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On the local stability condition in the
planar beam finite element
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Abstract. In standard finite element algorithms, the local stability conditions are not accounted for in
the formulation of the tangent stiffness matrix. As a result, the loss of the local stability is not adequately
related to the onset of the global instability. The phenomenon typically arises with material-type localizations,
such as shear bands and plastic hinges. This paper addresses the problem in the context of the planar,
finite-strain, rate-independent, materially non-linear beam theory, although the proposed technology is in
principle not limited to beam structures. A weak formulation of Reissner’s finite-strain beam theory is
first presented, where the pseudocurvature of the deformed axis is the only unknown function. We further
derive the local stability conditions for the large deformation case, and suggest various possible
combinations of the interpolation and numerical integration schemes that trigger the simultaneous loss of
the local and global instabilities of a statically determined beam. For practical applications, we advice on
a procedure that uses a special numerical integration rule, where interpolation nodes and integration points
are equal in number, but not in locations, except for the point of the local instability, where the interpolation
node and the integration point coalesce. Provided that the point of instability is an end-point of the beam

a condition often met in engineering practitke procedure simplifies substantially; one of such
algorithms uses the combination of the Lagrangian interpolation and Lobatto’s integration. The present paper
uses the Galerkin finite element discretization, but a conceptually similar technology could be extended to
other discretization methods.
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1. Introduction

Loss of stability is a common phenomenon in the nonlinear mechanics of solids and structures.
Typical examples are the buckling of a rod, the necking of a bar due to tension, and the localization
of deformed shear bands. In stability analyses, we have to distinguish between global and local
instabilities. The objective of the present paper is to set up a procedure that, in a context of a finite
element analysis of planar materially and geometrically nonlinear beams, consistently relates the
loss of the local stability in an element with the global instability of the structure.

In standard finite element formulations, the emergence of the local instability is not automatically
accounted for in the tangent stiffness matrix. Consequently, the loss of the local stability within a
finite element is not correctly related to the deterioration of the bearing capacity of a structure, and,
in particular, to the possible loss of its global stability. This kind of instability is typitaltynot
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only-associated with materially driven strain localizations in ductile solids, such as shear bands and
plastic hinges (see the original works by Oeizal. 1987 and Belytschket al. (1988) for the
description of the phenomenon and their proposals leading to an enhanced performance of the finite
element method). It appears, however, that the issue here termed the ‘consistent consideration of
local stability conditions in the stiffness matrix’, has not received an adequate attention in the finite
element literature. This lack of interest is in sharp contrast with the activities aiming at the
deduction of methods for the computation of global instability points, which are now relatively well
developed, see, Crisfield (1991) for an overview of the methods, and Wriggexs (1988),
Wriggers and Simo (1990), Fujii and Okazawa (1997) and Planinc and Saje (1998).

The starting point of our study is Reissner’s (1972) finite-strain planar beam theory. Several
variational, weak-form settings are possible for Reissner’s theory for their finite element
implementations (Sajet al. 1997). To facilitate the derivation of the local stability conditions in a
beam, we first shortly describe a variational formulation of Reissner’s beam where the
pseudocurvature of the deformed axis of a beam plays the role of the fundamental unknown
function. Then we derive the set of local stability conditions of a beam and study how these
conditions can be incorporated into the tangent stiffness matrix of a finite element so that the onset
of the local instability triggers the simultaneous loss of the global stability of a beam. The
discussion that follows shows that these conditions can be satisfied indeed, provided that the
positions of the interpolation points and the integration algorithm satisfy certain requirements. This
is described in Section 4 in detail. Our discussion was inspired by the work of Banovec (1986) on
the moderate-strain, large displacement, large rotation, co-rotational, mixed-energy based finite
element formulation of elastic-plastic planar beams, in which the transverse displacement is the
fundamental unknown function. Based on the small-strain material stability conditions, he proved
that the number of interpolation nodes for the transverse displacements and the number of
integration points must be equal for the local stability to be consistently captured in the tangent
stiffness matrix of an element. We interpret our work as an extension and generalization, in a
systematic way, of that carried out by Banovec (1986), to include large deformations.

2. Formulation of basic equations
2.1 Kinematic and constitutive equations

We consider an initially straight, planar, materially non-linear beam of undeformed lemgith
of constant cross-sectiogh The beam is analyzed in th€, ¢)-plane of a fixed-in-space Cartesian
coordinate systemX( Y, Z) with orthonormal base vectoEs, Ey, Ez, whereEy=E;xEyx. Without a
loss of generality and for the sake of simplicity, we assume that the centroid axis of the beam
initially coincides with theX axis. The shape of the cross-section of the beam, and material
distribution over the cross-section are assumed to be symmetric with respect toXplaneb(t
otherwise arbitrary. A material particle of the beam is identified by material coordi#@sL],
(y, 20A, coinciding with coordinateX, Y, Z in the undeformed state. The centroid axis is identified
by y=z=0. Extensional, bending, and shear strains are assumed to take part in the deformation of
the beam, but Bernoulli’'s hypothesis of planar and undistorted cross-sections is only considered.
The beam is subjected to the action of distributed I@gd3, pAx), and distributed moment load
my(x) along its span and to concentrated generalized f&dges1, 2,---, 6) at its endsp, andp,
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are the components of the distributed load vector with regard to base Jegtarsd E;. The
loading is assumed to be deformation-independent.
A deformed configuration of the centroid axis of the beam is defined by a vector-valued function

r(X)=(x + u(x))Ex+w(x)Ez, 1)

whereu(x) andw(x) are the components of the displacement vector of the centroid axis with respect
to base vectorEy andEz, respectively.

The components of the displacement vector are related to geometrical and deformation variables
of the beam by the equations derived by Reissner (1972):

1+u'—(1+ £)cosgp — ysing=0, (2)
W'+ (1 + g)sing — ycosp=0, 3)
¢'—k=0. 4

In Egs. (2)-(4) the prime')( denotes the derivative with respectxowhereas functions(x)>-1,

Y(X), ¢(X), andk(X) mark the extensional strain (i.e., the specific elongation), the shear strain, the
rotation, and the pseudocurvature of the centroid axis, respectively. Fungtignand ¢ will here

be termed thegeometrical variablesas they determine the geometrical configuration space of the
beam. Functionss, y, and k, i.e., the generalized strains of the beam, spand#fermation
configuration space(superposed to the rigid displacements) and will, therefore, be termed the
deformation variables. Observe thatoincides with the actual curvature of the deformed centroid
axis of the beam only wheg¥y=0; thus, the term ‘pseudocurvature’ is appropriate. The extensional
strain of an arbitrary material particlg, {, z2) of the beam is denoted lyand is determined by
Bernoulli's hypothesis-based relation

e, 2 =X +zx (). 5)

In order to relate equilibrium axial and shear foredsand & andequilibrium moment_// to a
material model, we introduce the set of constitutive equations which assures the balance of the
equilibrium and constitutive cross-sectional forces, Antman and Rosenfeld (1978)

M) = e (609, YX), K(9), (6)
209 = 2 (609, Y%, k(). (7
M) = M (£09), YX), K(X). (8)

Constitutive functions {;, &, and it are defined as cross-sectional true stress resultants, and are
termed theconstitutive axialand shear forcesand theconstitutive bending momemnespectively.

The constitutive functions are subordinate to the adopted material constitutive model, which is, in
our case, defined by the normal true stress-strain law given by the generic mlatigi (€), and

by the shear stress-strain lav= G (y) which will be defined later; heré”and g designate functions
appropriate for material to be considered. These relationships describe a broad set of materials,
including hyperelastic, and elastic-plastic ones. In terms of stresses, the constitutive functions are
given by the equations

U‘/(;(g’ Y. K):IA GC(X! Y, Z)dAv (9)
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(& ¥, K)=[, Te(X ¥, JAA=GANX), (10)
M(E Y K)=IAzac(x, y, 2dA. (12)

A simple constitutive model for the shear strain is adopted here, s@ith&@Ay; G(y) is the
shear strain-dependent tangent shear modulus of material, afwk A<s the area of the shear
cross-section (Cowper 1966).

2.2 The madified principle of virtual work and its finite element formulation

The principle of virtual work states that the difference of virtual work of internal and external
forces is zero (Washizu 1981)

6
[o (NBE + QBy+ _(BK)dx — [; (P,Ou+ p,w+ m,5¢)dx — ZS 5u,=0. (12)
Here, ou, dw, andd¢ are virtual displacements and rotation, @addy, ok are virtual strains of the
centroid axis;du; (i =1, 2,---, 6) denote the generalized virtual boundary displacements such that

dn=0au(0), ap=aw(0), as=0a¢(0),
Ap=au(l), ds=dw(l), =03 (L).

In (12) the deformation geometrical variables as well as their variations must satisfy the three
kinematic Egs. (2)(4). Thus, only three among the six functiansw, ¢, &, y, andk are mutually
independent. A common practice is to express the deformation variables in terms of the geometrical
ones,e=¢ (U, W', ¢), y=y (U, W', @), k=¢' (2)-(4); then by inserting these expressions into the
constitutive relations Egs. (9)-(11) and after employing Eqs=(§b)in (12), one obtains the
displacement-based principle of virtual work. Disadvantages of a such formulation are well known
in the finite element literature (see, e.g., the comprehensive book by Crisfield 1991, 1997). In
contrast to the displacement-based formulation, the present study relies on the deformation variables
as basic unknowns of the problem. Such a deformation-based formulation offers a number of
advantages, two of which are more transparent local stability criteria discussed later on in the paper,
and a consistent cross-section equilibrium.

The starting point of the deformation-based Galerkin-type of the finite element discretization
method is the modified principle of virtual work (Planinc 1998)

[o (M — A1) BKdlx
+{U(L)—u(0)~f5[(1 + &) cosp+ ysing] dx+L ) 5,(0)
+H{W(L)~w(0)+ [5[(1 + &) sing—ycosp] dx) 5(0)

(
(¢(|_) $(0) - [- kdx ) 8.1/(0)
-[S
[

+

R1(0)]0us—[ S+ R2(0)] dup—[ Sy+14/(0)] dus
Sy—Ru(L)] Ous— [S—R2(L)] 0Us — [ Ss—A/(L)] due=0. (14)
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The only function defining the principle given above is the deformation vatibbl@seudocurvature

K(x); note that the geometrical and force variables are included only through their boundary values
u(0), w(0), ¢(0), u(L), w(L), ¢(L), ®(0), ®(0), and_«/(0). Functionk(x) and nine parameters
(®1(0), ®(0), _t/(0), u(0), w(0), ¢(0), u(L), w(L), ¢(L)) fully describe the principle (14). For the
approximation of pseudocurvaturgx) along a finite element, Lagrangian polynomiBlgx) (n=

1,2,---, N) of degreeN-1 are usedN-node mesh is applied with the end points of the element
being the first and the last node, respectively. The distribution of the pseudocurvature along the
element axis is represented by the interpolation equation:

k(%)= ipn(x) . (15)

After the introduction of (15) into (14) we get the following discrete system of the equilibrium
equations of the planar beam (Planinc 1998):

0n= [y (M —A)P,dX=0, n=1,2 ..,N, (16)
On+1=U (L)—U(O)—jL0 [(1+¢&)cosp+ysing]dx+L=0, (17)
gN+2=W(L)_W(O)+Jt [(1+ &)sing—ycosp]dx=0, (18)
Ghes= 6(L)-9(0)- Pi(L)K=0, 19)
On+a=S1+ @1 (0)=0, (20)

Ones=Sot @(0)=0, (21)

On+6=Sa+ M(0)=0, (22)

O+ 7= Sa=R1(0)+ [ pxdX=0, (23)
On+6=Ss—Ro(0)+ [p-dx=0, (24)
On+0=Se—M(0)—[, [ (1 + £) Q- yeli—m,]dx=0, (25)

in which _t/=®,cosp — R, sing, Q =%, sing + &, cogp are the equilibrium axial and shear forces,
respectively, and

A(X)=AMO)+ [ [(L+ )2 - yl—m,]d& (26)

is the equilibrium bending moment. Functiong, &, andy are determined from Eqgs. (11), (6), and
(7), respectively.

Egs. (16)3(25) constitute the system bF+ 9 nonlinear equations for the determinatioriNof 9
degrees of freedom, i.eN+ 3 internal,k, (n=1, 2, -+, N), ®.(0), %(0), _/(0), and six external
degrees of freedomy(0), w(0), ¢(0), u(L), w(L), ¢ (L), of the beam finite element. In the matrix
form, these equations read

g(x, A)=R(x) — P=R(x)-AP =0. (27)
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Here, X denotes theN+ 9)-dimensional generalized displacement vediiis the corresponding
internal force vectorP=AP is the deformation independent vector of external lodls, is a
reference load vector, whilk is a loading factor. Formally a fully analogous equation is valid for
an element assemblageplanar frame.

Because internal degrees of freedem(n=1, 2,--, N), @.(0), %(0), and_#/(0) need not be
continuous across the boundaries of the element, they may (but not necessarily) be eliminated from
Egs. (16)3(25) on an element level; the finite element equation then takes a similar form as in Eq. (27)

9b(Xpy A)=Rp(Xp)-AP,=0. (28)

Here,x, denotes the vector of generalized boundary displacem¢d}sw(0), ¢ (0), u(L), w(L), ¢ (L),
andR,, P, are the corresponding internal and external force vectors.

For a prescribed loading factok,= A, and for prescribed boundary conditions, the system of
equations given by (27) and assembled for the whole structure is solve@\fprby Newton’s
iterative method. In an iteration stép-1, Eq. (27) is linearized around the solution vector in
iteration steq, yielding a system of linear equations for increments of unknowns

0, 9(Xi, Ap) AXir1=—9(Xi, Ap)

Xi+1:Xi+AXi+1 (i:0, 1, 2, ), (29)
which is repeatedly solved until the required accuracy isfachieved. The expression
B,90% A B%1= L 1G0x+ X1, )], (30)

denotes the directional differential (Hughes and Pister 1978). The associated Fréchet's dérivative
= [],g is, in the mechanics context, termed the tang#ffhess matrix The definiteness of the
tangent stiffness matrix of an element plays a crucial role in the local and global stability analyses,
as discussed in the next section.

3. Singular points and local stability criteria
3.1 Preliminaries

The solutionx(A) of Eg. (27) may be imagined as a continuous collection of points of the
equilibrium of the structure in its displacement configuration space. In general, we distinguish between
regular and singular points. Regular points are characterized by the regular tangent stiffness matrix (det
Kt # 0). In a singular point, the matrix is singular:

singular point~ det Ky(X, Ac;) =0. (31)

The corresponding generalized displacement vector and loading factor in the singular point are
called the critical displacement vector and the critical loading factor, respectively, and are denoted
by x& andA.. According to the implicit function theorem, Eq. (27) need not be uniquely solved for
x in the singular point. The singular point, therefore, indicates a possible loss of uniqueness of the
solution.

The points may further be divided into stable and unstable. For deformation-independent external
loads considered here, the stable point is characterized by the positive definite tangent stiffness
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matrix, i.e., by the condition (Waszczyszghal 1994)
y'K;y>0, for all yz0. (32)

In (32), (-)' denotes the transpose operation. Necessary and sufficient conditions for the positive
definiteness of a matrix are well known (see, e.g., Hohn 1973 and Ting 1996). For any Mhatrix,
the relationy'My=y'Msy holds true, wherM=1/2MM + M) is the symmetric part d¥l. Therefore,
for a matrix to be positive definite, the leading principle minors of its symmetrichparhave to
be positive. If matrixMs is singular or negative definite, the point is unstable. In the engineering
terminology, we call a structure having singular or negative definite symmetrized tangent global
stiffness matrix to benstable

As the determinants of a matrix and its symmetric part are generally not equal, the stability and
uniqueness criteria for non-symmetric stiffness matrices are not coincidental. Thus, a singular point
of a structure, characterized by #&t=0, may be stable or unstable, depending on the definiteness
of the symmetric matrix 1/&¢ + K{). For a symmetric matrix, its singularity indicates both the loss
of stability and the loss of uniqueness. Regular points may generally be stable or unstable for any
type of the stiffness matrix (de Bowest al 1993), too.

We further distinguish betweeagiobal andlocal instabilities. The term ‘global instability’ describes
the instability (in the sense defined above) of the whole structure, while the term ‘local instability’
indicates instability of a material point of a body. The two types of instabilities are only indirectly
related; i.e., the local instability may or may not instantaneously trigger the global instability, yet it
may well quantitatively change the global stiffness of the structure. It is, therefore, of the utmost
importance to incorporate the onset of local instabilities into the global analysis. The aim of the
present paper is to derive the algorithm that accounts for the effect of the local instability onto the
global stiffness matrix in the context of Galerkin’s beam finite element method and to present the
conditions that the local instability sets to numerical integration schemes. However prior to the
relevant discussions, we, have to deduce the local stability criteria for the beam.

3.2 Local stability criteria for the beam

Making use of (26) in (8), one obtains
rs= A= A(0)~f, [ (1 + €)@~ yv/-m,] d€=0. (33)

Egs. (6)(7) and (33) relate equilibrium and constitutive forces of the beam and must be satisfied
for all xO[0, L]. Assume further that the constitutive Eqs.—(®@)1) define a stable material. Such
material requires Fréchet’s derivative of the constitutive matrix with respegtytoand k to be
positive definite for any triple, y, andk.

The directional differentiation of constitutive Egs.«(@)L) with respect t@, y, andk gives

_[} 99, A0 90; [, _
Ate= |, SEdAFAE+ 5,25 dAFAK=C 1148+ C 15K, (34)
01,
2=, ZedAAY=CAY, (35)

_ ;9940 200 4 A0A =
A= g,2550AAe+ ,2° 5 EdAFAK=C 51 A8+ C K. (36)
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FunctionsCi(X), Ci3(X)=Cs1(X), Cs3(X), andC,(x)=G(X)As introduced above are the components of
the symmetric tangent constitutive matrix of the cross-sedfi¢x), Ci1, Ci3, andCsz are functions

of the current distribution of the uniaxial tangent modulus of material in tension and compression,
do./de, while Cy, is a function of the tangent shear modulus; all of them depend also on cross-
sectional geometry. Fastable materialsC must be positive definite in any cross-sectigrthis
requires its leading principal minors to be positive

C11>0, Ci1 C> 0,  detC=Cy, (C11Cs3—Ci3)>0. (37)

Observe that the second inequality in Eq. (37) can be substituted by the inggusalily and the
third by the inequalityC,;Cs3—C2;>0. When one of the three quantit@s, C», or detC/C,, becomes
zero, the cross-section exhibiteaterial instability For materials that do not exhibit softening, it can
be shown that wheneve&;; becomes zero, so do;; Css, and detC. The material instability is
then characterized by a double zero eigenvalu@. afhis clustering of zero eigenvalues of material
tensor has also been reported by Reese and Wriggers (1997) in the 3D finite elasticity context.
Observe also, and as noted by Belytschko and Fish (1989) in the context of strain-softening
materials, that zero-valued tangent material moduliss o,/ de=0 , in a material xoirt)(of
the cross-section, is generally not a sufficient condition for the material instability of the supported
beam.

Solving Egs. (6) and (7) far and y functions ofk and boundary parametef®,(0), @,(0) , and
¢(0) inserting the results into (33) gives

s (K(X), Ru(0), R2(0), (D), $(0))= tly— M(O) ~ [ ﬁ(l ve _(;—XJQ— myEpkEO- (38)

For a set of prescribed boundary paramet&$0), ®,(0), _/(0), and¢(0), the linearization of Eqg.
(38) is performed only with respect kg the resulting operator must be positive definite in a locally
stable state which requires

OK d—%rsEKH AAK)|q=0 > 0. (39)
Inequality (39) also expresses the physically based requirement that the variation of the modified

principle of virtual work Eq. (14) is positive definite for arbitrary lengthUpon performing the
indicated derivative, we obtain

ok D Ak > 0, (40)
where
D(x) = Du(x) —Ds(X), (41)
and Dy (x) andDs(x) designate the expressions
2
Dy(x)=Css = 2=Css, (42)

—Cl_SQﬂ_ X ClsQ
DS(X)_ Cll dK IO |:_C11 +

1 1 T oL
L L0 aragh &.K} (&ds.  (43)
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Arbitrary functionf is defined as(&)=Ak(&)/Ak(x), |f |< 1. After imposing the requirement of the
positive definiteness db in Eq. (40), and repeating the reformulated inequalities of Eq. (37) as
discussed, we obtain the complete set of the necessary and sufficient conditions for the local
stability in the beam

C11>0, Cx>0, Cs>0, D>0 for all xO [0, L]. (44)

The first three inequalities define ‘material’ stability conditions, Brx®D is a ‘structural’ stability-
type constraint in a local sense.

In a typical Galerkin-type finite element discretization, the local stability conditions as given in
(44) are not consistently accounted for in the formulation of the tangent stiffness matrix of an
element. As a result, the loss of the local stability does not adequately generate the onset of the
global instability.

Observe thaD, given by (41), is generally valid for a wide variety of materials, including elastic
and hyperelastic ones. It can formally be split into a sum of a pure materiaDpargnd a
combined materiaktressresultant partDs. In a small strain situation, where the material part
dominates, the local stability occurs when material moduli decrease sufficiently, while for large
displacements, the local instability may also be stress-triggered. When the tangent constitutive
matrix becomes singular at some a bifurcation can occur in such a manner that subsequent
deformations ak become discontinuous. However, the analysis of this post-bifurcation, ‘shear band’
phenomenon is beyond the scope of the present paper.

In the next section, we show how the local stability condifiorO (44) can consistently be
incorporated into the element tangent stiffness matrix of the planar beam finite element presented in
Section 2 and derive the set of rules for the numerical integration algorithm over the axis of the
beam such that the consistency is assured.

4. The consideration of the local stability condition in the planar beam finite element

The basis of our deduction is the finite element beam formulation presented in Section 2.3. To
facilitate the analysis of the local stability, we assume that the beam finite element is clamped at
one end, and free at the other. Then the loss of the stability of the element coincides with the first
appearance of the local instability within the element. As discussed above, the loss of the stability
of the element is characterized by the loss of the positive definiteness of its tangent stiffness matrix
K+ It can be shown that the determinants of the whole stiffness matrix and of its pseudocurvature-
dependent part are linearly related; thus we only need to study the definiteness of the latter. For the
present finite element, it takes the form

Jg, L
Knp= Egi_p_J’ODpPandX’ (n; p:ll 2! ey N)! (45)

whereD, is given by the equation

—_~ _iECSLQ D_"Cng |:|:|_:|___ _l_DZ u_(/z DdD
Dp(X)=Cass PpEC_lle J’O[Cn Pp+D]:11—GASDQ—(1+s)UU+GAS . EE. (46)
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As observedD, is D from Eq. (41) withf taken to be a specific functidrP,. As required in (44),
wheneverD, at somex,, [J[0,L] becomes zero or negative, the local instability takes plage at
and matrix K,,] must simultaneously become singular or negative definite. The replacement of the
integral in (45) with a numerical quadrature gives

Knp= iWiDp(a)Pp(mPn(a), (np=1,2 ...,N), (47)

where positive humberg; (i=1, 2,---, M) are the integration weights arM is the number of
integration points. Number& O [0, L]  designate ttmoordinates of theth integration point. The
square matrixi,,] as defined by (47) may be written in the form of a product of three matrices

[Knp]=PWDg, (48)
whereP is the rectangular matrix of the values of the polynomials at the integration points
P1(§1) Pi(&2) ... Pi(ém)
P= PZ(.El) Pz(.fz) - Pa({u) , (49)
Ph(€1) Pu(&) - Pu(éw) Jnu
W is the diagonal, positive definite matrix of integration weights
A 0
W= W; ' , (50)
0 ' Wm [MxM

and the rectangular matrBp is defined by the expression

D1(£)P1(&1) Di(&)Pi(&) - Dil&w)Pa(éw)
Dp=| D2(EP2(E) Da(&)P2(&r) - Dal&wPa(én) | (51)

Du(&5Pu(£2) Da(E2)Pr(&2) ... D(EwIP(Ew) |nem

If the number of interpolation nodes is greater than the number of integration P&y, (the
rank of matrix KngJnxn IS at mostM and is, thus, always singular, even if B}i(&)>0. In contrast,
if N<M, the matrix is generally non-singular even if ondgfé)’s is zero. Only ifN=M the matrix
may-although only under certain conditieft®come singular exactly when one®f(¢)'s vanishes.
A special consideration is needed to further establish additional conditiondNafven

WhenN=M, matricesP andDp become quadratic. The determinant i&f;] is then computed as
a product of the determinants of the matrix factors

defK,,]=detP detW deDp. (52)

BecauseM interpolation polynomials of degrel®l-1 are linearly independent and continuous
functions, it can be proved that the first determinant on the right-hand side of (52) is always
positive, i.e., deP>0. Likewise is true for detV. The sign of detK, then solely depends on the
sign of detDp :
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sgn(def{K,,])=sgn(det Dp)=

Di(£)Pi(&) Di(£)Pi(&) - Da(&w)Pi(4w)
sgn| D2(§)P2(&) Da(&)P2(&) - Da(éw)Paléw) | (53)

Du(&)Pu(EL) Du(&)Pu(&s) ... Du(Ew)PulEw)

We seek a combination of a numerical integration scheme and an interpolation that yields zero
determinant whenever one Bf({)’s becomes zero. For the sake of simplicity of discussion, but
without losing generality, we accept that the local stability is lost in integration point one, then
D1(&)=0. There are a variety of possible solutions. If we employ equidistant interpolation nodes
with Lagrangian interpolation polynomials in combination with the Newton-Cotes integration rule
with the integration points coinciding with the interpolation nodes, ti(;)=1 and
P1(&)=P1(&)="-"= Py(ém)=0. The first row in Eg. (53) then vanishedif(¢;)=0, and so does the
determinant. We here advise a more practical and simple approach which causes in the first column
to vanish. We require that interpolation polynomials other than polyn&niae zero in integration
point one, i.e.P(£)=0 (=2, 3,:*, M). This condition essentially demands that both the first
interpolation node and the first integration point, are located at the point of the local instability.
Such a condition is automatically satisfied for the two boundary nodes when the Lagrangian
interpolation in conjunction with Lobatto’s integration is employed.

Therefore, Eq. (52) reduces to

defK,p,]=D1($1) detP detw defDplu_1xm-1, (54)

where Dg]y-1xm-1 iS @ M-1)-dimensional submatrix dz. As observed from (54), the determinant
of the tangent stiffness matrix is now proportionaD{g¢;).

Unfortunately, the point of local instability is in general not coincident with an integration point of
any standard numerical integration rule (such as, e.g., Simpson’s, Gaussian, and Lobatto’s rules).
Thus, in order to capture the onset of the local instability correctly, one has (i) to detect the point of
the local instability on the axis of the beam, (ii) to collocate the interpolation, the integration and the
instability points, and (iii) to construct proper interpolation functions and a customized integration
rule. This, a rather complicated procedure, may in practice be largely avoided, because local
instabilities usually occur at the two end points of the finite element; therefore, the Lagrangian
interpolation with the set of equidistant nodes (which includes the two end points) combined with
standard Lobatto’s integration, suffices. Lobatto’s formulae have been used extensively in practical
elastic-plastic analyses, see, e.g., Banovec (1986), Bergan (1984}, (@&8w)n Hsiacet al. (1988),
and Sajeet al. (1997).

Remark4.1. The derivation indicates that taking an order of numerical integration higher than
deduced aboveM >N) gives the determinant greater results than expected which induces in an
overstiff response and an overestimation of the global instability load. This will be confirmed by
numerical experiments. An exception occurs, however, if an element is subjected to a homogeneous
bending, where alD,(¢)'s become zero simultaneously along the beam.

Remark 4.2For the small deformation theory (the so called 1st order theory) migtpixagain
takes a form of a triple matrix product

[Knpl=PC,P', (55)
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but the deduction and the results are now more simple due to the diagonal form ofopatrix

W1 Css(&1) _ 0
Co= W,C33(¢2) _ ) (56)

0 . WMC33(EM) M xM

Here, the local stability condition reduces @; Cs5 - Ci3/C11>0. Since detP>0, matrix Kngl
becomes singular when one of t8g; &)'$ becomes zero, provided, however, tNatM. This is a

lot less restrictive condition than that appearing in the finite deformation case, where interpolation,
integration and instability points must coalesce. Fully analogous results have been derived by
Banovec (1986) for his mixed-energy based, moderate-rotations, co-rotational, elastic-plastic beam
element, and Sajet al. (1997) for their exact-kinematics, rotation-based, elastic-plastic beam finite
element.

Remark 4.3.lt is clear from (52) that the proposed integration technology guarantees that the
value of the determinant of the tangent stiffness matrix in the neighbourhood of the critical point
decreases with the determinant @. Moreover, Eqg. (54) shows that dét is proportional to
Dp(écr). Thus, both the determinant of the tangent stiffness matrix Dyél,) approach zero
linearly. This fact is essential for the appropriate numerical accuracy of the incremental solution in
the vicinity of the singular or instability point, where substantial changes in deformations should
result from small load increments. This also suggests that the accuracy of the evaluation of the
residual forces is essential in the neighbourhood of the singular point.

Remark 4.4The lowest reasonable order of humerical integration of the finite elements described
in Section 2.3 can be estimated by requiring that the integral in (45) shall be integrated exactly for a
materially and geometrically linear case, wigncan be assumed constant as in Jelemd Saje
(1995) for the elastic, rotation-based space beam model. Then its integrand appears to be the
polynomial of degree R-1). An exact integration of this polynomial is possible by, e.g.,Nthe
point Gaussian, th&l-point Lobatto-like integration with only one integration point prescribed in
advance, and theN1)-point classical Lobatto’s integration. For a linear elastic case, Gaussian
integration is obviously optimal. In contrast, for the capturing of the local-global stability relation
consistently, the use of the Lobatto-like integration with only one prescribed integration point (this
one being the local stability point) is essential.

Remark 4.5Notice from Eq. (46) thaD,=Cs; atx=0 andx=L.

5. Numerical examples

To show the validity of the present theoretical results and to give an estimate of the errors
possibly made when the local stability conditions are not accounted for properly, we consider two
numerical examples: (i) a rather flexible elastic-plastic cantilever subjected to a transverse point
load, and (ii) a simply supported beam subjected to a transverse uniform load and/or an axial point
load at the support.

Elastic-plastic material is assumed whose uniaxial stress-strain law is taken to be represented by a
bi-linear rule of the form
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_LFe el <ey
Uc(e)‘é(FaY+Ep(|e|—ey))sgn(e), le[zey’ o)

ParameteE>0 is the elastic, anf, = 0 is the plastic tangent modulus of mater@l;= Ee,>0 is

the yield stress, anéy>0 denotes the yield extensional strain. In what follows, we consider the
numerically most demanding castastic-perfectly plastic materiaE,=0). Note that the law, given

by (57), enables the exact analytical integration over the cross-section.

The influence of various integration schemes on the local-global stability relation is studied using
finite elements of Sajest al. (1997) with various degrees of interpolation polynomials for the
rotation approximation and different types and orders of the numerical integration. These finite
elements are designated By,, where the first subscript, ‘', specifies the degree of the rotational
interpolation polynomial, and subscript ‘n’ determines the order of the numerical integration.

5.1 Flexible cantilever

The descriptive geometric, material, and loading data are given in Fig. 1. We study a very slender
cantilever beam with a large length-to-height rdtih=50, which makes the effect known as shear
negligible. The rectangular cross-section is assumed with the width-to-height ratio 1/4.

With an increasing load, the plastic zone localizes at the clamped cross-section. When the
clamped cross-section is sufficiently plastified, the cantilever loses its stability. The instability is
materially dominant. As the clamped end is the potential point of the local instability, it must be
taken to be both the interpolation and the integration point. Lobatto’s integration rule satisfies this
requirement, but not the Gaussian.

For the purpose of comparison of various results, we first constructed several numerical solutions
using uniform meshes of one, ten, and twenty, Lobatto’s consistent integration-based digments
and compared the solutions for the geometrical, deformation, and stress quantities. We found
relative differences to be less thari*1Between the ten- and twenty-element solutions. The twenty-
element solution thus appears to be sufficiently accurate and is, therefore, chosen as the reference
solution in the subsequent analyses; in the sequel, it will be marked as ‘exact’ solution.

Fig. 2a shows the non-dimensional fofiie deflection diagrams as predicted by twenty-element
uniform meshes using (i) elemeBts and Lobatto’s integration with the consistent number of
integration points, and (ii) elemeBRt.; with an inconsistent number of points, yet with the correct
location of the first point. The localized plastic zone makes the cantilever rather flexible. The results
are shown for the rang@/L =[0, 0.36]. As seen from the figure, 20-elemEgt solution exhibits a
slightly smaller tip deflection fol>4 than the solution that employsss. This shows that the
influence of a solely inconsistent numerical integration order is not very pronounced when the

N leAP b/h = 1/4 cm/cm
D Ty E = 10°kN/cm?
| E,= 0kN/em?
fe—— 200 cm ~—— ey = 0.002
! P = 1kN

VZ
Fig. 1 A cantilever subjected to transverse point Bad
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(a) Lobatto, A = 3.0, 4.1, 4.3 (b) Gauss, A = 3.0, 4.1, 4.3
6.0 T L 6.0 —
40 —ae——""] 40} —o——— 3
A A
2.0 ~ 20+ _
< ’exact’ | L < 'exact’ |
o element L5_n 0 element L5_j
0 L 1 L i . o X T T
0 0.12 0.24 0.386 0 0.12 0.24 0.36
w/L w/L
(a) Lobatto's integration (b) Gaussian integration

Fig. 2 Forcetip deflection diagrams, 20 elemeiiss (‘exact’ solution) orEs.;

(a) Lobatto, A = 3.0, 4.1, 4.3 (b) Gauss, A = 3.0, 4.1, 4.3

6.0 B ; . T T 6.0 : T - T

4.0} P 40+ ?
A A

2.0 2.0

< ’exact’
o element 5 5 | |
s element L's_»

© ‘exact’
o element £5_5 | |
a~ element Lg5.7

1 ! I It 1 [0} L 1 n 1 L
0 0.12 024 0.36 0 0.12 0.24 0.36

w/L w/L
(a) Lobatto's integration (b) Gaussian integration

Fig. 3 Forcetip deflection diagrams, one elemétats or Es.;

number of elements is sufficiently large. The use of the Gaussian integration with a consistent
number of points but with an inconsistent location of the first point gives the results that show the
same trend (Fig. 2b).

Fig. 3 shows the non-dimensional force-tip deflection diagrams as predicted by one-element
meshes using elemenks.s and Es.; with Lobatto’s (Fig. 3a) and Gaussian (Fig. 3b) integrations.
The figures clearly show (i) that an inconsistent Lobatto’s or Gaussian numerical integigigns (
lead to an overestimation of the bearing capacity of the cantilever, although for the present
numerical example absolute errors in the load are relatively small; and (ii) that the tip deflections
for a prescribed load are significantly smaller when the inconsistent integration is used.

This is further demonstrated by Fig. 4, where the deformed shapes of the cantilexerf8rare
shown for one-elemelfifs. s and Es.; meshes using Lobatto’s (Fig. 4a) or Gaussian integration (Fig. 4b)
and compared to the ‘exact’ solution. The comparison shows that the deflections obtained by the
inconsistent integration are roughly one half of the correct values, while the consistent integration
results in practically accurate deflections.

The cause for the underestimation of the deflections is inability of the inconsistent integration
solutions to predict a sufficient localization of the pseudocurvature at a clamped section. Fig. 5
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Fig. 4 Deformed shapes at= 4.3, one elemerissor Es;
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Fig. 5 Variation of the pseudocurvature,with x atA = 4.3, one-element mesh

shows the graph of the curvature variation along the cantilever for a one-element mesh. Note that
the application of the consistent integration predicts about the three times bigger localization.

5.2 Simply supported beam

The geometric, material, and loading data are given in Fig. 6. Again, the effect of shear is taken
to be negligible. For convenience, the combined load is defined by

F(a)=A((1-a)a+ap), (58)

whereA is the loading factor, applied to the reference distributeddoad , and the poiR lesd
[0, 1] is a parameter. Wheo=0, the beam bends and the instability stems from the spread
material; plasticity we call this case a ‘materially dominant instability’; in contrastafdr the
stability is lost by buckling and is, therefore, ‘geometrically dominant’.

Materially Dominant InstabilityWe study the materially dominant instability first. Since the beam
is now subjected to the transverse lagd\q, the plastic zone will localize at the center point of
the beam. For the consistent consideration of local instability, an interpolation point and an
integration point should be situated at the center point. The condition is met when (i) Lobatto’s or
Gaussian integration of an odd order is used, or (ii) such that the end node of an element coincides
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Fig. 6 Simply supported beam
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with the center point if the beam is modelled by several finite elements; in the latter case, only
Lobatto’s integration (but of an arbitrary order) is consistent. From these considerations and
recalling the results of Section 5.1, it is obvious that Lobatto’s integration is a better choice.
Therefore, in what follows, we show only results using Lobatto’s integration.

We first obtained a series of numerical solutions using uniform meshes of one, ten, and twenty
Lobatto’s consistent integration-based eleméits and compared the solutions. We found relative
differences between geometrical, deformation, and stress quantities to be less thafob tén
and twenty-element solutions. The twenty-element solution is chosen as the reference solution; in
figures, it is marked as ‘exact’ solution.

Fig. 7a shows the loading factor-mid-point deflection diagrams as predicted by twenty-element
uniform meshes using (i) consistent elemEgg, and (ii) inconsistent elemef.;. Fig. 7a shows
that the differences are small, and indicates that the influence of an inconsistent order of integration
diminishes when the number of elements grows. In contrast, when only one-element mesh is
employed, the inconsistent elemerige and Es; give roughly three times smaller deflections,
compared to our reference solution. The consistent elemgnton the other hand, gives nearly
accurate results for deflections.

This is further illustrated by Fig. 8, where the deformed shapes of the simply supported beam for
A=0.12 are shown for one-elemdfys, Es 7, andEss meshes and compared to the deformed shape
obtained by the ‘exact’ solution. Note that elemEgg has the correct order of integration, but is
inconsistent because the order is not an odd number. Observe also that the error in deflections due
to the inconsistency is now even bigger than found in the example in Section 5.1 (the factor is here

(a) Lobatto, A = 0.10, 0.117, 0.12 (b) Lobatto, A = 0.10, 0.117, 0.12

0.15 0.15 T
0.10~- 0.10-
A A -
< ‘exact’ ‘
0.05¢ 0.05- o element £5_5 ||
- ‘exact’ ) ] a element £5_7
0 element £5_q i i * element Fg_g
O L I L 7% ‘ O ,,,,,,, 1 L
0 0.05 0.10 0.15 0 0.05 0.10 0.15
w/L w/L
(a) 20 elements Ly, (‘exact’ solution) or £ (b) one element 5.5, Ls; or Ly

Fig. 7 Forcetip deflection diagramsy=0



On the local stability condition in the planar beam finite element 523

33 . . | |

1
exact’ |

C element L5 5 :
~ element F5_n
o element L'g_g
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Fig. 8 Deformed shapes &t0.12-Lobatto’s integrationp=0, one elemertss, Es; or Eg¢

about 4 compared to 2 in Sec. 5.1). Both examples indicate that the inconsistent elements of type
E..m,» m=n, yield too stiff tangent matrices.

Fig. 9 shows the graph of the variation of the pseudocurvature along the axis of the beam. Again,
the quantitative differences between the results of consistent eleBEgnt,and inconsistent
elements,Es; and Eg¢, are remarkable. Both solution graphs also differ qualitatively: while the
graph obtained by elemeht.s exhibits a trend towards the localization, the graphSsefandEg¢
do not.

The pseudocurvature (and the extensional strain) serves to compute the constitutive bending
moment in the beam. Thus, the error in the pseudocurvature results in the error of the bending
moment. This is demonstrated by Fig. 10. The inconsistent elefggntand Eq ¢ yield several
times more substantial relative errors compared to the errors of elEgment

Geometrically Dominant InstabilityThe beam is subjected (i) solely to a compressive axial force
P (i.e., a=0), and (ii) to a combined load witn=0.9999. The computed values of critical loading
factors A, for various element types and number of elements are presented in Table 1. As observed
from Table 1, the inconsistency of elements do not play a significant role in the determination of the
critical load.

6. Conclusions

In standard finite element algorithms, the local stability conditions are not consistently accounted

-1.00 ; : |
--- element L5_5
---- element £5_y
—-0.33 — element Lg_g
/K e =
. R S e e
0.33 AN /7 7
AN ,//
\\\ ’/
1.00 ‘ e
0 0.17 0.33 0.5 0.67 0.83 1
x/L

Fig. 9 One-element meshobatto’s integrationpr=0, variation of the pseudocurvature,with x at A1=0.12
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Fig. 10 Variation of the relative error of the bending momeém(%)=100 (/i— Alexac)! Nexacs With x at
A=0.12; a=0; Lobatto’s integration

Table 1 Global stability of the simply supported belyniobatto’s integration

a=1 a=0.9999
20 elements one element 20 elements one element
Ess 157.966 158.054 127.866 127.311
Es- 157.966 157.966 127.866 127.705
Ese 157.966 157.963 127.866 128.634
Eoo 157.966 157.966 127.866 127.937

for in the formulation of the tangent stiffness matrix. As a result, the loss of the local stability is not
adequately related to the onset of the global instability. The phenomenon typically arises with
material-type localizations, such as shear bands and plastic hinges. This paper addresses the problem
in the context of the planar, finite-strain, rate-independent, materially nonlinear beam theory,
although the proposed technology is in principle not limited to beam structures.

To make the stability analysis more transparent, we first presented a weak formulation of
Reissner’s finite-strain beam theory, where the pseudocurvature of the deformed axis plays a role of
the only unknown function. Next, we derived the local stability conditions for the large deformation
case, and suggested possible combinations of the interpolation and numerical integration schemes
that trigger the simultaneous loss of the local and global stabilities of a statically determined finite
element. For practical applications, we advised a procedure that uses a special numerical integration
rule, where interpolation nodes and integration points equal in humber, but not in locations, except
for the point of the local instability, where the interpolation point and the integration node coalesce.

The previously derived large-displacement elastic-plastic beam formulations by Banovec (1986)
and by Sajeet al. (1997) employ a similar integration strategy but are based solely on small-strain
material instability conditions. As a result, those procedures also require certain relation between a
number of interpolation and integration points, but do not additionally set the condition that the
interpolation node, the integration point, and the point of the local instability coincide, which is the
implication of the present procedure.

In general, the point of local instability is not a priori located in an integration point or in an
interpolation node. To fulfill the requirement of the coalescence of the three points, a special
algorithm must be used whose essential part is the update of interpolation functions and the
construction of a customized integration rule. The details of these issues, however, were not the
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subject of this paper. Provided that the point of instability is an end-point of a-&eamdition
often met in engineering practigbe algorithm simplifies substantially; one such algorithm uses the
Lagrangian interpolation and Lobatto’s integration as in Banovec (1986) andt3&j€1997).
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