.1, there is only one critical buckling
load which corresponds to infinite buckling modes for the elastic semi-plane solid.
Without the consideration of the prebuckling deformation (CBT), the equilibrium Eq. (70) and the boundary conditions (74) become

E 82AU1+ E 82AU1+ E 62AU2+ 82AU1+P AU, AU,
1-22 ax3 " 2(1+0) 0X3 ' 2(1-10)0X,0X, X2 "2\ X2 ' 0X10X»
E 62AU2+ E 62AU2+ E AU, P AU, AU,
1-22 X3 2(1+0) oX} " 2(1-0)0X;0X, 2\ 0X} 0X10X,

(77
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and

0AU, 0AU,

% T ox O

oAU, | _OMUI _ ¢ atX,; =0 (78)
0X,» oX;

The general solution (34) and the relations (36) also work here.
The coefficients by, by, Ni, and N, in Eqgs. (35) and (37) become

_ _ Ga—a—DFa+a—1)
bi=1. bz_\/ (Ga+a+1) (79)

and

_ b+ DHva—a-1)
T -PMa+2bi+v-1"
_ b+ DHva—a-1)
(A -Pa+203+v-1

1 N,

(80)

Equation (76) for the dimensionless critical buckling load degen-
erates to
(N1by +D)(N2 = b2) = (Noby + )Nt — D1) =0 (81)

substitution of Egs. (79) and (80) into which yield the algebraic
equation

@ +20+ D +Q0+2)* —1=0 (82)

The solution for the lowest dimensionless critical buckling
load is

(123275 =@ + D) + 1087 + 44)'°

6@+ 1)

. 8 2

3@+ 1D)(12V3Q75 - 9@ + D + 1087 +44)° 3@+ 1D
(83)

It is worth to point out that « is a real number for both
3270 -5)w+1) > 0and 3270 - 5)w+ 1) <O0.

The comparison of results from various methods is shown in
Fig. 4(a). The solid line shows the dimensionless critical buckling
load a by the FPD buckling theory (Eqgs. (72), (73), and (76)). It
decreases with the increase of the Poisson’s ratio. Without the
consideration of the effects of the prebuckling deformation
(CBT), Eq. (83) gives a significantly reduced a as denoted by the
dashed line, which agrees well with the CNM. The disturbing-
loading-unloading method (DLU) method [13], the detail of
which will be given in the next paragraph, is adopted to obtain
the accurate critical buckling load. The predictions of the CBT
and the CNM result an unacceptable error (as large as 70% for
v=0), while our FPD buckling theory can give a better result
(the error decreases to 20% for v =0). It is obvious that the pre-
buckling deformation becomes significantly important and non-
negligible. Nevertheless, the critical buckling load obtained by
FPD buckling theory approaches to the CBT and the CNM result
with the increasing Poisson’s ratio and results in an inaccuracy as
large as 58% for v =0.5. The inaccuracy is because that the DLU
method is a nonlinear analysis which is powerful to accurately
capture the mechanical behavior of structures with the consider-
ation of both prebuckling stress and deformation, while in the
FPD buckling theory, the prebuckling analysis is accurate to the
first power of displacements for all the components.

The disturbing-loading-unloading (DLU) method, which is valid
only for simple elastic structures, is first developed for the investi-
gation of the FPD behaviors of 3D beams [13]. For the elastic semi-
plane solid, two curves of compression stress versus compression
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Fig. 4 Buckling anglysis of the elastic semi-plane solid with the
constitutive model 7 =L:d. (a) The curves of the dimensionless
critical buckling load & versus the Poisson’s ratio v for the FPD
buckling theory, the CBT, the CNM, and the DLU method and
(b) Compress stress—strain curves for nonbuckling (uniform
compression) and the real deformation mode with both nonbuck-
ling at the beginning and buckling at the following.

strain are obtained, as shown in Fig. 4(b) for v =0.5, i.e., the
curve for nonbuckling (uniform compression) and the curve for
the real deformation mode with both nonbuckling at the beginning
and buckling at the following. By the comparison of the two curves,
the critical buckling load is obtained at the bifurcation, beyond
which the applied compression stress and the elastic energy in
the buckling regime are lower than those in the nonbuckling
regime. The real buckling point is far beyond that obtained by
the CNM and CBT.

4.3 Buckling of an Elastic Rectangular Solid Subject to
Compression. For the buckling of a rectangular elastic solid
subject to compression, the derivation from Egs. (51) to (53) also
work here, but the coefficients by, by, N1, N> become the expression
given in Egs. (72) and (73). The Egs. (54), (55), (57), and (58)
become

AA A
(1 +a—20a) ax? +(1 +2a —7a) aaxlljz
__[(0AU, 0AU, _ 0AU,
1 =0(1-3
+a( +u)< o + X, > ( va) o

O0AU,
1 —20a) U
+(1+a—2va)v B

=0, at X, = +t, (84)
1
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ig. 5 Buckling analysis of the elastic rectangular solid with the constitutive model
7 =L:d. The curves of the dimensionless critical buckling load « versus the Poisson’s
ratio v for (a) L:2t = 3:1, (b) L:2t = 5:1, (c) L:2t =10:1, and (d) L:2t = 15:1. The curves of
the dimensionless critical buckling load « versus the aspect ratio L:2t for (e) v = 0 and
(f)v=0.4.

|:(1+2a—17a+a+17a)N1 (14 2a—va+ a+ va)N,

sinh(b1kt)Cy + cosh(bkt)C,
—(1 4+ a—2va+ a+va)b, —(1 4+ a—2va+ a+va)b,
(1 +2a—va+ a+ va)N, (1 +2a—va+ a+ va)N,
+ sinh(b,kt)C5 + cosh(bkt)Cy =0
—(1+a—2va+a+va)b, —(1+a—2va+ a+va)b,

[(1 = 30a)N1by + (1 + a — 20a)v]lcosh(b1k)Cy + [(1 — 30a)N1by + (1 + a — 20a)v]sinh(b1kt)C>
+[(1 = 30a)N>bs + (1 + a — 20a)T]cosh(b2kt)Cs + [(1 — 30a)Nabs + (1 + a — 20a)D]sinh(b2k)Cy = 0

(85)
(14 2a—va+ a+ va)N; (14 2a—va+ a+ va)N;
sinh(b1kt)C; — cosh(b1kt)C,
—(1 4+ a—2va+ a+va)b, —(14+ a—2va+ a+va)b,
(14 2a—va+ a+ va)N, (14 2a—va+ a+ va)N,
+ sinh(bykt)Cs5 — cosh(bkt)C4 =0
—(14+a—2va+ a+rva)b, —(14+a—-2va+ a+rva)b,
[(1 = 3Da)N1by + (1 + a — 2va)v]cosh(b1kt)Cy — [(1 — 3va)N by + (1 + a — 20a)v]sinh(b,kt)C,
+ [(1 = 30a)N>by + (1 + a — 2pa)v]cosh(brkt)C; — [(1 — 30a)Nobsy + (1 + a — 2va)v]sinh(bkt)Cy =0
[(1 = 30a)N2by + (1 + a — 2pa)v]sinh (bykt)  [(1 — 3va)N by + (1 + a — 2va)v]sinh (b kt)
M, = (1+4+2a—va+ a+va)N, (14 2a—va+ a+va)N,
cosh (bykt) cosh(bkt)
—(1+a—2va+a+va)b, —(1 +a—2va+ a+ va)b, (86)

|:(1+2(1—17a+a+17a)N2 |:(1+2a—17(1+a+17a)N1
—(14+a—2va+ a+rva)b, —(1 4+ a—2va+ a+ va)b;
[(1 = 30a)N,by + (1 + a — 2ua)v]cosh (bykt)  [(1 — 3va)N,by + (1 + a — 2va)v]cosh (b kt)

i| sinh (b, kt) :| sinh (b, kt)
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and

[(1 =3va)N b + (1 +a—25a)D]|:

[(1 =30a)N2by + (1 +a — ZDa)D]|:

respectively. From Eq. (87), the exact solution for the dimension-
less critical buckling load can be obtained.

Equation (59) holds here for the case without the consideration of
finite prebuckling deformation. The coefficients by, b,, Nj, N, can
be found from Egs. (72) and (73).

For cases which justify the assumption of the slender beams

t
a < 1 and i3 <1 (88)

Both Eqgs. (87) and (59) can be simplified and yield

(21
-3

which agrees well with the classic solution of Euler buckling.

Figure 5 shows the comparison of the dimensionless critical
buckling load « obtained by various methods. For L: 2¢=3:1, the
consistent result from the CNM and the CBT can yield more than
50% error compared with the accurate solution by the DLU
method, while the FPD buckling theory is able to give a better pre-
diction (the inaccuracy of the FPD decreases from 50% for v = 0 to
5% for v = 0.5). For larger aspect ratio L: 2r=5:1, 10:1, and 15:1,
the elastic rectangular solid approaches the Euler beam and the
error becomes very small, as indicated Figs. 5(b)-5(d), respec-
tively. However, the result obtained by FPD buckling theory is
always closer, than that of the CNM and the CBT, to the accurate
solution by the DLU method. Figures 5(e) and 5(f) give the
curves of the dimensionless critical buckling load and the aspect
ratio and confirm the above analysis. The result of all the four
methods approaches that of the Euler buckling.

(89)

5 Discussion and Concluding Remarks

(1) In the conventional buckling problems, the prebuckling defor-
mation is usually very small and is neglected in most of the
CBT and CNM. In this paper, we find that the FPD buckling
behaviors also exist in bulk structures, while we have focused
on that of 3D beams in the preceding paper [13].

(i) On the basis of the theory of the finite deformation, a sys-
tematic and straightforward FPD buckling theory is devel-
oped for bulk structures by considering the effects of
finite prebuckling deformation. It accounts for all terms
up to the first power of displacement (with “A”) in the
deformation components for critical buckling analysis,
and the variables with “0”, serve as the coefficients of the
incremental terms, also accurate to the first power.

(iii) Two constitutive models including the Saint-Venant-

Kirchhoff model, which is T=L:E and t=Ld are
adopted in the FPD buckling analysis, and give much differ-
ent results.

(iv) Four methods, including the CBT, CNM, DLU method, and
FPD buckling theory, are applied to the classic problems,
including buckling of an elastic semi-plane solid and buck-
ling of an elastic rectangular solid, respectively. Compared
with the accurate buckling load from the DLU method, the
FPD buckling theory is able to give a better prediction,
while the CBT and CNM may yield unacceptable results
(with 70% error for the buckling of an elastic semi-plane
solid).
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(1 +2a—va+ a+ va)N, t
= 72 N anh (2;:1;1 —)—
—(1+a—2va+ a+ va)b, L

(1 +2a—va+ a+ va)N, t
= ‘ tanh(2ﬂb2 —) =0,
—(1 4+ a—2va+ a+va)b;

87

L

Finally, it is significant to further discuss the applicability of the
FPD buckling theory. When the prebuckling deformation becomes
non-negligible, the CBT and the CNM may yield an unacceptable
error for the critical buckling load, while our FPD buckling theory
is able to give a better result. For example, the CBT yields more
than 40% error compared with the accurate solution for the buck-
ling of an elastic rectangular solid with aspect ratio of L: 2r=>5:1,
while the results obtained by the FPD buckling theory is much
better. For larger aspect ratio L: 2¢, the difference between the
CBT, CNM, FPD, and DLU becomes smaller. Therefore, the crite-
rion of L: 2t<5:1 for the elastic rectangular solid is suggested for
considering the effect of the prebuckling deformation. Usually,
the FPD buckling theory is significant to the analysis of the soft
materials, flexible, and stretchable structures such as human skin,
soft robots, and compliant substrate for flexible electronics. In the
future work, the FPD buckling theory will apply to the film-
substrate structure that has attracted much attention.
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Appendix A: Conventional Numerical Method (CNM)
for Critical Buckling

The finite element method for critical buckling in commercial
program package ABAQUS [46] is based on the CBT, with the
consideration of the prebuckling stress/force but without consider-
ing prebuckling deformation. The numerical solver for critical
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buckling loads and buckling modes of structures is general/linear
perturbation in ABAQUS CAE/input file. It is also called the
solver for linear buckling. It results in a linear eigenvalue
problem in mathematics.

Appendix B: Buckling Analysis of an Elastic Semi-Plane
Solid by Ogden’s Theory

To compare the FPD buckling theory and the work given by
Ogden, Ogden’s theory [26] is applied to the buckling of an
elastic semi-plane solid with the Saint-Venant-Kirchhoff constitu-
tive model. The equilibrium equation described in the reference
state is

DivS =0 (B1)

where S is the first Piola-Kirchhoff stress. The constitutive model is
expressed as

S=AF (B2)

where A is the instantaneous elastic moduli, which, in component
form, is given by

Aaigj = LargiFicF j1 + Tapdi (B3)

Here, La.p; is the component of the elastic tensor L, which is same
with it in the Saint-Venant-Kirchhoff model, ;. the component of
the deformation gradient F, T, the component of the second type
of P-K stress, respectively.

The equilibrium equation for the critical buckling behaviors is

and the component of the first Piola-Kirchhoff stress is
ASia = AaipiAU g (B5)

where AU denotes the incremental displacement. The constitutive
equation becomes

Aaipj = Laksi IZ 1*; +Tap 6 (B6)
ik j
From the brebuckling analysis, we can obtain Ii" n=1-a

Fio=F =0, Fy =1+4va, and Ty = aE. Equation (B6) gives
the components of the instantaneous elastic moduli

A =@ =21 — )’ — aE
A2 = A =41 —a)(1 + )
Agizr = (1 — @)’

A = u(l +v)* — aE

A1 = Aorip = p(1 + va)(1 — @)

B7)

Ao = (A =2p)(1 + va)*

The underlined terms in the above and following equations are
for the effect of the prebuckling deformation. Substitution of Eq.
(B7) into Eq. (BS) gives the components of the first Piola-Kirchhoff

DivAS =0 B4)  stress:
- 6AU1 Z/E aAUz
AS) = 1—a) —akE + 1 -1 +rva
= I-o X T1-2 (1 -a) )
E OAU, 8AU2
ASpy=——(1—a) + (1 +2a)(1 - @)
2(1+7) - 00X, 2(1+v)
_ _ (BY)
E 0AU, E GAU 1
ASy = 1 +va)* — aE + 1+va)1—a
21+ A+t ax; 20+ )( w1 -2
UE O0AU, E 0AU,
ASy = (1 - )l +va)——+—— (1 + ba)’
1-1?2 = = o0X; 1-17 ). ¢
The combination of Eqs. (B4) and (B8) yields the equilibrium equations in terms of the displacements
AU, 1-7D FAU, 147D AU, AU
2 =2 1 2 1 — 2 1
[(A=-—a) —a(l -v7)] + a + 1 -1 +va) o— =
e o Dz T O e, e
(B9)
1-o , , 8% AU, 262AU2 l+1/ AU,
— (0 +va) —a(l —1v7) + (1 +rva 1+ —a) =
The traction-free boundary condition is [2] Lagrange, J. L., Serret, J. A, and Darboux, G., 1867, Oeuvres de Lagrange,
Gauthier-Villars, Paris.
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