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Abstract

The purpose of the work presented in this thesis is to implement co-rotational beam
elements and branch-switching procedures in order to analyse elastic and elasto-
plastic instability problems.

For the 2D beam elements, the co-rotational framework is taken from Crisfield [23].
The main objective is to compare three different local elasto-plastic elements.

The 3D co-rotational formulation is based on the work of Pacoste and Eriksson [73],
with new items concerning the parameterisation of the finite rotations, the definition
of the local frame, the inclusion of warping effects through the introduction of a
seventh nodal degree of freedom and the consideration of rigid links. Different
types of local formulations are considered, including or not warping effects. It is
shown that at least some degree of non-linearity must be introduced in the local
strain definition in order to obtain correct results for certain classes of problems.
Within the present approach any cross-section can be modelled, and particularly,
the centroid and shear center are not necessarily coincident.

Plasticity is introduced via a von Mises material with isotropic hardening. Numer-
ical integration over the cross-section is performed. At each integration point, the
constitutive equations are solved by including interaction between the normal and
shear stresses.

Concerning instabilities, a new numerical method for the direct computation of elas-
tic critical points is proposed. This is based on a minimal augmentation procedure as
developed by Eriksson [32-34]. In elasto-plasticity, a literature survey, mainly con-
cerned with theoretical aspects is first presented. The objective is to get a complete
comprehension of the phenomena and to give a basis for the two branch-switching
procedures presented in this thesis.

A large number of examples are used in order to assess the performances of the
elements and the path-following procedures.

Keywords: instability, co-rotational method, branch-switching, beam element,
warping, plastic buckling, post-bifurcation.
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Chapter 1

Introduction

The analysis of structural instabilities is an important part of the design process in
civil, mechanical and aeronautical engineering. Despite the great interest surround-
ing these problems, most of commercial finite elements codes can model such phe-
nomena only partially. As a matter of fact, in these programs bifurcation loads are
often calculated through a linearised buckling analysis, which may give inaccurate
results in certain cases. Concerning post-bifurcation paths, these are often studied
by introducing small initial imperfections. In addition to the difficulties related to
the choice of the form and the magnitude of these imperfections, such an approach
removes the bifurcation and does not allow a complete physical understanding.

However, an accurate evaluation of bifurcation points is necessary for two different
purposes. First, these points define critical conditions for the functionality of struc-
tures. Second, in order to get a complete description of the instability, secondary
paths must be computed using perfect structures. This requires on one hand a
procedure for detecting and isolating bifurcation points along fundamental paths,
and, on the other hand, a procedure for performing branch-switching to secondary
paths. One of the purposes of this thesis is to develop such procedures for elastic
and elasto-plastic cases.

Most of the work done about instability concerns elastic structures under quasi-static
loading. The reason is that the analysis of such problems requires the introduction
of geometrical non-linearities which, in itself, is a rather complicated task to work
with. However, the assumption that the structure behaves elastically up to the
bifurcation point may not always hold. If some part of the structure develops pre-
buckling plastic deformations, then the analysis of the instability must include both
geometrical and material non-linearities.

Stability analysis of inelastic structures is complicated by the fact that the princi-
ple of minimum potential energy, which is the basic tool for the stability analysis
of elastic structures, cannot be applied. This is due to the dissipation of energy
inherent in plastic deformations. Consequently, the theory developed by Koiter or
the more refined catastrophe theory, which proposes a classification of the critical
points as well as methods to investigate post-bifurcation paths and imperfection
sensitivity aspects, cannot be applied. In fact, the irreversibility of plastic deforma-



tions produces new phenomena. While in elasticity bifurcation occurs at isolated
critical points and is characterised by a loss of stability on the fundamental path, in
plasticity, bifurcation along the fundamental path may occur at a continuous range
of equilibrium points.

Although that the first comprehensive description of this phenomenon has been
given in 1947 by Shanley [88], the complete description of bifurcation and insta-
bility in time-independent plasticity was mostly developed in the two last decades.
The absence until recent years of such a theoretical basis and the complexity of the
problem explain why most of the books about stability of structures treat plastic
instabilities only superficially or even not at all. It explains also why so little nu-
merical research has been performed concerning the topic. Most of the work with
finite elements concern elastic structures and often under quasi-static evolutions.

Naturally, finite beam elements are very common: a huge amount of research has
been carried out within this topic and commercial codes propose often several el-
ements which include both geometrical and material non-linearities. However, two
problems remain. The first one concerns warping effects which are usually not in-
cluded in non-linear formulations; if they are considered, it is often by assuming
bi-symmetric cross-sections. The second problem is related to plastic instability
problems in the sense that most of elements are too crude to model correctly such
phenomena. As an example, it will be shown in this thesis that elements which ne-
glect hardening or use yield criteria expressed in function of stress resultants cannot
be used. In fact, concerning beam elements, attempts to correctly model plastic
bifurcation problems and compute post-bifurcation paths are not very common in
literature. Thus another purpose of this thesis is to develop efficient non-linear beam
elements which can include warping effects for arbitrary cross-sections and which
are accurate enough in order to model elastic and elasto-plastic instability problems.

In this context, the co-rotational approach has generated an increased amount of
interest in the last decade. However, most of the work done on co-rotational beam
elements concern trivial cross-sections, as rectangular ones. It appears then inter-
esting to investigate the co-rotational approach in order to introduce warping effects
and arbitrary cross-sections.

1.1 Aims and scope

An important research concerning numerical stability analysis of elastic structures
under quasi-static loading has been carried out in the last years by the Structural
Mechanics Group at KTH. Based on a co-rotational approach and under the as-
sumption of small deformations, efficient beam [72,73] and shell elements [59,68,71]
have been developed in order to model large displacements problems in general
and stability problems in particular. At the same time, advanced path-following
methods [30-34,65] including branch-switching procedures and parameter sensitiv-
ity analyses (fold lines) have been implemented. An incursion into dynamics [37]
has also been performed.



The first aim of this thesis was to introduce material non-linearity in this previous
work and to investigate how the co-rotational beam elements and the path-following
procedures have to be modified in order to account for plastic deformations. For
this purpose, the co-rotational approach is well suited since it leads to an artificial
separation of the material and geometrical non-linearities. Consequently, only local
internal force vectors and tangent stiffness matrices need to be modified.

The work first focused on 2D beam elements. Three local elasto-plastic formulations
have been developed and tested. Based on the Bernoulli assumption, the first two
local elements use a linear and a shallow arch local strain definition, respectively.
The third element is based on the Timoshenko assumption with linear interpolations.

Concerning path following aspects, two methods of branch-switching in elasto-
plasticity have been implemented. In the first one, branch-switching is operated
by using as predictor the eigenvector associated to the negative eigenvalue at the
bifurcation point. In the second one, introduced by Petryk [76-81], an energy ap-
proach is used to select automatically the stable post-bifurcation path.

Before dealing with numerical aspects, a literature review on plastic instabilities
was carried out. The first objective was to get a complete picture of the physical
phenomena involved, and thus enable a correct numerical modelling. For that, the
models of Shanley and Hutchinson have been carefully analysed. The second objec-
tive was to get the theoretical background for the two branch-switching procedures.
This background has been provided by the works of Hill [45] and Petryk [76-81].

This work constitutes the Licentiate Thesis, Plastic instability analysis of plane
frames using a co-rotational approach [5], presented by the author in June 1999.

The second aim of this thesis was to further develop the 3D beam elements developed
by Pacoste and Eriksson [73] and also to incorporate material non-linearity. With
respect to this previous publication, the new items concerning the co-rotational
framework are a new definition of the local frame, the use of the spatial form of
the incremental rotational vector to parameterise finite rotations, the inclusion of
warping effects through the introduction of a seventh nodal degree of freedom and
the consideration of rigid links. As regard the local formulation, a systematic study
of partly non-linear expressions for beam deformations has been carried out and it
has been shown that some degree of non-linearity must be introduced in the local
strain definition in order to obtain correct results for certain problems involving
torsional effects.

With these improvements, the elements presented in this thesis can be used to model
any problems involving large displacements and rotations, under the assumption of
small strains. In addition, arbitrary beam cross-sections can be considered and
particularly, the centroid and shear center are not necessarily coincident, as it is
often assumed in non-linear beam elements.

The third aim of this thesis was to adapt the work of Eriksson [32-34] about fold line
algorithms and develop a new procedure for the direct computation of elastic critical
points. Compared to the classical approach of Wriggers et al. [104, 105], two main



modifications have been introduced. First, following Eriksson [32-34], the condition
of criticality is expressed by a scalar equation instead of a vectorial one. Next, the
present procedure does not use exclusively the extended system obtained from the
equilibrium equations and the criticality condition, but also introduces intermediate
iterations based purely on equilibrium equations under load or displacement control.

Finally, concerning the modelling of inelastic instabilities, the choice between an
incremental flow plastic theory and a total strain or deformation theory must be
discussed. As a matter of fact, experimental results have paradoxically but persis-
tently shown that the deformation theory is superior to the flow one in predicting
plastic buckling loads for certain problems, e.g. the inelastic axial-torsional buck-
ling of cruciform columns. However, contrary to the flow theory which relates the
increment of plastic strains to the stresses so that the plastic strains depend on
the loading history, the deformation theory relates the total plastic strains to the
stresses and the plastic strains are independent of the loading history. Consequently,
the deformation theory cannot describe phenomena associated with loading and un-
loading from the yield surface. In fact, this theory is restricted to the particular
type of stress history known as proportional loadings [11] in which the components
of the stress tensor increase in constant ratio to each other. This assumption is
not respected in many cases and particularly it makes the study of secondary paths
impossible. For this reason, and despite the previously mentioned paradox, an in-
cremental flow theory has been adopted in this thesis, and a von Mises material with
isotropic hardening has been taken. Two additional arguments against the defor-
mation theory is its lack of physical ground and the difficulty of finding numerical
examples in the literature.

1.2 General structure

To get an overview of the general structure of this thesis, the contents of the chapters
are presented in the following.

In Chapter 2, a review on plastic instabilities is presented. As mentioned before,
both physical and theoretical aspects are emphasised. Since a lot of work has been
done on it, a special section is devoted to the plastic buckling of the Euler beam.

In Chapter 3, internal force vectors and tangent stiffness matrices for three elasto-
plastic 2D beam elements are derived. An important part is devoted to the resolution
of the constitutive equations for the Timoshenko element.

In Chapter 4, a complete description of the co-rotational framework for 3D beam ele-
ments is presented. Several local formulations in elasticity, including or not warping
effects and based on Timoshenko or Bernoulli assumptions are discussed. Plasticity
is further included in the local formulation of the Timoshenko elements.

In Chapter 5, path following techniques are developed. First, the procedure used
to compute non-critical paths is presented, both at structural and element levels.
Then, the new algorithm for the direct computation of elastic critical points and the



two branch-switching methods in elasto-plasticity are explained in detail.

In Chapter 6, five 2D numerical examples in elasto-plasticity are studied in order to
assess the performances of the branch-switching procedures and the 2D elements.

In Chapter 7, ten 3D numerical examples are presented in order to assess the perfor-
mances of the elastic elements. Several examples are devoted to the parameterisation
of finite rotations.

In Chapter 8, eight numerical examples are studied in order to compare the conver-
gence properties of the new algorithm for the direct computation of elastic critical
points with the classical approach of Wriggers et al. [104, 105]

In Chapter 9, five 3D numerical examples in elasto-plasticity are used in order to
assess the performances of the elements and the branch-switching procedures.

In Chapter 10, conclusions and directions for future research are presented.

Correspondence with previous publications

Chapters 2 and 3 are reproduced from [5] with some minor modifications. In Chapter
4, the description of the co-rotational framework and the elastic local formulation
are taken from [6], while the plastic local formulation is taken from [9]. Minors
modifications have been introduced and particularly, the evaluations of matrices G
and K/ in Section 4.2.3 are extended. In Chapter 5, Section 5.2 is taken from 8],
while Section 5.3 is taken from [9]. The numerical examples in Chapter 6 are similar
to the ones published in [5]; However, some modifications have been introduced,
e.g. the implementation of the minimisation procedure. Chapters 7 and 8 correspond
to the sections headed “Numerical examples” in [6] and [8], respectively. Chapter
9 corresponds mainly to the section headed “Numerical examples” in [9]; the only
difference is that the two 2D examples presented in [9] are not reproduced.






Chapter 2

Plastic instabilities — review

Historically, plastic buckling of columns has been studied since the early works of
Considere [20] (1891) and von Karman [102] (1910). The issue under consideration
at that time was the determination of the maximal load that columns can support.
Despite considerable efforts in the following decades, this apparently simple problem
did not receive a comprehensive solution until the work of Shanley [88] (1947).
Based on experimental results, Shanley showed that the plastic bifurcation of a
perfect column occurs at the so-called tangent modulus load and is characterised
by the apparition of a zone of elastic unloading. Moreover, by using a very simple
model of the column, consisting of two rigid parts connected with two springs,
Shanley was able to give a correct qualitative description of the phenomenon of
plastic bifurcation and outlined the existence of a continuous range of bifurcation
points. The most interesting feature of Shanley’s model lies in its simplicity: with
very simple mathematics a complete solution to the problem can be obtained. An
improved model, where the two rigid parts are connected by a continuous range
of springs was introduced by Hutchinson [49] (1973). This model has been used
to study theoretically and numerically imperfection sensitivity and secondary post-
bifurcation paths in plastic buckling problems.

Based on the study of Shanley’s model, one very important difference between elas-
tic and plastic bifurcations becomes apparent: in elasticity, bifurcation occurs at
isolated critical points and is characterised by a loss of stability on the fundamen-
tal path; in plasticity, a continuous range of stable bifurcation points along the
fundamental path may occur.

Despite its significant phenomenological insights, the work of Shanley remains lim-
ited in scope. Its conclusions are essentially restricted to the plastic buckling of
compressed columns. The first theoretical general approach to bifurcation and sta-
bility in elasto-plastic solids was given by Hill [45] (1959). By taking into account
the change in geometry during the deformation process, Hill derived criteria for the
uniqueness and stability of a solution and introduced the notion of linear comparison
solid. However, several problems remained. On the theoretical side, one important
question is how to interpret the stability of the points along the fundamental path
beyond the first bifurcation point since these points have no apparent physical mean-



ing. On the numerical side the notion of linear comparison solid does not lend itself
to a direct implementation which would result in a reliable numerical procedure to
calculate the lowest bifurcation point.

Within the framework of an energetic approach, Petryk [76-81] proposed a solution
to these two problems by introducing the notions of tangent comparison solid and
stability of a deformation path. His results, obtained by assuming a discretisation
of the structure and the symmetry of the constitutive moduli give a complete theo-
retical description of the phenomenon and can be considered as a generalisation of
the conclusions obtained with Shanley’s model. Furthermore, they are the basis for
the numerical branch-switching procedures used in this thesis.

It should be noted here that an energetic approach to Hill’s criteria was also given
by Nguyen [62,63] in 1987. This theory, which has also applications in fracture and
friction mechanics, will not be investigated in this thesis.

Following this brief introduction, the remainder of this chapter is organised in four
parts. The first part is a review of the work done on the simple models introduced
by Shanley and Hutchinson. The second part presents the criterion of uniqueness
and the notion of linear comparison solid introduced by Hill. As an application,
the theoretical analysis of the plastic buckling of the Euler beam is presented in
the third part. In this context, emphasis is given to the study of the secondary
post-bifurcation path. Finally, based on the work of Petryk, the last part presents a
complete theoretical approach to instability problems in time-independent plasticity
in the context of discrete structures.

2.1 Simple models

Two simple models are presented and analysed in this section. The first one origi-
nates from Shanley. Its study is interesting for several purposes. From a pedagogical
point of view, Shanley’s column is the simplest structure presenting plastic bifurca-
tion and can be studied with very easy mathematics. From a historical point of view,
the work done by Shanley in 1947 gives the first correct description of the problem.
The second model has been introduced by Hutchinson in 1973 and has been inves-
tigated later by several authors. Its study generates qualitative conclusions about
the effects of both geometrical and material non-linearities on post-bifurcation be-
haviour.

2.1.1 Shanley’s column

In his famous article, Shanley [88] studied a model (cf. Figure 2.1) consisting of a
rigid L frame loaded by a vertical downward force P. The frame is maintained in
equilibrium by two springs k; and ky. The stiffness of the springs is either E or Ej,
depending on whether plastic deformation occurs. The system has two degrees of
freedom, z and 6. A linearised study is performed.



Figure 2.1: Shanley’s column.

Equilibrium equations
The equilibrium equations are

P:Fl—f-Fg (21&)
PHO=(F,— F)L (2.1D)

where F7 and F; are the forces in the springs given by

F1 = kl (Z — LG) (22&)
which finally gives
(k1+ko)(Hz—L?) 0= (ko — k1) Lz (2.3b)

By differentiation the following rate equations are obtained

P=(ky+ky) i+ (ky—k)) L8 (2.4a)
(ky + ks) [(Hz—LQ)éJrHHz‘] — (ks — k) L3 (2.4D)

Fundamental path

The fundamental path is defined by

Q=0 ki=ky=FE P=2Fz in the elastic range
0=0 ki=ky=F, P=2F,z in the plastic range

Bifurcation paths

The possibility of bifurcation from the fundamental path with 6 > 0 is now in-
vestigated. Since a linearised analysis is performed, only the initial tangent of the
post-bifurcation paths is possible to evaluate. Consequently, the angle 0 is set to 0.



Two trivial cases can easily be found if k; = ko. Equation (2.4b) is then reduced to

(Hz—L%*)60=0

and bifurcation is possible if

L2
z = ﬁ
which by taking account of (2.3a) gives as bifurcation loads
2 L2
PeZFE if k=hk=F
2 L2 _
PtZTEt if k?lzk?Q:Et

where P, is the elastic buckling load and P, is the tangent modulus load.
Other solutions are searched by assuming
ky=F ky = E;
which implies
Fi<0 F>0
and therefore, from (2.2a) and (2.2b)
~LO<z:<Lé

Equation (2.4b) can be rewritten as

. E+ L H .
— 1- 2.6
N E—&( %

Introducing equation (2.12) in (2.4a), and taking (2.3a) into account gives

. HFE+E, .
P=(P.—P)— 0
(P )LE—Et
where
2 L? 2F F,
P=—2~FF, E,. =
H E+ E,

P. is the reduced modulus load and E, is the reduced modulus.
By using (2.12) and (2.3a) the conditions (2.11) provide after some work
P<P<P,

Conclusions

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

From the equations (2.13) and (2.15), it can be concluded that there is a continuous
range of bifurcation loads between P, and P.. Moreover, the initial tangent of the
post-bifurcation path is positive at P;, negative at P,, and range monotonically
between P, and P. with a horizontal tangent at P,.. These results are represented in

Figure 2.2.
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Figure 2.2: Linearised analysis of Shanley’s column.

Three remarks concerning the study of this model should be mentioned [87]:

e The infinite number of bifurcations does not come from the non-linearity of the
stress—strain relation but from the irreversible character of the process: a strain
configuration can correspond to an infinite number of stress configurations,
corresponding to different histories of the loading.

e The stability aspect will be studied in details in the following sections. How-
ever, it can be inferred intuitively that the fundamental path will be stable in
a dynamical sense up to P, (upward tangent) and unstable after (downward
tangent).

e The conditions (2.10) assume that both springs are plasticised (k1 = ky = E)
before the load reaches P;. If Py is the yield limit of the springs and if P, < Py,
then the bifurcations between P, and Py do not exist.

2.1.2 Hutchinson’s model

The model introduced by Hutchinson [48-50] and shown in Figure 2.3 differs from
the previous one in that the L frame is supported by a continuous distribution of
springs. Imperfections are represented by an initial rotation @ from the vertical in the
unloaded state. Linearised analysis is performed once again and geometrical non-
linearities are artificially introduced through a horizontal non-linear spring which
develops a force F(0) = k L? 6% (k > 0).

This model has been studied with two different elasto-plastic laws as shown in
Figure 2.4. The first law is the classical bilinear one while the second is of Ramberg-
Osgood type defined by the equation

== i+a(i>n (2.16)

€y Oy Oy
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Figure 2.4: Bilinear and Ramberg-Osgood (o = 0.2, n = 3) elasto-plastic laws.

Equilibrium equations

The linearised equilibrium equations are

P%:/%adx (2.17)

L

L
PH(€+9)+FH:/ oxdx (2.18)
-
with
e=u+axb (2.19)

and

o = FE;¢ for plastic loading

o= FE¢ for elastic unloading or within the elastic range (2.20)

A review of some results found in literature is presented below.
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Continuous range of bifurcation points

The purpose of the study performed by Cimetiere, Elkoulani and Léger [18] was to
prove mathematically the results obtained by Shanley on the basis of the two springs
model, i.e. every point within the interval [P, P.| where P, = %Et and P, = %E
is a bifurcation point while no bifurcation points are present outside this interval.
In this study, a constant value of F; was adopted and geometrical non-linearities
were neglected (k = 0). The results, adapted from [18], are shown in Figure 2.5.

P

4
P

e

A
r //A
R

L > 0

Figure 2.5: Bifurcation diagram for F/E; = 5.

Imperfection analysis

Hutchinson [48,50] calculated numerically the post-buckling path in the case of a
Ramberg-Osgood model with o = 0.2 and n = 3. The results (adapted from [48])
with and without imperfections are shown in Figure 2.6. The imperfect paths are
obtained for § = 0.001. The imperfect structure gives equilibrium paths which
tend to the path branching at P, when 6 tends to 0. This suggests that a perfect
model will bifurcate at P;, and therefore, only the path branching at P, needs to be
investigated. The other post-bifurcation paths do not have any physical meaning.
Su and Lu [94] studied the case with constant E; and k£ > 0 and found similar
results.

Asymptotic expressions

The curves shown in Figure 2.6 present a maximum point for relatively small values
of 6. Hutchinson calculated asymptotic expressions for the stable portion of the
post-bifurcation path and then deduced expressions for the maximum load. For the
structure without imperfection, he obtained expansions in the form

P=P + MO+ X0+ X367+ ... (2.21)

The difference from similar expressions obtained using Koiter’s theory for elastic
structures (cf. e.g. [96]) is the presence of a term Ay #%2 which comes from the
apparition of a growing elastic unloading zone at bifurcation. However, it has to
be emphasised that such expressions are only valid for sufficiently small values of 6.

13
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Figure 2.6: Post-buckling behaviour and imperfection sensitivity in the case of a
Ramberg-Osgood relation (H/L = 1).

Hutchinson compared these asymptotic expansions with numerical calculations and
found that good accuracy is preserved until the maximal load only in the case of
strong geometrical non-linearity (k/E = 1). Van der Heijden [99] proposed a differ-
ent method to calculate more accurate asymptotic expansions, but strong divergence
from numerical simulations were still observed for cases without strong geometrical
non-linearity.

Combination of geometrical and material non-linearities

An analysis without linearisation (and thus without a horizontal spring) was pro-
posed by Cimetiere and Léger [19]. A better description of the model is needed and
the two cases shown in Figure 2.7 were studied. In case (a) the springs are tied at
their bottom and free to move along the z-axis at their top. In case (b) the contrary
applies.

(@ (b)

Figure 2.7: Models with non-linear geometry.

In case (a), equations (2.19) and (2.18) are replaced by

€ =u+x tanf (2.22)

14



Lg
P H sin6 :/ xdz (2.23)

; cos?

while in case (b) they are replaced by

e=u-+xsinf (2.24)
L

P H sinf = / xrocosfdr (2.25)
L

The models have been tested with a bilinear elastic-plastic law, without geometrical
imperfections. The numerical results for case (a) show a monotonically increasing
post-bifurcation curve. In case (b), the bifurcated branch can be either monotoni-
cally strictly increasing or it can present a maximum, depending on the ratio E;/FE.

The conclusions presented in [19] are now summarised.

The cumulative effects of geometrical and material non-linearities are difficult to
study without numerical simulations, e.g. different ratios E;/F in the bilinear elastic-
plastic law or different exponents n in the Ramberg-Osgood relation can lead to
different qualitative solutions (cf. also [61]).

With respect to the effects of material non-linearities, it can be concluded by com-
paring Figures 2.5 and 2.6 that the decreasing stiffness of the material in the plastic
range (Ramberg-Osgood law) has destabilising effects.

The geometrical non-linearity can have both stabilising or destabilising effects. The
differences in the post-buckling paths of the cases investigated can be partly under-
stood by considering only geometrical non-linearity. Four models have been studied:

e model 1 : linearised equations without geometrical imperfections
e model 2 : linearised equations with geometrical imperfections
e model 3 : non-linearised equations, case (a)

e model 4 : non-linearised equations, case (b)

The elastic post-buckling paths for these models are shown in Figure 2.8. It can
be concluded that an unstable elastic post-critical curve accentuates the possibility
of occurrence of a maximum point and a stable one accentuates the possibility of a
monotonic path.

Moreover, in the vicinity of the bifurcation, material non-linearity prevails over the
geometric one and a stable path is always obtained. More detailed conclusions
cannot be derived.

15
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Figure 2.8: Elastic post-buckling of the studied models.
2.2 Hill’s criterion of uniqueness

This section presents the theoretical results, due to Hill [45], concerning uniqueness
of the solution of an elastic-plastic deformation.

A general solid body subjected to a quasi-static loading defined by the parameter X is
considered. The general boundary-value problem in elastic-plastic deformation can
be defined as follow: at a generic stage in the loading process, the current shape of
the body and the internal stress distribution are supposed to have been determined
already, together with the existing state of hardening and mechanical properties in
general. The incremental changes in all these variables have now to be calculated
for a further infinitesimal variation A of the loading parameter. The question of the
uniqueness of the solution is then set.

The differentiation of the principle of virtual work can be written in the form

/NZ] 6uj,i dv = /bj 5Uj d’l]—i-/j} 5Uj ds (226)

where T are the surface tractions applied on the surface s and b; are the body forces.
N;; are the nominal stresses, i.e. the stresses acting in the current configuration on
an infinitesimal surface element in the reference configuration. du; is a kinematically
admissible virtual displacement.

Two different incremental solutions, u; and 1}, are considered. By taking as virtual
displacement

J

the following equation is obtained

/Nm (Au]) yi dv = /b] AU]' dv + /1} AU]' ds (228)

(2 S
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Equation (2.28) must hold also if 1; and 4} are interchanged, that is, if Nij, b; and

T are replaced by NZ’;, b;*, and T* Subtractmg these two equalities and introducing
the notations

AN = Ny — N Ab;j=b;—b: ATy =T, —T; (2.29)

J

gives
/ANij (Auy) ,; dv = /Abj Aujdv + /AT] Aujds (2.30)

The loading is assumed conservative, which means that 7} and b; are only depending
on \, which further implies 7} = T* and b; = b* Equatlon (2. 30) is then reduced to

/ i (Auy) ,; dv =0 (2.31)

Hence, according to Hill, uniqueness of the solution is ensured if
/ i (Auj),; dv >0 (2.32)

for every kinematically admissible Au,;.

2.2.1 Linear comparison solid

The criterion defined in equation (2.32) is difficult to apply in practical problems.
By introducing the notion of linear comparison solid, Hill proposed a second cri-
terion which is easier to handle. A fictitious solid having the same configuration
and stresses under the current loading as the real one, but a different incremental
constitutive law is considered. Namely, at each material point, the fictitious solid is
assumed as incrementally linear with the constitutive relationship

By using the notations in (2.27) and (2.29), the modulus C%

77k 1s chosen such that

ANy (Auy) i > Ol (Auy) i (Aug) o, (2.34)

for every pair of incremental solutions u; and ;.

The following functional F' is then defined
= /Cz%k;l (Au;) i (Aw) o dv (2.35)

From (2.31) and (2.34), it can be concluded that

H>F (2.36)

17



and by using (2.32), the criterion of uniqueness can be expressed as

/ i (Aug) i (Awy) o dv >0 (2.37)

for every kinematically admissible Au;.

The problem related to equation (2.37) lies in choosing the optimal linear comparison
solid so that the difference between F and H is as small as possible. An example of
such a choice is given in Section 2.3.3.

2.3 Euler beam analysis

The purpose of this section is to present a review of the different works done on the
plastic buckling of a pin-ended column based on the Bernoulli plane beam assump-
tions. After presenting the elastic case and the two classical theories of the tangent
and reduced modulus load, a theoretical analysis is performed, starting from Hill’s
criterion of uniqueness. A post-bifurcation analysis is also presented.

The column, see Figure 2.9, has a circular cross-section. It is assumed thick enough
so that elastic buckling is prohibited, but slender enough so that beam theory can
still be applied. The model adopted is based on a shallow arch strain formulation
which, under Bernoulli hypothesis, is defined by

e=u+ 5(1}’)2 —yv” (2.38)

where a prime denotes differentiation with respect to z.

A bilinear elastic-plastic law is considered.

/
/
[
Vix) b L
|
\uX A
\
y<—”27§7 y <« -

Figure 2.9: Simply supported column with circular cross-section.
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2.3.1 Elastic case
The elastic buckling analysis is performed by using the principle of virtual work

/0(55 dv = —Pduy, (2.39)

v

If the beam is inextensible, equation (2.38) gives
/ ]' N2
w4+ () =0 (2.40)

and therefore

5uL:/5u': —/v’&/dm (2.41)
L L

Equations (2.38), (2.40) and (2.41) are introduced in (2.39). After some work, the
second order terms give the classical Euler equation

EIvV"+Pv=0 (2.42)
The solution is given by

mEl mER*
P, = iy (2.43)

The eigenmode associated with P, is

v =R sin (H> (2.44)
L
and the related strains are
w2 /T
€=73 Ry sin (T) (2.45)

Equation (2.42) can also be derived by using a linear strain theory and by writing
the equilibrium equations in the deformed configuration. This analysis, based on
a shallow arch strain definition, is usually called linearised buckling or Euler buck-
ling. It gives the right critical load, but the post-bifurcation path obtained is the
horizontal line P = P., while the exact one is an upward parabola [29,72].

2.3.2 Reduced versus tangent modulus load

These two theories based on linearised buckling assumption were in concurrence
until Shanley showed that a perfect column begins to bend at the tangent modulus
load P;. Shanley’s results are based on experiments and on the assumption that a
column behaves qualitatively in the same way as the discrete model he introduced.
The theoretical rigorous proof requires Hill’s criterion of uniqueness and will be
described in the next section.
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Apart from the historical aspect, the interest in presenting these two theories lies in
the physical description of the buckling phenomenon. Moreover, although the theory
of the reduced modulus load P, is not correct, this load corresponds to the limit
of stability along the fundamental path and has therefore a theoretical importance
(cf. Section 2.4.3)

In order to simplify the calculations, a column with a rectangular cross-section

(A =10bh) is considered.
Reduced modulus load

It is assumed that the column remains straight while the axial load is increased
beyond the yield point, after which the column bends, or tries to bend, at a con-
stant compressive force. The problem is then the same as for Euler’s theory, i.e. to
determine deformed configurations which are in equilibrium. The calculations based
on Figure 2.10 are summarised below.

|
h loading 1 unloading

before buckling during buckling

Figure 2.10: Reduced modulus load assumptions.

Ao, = FE; Ae  in the loading area

Aoy = F Ae in the unloading area (2.46)

Buckling occurs at a constant axial load, which implies

/A Ao =0 (2.47)

Equation (2.47) gives the position of the z axis as function of the moduli £ and Ej.
The bending moment is then calculated according to

M= /A 2 Ao (2.48)
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which gives
M=E.1/p (2.49)

with
1 -2
E, = {5 (E-W + B Y 2)} (2.50)

E, is called the reduced modulus and depends on the shape of the cross-section.

By introducing the classical equations
M= —Py 1/p=1y" (2.51)
the following differential equation is obtained
E.Iy"+Py=0 (2.52)

By similarity with Euler equation, the solution is given by

7T2

Pcr:Pr 12

E. 1 (2.53)
This result is valid under the assumption that the column is plasticised at P,, i.e. if
P, > Aoy (oy is yield limit defined in Figure 2.4).

Tangent modulus load

Actually, the column is free to bend at any time. There is nothing to prevent it
from bending simultaneously with increasing axial load. The tangent modulus load
theory assumes that the column remains straight until the critical load P; is reached
and that an infinitesimal lateral deflection occurs when applying an infinitesimal
increment load AP in such a way that the tensile strain caused by the deflection
is compensated by the axial shortening due to AP. Then there is no unloading
point in the cross-section (cf. Figure 2.11) and Ao = E; Ae still applies everywhere.
The analysis is therefore the same as in the elastic case by replacing F by E;. The
solution (Euler) is

2
s

If AP is assumed infinitesimal, the critical load is obtained as

2

P,=P = I3 E 1 (2.55)
This result assumes also that the column is plasticised at P, i.e. P, > Aoy.
Remark

This approach presents a paradox. There is no elastic unloading and FE; applies
everywhere. Therefore, according to Euler’s theory of buckling, the load cannot
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Figure 2.11: Tangent modulus load assumptions.

exceed P;, which is inconsistent with the application of AP. This paradox was
explained first by Shanley [88]. By measuring the strain distribution in a column
test, he showed that bending in a perfect column begins at the tangent modulus
load P, with one line of non-loading (in case of a column with rectangular cross-
section). After that, a further increase of the load is supported by the apparition of
a zone of elastic unloading. This zone expands when the load increases as shown in
Figure 2.12.

-~ line of non loading at P,

/’
1 A/

~

- -~

\ /?\ zone of elastic unloading

A4

Figure 2.12: Zone of elastic unloading in a column with rectangular cross-section.

2.3.3 Theoretical plastic analysis
This analysis can be seen as an application of the concepts presented in Section

2.2. In addition, based on the work done by Hutchinson [49,50], a study of the
post-bifurcation path is performed.
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The beam is assumed uniformly compressed beyond the plastic limit (P > oy 7 R?).
The problem is to determine whether it is possible to obtain a bifurcation when
an infinitesimal load increment AP is applied. The incremental changes of the
fundamental solution are denoted by Ac; and Ae; while those of the bifurcated
solution are denoted by Aoy, and Aegy, with e defined according to equation (2.38).

The difference between these two solutions is denoted by
Ae = A&b - ASf Ao = AO’b - AO’f (256)

The function H, defined in (2.31), can be rewritten as
H= /Aa Ae do (2.57)

At P the whole beam is plasticised since the fundamental path is a pure axial
compression. The linear comparison operator Ci?kl defined in Section 2.2 is taken as

C'ijl = E,

1,

Hence, the function F' (2.35) can be rewritten as
F= /Et Ae? dv (2.58)
For this particular problem, the relation F' < H (2.36) can easily be proved as follow
H—-F= /Tdv (2.59)

with

T = (Ao — E;Ace)Ac (2.60)
= [(AO’b — AO’f) — Et (Ae’ib — Aé‘f)] (A€b — Ae’if)

Depending on the sign of Ae, and Aey, T' can take the following values

OAébSO AEfSO — AO‘b:EtAEb AO’f:EtAéTf
— T=0

.A&;SO AEfZO — AO’b:EtA€b AUf:EA€f
— T:(Et—E)AEf(ASb—AEf)ZO (Et<E)

erbEO A»szO — AO‘b:EAﬁb AO’f:EAéf
— T=(E-FE)(Ag,—Acf)> >0

OA&“(,ZO AEfSO — AO’b:EAEb AO’f:EtA&Tf
— T =(E—-E)(Ag, —Acs) Agy, > 0
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This shows that T' > 0 always applies and therefore H — F' > 0.
Bifurcation load

Let P, be the lowest value for which the condition F' = 0 is satisfied. The solution
of the variational principle 0 F' = 0 is given in Section 2.3.1. The only modification
required is the replacement of E by FE;. Hence, the critical load is

mE I 7w E R* B

Po=—p = =h (2.61)

and the associated eigenmode is defined by

V= o (70)

2
= YT Rysin (E> (2.62)

L
Equation (2.61) confirms that the lowest bifurcation occurs at the tangent modulus
load P, as it was originally shown by Shanley.

Initial tangent

A bifurcated solution is searched as a linear combination of the fundamental path
and the eigenmode of the elastic comparison solid

A{‘:b - A&f = g %) (263)

with ¢ denoting the amplitude of the eigenmode defined by (2.62) which is taken as
the independent variable in the post-buckling expansion. With (2.63) F' = 0, but
not H, unless both Ag;, and Aey have the property that no elastic unloading occurs
at any point in the column. The load ratio A and its incremental variation A\ are
introduced as

P
AM=A-X=M¢E  (A=1) (2.65)

If \; has to represent the initial tangent to the bifurcated path, a differential form
of equations (2.63) and (2.65) can be obtained by the following transformations

Agy,  Aegp () AN
: : : 1 (2.66)
When ¢ — 0, equations (2.66) give
G=fp+ W= b Y (2.67)

with

=22 g=2Y (2.68)
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For the column

of AP, / —7% R?
_2f _ = 2.
TR rrE T (2.69)
Equations (2.67) and (2.69) give
o mRE[ Ny . /7w
Ep = 72 |:—Z + E S11 (T>:| (270)
By taking A\; large enough it is obviously possible to obtain
£, < 0 (2.71)

everywhere in the column so that no elastic unloading occurs, which further implies
H = 0. The problem is to determine which value(s) of A; can be solution to the
boundary-value problem. For this purpose, the slope for the elastic comparison solid
at bifurcation is denoted by A¢. Euler analysis gives A\ = 0. Then \¢ is such that
Aoe oy T
—— 4+ =sin({—) >0 2.72
1+ TR Sm( L ) (2:72)

in some part of the column and therefore!
e\ (2.73)

It can then be inferred that the initial slope of the elastic-plastic solid A; must be the
smallest value consistent with (2.71). The reason for this is that if A\, were larger,

then by continuity there would be some range of positive £ where &, would be lower
than zero everywhere. Consequently, the behaviour of the elastic-plastic solid would
initially coincide with that of the comparison solid so that A\*¢ = \;. However, this
possibility is contradicted by (2.73) which implies that A; is the smallest value such
that

o TR Ny . Tz
Vexe[0;L] andy € [-R; R] &,= 72 {—Z + T sin (T)} <0 (2.74)

The solution is then
AN =4 (2.75)

and one point of non-loading (£,= 0) is obtained at = L/2 and y = R. This
argumentation proves that a zone of elastic unloading spreads from this point after
the bifurcation.

Post-bifurcation path

By performing a perturbation expansion of A about the bifurcation point, Hutchin-
son calculated an expression for the post-bifurcation path under the form

A=1+4E+ NP (2.76)

!The inequality (2.73) is verified in most of the common elastic-plastic problems.
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This approach is similar to that developed in Section 2.1.2 for the | model. Here,
Ay and [ are determined by an approximation of the lowest order non-vanishing
terms in the equation of virtual work (2.39), which gives

1

E 1/3
2 6337(E_Et) B=3 (2.77)

The analysis which leads to the above expression is rather lengthy and will not be
described here. It can be noted that Hutchinson showed that the second term of
the perturbation expansion comes essentially from the apparition and expansion of
the zone of elastic unloading. The same result was also obtained using a different
method by Leger and Potier-Ferry [58]. Using the expression (2.76), an estimation
of the maximal load can be calculated as

E—-LE; E—FE,

Amax = 1+ 0.106 Emax = 0.106 (2.78)
t t
In the case of a rectangular cross-section, the same analysis leads to
E 2/5
A=1+36+X0E7° Xy =—5.003 (2.79)
E—E,

Remark 1: Contrary to the elastic case, the post-buckling path in the plastic range
depends on the geometry of the cross-section. It comes from the growth of the elastic
unloading zone which depends on the shape of the cross-section (cf. Figure 2.13).

section A-A

A
vl [y @

Figure 2.13: Zone of elastic unloading for circular and rectangular cross-sections.

According to the author’s opinion, the two following remarks about expressions (2.76)
and (2.79) can be stated.

Remark 2: The strain assumption (2.38) is to crude to represent correctly the
elastic post-bifurcation. This study is therefore based on the assumption that in
the vicinity of the post-bifurcation path material non-linearity prevails over the
geometrical one. However it is not known how far this assumption is valid and
especially if it is still valid when the maximal load is reached. The results presented
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in Section 2.1.2 suggest that geometrical non-linearity influences the post-bifurcation
path in the plastic range and therefore the value of the maximal load.

Remark 3: The expressions (2.76) and (2.79) are only valid for small values of £, but
it is not known how large £ can be. They may diverge from the correct path before
the occurrence of the maximal load and therefore the estimations of the maximal
load may not be correct. In the case of a rectangular cross-section, Cheng [16], using
a different approach, calculated the following term in the expansion

E 4/5
A=143E4+ AP+ A8%5 Ay =2.207 (E _tEt) (2.80)

The expressions (2.79) and (2.80) are plotted in Figure 2.14. Here again, it is not
known how far the expression (2.80) is valid. It is not certain that the addition of
another term in the expansion will increase the accuracy of the maximal load. The
unusual high values of Ay (= 2) and &pax (= 1.8) suggest that (2.80) diverges from
the correct path before the occurrence of the maximal load.

A

2

including 9/5 term

15+

not including 9/5 term

05, A : A : e £

0.5 1 15 2 25

Figure 2.14: Post-critical paths according to (2.79) and (2.80) with E;/E = 0.2

2.4 Discretised systems

In the light of the application presented in the last section two fundamental ques-
tions remain. The first one concerns the choice of the constitutive moduli in the
elastic comparison solid. Until now, no method has been proposed to find a com-
parison solid which does not overestimate the range of non-uniqueness and gives by
eigenvalue analysis the lowest bifurcation point. For the Euler beam it has only
been shown that taking FE, as elastic comparison modulus everywhere in the beam,
works. This choice is rather intuitive since the fundamental solution is a uniform
plastic compression. However, in a finite element context this choice is not obvi-
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ous, especially in cases where the fundamental solution is more complicated than a
uniformly compressed state.

The second question concerns the existence of an infinite number of secondary post-
critical paths. In the last section, only the secondary path branching at P, has
been studied. The essential question in a numerical context is then whether it
is worthwhile to determinate the other secondary paths. An additional question
refers to the nature of the fundamental path beyond P;. On one hand imperfection
analyses (cf. e.g. Section 2.1.2) suggest that only the first secondary path has a
physical meaning. However, on the other hand, the points along the fundamental
path are stable up to P,.

The answers to these questions have been given by Petryk [76-81]. This work, which
is summarised in this section, gives a complete theoretical description of the phe-
nomenon of bifurcation and instability in time-independent plasticity. The notions
of uniqueness and stability of the solutions to the boundary-value problem in elastic-
plastic deformation are discussed and an energy interpretation is given. Moreover,
this work gives the theoretical basis for the two numerical branch switching proce-
dures presented in Section 5.3.

The theory developed by Petryk is based on the assumptions that the problem has
been spatially discretised and that the constitutive moduli are symmetric.

2.4.1 Constitutive framework and discretised rate problem

A time-independent elastic-plastic material is considered. The constitutive equation
between the rate of stresses and strains is expressed in the form

08

S=C(F,H)-F C==x
OF

(2.81)
where S is the first Piola-Kirchoff stress tensor (i.e. the transpose of the nominal
stress tensor) and F is the deformation gradient. The symbol H represents the
influence of the deformation history.

It is assumed that relation (2.81) admits a potential U(F, H) so that

2
s o 90U (2.82)
OF OFOF

which is equivalent to imposing that the instantaneous modulus C is symmetric.

The problem is supposed spatially discretised. The velocity fields v are then re-
stricted to having the classical form

v (&) = Pa (&) va a=1,.,N (2.83)

where £ are the position vectors in the reference configuration, ¢, the shape func-
tions and v, the velocities of the nodal degrees of freedom. In the same way, the
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displacements u and the velocity variations w are given by

W) = 6a(O) ua  a=1..N
W) =6a@wa  a=L..N (284)

The numeration of the shape functions is chosen such that the boundary conditions
give prescribed values v, = v, and w, =0 fora = M +1,..., N.

By assuming a conservative loading, components of the prescribed load vector are
given, in the rate form, by

Pa:/5¢adv+/Tgbads a=1,..M (2.85)

and the rates of the internal forces are given by

Qa(fr)_/s(vV).wadv a=1,.N (2.86)

v

where a tilde over a symbol denotes a spatial field defined over the body volume in
the reference configuration.

The equilibrium equations of the first order problem in velocities are
Qe(V)=P, a=1,...M (2.87)
The components of the tangent stiffness matrix are defined by

Kag (¥) = a%;;v) - / Voo - C(VV) - Vg dv (2.88)

which allows the reformulation of the equilibrium equations (2.87) as
Kog(V)vs=P, a=1,.,M (2.89)
From (2.82) and (2.88), it follows that K is symmetric, i.e. K5 = K.
Since the existence of a potential U is assumed, a functional J can be defined as
M 1 M
J@) = [U(VV)dv =) Povg == Kas(¥) 9500 — Y Pava 2.90
)= [UO¥) a0 =3 Puva =5 s (9) vsv = 3 (2.90)
The equations (2.87) or (2.89) can then be given the variational formulation

0J (v)
v,

=0 a=1,..M (2.91)

From (2.90), the tangent stiffness matrix can also be expressed as

02T (V)
v, Oug

Kap (V) (2.92)
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2.4.2 Tangent comparison solid

The theory developed by Hill (cf. Section 2.2) does not require any solution to be
known in advance. However, in practice a fundamental solution is known and the op-
timal choice for the linear comparison solid can be determined from the fundamental
solution, as explained in the following.

The elastic operator is C;;;. Where the yield condition is satisfied, the elasto-plastic
operator is Cf;;,; in case of elastic unloading, and ijkl in case of plastic loading. The
linear comparison operator C’i?kl is defined by
L
Cijkl = Czpjkl (2.93)
at every point in the body where the yield condition is currently satisfied, indepen-
dent of the case (plastic loading or elastic unloading) concerned, and by
L
Cz’jkl = z’ejkl (2-94)
at every point where the stresses lie within the yield surface. With this choice, it

can be proved that the condition (2.34) is respected for elastic-plastic material with
smooth yield surface.

In other words, the actual tangent moduli of the fundamental solution is taken as
linear comparison solid. For this reason Petryk introduced the notion of tangent
comparison solid.

It can be noted that in the analysis of Euler beam in Section 2.3.3, Ci?kl = E; has
been assumed, which actually corresponds to the tangent comparison solid.

2.4.3 Bifurcation and stability

Directional stability of an equilibrium state

The notion of stability is often referred to the definition given by Liapunov. Roughly
speaking, an equilibrium state is stable if after applying a small perturbation at
constant loading, the damped structure returns to the previous equilibrium state.
For elastic-plastic structures, this cannot be expected in general. Moreover, even
if the equilibrium state after perturbation is very close to the original one, there is
no guarantee that the continuation of the loading process will not give divergence
between the two paths. To avoid this problem, Petryk proposed a different definition
of stability of an equilibrium state: “an equilibrium configuration is said to be
stable if the distance from that configuration in any dynamic motion caused by a
disturbance can be made as small as we please if a measure of the disturbance itself
is sufficiently small.” He introduced a restriction to this definition by considering
that the perturbed motion from the equilibrium state is such that variations of the
direction of the velocity field is negligible. In that restrictive sense, he introduced
the notion of directional stability.
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Under these assumptions, it can be proved that an equilibrium state is directionally
stable if

Qo (W) we >0 for every w # 0 (2.95)

Uniqueness of the solution

It is supposed that a fundamental solution v to the equation (2.87) is known. The
respective tangent stiffness matrix is denoted Ky. Petryk has shown that if the
condition (2.95) is respected, uniqueness of the solution is ensured if v, assigns to
J a strict and absolute minimum value, i.e. if

J(vy) < J (V) for every admissible v (2.96)

By using equations (2.91) and (2.92) and the condition (2.96), it can be concluded
that uniqueness of the solution is ensured as long as Ky is positive definite. This
result can also be obtained from Hill’s criterion of uniqueness. The definition of
the tangent comparison solid allows to use results for elastic structures. Therefore
equation (2.37) ensures uniqueness of the solution as long as Ky is positive definite.

This criterion holds for elastic-plastic materials obeying the normality flow rule
relative to a smooth yield surface. This is the case for the von Mises material
which will be used in the numerical applications. Petryk proposed a less restrictive
condition

Sf F-S. Ff >0 for every admissible F (2.97)

where § = CF. For the applications in this thesis, this condition does not need to
be further investigated.

Continuous range of bifurcation

The question investigated here is to determine what happens beyond the first bifur-
cation point when the tangent stiffness matrix Ky ceases to be positive definite. It
is possible that on the secondary post-bifurcation path the tangent stiffness matrix
becomes positive definite again. This is due to the local elastic unloading which
starts at the bifurcation (cf. e.g. the case of the Euler beam in Section 2.3). In that
case, uniqueness of the solution is guaranteed and the secondary path can be treated
exactly in the same way as the fundamental path before bifurcation.

The situation is different on the fundamental path where Ky becomes indefinite
after the first bifurcation point. If the condition (2.95) fails at the same point where
K becomes indefinite then this critical point is a limit point. If the condition (2.95)
is still valid beyond the first critical point, it can be shown that there is a bifurca-
tion at every point on the fundamental path along which K/ is indefinite and the
condition (2.95) holds. This defines a continuous range of bifurcation points along
the fundamental path. It has to be noted that every point within this interval is
stable in a dynamical sense. These results, illustrated in Figure 2.15, can be seen
as a generalisation of the results obtained for Shanley’s column, i.e., along the fun-
damental path every point within the interval [P, P,] is a bifurcation point and is
stable in the dynamical sense.
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Figure 2.15: Schematic illustration of the results of Section 2.4.3.
2.4.4 Energy approach

Instability of a deformation path

The case of a continuous range of bifurcation points is considered. The question
investigated here is to determine among all these possible paths which ones are
realisable in a physical sense. The response can be found by introducing small im-
perfections: when the imperfections tend to zero, the equilibrium paths obtained
tend to the secondary path branching out at the lowest bifurcation point. This
proves that only this secondary path has a physical meaning. A probabilistic ap-
proach gives the same result: if at a bifurcation point both paths (fundamental and
secondary) have comparable chances to be followed, then, due to the infinite number
of bifurcation points, any segment of the fundamental path has zero probability to
be followed. Therefore it can be concluded that beyond the first bifurcation point,
the fundamental path, even if each equilibrium point along it is stable in a dynam-
ical sense, has no physical meaning and can be considered as unstable. The notion
of stability introduced here does not concern any more an equilibrium point but a
deformation path: a deformation path is said to be unstable if it cannot be followed
in a physical sense.

Energy interpretation

The purpose of this section is to give an energy interpretation of the notion of
instability of a deformation path.

The deformation work in the body during a deformation process is expressed as

W = /Ot Qo Vo dr (2.98)
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The potential energy of the loading is expressed as

M
Q=-> Pou, (2.99)
a=1

The energy functional is then defined by
E=W+Q (2.100)

An increment of the value of E can be interpreted as the amount of external energy
which has to be supplied to the system consisting of the body and the loading in
order to produce the deformation increment.

By time derivation, it can be shown that Eis independent of v, i.e.
E (V) = constant (2.101)

and that if v; and v, are two admissible velocity fields at the equilibrium state

1 .. 1 .. B B
3 E(vy) — 3 E (vy) = J(vq) — J(Vv2) (2.102)

where J is the functional defined in equation (2.90). Hence, the variational princi-
ple (2.91) can be equivalently written as

OF (v, w) =0 for every admissible W # 0 (2.103)

The following criterion of path instability is then adopted: along a stable deforma-
tion path, the deformation increment must minimise the value of the increment of
the energy functional E. This can be related to the physical hypothesis that the real
deformation path minimises the energy consumption. By using (2.101), the solution
vy is therefore stable in an energy sense if

E(¥) <E®®) for every admissible v (2.104)
which, from (2.102) can be rewritten as
J(vy) < J (V) for every admissible v (2.105)

By comparing (2.96) and (2.105) it can be concluded that the fundamental solution
v is stable as long as the uniqueness of the solution is guaranteed. Beyond the first
bifurcation point the tangent matrix K; becomes indefinite along the fundamental
path. Therefore, from (2.92), the fundamental solution v; does no longer minimise
E and the solution becomes unstable in the energy sense. It can be proved that
another solution which minimises £ exists as long as the condition (2.95) holds.

As a conclusion, it has been shown that the definition of stability in an energy sense
(minimisation of the consumption of energy) proposed by Petryk is equivalent to the
notion of stability of a deformation path given in the previous section. Consequently,
the fundamental path v becomes unstable exactly when the tangent stiffness matrix
K becomes indefinite.
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Chapter 3

2D beam element formulation

In this chapter, internal forces and tangent stiffness matrices for three plane beam
elements are derived. All of them are based on the same co-rotational approach,
and differ by the strain definition used in the local co-rotational coordinate system.
Based on the Bernoulli assumption, the first two elements use a linear and a shallow
arch strain definition, respectively. The third element is based on the Timoshenko
assumption with linear interpolations for the displacements.

Co-rotational formulation

The co-rotational approach, viewed as an alternative way of deriving efficient non-
linear finite elements, has generated an increased amount of interest in the last
decade [22,23,25,35,47,53,64,72,73,83,84,95]. The main idea in this context is
to decompose the motion of the element into rigid body and pure deformational
parts, through the use of a local coordinate system (x;, z;), see Figure 3.1, which
continuously rotates and translates with the element. The motion of the element
from the original undeformed configuration to the actual deformed one can thus be
split in two steps. The first one is a rigid rotation and translation of the element. The
second step consists of a deformation in the local coordinate system. Assuming that
the length of the element is properly chosen, the deformational part of the motion is
always small relative to the local axes. Consequently, the local deformations can be
expressed with a low order of non-linearity. It must however be emphasised that this
low-order non-linearity is only apparent as the geometrical non-linearity is included
in the motion of the local coordinate system.

The main advantage of a co-rotational approach is that it leads to an artificial
separation of the material and geometrical non-linearities when a linear strain def-
inition in the local coordinate system is used (which is the case for the first and
third elements developed in this chapter): plastic deformations occur in the local
coordinate system where geometrical linearity is assumed; geometrical non-linearity
is only present during the rigid rotation and translation of the undeformed beam.
This leads to very simple expressions for the local internal force vector and tangent
stiffness matrix. Even when a low-order geometrical non-linearity is included in the
strain definition (which is the case of the second element), the expressions for the
local internal force vector and tangent stiffness matrix are still very simple.
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Constitutive equations

The assumption of small strains but large displacements and rotations, is adopted.
Therefore, constitutive elasto-plastic equations based on an additive strain decom-
position can be used. In this thesis, a von Mises material with isotropic constant
hardening is considered. The reason for this choice has already been discussed in
Section 1.1. For the Timoshenko element, interaction between the normal and the
shear stress is considered and the constitutive equations are derived from the ones
under plane stress conditions by introducing the beam hypothesis.

Resultant forces against Gauss integration

The computation of the local internal forces and stiffness matrix involves several
integrations over the element. With respect to integration over a cross-section, two
approaches can be considered: the layered and non-layered ones [67].

The non-layered method is based on plastic equations at the section level. This
means that the yield criterion is defined as a function of the internal forces. Such
functions can be found in [1,56,89] for rectangular and bi-symmetric cross-sections.
However, these functions are only approximations of the plastic flow rules. More-
over, they do not model the propagation of plastification and they consider perfect
elasto-plastic material models without hardening. For the Bernoulli assumption,
Crisfield [24] proposes a function which takes into account the propagation of the
plastification, but without considering hardening. Another problem with this ap-
proach is the practical impossibility to derive functions for arbitrary cross-sections.

As shown in Chapter 2 for the case of the Euler beam, a growing zone of elastic un-
loading is developing after bifurcation. Furthermore, the bifurcation point and the
nature of the post-bifurcation path are dependent on the hardening. It seems there-
fore impossible to study plastic instability problems with a non-layered approach.
This method, though efficient from a computational point of view, is limited to quick
and approximate analyses.

In the layered approach, numerical Gauss integration is performed through the cross-
section which means that the plastic rate equations are solved at each Gauss point.
A relatively high number of Gauss points is needed in order to model correctly the
growing of the elastic unloading zone (case of the Euler beam) and obtain an accurate
post-bifurcation path. As alternative to Gauss integration, the Lobatto rule could
also be considered. This procedure has the advantage of taking integration points
on the surface. However, if a sufficient number of points is taken, both methods give
almost the same numerical results.

3.1 Co-rotational framework

The purpose of this section is to derive relations between the local and global ex-
pressions of the internal force vector and tangent stiffness matrix. This presentation
is mainly taken from Crisfield [23].
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3.1.1 Beam kinematics

Figure 3.1: Co-rotational formulation: beam kinematics.

The notations used in this section are defined in Figure 3.1. The coordinates for the
nodes 1 and 2 in the global coordinate system (z, z) are (z1,21) and (z3,29). The
vector of global displacements is defined by

P, = [ w, w; 0 uy wy 0O }T (3.1)
The vector of local displacements is defined by

pp=[a 6 6 ]T (3.2)

The components of p, can be computed according to
u=1,—1, (3.3a)
h=0,—«a (3.3b)
Oy =0y — (3.3¢)
In the above equations [, and [,, denote the initial and current lengths of the element
o = [(m2—2)* + (22— 2)7]"? (3.4)
L = [(mo+us— a1 —w)? + (20 +wy — 21 — wy)?] 12 (3.5)

and « denotes the rigid rotation which can be computed as

sina=¢,8— s, ¢ (3.6a)

COSO = CoC+ 8, 8 3.6b)
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with

Co = COs B3, = % (X9 — 21) (3.7a)
So = sin 3, = i (22— 21) (3.7b)
c=cosf} = % (g +ug — @1 — uy) (3.7¢)
s=sinf = ll(zg—i—wg—zl —wy) (3.7d)

n

Then, provided that |o| < 7, « is given by

a = sin"! (sina) if sina > 0 and cosa > 0

a=cos ' (cosa) if sina>0and cosa <0 (3.9)
a = sin~! (sina) if sina < 0 and cosa >0 '
a=—cos™ ! (cosa) if sina <0 and cosa < 0

3.1.2 Virtual displacements

The virtual local displacements are obtained through differentiation of equations (3.3)

0u = ¢ (ugy — 0ur) + s (dwy —dwy) = [ —¢ —s 0 ¢ s 0 ]dp, (3.9a)
560, = 60, — dae = 66, — 63 (= —[,) (3.9b)
80, = 60y — dav = 66, — 63 (3.9¢)

Further, 03 can be calculated by differentiation of (3.7d)

1
03 = e [(dwe — dwn) b, — (22 + wo — 21 — wy) 01, (3.10)

n

where dl,, = du is given by (3.9a). Using (3.7d), the expression of 63 becomes

1
6p = e [(Ows — dwy) — sc(dup — duy) — 8 (Swy — dwy )] (3.11)
Clp
which, after simplifications gives
55:1[3 —c 0 —s ¢ 0]dp, (3.12)

L

Hence, the transformation matrix B, defined by

op, = Bdp, (3.13)
is given by
—-c =5 0 c s 0
B=| —s/l, ¢/l, 1 s/l, —c/l, 0 (3.14)

—s/l, ¢/l, 0 s/l, —c/l, 1
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3.1.3 Internal forces

The relation between the local internal force vector f; and the global one f; is ob-
tained by equating the virtual work in both the local and global systems

V =ép, £, = op/ f, = op, B"f (3.15)

Equation (3.15) must apply for any arbitrary 0p,, and hence the global internal
force vector f is given by

f =B"f (3.16)

in which the local internal force vector f, = [N M; M,]" depends on the element
definition and will be calculated in the following sections.

3.1.4 Tangent stiffness matrix

The global tangent stiffness matrix K, defined by
of, = K, op, (3.17)
is obtained by differentiation of (3.16)
6f, = BT 0f, + N by + M, by + M, 6by (3.18)
where by, for example, is the second column of B™.

The following notations are introduced

r = [-¢c —s 0 ¢ s O]T (3.19)
z = [s —c 0 —s ¢ O]T (3.20)
which by differentiation gives
or=2z460 (3.21a)
0z = —1rof3 (3.21Db)
Equations (3.9a) and (3.12) can be rewritten as
u = 6l, =r' op, (3.22a)
2T
3 = - 0p, (3.22b)
With these notations
b =r (3.23a)
by=[0 0 1 ooo]T—% (3.23D)
bs=[0 0 0 0 0 1]T—i (3.23¢)
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which by differentiation gives

T

§by = 6r = 2 6p, (3.24a)
oz zdl, 1

dby = dbs = N + PR (rz" +zr") op, (3.24Db)

The first term in equation (3.18) is computed by introducing the local tangent
stiffness matrix K;, which depends on the element definition and will be calculated
in the following sections.

Finally, from (3.17), (3.18), (3.24a), (3.24b) and (3.25), the expression of the global
tangent stiffness matrix becomes
T

1
le N+ 2 (rz" +zr") (M + M) (3.26)

K,=B"K,B+

Equations (3.16) and (3.26) give the relations between the local values of the internal
forces f; and tangent stiffness matrix K; and the global ones, f and K, These
relations are independent on the local element definition and are therefore available
for all three elements developed in the following sections. This approach is different
from the one adopted by Crisfield [23] where different local displacements definitions
where used, leading to different relations between the local and global values.

The purpose of the following sections is to calculate the local internal force vector
f, and tangent stiffness matrix K, for the three elements.

3.2 Local linear Bernoulli element

3.2.1 Definition

This element is based on the classical linear beam theory, using a linear interpolation
for the axial displacement u and a cubic one for the vertical displacement w.

u (3.27a)

w:x<1——>2§1+x—<£—1) A (3.27b)

0w 4 z\ - 2 T\ -
N T (‘E“jﬁ) b+ <_E+6ﬁ> b (3.28a)
ou U 4 T\ = 2 T\ =
6——83:—/{32—5-#2{(2—6?)91—?-(E—Gﬁ)%} (3.28b)
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3.2.2 Gauss integration

Because of the non-linear relation between ¢ and o, it is not possible to derive
analytical expressions for the internal forces and the local tangent stiffness matrix
and a Gauss quadrature has to be adopted. The number of Gauss points per section
has already been discussed: two cases, with seven and fifteen points are considered.
The number of sections, i.e. the number of Gauss points along the beam axis is taken
as two in order to obtain the exact solution for the elastic case (the elastic strain
energy defined by & = % fv Ee&?dv is a polynomial of second order in = and therefore
is exactly evaluated using a two points Gauss integration). Taking more points along
the beam axis would of course increase the precision in the elasto-plastic case, but
at some computational cost.

The position (and weight) of the Gauss points are within 0 < z < L

wobod) (©) wbed) @) e

3.2.3 Local internal forces
The local internal forces are calculated by using the theorem of virtual work
V:/055dv:N5ﬂ+M15§1+M250_2 (330)
which by introducing (3.28b) gives
otu 4 T - 2 T _

Equation (3.30) must apply for every ((5@, 56, 552) and hence the local internal forces
are given by

N= [ —=dv (3.32a)

4 x
M, = S 32
1 /UJZ(L 6L2>dv (3.32b)

2 x
M, = /Uaz (Z —6 ﬁ) dv (3.32¢)

Using a two points Gauss integration gives

1
N == [/ o dA; +/ adAzl (3.33a)
2 Ay As

1 -
= V34 / ordd + L2V [ an, (3.33)
> /. > .,
1 1
M= V3 / oo, Y3Y / o zdA, (3.33¢)
> > /.
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3.2.4 Local tangent stiffness matrix

Differentiation of o gives

. ~ [ ou 4 x - 2 T =

where E = E in the elastic range and E = E, in the plastic range. The local tangent
stiffness matrix K, is obtained by differentiation of equations (3.32)

1
ON = Z/éa dv (3.35a)
sy = [ 02262 )d (3.35b)
1= ’ oz 7 i v .
2 T
which from (3.34) gives
ON 1 A
Kl11 = % = ﬁ lEdU (336&)
oM, 4 z\?
log = 891 = /1)'22 (z — 6?) dU (336b)
M, L (2 )\’
KZSB = 802 :/UZ (Z_6ﬁ) dU (336C)
ON 8M1 1 ~ 4 T
KllQ_KlQl_a—él_ aﬂ _Z/UEZ(Z_6ﬁ) dU (336d)
(9]\/ aMg 1 ~ 2 X
K =K =-—= =— | F —— 06— .
his m =95, " on L /U 2 (L 6 L2) dv (3.36¢)

OM, OMy [ n ,(4 _x\[2 . a
K, =K, =220 _%%_ [p2(2 g2) (2 _62)q 36f
s = P T Tpp, T Tag, / : <L 6L2> (L 6L2) v (3.36f)

Finally, by using a two points Gauss integration

1 ) .
11 2L A, A
(V3+1) [ . V3-1)° 1 .
K, =~——2" [ E22d4, +~—L | E:*dA .
b2 2L /Al Y /A2 s (3.37b)
(V3-1)7 [ . (V3+1)? [ .
Kl33 = T/Al EZ2 dA1 —+ T/I;h E22 dA2 (337(3)
V341 [ 1-V3 [ -
K, = T/AlEszl + =57 AzEszg (3.37d)
V3-—1 . V3+1 .
lis — 57, " EZdAl — 57 /A2 EZdA2 (3376)
1 . 1 )
K,, = Z/A EZ2dA; + Z/A E 22 dA, (3.37f)
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3.2.5 Constitutive equations

A bilinear strain—stress relation, see Figure 3.2, with an isotropic hardening is
adopted. This model presents a constant modulus FE; in the plastic range, and
therefore the influence of the decreasing of F;, cf. Section 2.1.2, cannot be studied.

o

A

oy [~ —
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|
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|
|
B,
|
|

>
€y

Figure 3.2: Bilinear elastic-plastic law.

3.3 Local shallow arch Bernoulli element

3.3.1 Definition

The second element uses a shallow arch definition for the local strain, according to

1 ou 1 [ow)?

In (3.38), an averaged measure for the axial strain is introduced in order to avoid
membrane locking. Using the same definition of the curvature and the same inter-
polations as in Section 3.2.1, gives

I B S B 1 - 4 T\ & 2 T\ &
=Tt Y 306192+1592+Z[<L 6L2)91+(L 6L2>92] (3:39)

For the same reason as in Section 3.2.2, a two points Gauss integration along the
beam axis is adopted.

3.3.2 Local internal forces

As before, the local internal forces are computed using the theorem of virtual work

V:/05€dU:N5ﬂ+M1(591+M2(592 (340)
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with de evaluated from (3.39)

ou 2 - - 1 -~ 1. _ 2
e = f+—91591——091592__025‘914‘692592 (3.41)
4 _ 2
+Z[(Z_6ﬁ)591+(z—6—)692}
Hence
N:/gdv (3.42a)

M, = <15 - 30 )/odv—l—/az( >dv (3.42b)
M, = (—92 = )/adv—i—/az( )dv (3.42¢)

which, using a two points Gauss integration, gives

1
N == {/ odA; +/ adAQ] (3.43&)
2 Ay Ay
L /2 - 1 -
Mlz— —01——€2 /UdA1+/ O'dAQ
2 \ 15 30 A Ay (3 43b)
1 1— '
+\/§+ / ozdA; + V3 ozdA,
2 A 2 A,

L (2 -
My==(20,— — A A
2 9 1592 3091) |:/1;110'd 1+/1;12O'd ;|

(3.43¢)
L Y3 1/ ozdA; \/§+1/ o 2d A,
2 Ay 2 Az
3.3.3 Local tangent stiffness matrix
The local tangent stiffness matrix is calculated by differentiation of (3.42).
1
IN = z/(Sadfu (3.44a)
2 = 1 2 1 =
(SMlz<—(591——592)/0d?)+<—‘91——02> oo dv
1 1
5 30 v 5 30 v (3.44b)
x
+/U502<E_6ﬁ dv
2 1
5M2 ( 592 — 501) odv + (— 02 - — 61) /(50’ dv
30 v 30 v
(3.44c)

with d0 = E de and e given in (3.41). Using a two points Gauss rule, the local
tangent stiffness matrix is evaluated as
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ON 1 R .
K =-—=_"— EdA EdA 4
l11 o 2L |:[41 d 1+/A2 d 2:| (3 58“)
N 1/2 - 1- . .
K _oN 1 =0 — — 0, EdA + | EdA,
e ™ p9g, — 2\ 15 30
1 Aq As
i - (3.45b)
+ 5T /AlEsz1+ 5T A2EZdA2
ON 1/2 - 1 R X
=== =0, — —0, /EdA1+/ EdA,
B 90, 2 \15 30 " A
\/_ iy (3.45¢)
o7 AlE 2dA, — : / EzdA,
oM, 1 .
— 2 t_r EdA EdA
o= =gt (5t [, Beae [ Ban)
+ —9——9>{ / zdA; + ﬁ/Esz}
(15 ! 2 < ) ! ( ) " 2 (3.450)
(V3+1)° / (V3-1)" . |
+" | E2dA L / E2?dA
2L " ! 2L " 2
L
+ — / JdA1+/ UdAQ
15 4
oM, 1 2 1 -\ . .
— 2 (20, ——¢ EdA EdA
l33 862 2 (15 ? 30 1) |:[41 o /AQ 2:|
1 . A
+(B92 309> {<\/§—1)/ Esz1—<\/§+1>/ EszQ}
A1 AQ
_ E22dA +—/ E2dA
2L /A ! 2L " 2
L
—|—1—5|:/ 0'dA1+/ O'dAQ:|
A1 A2
oM, 1 2 1 2 1 - R R
1l _ (29 - = = fy——0 FdA FdA
B0, 2 (15 Y73072) \15 2 30 1) M 1+/A2 2}
(V3—1/2 1 -\ 3+1 17 .
+ 5 (Eel_% 2)+ 5 (1—592—%91) /AlEZdAl
(V34172 - 1 -\ V3-1 17 .
_ 0, - — — ——9 EzdA
2 (15 1730 2)+ 2 (1592 30 1) /AQ ¢dd,
1 .~ - L
+ = FEz dA1+ Ez dAQ - = UdA1+ UdAg
L Ay As 60 Ay Ao
(3.45f)
Kl21 Kl12 Kl31 Kl13 K132 Kl23 <345g)
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Constitutive equations

The same elastic-plastic model as for the previous element is used.

3.4 Local linear Timoshenko element

3.4.1 Definition

A classical two noded Timoshenko beam element is defined with linear interpolations
for u, w and # in the local co-rotational coordinate system.

X

U=z u (3.46a)
w =70 (3.46D)
T\ ~ T -
§— (1 - Z> 01+ 7 0, (3.46¢)
The curvature k, shear deformation v and strain ¢ are defined by
o0 0, —0,
ow T\ = €T —
7:£_QZ_<1_Z>01_EHQ (3.47b)
ou u  by— 6

3.4.2 Local internal forces

The local internal forces are here also calculated by using the theorem of virtual
work, which, taking account of the shear deformation can be expressed as

V:/(O’é&f‘i‘T(S’Y)dU:N51_0+M150_1+M268_2 (348)
Further, de and §v are calculated by differentiation of (3.47b—c) which gives
g _ — — x _ T -
vzi[{z[&k—zw%-wmg}—T[Qf-z>wy+zé%}}m; (3.49)

Using a one point Gauss integration in order to avoid shear locking, the local internal
forces are computed from (3.48) and (3.49) as

N:/fdv:/adA (3.50a)
vL A

o T L
M, = —z——=)dv= dA — — dA .50b
1 /U<LZ 2) v /Aaz Q/AT (3.50Db)

o T L
MQ—/U(—Zz—i)dv——/Aasz—E/ATdA (3.50¢)
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3.4.3 Local tangent stiffness matrix

The consistent tangent operator defined by

HEERAIN -

will be calculated in Section 3.4.4. Equation (3.51) can be rewritten as

0o = Cctl )3 + Cctg (5’}/ (352&)
0T = Cctg oe + Cct? (S’Y (352b)

which, by using (3.47b—c) gives

o = L (5 + 200, — =60,) — 2 (58, + o0) (3.53)
ot = ng (0@ + 2060, — 2605) — ng (56, + 36,) (3.53b)

Differentiation of (3.50) gives

SN = / 5o dA (3.54a)
A
I M, :/5szA—£/57'dA (3.54Db)
A 2 Ja
5M2:—/5UZdA—£/(5TdA (3.54c)
A 2 Ja

Finally, from (3.53) and (3.54), the local tangent stiffness matrix is

ON 1
mT on I /A Cen d (3.55a)
aMl 1 9 L
= g T T /A Cenn 2°d /A Coaz zdA+ /A Cuzd (3.55b)
oM. 1 L
Ky, = S = —/ Conn 2°dA + / Corz zdA + —/ Cez dA (3.55¢)
: 692 L A A 4 A
ON 1 1
K =K =—= — dA — - dA .b5d
l12 l21 00, I /ACctl < 9 /ACctS (3 %) )
ON 1 1
K. =K, 6 =—=—— dA — - dA .
l13 l31 892 L /ACctl Z 9 /AOct3 (3 556)
oM, 1 , L
K. =K, 6 =—=—— . dA+ — o dA .bbf
lo3 l32 892 L /AC t1 < + 4 /AC 2 (3 55 )

3.4.4 Constitutive equations

The plastic rate equations for the Timoshenko beam are more complicated, since two
strains (g,7) and two stresses (o, 7) are involved. Many different algorithms exist
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to integrate these equations. The simplest one is the forward-Euler scheme, which
avoids iteration at the Gauss point level. However, even if sub-incrementation is
used, the forward-Euler scheme does not give stresses which lie on the yield surface.
Another method to get an explicit integration is to assume a constant strain direction
(i.e. proportional loading) at each increment [75,85]. However, this assumption,
based on the deformation theory of plasticity [11], is too restrictive for stability
problems. Another argument against this method is the implicit violation of the
plastic flow rules.

Among the iterative procedures (see e.g. [66]), the most popular one is the backward-
Euler scheme. It takes a simple form in case of the von Mises yield criterion (which
is adopted here) and it allows the generation of a consistent tangent operator which
maintains the quadratic convergence of the Newton-Raphson method used at the
structure level. Consistent tangent matrices can also be derived from other implicit
algorithms such as the mid-point rule, but this requires the computation of the
contact point when the initial stresses lie inside the yield surface. For all these
reasons, the backward-Euler scheme has been adopted.

Plane beam equations

The relations for the plane beam are derived from the von Mises material with
isotropic hardening under plane stress conditions [23] by setting

0,=0 (3.56)
The von Mises yield function is
F=(2+372)"" — 0, (eps) = 00 — 0, (£s) (3.57)
with
Eps = /sps dt Eps = 7 (20 + €2, + Epabpn T Vona/4) = A (3.58)

The hardening parameter H is calculated from the uniaxial stress strain law

H— aO'o _ Et
agps 1—Et/E

(3.59)

which gives
0, =0y + Heps (3.60)

where oy is the yield stress. The Prandtl-Reuss flow rules associated to (3.57) are

Epx Of . A 20,
Ep=| & | = A 9 Aa= o —0, (3.61)
Vpxz 6Twz

The stress changes are related to the strain changes via

&:C(é—s‘p):c(s'—xa) (3.62)
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where

C=rms|v 1 0 o= | o, e=| &, (3.63)
o0 1—v)/2 Tus Nz

By assuming that the stresses must remain on the yield surface in case of plastic
loading (A > 0), it is obtained

off . Of Doy . 4. .
oy 9o agpsgps—a 6—-HAN=0 (3.64)

f=

which by using (3.62) gives

a'Ce
=— - 3.65
atlCa+H (3.65)
Since ¢, = 0, the second equation of (3.62) gives
)\0$ 1
S, = —VE, - = 3.66
5 vér+ p (V 2) (3.66)

which by introduction in the first and third equations of (3.62) gives

Gy = (gw _ T A) fpe = G (%Z ELE A) (3.67)

e

Substitution of equations (3.66) and (3.67) in (3.65) gives after some algebra

o 0 (F0yép + 3G TuyVaz)
\ = 3.68
(Eo2+9G72)+ Ho? ( )

Finally, introducing (3.65) in (3.62) gives
aa®C
. = > == I — Tm oo~ > N
6 =C¢ C< aTCa+H)€ (3.69)
where C; is the tangent operator.

The backward-Euler algorithm shown in Figure 3.3 consists in applying an elastic
forward step (AB) followed by a return mapping (BC') on the yield surface.

oc=0p—A\NCac=0,4+CAe—-ANCac (3.70)

The vector ac is normal to the yield surface at C', which is not known and therefore
an iterative procedure must be used.

Since 0, = 0,4 = 0, the second equation of (3.70) gives

A)\O’xc
20@0

Ae, = —vAg, + (2v —1) (3.71)
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Figure 3.3: Backward-Euler scheme.

which, by substitution into the first and third equations, gives after some algebra

0w — Opa = B (A{:‘I _ ZeC A)\) (3.72a)
OeC
TosC — Tasa = G (A%Z _ 3G 0 A)\> (3.72b)
OeC

By introducing the notations
o= 0, T = Tps E=¢, V= Vas (3.73)

and new definitions for C, o, €, a

o[58 [r] ] e

equations (3.61), (3.67), (3.68) and (3.72) can be combined and rewritten as

N
ep_Aa_U—e{gT] (3.75)
&:C(é—s‘p):c(s'—xa) (3.76)
al'Ceé
~aTCaill (3:77)
oc=0p—A\NCac=0,4+CAe—-AXCac (3.78)

It is therefore proved by comparing (3.62), (3.65) and (3.70) with (3.76), (3.77) and
(3.78) that the equations for the plane beam can be written in the same form as
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those under plane stress conditions. It can be noted that the elastic forward step in
the backward-Euler scheme does not give 0,5 = 0, but the equation (3.78) proves
that 0.5 does not need to be calculated. A similar procedure is adopted in [23] to
derive equations under plane stress condition from the three-dimensional case.

Backward-Euler scheme

The algorithm of the backward-Euler scheme is taken from [23], with the notations
introduced at the end of the previous section.

The first estimation of o is calculated with
occ=0p—A\Cag=04+CAe - A)NCap (3.79)

where ag is calculated from (3.75) and A\ is determined from a first order Taylor
expansion of the yield function around point B

aT
f:fB+%A0'B+

9o, D Acys = fp+apAog — HAN (3.80)

Ao p is then calculated from (3.76) as
AO’B =C (AE — AM aB) (381)

with Ae = 0 since the total strain has already been applied in the elastic step (AB).
Introducing (3.81) in (3.80) and setting f = 0 gives

/B

AN = ———
apCap+ H

(3.82)
Equation (3.79) gives stresses which do not satisfy the yield function since the normal
at B is not the same as the normal at the final position C'.

The iterative process is performed by introducing the vector r defined by the differ-
ence between the current stresses and the backward-Euler ones

r=oc—(op—AXCac) (3.83)

A truncated Taylor expansion of (3.83) gives
s da .
r=r,+6+ACa+ANC—¢& (3.84)
Jo
where

da  O*f 3 2 —or
e A 1 55
and o is the change in o and A is the change in AX. The subscript C is from
now dropped in order to simplify the notations (all the notations without subscripts
refer to C'). Setting r to zero in (3.84) gives

&:—(Hmcg—j)l (rO+ACa>=—Q—1 <rO+ACa) (3.86)
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A truncated Taylor expansion of the yield function at C' gives

oft . of do, . T . -
f=f+ 25 + 9o, 05, Eps=Jfota & A (3.87)
further, setting f = 0 and using (3.86) gives
_aTO-!
— fO a Q ro (388)
a'Q'Ca+ H

The backward-Euler scheme is summarised by a flowchart in Figure 3.4.
Consistent tangent operator

The tangent operator C; defined in equation (3.69) assumes infinitesimal strain
and stress changes. However, in order to eliminate numerical elastic unloading, a
path-independent strategy [28] is adopted. This means that at each iteration, the
strain changes are calculated with reference to the beginning of the increment (last
equilibrium state) and not with reference to the last iteration. This is the reason
why the use of C; leads to low convergence rates for the Newton-Raphson method at
the structural level, unless the increments are infinitesimal. In order to maintain the
quadratic convergence inherent in the Newton-Raphson method, a tangent operator
C., consistent with the backward-Euler scheme is derived. The concept of consistent
tangent operator has been first introduced by Simo and Taylor [90,91] and then used
by several authors. The derivation presented here follows [23].

Differentiation of (3.78) gives (subscript C' is dropped)

6—Cé—iCa—mcLPs (3.89)
Jo

where the last term in equation (3.89) is omitted in the derivation of the standard
tangent operator. From (3.89), it is obtained

&:(HAACS—Dlc<e‘—Aa>:R(s’—Aa> (3.90)

The stresses must remain on the yield surface, which, from (3.64), gives

f:aTd-—H}\:aT+R<é—}\a>—H§\:O (3.91)
and hence
: a’Ré
A= ——— 3.92
alRa+ H ( )

Introducing (3.92) in (3.90) finally gives

: : aa’R .
O'—CCtE—R(I—m>€ (393)
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input

04 EpsA Ae

v

elastic predictor

op=o04+CAe
0o =0y + Hepsa

v

if fp >0 first estimation
(3.75) — ap (3.82) — A\

O':O'B—A)\CEIB
Eps = Epsa + AN
0o =0y + Heps

v

while f > 0 (tolerance)

(3.75) — a (3.83) — r
@sm-ﬁég (3.86) — Q
(3.88) — A (386) — o

AN = AN+ A
Eps = EpsA + A

0, = 0y + H €,

(3.57) — f

Figure 3.4: Backward-Euler algorithm.






Chapter 4

3D beam element formulation

As for the 2D case, the main idea of the co-rotational approach in 3D [22,23,25,35,47,
53,64,72,73,83,84,95] is to decompose the motion of the element into rigid body and
pure deformational parts, through the use of a reference system which continuously
rotates and translates with the element. The deformational response is captured at
the level of the local reference frame, whereas the geometric non-linearity induced by
the large rigid-body motion, is incorporated in the transformation matrices relating
local and global quantities. Assuming the pure deformation part to be small, a
linear theory can be used from the onset in the local system. As pointed out by
Haugen and Felippa in their review of the topic [43,44], the main benefit of such an
assumption is the possibility to reuse existing high-performance linear elements.

In order to fully exploit this possibility, Rankin and co-workers [64,83,84] introduced
the so called “element independent co-rotational formulation”. The definition of the
element resorts to several changes of variables from the local frame to the global one.
This is done through the use of a projector matrix which relates the variations of
the local displacements to the variations of the global ones, by extracting the rigid
body modes from the latter. A very similar line of work was adopted by Pacoste
and Eriksson [73] and will also be followed in this chapter. With respect to the cited
reference, several improvements have been introduced.

The first one concerns the co-rotational framework. A different definition of the local
coordinate system is adopted. Besides, the number of local displacements is kept
to seven (one translation and six rotations) and therefore, the projector matrix is
never explicitly computed. Instead, only certain block components in this matrix are
evaluated and used directly in the expressions of the internal force vector and tangent
stiffness in global coordinates. The objective here was to obtain a formulation which
is more efficient from a computational point of view. Rigid links and eccentric forces
are also introduced.

The second one is related to the parameterisation of finite 3D rotations. Thus, in [73]
a 3-parameter representation based on the so-called “rotational vector”, is used.
The main advantage here is that the rotational variables become additive and the
necessity of a special updating procedure is avoided. However, this parameterisation
can not be retained globally [51,73] as the magnitude of the rotational vector must be
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restricted to values less than 27. In order to overcome this inconvenience, a different
possibility is explored in the present work. Essentially it amounts to using a vector
like parameterisation but this time within each increment. Using the terminology
in [51], this alternative is based on the spatial form of the incremental rotation
vector. Additive updates will still apply but this time only within an increment at
the level of the iterative corrections.

The third improvement is related to warping effects which are introduced by adding
a seventh degree of freedom at each node of the element. With respect to [64, 73],
this requires an adaptation of the co-rotational framework.

As already mentioned, the main feature of the adopted co-rotational formulation is
its independence on the assumptions used to derive the internal forces and tangent
stiffness in local coordinates. This means that for elements with the same number
of nodes and degrees of freedom the co-rotational framework is the same. Using
this property, different local formulations can be tested and compared. In many
instances, see e.g. [22,43,44,64,73], a linear strain definition is adopted in the local
system. However, as the numerical applications will demonstrate, such a choice
will lead to incorrect results for certain classes of problems, especially when the
torsional effects are important. For this reason a different approach is advocated in
this work. At the level of the local frame, the kinematic description proposed by
Gruttmann et al. [41] is adopted and used to construct a consistent second order
approximation to the Green-Lagrange strains. Various possibilities to simplify the
resulting expressions are further discussed and tested in numerical examples.

The organisation of this chapter is as follows. Section 4.1 discusses some aspects re-
lated to the parameterisation of finite 3D rotations, whereas the general co-rotational
framework for a two node beam element is introduced in Section 4.2. Section 4.3 is
devoted to the local element formulation in elasticity. Several local elements, based
on Timoshenko and Bernoulli assumptions and including or not warping effects are
presented. Based on the same strain assumptions as in elasticity, elasto-plastic local
Timoshenko elements are derived in Section 4.4. Finally, Section 4.5 addresses cer-
tain issues related to the applied external forces, e.g. rigid eccentricities, definition
of external moments.

4.1 Parameterisation of finite 3D rotations

One of the central issues in the development of a non-linear beam element is the
treatment of finite 3D rotations. In general, finite rotations are represented through
an orthogonal tensor R which is an element of the SO(3) rotation group. Its co-
ordinate representation is a 3 x 3 orthogonal matrix involving nine components.
However, owing to its orthonormality, it can be described in terms of only three
independent parameters. One alternative in this context, is based on the so-called
“rotational vector” [51,68,72,73], defined by

U =uy (4.1)
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The geometrical significance of the above definition is the following: any finite rota-
tion can be represented by a unique rotation with an angle v about an axis defined
by the unit vector u. The magnitude of v is given by

Y =/U? + W2+ V2 (4.2)

where W;, (i = 1,2,3) are the components of ¥. In terms of ¥, the orthogonal
matrix R admits the following representation

B sing - 1 [sin(¢/2)]% =2
R=I+ 7 qj_i_ﬁ{T/Q] v (4.3)

Here, as in the sequel, a tilde denotes the skew-symmetric matrix obtained with the
components of the corresponding vector, whereas I denotes a 3 x 3 identity matrix.
If the trigonometric functions in the above equation are expanded in Taylor series,
R can be written as

R=I+0+-0 +...=exp() (4.4)

N | —

Following the notations introduced in Figure 4.1, R, is a rotation operator which
maps the orthogonal cartesian frame e; into the orthonormal frame t;, which implies
t; =R,e;, (i =1,2,3). An incremental rotation which carries the moving frame t;

R, t)
/
s /ﬂ hoy
t]_ tl/
e R, 1
2
th
tl/
ts 3
(S31 R
€3 e —

R.
Figure 4.1: Parameterisation of finite 3D rotations.

into a new position t; can be expressed through a spatial rotation ® which is viewed
as a rotation applied to t;

t:=Re; =R,R,¢e; R, = exp(O) (4.5)

or through a material rotation W, which is viewed as a rotation applied to the
material frame e;

t.=Re; =R,Ry, ¢ R,, = exp(W) (4.6)



In the terminology of Argyris [1], the sequence of rotation in equation (4.5) is denoted
as ‘rotation around follower axes”, i.e. axes rotated by the previous rotation in the
sequence, whereas the sequence described in equation (4.6) is denoted as “rotation
around fixed axes”, i.e. the rotation axes remain fixed but the rotation sequence itself
is inverted. The relationship connecting the spatial ® and material W incremental
rotation vectors is thus given by

©=R,W (4.7)

Let now consider an infinitesimal rotation which carries the frame t. into t/, such
that t/ = Rce;, (i = 1,2,3). Using the same dualism as above, admissible variations
O0R are computed as

d

d
R=2Rley = o (c0(cO)R) =38R (4.8)

= % (R exp(ew))._, = Réw

where d& denotes material and 660 spatial angular variations, i.e. infinitesimal ro-
tations superimposed onto the existing R. As defined in the above equation, the
parameterisation of admissible variations dR is largely independent of the technique
used to parameterise R itself. In order to obtain a consistent parameterisation, 60
(or alternatively dw) must be projected onto the parameter space adopted for R.
This issue will be addressed in the remainder of this subsection, for the types of
parameterisation adopted in this work.

4.1.1 Rotational vector

Considering the spatial form of equation (4.8), admissible variations 6® which lead
to the same perturbed matrix R, are found from

R. = exp(P,) = exp(e00) R (4.9)
where ¥, = W + ¢ 6¥. Taking into account that R = exp(®), this leads to
exp(e00) = exp(¥,) exp(—P) (4.10)

Using the formula for compound rotations in terms of the rotational pseudo-vector
(i.e. Rodrigues parameters) and differentiating with respect to €, gives

56 = T,(¥) 5 (4.11)

with

T, (W) = Sizd’ I+ (1 - Siz¢) uu? + % (%f @ (4.12)

Similar equations involving material angular variations dw can be easily derived by
noting that 00 = R dw. For details concerning the above derivation the interested
reader is referred to [51,72].
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In connection with the linear operator T it should also be noted that
2(1 — cos )

02
which shows that the corresponding mapping ceases to be a bijection for 1) = 2k,
k=1,2,...[51,72]. Avoiding these points, the inverse mapping is well defined as

det(T,) = (4.13)

SU =T, (P)50 (4.14)

with

' (4.15)

T tan(y/2)

L W) W2\
N ”(“tan(w/z)) -

1
2
4.1.2 Incremental rotation vector

Considering equation (4.5), admissible variations 6® which lead to the same per-
turbed matrix R, are found from

R. = exp(©.) R, = exp(e 60) R (4.16)
where ©, = © + €00. Taking equation (4.5) into account leads to
exp(ed6) = exp(O,) exp(—O) (4.17)

Following a procedure entirely similar to the one used in the preceding subsection
(for details see [51]) leads to

56 = T,(©) 5O (4.18)

Note that a similar relation connecting dw and 6W can also be obtained. This issue
however will not be further utilised in this thesis.

4.2 Co-rotational framework

The objective of this section is to define the co-rotational framework for a two node
beam element. The central idea in this context is to introduce a local coordinate
system which continuously rotates and translates with the element. With respect to
the moving frame, local (deformational) displacements p, are defined by extracting
the rigid body modes from the global displacements pJ. The local displacements
are expressed as functions of the global ones, i.e.

P =Py (pgf) (4.19)

and used in order to compute the internal force vector f; and tangent stiffness matrix
K, in local coordinates. Note that f; and K, depend only on the definition of the
local strains and not on the particular form of equation (4.19).
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The expression of the internal force vector in global coordinates f, can be obtained
by equating the internal virtual work in both the global and local systems

V =6p; f = 5p§T f, (4.20)

Using equation (4.19), the connection between the variations of local and global
displacements is obtained as

op, = Bop; (4.21)
which, upon substitution into (4.20), provides the result of interest
f =B"f (4.22)

The expression of the tangent stiffness matrix in global coordinates K, is obtained
by taking the variations of equation (4.22), which gives

0B
Kg:BTKlB—F@:fl (4.23)
g
The second term on the right-hand side of the above equation is the so-called “geo-
metric” stiffness, with the symbol “:” used to denote a contraction.

In equations (4.22) and (4.23), B and 0B /0p{ play the role of transformation ma-
trices required in order to re-express f; and K, in global coordinates. These ma-
trices, which actually define the co-rotational framework, depend on the non-linear
functions in equation (4.19) and thus on the choice of the local coordinate system.
However, they are independent of the particular strain definition used in order to
derive f; and K. Consequently, various co-rotational elements defined using differ-
ent local strain assumptions but the same type of local coordinate system will share
the same transformation matrices, i.e. the co-rotational formulation is “element in-
dependent” [64]. Using this property, various local assumptions can be placed at
the core of the co-rotational formulation and tested for efficiency and accuracy. The
issues pertaining to the development of a specific form for the local internal forces
f, and tangent stiffness K, will however be addressed in the following sections.

The remainder of this section will instead focus on the definition of the co-rotational
framework. The approach put forth follows mainly [64,73]. Thus, the change of
variables (4.19) and subsequently the definition of the transformation matrices in
equations (4.22) and (4.23) are performed by extracting the rigid body modes from
the variations of the global displacements.

4.2.1 Coordinate systems, beam kinematics

The definition of the co-rotational two node beam element described in this section,
involves several reference systems. First (see Figure 4.2), a global reference system
defined by the triad of unit orthogonal vectors e,, a = 1,2, 3. Second, a local system
which continuously rotates and translates with the element. The orthonormal basis
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Figure 4.2: Beam kinematics and coordinate systems.

vectors of the local system are denoted by r,, @ = 1,2, 3. In the initial (undeformed)
configuration, the local system is defined by the orthonormal triad e?. In addition,
t! and t2, a = 1,2, 3, denote two unit triads rigidly attached to nodes 1 and 2.

According to the main idea of the co-rotational formulation, the motion of the
element from the initial to the final deformed configuration is split into a rigid body
component and a deformational part. The rigid body component consists of a rigid
translation and rotation of the local element frame. The origin of the local system is
taken at node one and thus the rigid translation is defined by uf, i.e. the translation
at node 1. Here as in the sequel, the superscript ¢ indicates quantities expressed in
the global reference system.

The rigid rotation is such that the new orientation of the local reference system is
defined by an orthogonal matrix R,., given by

R, =[r; ryr3] (4.24)

The first coordinate axis of the local system is defined by the line connecting nodes
1 and 2 of the element. Consequently, ry is given by

x3+uy —x{ —uf
r = I
n

(4.25)

with x7, ¢ = 1,2 denoting the nodal coordinates in the initial undeformed configu-
ration and [,, denoting the current length of the beam, i.e.

ln = |[x3 + a3 — xi — uf|| (4.26)
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The remaining two axes are determined with the help of an auxiliary vector q. In
the initial configuration q is directed along the local e direction, whereas in the
deformed configuration its orientation is obtained from

1 .
q:§(Q1+Q2) @ =R/R,[010]" i=1,2 (4.27)
where R{ and R are the orthogonal matrices used to specify the orientation of the
nodal triads t) and t2 respectively, and R, specifies the orientation of the local
frame in the initial configuration, i.e. R, = [e{ €3 €?]. The unit vectors ry and r3
are then computed by the vector products

ry = & ro =TI3 XTI (428)

[[r1 > g
and the orthogonal matrix R, in equation (4.24) is completely determined.

The rigid motion previously described, is accompanied by local deformational dis-
placements with respect to the local element axes. In this context, due to the
particular choice of the local system, the local translations at node 1 will be zero.
Moreover, at node 2, the only non zero component is the translation along ry. This
can easily be evaluated according to

i=1l,— 1, (4.29)

with [, denoting the length of the beam in the original undeformed configuration.
Here as in the sequel, an overbar denotes a deformational kinematic quantity.

The global rotations at node ¢ can be expressed in terms of the rotation of the local
axes, defined by R,,., followed by a local rotation relative to these axes; this is defined
by the orthogonal matrix R;. Using the terminology of Section 4.1, the latter should
be viewed as a material rotation. Consequently, the orientation of the nodal triad
t!, can be obtained by means of the product R, R;. On the other hand, (see Figure
4.2) this orientation can also be obtained through the product R} R,, which gives

R,=R'R/R, i=1,2 (4.30)
The local rotations are then evaluated from
9; = log (Ry) i=1,2 (4.31)

The explicit form of equation (4.19) is thus completely specified through equations
(4.29), (4.30) and (4.31), with p, given by

T
p, = [u e ﬁﬂ (4.32)
Correspondingly, the local internal force vector is given by
f,=[n mI m]]" (4.33)

where n denotes the axial force whereas m; and m, denote the moments at nodes
1 and 2, respectively.
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The next step will then be to determine the transformation matrix B in equation
(4.21). This matrix relates the variations of the local displacements

_ _ 1T
5p; = [5@ 59 mﬂ (4.34)
to their global counterparts
5 gT gT gT gT T
= [5111 50T sulT 56 ] (4.35)

with 07, i = 1,2 denoting spatial angular variations as defined in (4.8). The
expression of B, and subsequently the transformations in equations (4.22) and (4.23)
are derived using a sequence of two changes of variables, as described in the following
subsections.

4.2.2 Change of variables §9 — 0

The general procedure for evaluating the transformation matrix B involves the vari-
ations of equations (4.29) and (4.30). Referring to (4.30), admissible variations R,
i = 1,2 are computed — cf. equation (4.8) — according to

The angular variations 68; involved in the above equation, are of a different nature
than 69, as defined in (4.31). A change of variables from 59, to 60; is thus required.
In order to construct such a change of variables, using equations (4.14), (4.31) and
(4.36), 00; and 69, are connected by

59 =T, (9) 00 (4.37)

which, by introducing the notation

op, = [(m 56, 66, (4.38)
gives
1 013 013
ép,=B,0p, B,=| 031 T ') 0 (4.39)

Here, as in the sequel 0; ; denotes an ¢ x j zero matrix. For a 3 x 3 zero matrix the
notation 0 is however used.

Further, a virtual work equation gives

f =Bl f (4.40)
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with £, denoting the internal force vector consistent with dp,. The corresponding
transformation for the local tangent stiffness matrices, i.e. K; and K, is obtained
by taking the variations of (4.40)

a’

6f, = B} of, + 0B} f, (4.41)
where, by definition

Using equations (4.39), (4.41) and (4.42) gives the required transformation

0 013 053
K,=B/K,B,+K, K,=]0;; K, 0 (4.43)

The expressions of K,; and K, are computed from

0 0 00 0
e TﬁT - —= TﬁT ~—= — ~=
o6 T =55 T Y 56 = 53
with the vector v maintained constant during differentiation. Using (4.14) gives
after some algebra

R (4.44)

— — — ~2 _ 1 —
% T,V = | BV —2vd + (@ VT +pd O] - v [ T]'(D) (445)
with the coefficients  and p given by
2sina — a (1 + cos ) a (o + sin ) — 8sin?(a/2) -
_ _ — 19 (4.46
1 2a?sina . 4 ot sin*(a/2) a=[?l (4.46)

Thus, K,,;, i = 1,2 are evaluated from equation (4.45) with ¥ = 9; and v = m;,
with m; as defined in (4.33).

Finally, it should be mentioned that, at least for small increments, 9 is a small
quantity. Consequently, T;*(99) is close to identity. For this reason, the transfor-
mation described by equations (4.40) and (4.43) is often omitted in the formulation
of co-rotational elements (cf. e.g. [22]). The numerical tests performed in [73] showed
that this omission has scarcely any effect on the correctness of the results, although
it has an impact on the convergence properties of the element.

4.2.3 Change of variables dp, — op/

The second step of the variable change involves 0p, and 0p/, as defined in equations
(4.38) and (4.35), respectively.

Referring first to the local axial translation @, the variations of equation (4.29) give

ou = (Hn = 1'6[)5 r = |:—I"1T 0173 I"lr 0173] (447)
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For the rotational terms, the variations of equation (4.30) are needed
SR; =R R/R, + R} R!R, (4.48)

where 6R; is defined in (4.36) whereas dR? and R, are computed using the spatial
form of equation (4.8), i.e.

SR =60 R!  6R, =60’ R, (4.49)

ORT is calculated from the orthogonality condition R, R = I which, by differenti-
ation and introduction of (4.49) gives

SR, R +R,0R} =0 (4.50a)
0°’R, R' + R, 0R =0 (4.50D)

and then
SR = —R' 6’ (4.51)

Using (4.36), (4.49) and (4.51), equation (4.48) can be rewritten as

50.R, = —-RT50’'RR, + RT 30/ R/R,
— —R'00/R,R'RYR,+R'06] R, R'R/R, (4.52)

(60, — 00 R,

-

where use has been made of equation (4.30) and of the fact that R, transforms a
vector and a tensor from global to local coordinates according to

x*=R'xY x*=R'XR, (4.53)

Thus, equation (4.52) gives

60, =607 —60°  i=1,2 (4.54)
Further, let
R, 0 0 O
50¢ — ET 508 B 0O R, 0 O
p, = E 0p} E = o 0 R 0 (4.55)
0O 0 0 R,
Then, using the chain rule, 66; is evaluated as
58; = gg; gizj p? = %ET opf =12 (4.56)
Substituting from equation (4.54) gives
[59}]=<[0 Lo OI—IGT >ET5p — PET 6p? (4.57)
56, 000°TI GT ! !
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where the matrix G is defined by

_ 08
ap;

G (4.58)

Hence, from (4.47) and (4.57), the connection between dp, and dp{ is given by

ép, = B, op? B, = P;T (4.59)
Expression of G
The expression of G is obtained from (4.49) which can be rewritten as
60 = R, R" (4.60)
and after the transformation (4.53) as
50. = R /R, (4.61)
From (4.24) and the above equation, it can easily be found that
605 —r] or3
60, = | 002 | = | —r3ory (4.62)
60¢, r} 0Ty

Introducing the notation v/ = [u? uf, u%]" (i = 1,2), differentiation of (4.25) gives

X dujy — duf;
orf = - [I—rir]| | dud, — uf, (4.63)
dups — Oufs

and after transformation (4.53) in the local coordinate system, it is obtained

1
orf = — | du§, — duf, (4.64)

n

o~

€ €
Ouhs — Ouf

Hence, since the local expressions of ry and ry are [010]" and [001]", equation
(4.62) gives

1
00y, = = (S — dusy) (4.65a)

1
00, = = (S, — dui) (4.65b)
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The evaluation of 46,7 is more complicated and can be performed as follows. Differ-
entiation of (4.27) gives

1

bq = S(OR{+0R)R, [01 0]"

1 - -

§(5(919 R!+ 60, R)R, [010]" (4.66)
1 - -

= 506 ai +06; qo)

The local expressions of the vectors q, q; and qs are denoted by

q1 q11 g21
Riq=| ¢ Riai= | qio R ay= | g (4.67)
0 q13 q23

The last coordinate of R q is zero since q is perpendicular to r3.

The local expression of dq can be deduced from equation (4.66) as

1 q11 1 q21
oq" =5 00, | qo | + 5 565 | oo (4.68)
13 q23

which after calculation gives
— (120073 + q3007, — Ga20055 + Go3 005,
oq° = % + 105 — q3007, + qo1db5; — o3 005, (4.69)
— quobly + q200f; — qa1005 + Go2005;

The following notations are introduced

n=— mi = — Mo = No1 = — iy (4.70)

q1 q11 q12 q21 _ q22
q2 q2 2 q2 q2

The differentiation of rs is calculated from its definition (4.28). By noting that
|lr1 X q|| = g2, the first line of equation (4.62) can be rewritten as

e r’2r e rQT e 1 T
59h = = (5rl Xq——=r; Xo6q°—06|— r, (1'1 X Q) (4-71)
42 P 42

The last term in the above equation is zero. The two others terms can be evaluated
from equations (4.64), (4.67) and (4.69). The result, after some work, is

507 = lﬁ (6w — dws) — % 505, + % 50, — % 505, + % 505, (4.72)

Finally, the expression for the matrix G is

i nom2 M 0 ]
000 & o500 0 ;b T -TR0
1 1
G'=|0 0 &~ 0 0 000 -~ 0 0 0 (4.73)
1
0 -~ 0 0 0 00+ 0 0 0 0

67



Internal forces

Using (4.59), the internal force vector in global coordinates is computed as

_ RpT
f,=BI'f,

Note that, according to the sequence of variable changes pre

(4.74)

viously defined, the

matrix B in equation (4.21) is explicitly given by the product B, B,.

Tangent stiffness matrix

Differentiation of (4.74) gives
of, =B, K,B,dpJ +or' f,, + S(EP")m
with
T
m = [ fa2 fag fa4 fa5 fa6 fa7 ]

where f,,, 1 = 1,7 denotes the i-th component of the vector f,.

From (4.47) and (4.63), it can easily be derived that

D; 0 -D; 0
0 0 0 0
srT =Dép?! D=
g -D; 0 D3 0
0 0 0 0

The last term in expression (4.75) is evaluated from
SEPY)m=EP"m+E/P'm

By introducing

115]
P'm = o
ny
my
and using (4.55) and (4.61), the first term in (4.78) can be exp
R,60. 0 0 0 n,
. 0 R0, 0O 0 m,
EP " m = e
0 0 R0 0 n,
0 0 0 R,60 | Lm

which, using the relation

(4.75)

(4.76)

1
D; = l—(I —riry) (4.77)

(4.78)
(4.79)
ressed as

5@: n;

5@: m;,

507‘ 11D)

5@: ms
(4.80)
(4.81)



gives

m
SEPTm=-EQJ/0° Q= fl” (4.82)
ﬁl22
Then, by using (4.58), it is obtained
SEP"m=-EQG"E"ip/ (4.83)

The calculation of the second term of (4.78) requires the value of §PT which can be
obtained by introducing the matrix A such as

0000O0O0OO0OO0O O O0O0°O
AT=10000000O0 —I, 000 (4.84)
0oo0oo00o0001¢ 0 00O
and by noting that
ATG =1 (4.85)
Differentiation of the above equation gives
SATG+ATSG =0 (4.86)
and hence
6G = -ATSATG = —-GJATG (4.87)
Further, using the definition of P in (4.57) gives
P =-CéG* C= ; ] (4.88)
which can be rewritten as
SPT = 0GC"=GosATGCT (4.89)
Then, the second term of (4.78) becomes
E/P'Tm=EGJ/ATGC'm (4.90)
which can be simplified after symbolic matrix multiplications as
E/P"m =EGadl, (4.91)
with
0
n 1
a— E(fm—i_f%)_E(faB—i_f%) (4.92)
E faut for)
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Introducing (4.47) in (4.91) gives
E/P"m=EGardp/ (4.93)

Finally, from equations (4.75), (4.78), (4.83) and (4.93) the expression of the global
tangent stiffness matrix is

K,=B/K,B,+K, K, =Df, -EQG'E"+EGar (4.94)

Note that the tangent stiffness matrix as given by equation (4.94), is not symmet-
ric. However, as shown in [64], it can be symmetrised without losing quadratic
convergence unless concentrated moments are applied on the structure.

4.2.4 Eccentric nodes, rigid links
A beam element is defined such that node 1 is rigidly linked to another node I of
the structure. Mathematically this can be expressed as

x{ =x{ 4+ v, (4.95)

where x{ and x? denote the position vectors of nodes 1 and I in the original un-

deformed configuration whereas v, denotes an eccentricity vector. Since the link is
assumed as rigid, the magnitude of the eccentricity vector will not change during
the deformation of the structure. The connection between the displacements at the
two nodes 1 and I can then be expressed as

u=uj+R{-I)v, R{=R{ (4.96)

The modelling of a rigid link will thus require a change of variables from uf to uf.
Taking the variations of equation (4.96), and using (4.81), gives

su! = su! + 6RI v, = ouf + 66, R{ v, = duf — v 607 (4.97)
with
v=R/v, (4.98)

which, by introducing the notation

T
ops = | oud™ 5077 sul” 595T] (4.99)
leads to
1 v 00
0100
opf =B, opl B, = 4.100
pg ec pec ec O O I O ( )
000
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with 6pJ as defined in equation (4.35). The internal force vector f_, and tangent
stiffness matrix K_, consistent with dp2. are then given by

f.=Blf K.=BlLK B, +K, (4.101)

ectg

The matrix K, is calculated by

03,1 031 0.1
_§vn ﬁ5égv —nvof?
K, 5pec = (Bec) fg B 031 N 031 B 03,1
[ 031 03,1 0.1
(4.102)
[0 0 00
0 —nv 0O
_ opg.
0O 0 0O
|0 0 0O

with 0= [f,, fs fo]'> fo @ =1,12 denotes the i-th component of the vector f,.

4.2.5 Finite rotation parameters

The global internal force vector f, and tangent stiffness matrix K, computed ac-
cording to equations (4.74) and (4.94) are consistent with spatial angular variations
0607 of the type defined in the first of equations (4.8). Consequently, for a certain
node of the structure, the updating of the rotation matrix at each iteration step
would have to be done according to

RY = exp(60°) RY (4.103)

where the subscripts n and o denote quantities corresponding to the “new” and
“old” configurations, respectively. Note that in this case the parameterisation of RY
is largely independent on the technique used to parameterise its admissible varia-
tions. Using the terminology in [51], this alternative will be denoted as “intrinsic”
parameterisation of 3D rotations.

In addition to the “intrinsic” parameterisation, two alternatives are explored in the
present work. The first one is based on the rotation vector W7, i.e. a 3-parameter
representation, cf. (4.3). In this case, the rotational variables are additive and the
necessity of a special updating procedure is avoided. The second alternative is based
on the spatial form of the incremental rotation vector @7, cf. (4.5) [51,68]. The rota-
tional variables are still additive, but this time only within an increment at the level
of the iterative corrections. Corresponding to these two choices, additional changes
of variables from §@7 to 0W Y or alternatively from 609 to @7, must be introduced.
These changes of variables are defined in the remainder of this subsection.

It should be noted here that in the context of multi-parametric analyses of instability
problems, additive variables, at least at the level of iterative corrections, are essential
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for an efficient implementation of fold line evaluation algorithms [68, 71]. In the
context of dynamical problems and Newmark time-stepping schemes, an excellent
discussion on the relative merits of the different alternatives is presented in [51].

Change of variables: 609 — W7

For the purposes of this subsection, let p? denote the following vector of global
nodal displacements

T
pf =" It wg" wit (4.104)
where W/ denotes the rotational vector at node i. The change to the new kinematic

variables in p? requires the connection between dp¢ as defined in (4.35) and Jp/.
This connection can be easily constructed using (4.11)

I 0 0 0
0 T,(¥Y) 0 0O

ép) = B, op/ B, = 0 0 ; 0 (4.105)
0 0 0 T, (¥

The global internal force vector f. and tangent stiffness matrix K., consistent with
p?, are then given by

f.=B'f, K,=B'KB, +K, (4.106)
where
0 0 0 O
0 K, 0 0
K, = (4.107)
0 0 0 O
0 0 0K

v2

The expressions of K,; and K, are obtained from

O - (gw } (sm<w/2>>2> (o x )T+ 1 (M)v

(0 (¥/2) (¥/2)
+ (COS@/J - Slzw) % [vu' — (u"v)uu"] (4.108)
+ (1 - siz}zﬂ) % [uv’ —2(u"v)uu’ + (u'v)I]

with the vector v maintained constant during the differentiation.

Thus, K,; and K, are evaluated from equation (4.108) with ¥ = ¥{ and ¥ = ¥J
respectively and v = [ fo, fos fas] s V= [faro farr fara] » Tespectively.
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With this new parameterisation, the rotational variables are additive and the itera-
tive updates are performed according to

VI =wI4 oW RY = exp(¥7) (4.109)

The main drawback of a parameterisation based on the rotation vector lies in the
fact that it cannot be retained globally. As implied by equation (4.13), the linear
operator T, becomes singular if the magnitude of the rotation vector reaches 2.
This undesirable feature is then passed over to the tangent stiffness matrix computed
according to equation (4.106). In order to remove this drawback, a parameterisa-
tion based on the incremental rotation vector ®Y and its iterative increment 6@ 7,
cf. subsection 4.1.2, will be discussed in the next subsection.

Change of variables: 607 — 007

The transformation matrices required in this second case are constructed on the basis
of equation (4.18) which provides the connection between 60Y and §®7. Following
a procedure entirely similar to that used in the preceding subsection, the vector p?
is now defined as

T
p!=|uw" @/ u" ey (4.110)

where ©®7 denotes the spatial form of the incremental rotation vector at node i.
Note that in order to avoid singularities in the expression of T, the magnitude
of ®Y should be restricted to values less than 27w. Since ®7 now represents an
incremental rotation between two consecutive equilibrium states, this restriction is
of no practical consequence.

The transformation equations for the internal force vector and the tangent stiffness
matrix are formally identical to equations (4.105)-(4.108), by replacing ¥/ by ©7.

Using the incremental rotation vector, additive updates apply only within an in-
crement at the level of the iterative corrections. Thus, the updating of the nodal
rotations is performed according to

O =07+507 RY=exp(@f)RI , (4.111)

where RY_, is the rotational matrix obtained at the end of the previous increment.
The transformation matrices required for this second type of parameterisation are
essentially constructed using the same linear operators as before, which considerably
simplifies the implementation.

4.2.6 Formulation with warping

In order to include warping effects, additional (warping) degrees of freedom «; are
introduced at both nodes i = 1, 2 of the element. The local displacement vector will
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thus become

T
pi=|a 9, 9, o aQ] (4.112)

However, since the warping is in itself a deformational quantity, these additional de-
grees of freedom remain constant during the sequence of transformations previously
defined. Hence, referring for instance to equation (4.59), the variations 0p, and opd
are rewritten as

_ _ T
op; = [5@ 50, 60, S 5%} (4.113a)
T
Sp* = [mgT 509" sul” 509" san 5a2] (4.113b)

and the corresponding connection is defined by

op; =B} op* B! = [

g

B, 02}

ol 1 (4.114)

with B, as given in (4.59) and I, denoting a 2 x 2 identity matrix. Including warping
effects, the global internal force vector and tangent stiffness matrix are given by

(4.115)

K, 0
m 0, 0

* *T px * *T * * * * m
f9:B9 fa Ky:Bg KaBg_l_Km K :{

with K, as defined in equation (4.94). The two other transformations are modified
in a similar way.

4.3 Local element formulation in elasticity

The purpose of this section is to define the internal force vector f; (f* if warping
effects are considered) and tangent stiffness matrix K, (K;) in local coordinates.
Assuming elastic material behaviour, f; and K, can be derived from the strain energy
® expressed as a function of the local displacements p, (or alternatively p;*), through
successive differentiations

0% 0

f = — - =
! Ip, ! op?

(4.116)
For all element types presented in this section, the differentiations involved in equa-
tion (4.116) have been performed using the Maple symbolic software package. For
this reason, explicit expressions for f; and K, will not be provided here. The remain-
der of this section will instead focus on the strain energy expression which is the
keystone in constructing the necessary Maple subroutines. To complete the element
definition, the Maple codes are given in Appendix A.

In order to provide an explicit expression for ®(p,), a certain definition of the local
strains must be adopted. As the main interest of the co-rotational formulation lies
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in the fact that the geometrical non-linearity is embedded in the motion of the local
element frame, the local strains can be expressed in a simple manner. In fact, most
of the co-rotational elements found in the literature are based on local linear strain
assumptions. However, as the numerical tests presented in this thesis will show,
such elements can give inaccurate results for problems where the torsion effects are
important. For these reasons, in the present work a second order approximation of
the Green-Lagrange strains is constructed at the level of the local element frame.
The resulting expressions are subsequently simplified by neglecting certain second
order terms. The effects of these simplifications are then carefully examined in the
numerical examples.

4.3.1 Local beam kinematics, strain energy

As a general rule, all kinematic quantities introduced in this subsection are referred
to the local element frame r;, i = 1,2,3, as defined in equations (4.25), (4.27)
and (4.28). The origin of the local system is taken at node 1 with r; directed along
the line of centroids. Note however that r, and r; are not necessarily directed along
the principal axes of the cross-section.

With respect to the local system, the Green-Lagrange strain components which
contribute to the strain energy of the beam are given by

ey = Gyt o 4 =
11 L1 Ty ey TG U
2e;p = Uy g+ Uy y + Uy Upg+ Uy Upyg + Usg g Uy (4.117)

2ey3 Upg gy + Uy Uyg+ Uy Upgg+ Uz Uz

where @y, 1y, U5 are the local (deformational) displacements of the current point P.
In the above equation, a comma followed by an index denotes differentiation with
respect to the corresponding variable.

In order to obtain a consistent second order approximation of the strain expressions
in equation (4.117), a second order approximation of the displacement field is needed.
Within the settings of classical beam theory, cf. e.g. [4], bending is defined around the
centroid G while torsion is referred to the shear center C. Consequently, whenever
C and G are not coincident, the derivation of a non-linear displacement field is not
an easy task since rotations are not defined around the same point. An attempt
can be found in [60], but the approach presented there lacks consistency. In fact,
with the classical beam theory, only a linearised displacement field, obtained by
superposition of linear stretching, bending and torsional effects can be derived.

In order to avoid such problems, the kinematic model proposed by Gruttmann et
al. [41] is adopted, see Figure 4.3. Thus, let x% (x4, 24, x3) denote the position vector
of point P in the initial (i.e. rotated but still undeformed) configuration and let
Xp(xy, Ty, x4) denote the position vector of P in the current configuration. These
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L
Figure 4.3: Local beam configuration.
two vectors are given by
Xp(2q, g, x3) = XG(x)) + 29Ty + 2414 (4.118)
Xp(T1, T, T3) = Xg(21) + 25 85(2y) + z385(21) + fz)) ©(24, T3) A1 ()

with x¢, and x denoting the position vectors of G in the initial and current configu-
rations, respectively. The warping function w(z,, ;) is defined within Saint-Venant
torsion theory and refers to the centroid G, i.e.

where w refers to the shear center C of coordinates c,, c5. Note that in connection
with w, the following normality conditions hold

/wdA—O /wadA—O /wx3dA—O (4.120)
A A A

The orhonormal triad a;, ¢« = 1,2,3 which specifies the orientation of the current
cross-section, is given by

a,=Rr; i=1,2,3 (4.121)

where the orthogonal matrix R defines a rotation relative ‘to the local element axes,
see (4.30). Using (4.4), a second order approximation of R can be constructed as

. 0 —v, v,
R:I+5+§5 9= v, 0 -V (4.122)
—9, 9, 0

Introducing equation (4.122) into (4.118), a second order approximation of the dis-
placement vector Up = [, U, U3]" = xp — x% can be evaluated as

1 1

1 1

1 1
uz = “3+$2191_§$3(7912+7922)+§I2192193_@0”92
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where u,, uy, u; are the displacements of the centroid G, i.e. the components of the
vector X, — Xgi.

Using equations (4.119), (4.120) and (4.123), a second order approximation of the
Green-Lagrange strains defined in (4.117) can be evaluated. At this level, two ad-
ditional simplifications are introduced. First, the term 1/247, in the expression of
g7 is neglected. Second, the non-linear strain components generated by warping are
omitted since warping effects are rationally taken into account in a linearised way
only [42]. Using these simplifications gives

1
£y, = €C+x2k2+x3k3+§r2191271—Hua,l

269 = Yt woa—1x5k (4.124)
2613 = Mzt wgat+ayk
with

r? = x§+x§

€ = Upp+ 5 (U 1‘*’“:2;71)

ky = 1931"'%(191119 + 1921)+U311911+C3 &y

ky = 1921+%(191119 + 0, 05,) —Uyy Uy g — Cyany (4.125)

kl - 191 1T % (192 1 793 - 192 193,1)

Y12 = — Uy +§791 792"‘“3,1 191_711,1 Vs

1
Tz = Uszgt Uy + 2 Uy U3 — Ug 1 Uy + Uiy Uy

The strain energy can then be evaluated from

1 1
@:/@Adxl :/ (§E/5f1 dA+§G/ [(2610)% + (2645)°] dA) dz, (4.126)
lo lo A A

Integration through the cross-section gives

1
/5121dA = A5§+122k:§+133k2+41rr19 + 1,0} +1,e 07, (4.127)
A

+ 2 [y kg kg + Iy, Ky 7912,1 + Iy, ks 7912,1 + 1, a, l</112,1

/ [(2200) + (2615)2] dA = A 4A2) + LI+ (I, — J)a® (4.128)
A

where J denotes the Saint-Venant torsion modulus

J= / (5@ ) — (@1 —25)] dA (4.129)
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and the other section quantities are defined by

A A A

L, :/x27"2 dA I, :/x37"2 dA I, :/(:r;g—i—xg)Q dA (4.130)
A A A

I,= / w?dA I, = [ wr’dA I, = /(xg +23)dA
A A A

o

In deriving equations (4.128) and (4.129), the following relations have been used

(cf. the proof in [41])

/w,z dA = / D5 dA=0 (4.131)
A A

/A (@34w,3)dA=— /A (0,319 — Wypay)dA =1, —J (4.132)

Bernoulli assumption

The bending shear strains v,, and 7,4 in equation (4.125) are neglected, which gives

1
Uy = —ug, + 5 Y21 Uy +uy g, Uy = ug, + 5 3.1 Uy —uy g g (4.133)

By introducing the above equations into (4.125), the bending curvatures and tor-
sional twist can be rewritten as

1
ky = 191,1 + B (U3,1 Ug 11 — Uy U3,11)
ky = —Ug gy Uy gy Ugy + Up g Up gy — Uz gy Uy + ez (4.134)
ky = —Ug g T Ugqq Uz g + Uy g Uz g T Ug gy U —cyay

Since the bending shear stresses are neglected, it appears logical to neglect the
bi-shear F, also. Thus

0D 4
Oa
where @4 is defined in equation (4.126). Introducing (4.127) and (4.128) into the
above expression, gives

F,= =0 (4.135)

a=k (4.136)

The integral (4.128) is then simplified under the form

/ [(2615)° + (2613)°] dA = Tk} (4.137)
A
In order to avoid membrane locking, £,; in equation (4.124) is rewritten as

1 2 [o 2
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where the “average” value €, is given by

1 1 I
Eav = _/ [%14‘_ (ugl+u§1+ _019121)] day (4.139)
L) [T\t et

This gives

A
2Dy by kg + I, ky 07 + Iy, Ky 971 + L0y 97 (4.140)

1 I?
/5121dA = A65v+]22k§+133k§+1(Ir’/‘__o) 19{1,1+]w04a21
A

4.3.2 Element types

Both Timoshenko and Bernoulli elements were developed in the present work. The
Timoshenko elements are based on equations (4.125), (4.127) and (4.128), whereas
the Bernoulli elements are based on (4.134), (4.137), (4.139) and (4.140). Both
element types have been implemented by neglecting the nonlinear terms in the ex-
pressions of the curvatures ky, k,, k; and bending shear strains 7,,,v;5. Extensive
numerical testing has shown that this simplification has no effect whatsoever on
the accuracy of the results; i.e. including these terms generates differences of less
than 0.01% in the final results. On the other hand, certain tests have shown that
the Wagner term %T2 U7, in the expression of ), can not be neglected or even be

. I .
replaced by its average value (3 2 9¥7,) over the cross-section.

4.3.3 Beams with thin-walled or open cross-sections

For beams with thin-walled or open cross-sections, warping effects are introduced
through an additional degree of freedom at each node. The vector of local displace-
ments is then given by

P = u 191T ’192T ) Qg 6;:[791192193]'

; 1=1,2 (4.141)
The Timoshenko element tw3d, is implemented using linear interpolations for all
variables, including the warping parameter . The integrals in the strain energy
expression are computed using a one point Gauss rule in order to avoid shear locking.
Note that a linear interpolation scheme gives u, = u4 = 0 since these displacements
have zero values at the nodes of the beam due to the particular choice of the local
system. Moreover, uy; = us; = 0 and the only non-linear term in the expression of
£y, 1s the so-called Wagner term.

For the Bernoulli element bw3d, Vlasov’s assumption is adopted, i.e.
o, =V (4.142)

which, since the non-linear terms in the expression of the curvatures are neglected,
is the direct consequence of equation (4.136). Linear interpolation is used for the
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axial displacement u, whereas Hermitian interpolations are used for u, and u; and
for the axial rotation 9J;. Note that in this case, the shallow arch terms u3, and u3,
in the expression of €, are non-zero.

4.3.4 Beams with solid or closed cross-sections

For such beams, the vector of local displacements is given by

T

p=|u 9 D, (4.143)

The cross-section is assumed to be bi-symmetric, with r, and ry directed along the
principal axes of the cross-section (see Figure 4.3). These assumptions give

The warping stresses are neglected and consequently the bi-shear F, and the bi-
moment M, are set to zero

0%,

0D 4
F,= 2 —
Oa

Jda,,

-0 M, =0 (4.145)

Introducing equations (4.127) and (4.128) in the above expressions, gives

which are further substituted in the corresponding expressions of the strain energy.
It should be noted here that if the cross-section is not bi-symmetric, the second of
equation (4.146) is not valid; a more complicated equation is obtained.

The Timoshenko element t3d is implemented using linear interpolations for all vari-
ables and a one point Gauss rule. The element t3dl is obtained by keeping only
linear terms in the strain expressions. This element is the classical two-node linear
Timoshenko element.

The Bernoulli element b3d is implemented using linear interpolations for the axial
displacement u and the axial rotation J; and Hermitian interpolations for u, and u,.
The classical linear Bernoulli element b3d[ is obtained by considering only linear
terms in the strain expressions.

4.4 Local element formulation in elasto-plasticity

The purpose of this section is to define the internal force vector f;, (f* if warping
effects are considered) and tangent stiffness matrix K, (K;*) in local coordinates in
case of elasto-plasticity. Assuming a von Mises material with isotropic hardening,
Timoshenko elements are developed. Due to the material non-linearity, numerical
integration over the cross-section is required, see the introduction of Chapter 3. The
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constitutive equations are solved at each integration point by including interaction
between the normal and shear stresses.

Assuming elasto-plastic material, f; and K, can be derived from the virtual work
principle. If no volume or surface loads are acting on the element, this is written as

= /5sT .o dv = 6p; f, (4.147)

4.4.1 Strain definition

The strain definition and displacement field are the same as in the elastic case, see
equations (4.117) and (4.118). However, in elasto-plasticity, the notion of shear
center does not have any meaning, and the warping function @ is not replaced by
w, see equation (4.119). As a matter of fact, due to the material non-linearity, the
normality conditions (4.120) do not introduce any simplifications, as it was the case
in elasticity. Equation (4.124) is then rewritten as

1

2619 = Vg F W — T3k (4.148)
2613 = Mzt wgatayk
with

r? = x% + x%

€c = Upq+ 2 (U§1 + U§1)

ky = —Ug,+ % (V1195 4+ 01 0y1) +usgy 9y

ky = % (191,1 Vs + 14 193,1) —Ugy 191,1 (4.149)
kl = 791,1 + % (‘92,1 793 - 792 793,1)
Y12 T — U5+ % Uy Uy + Us 1 Uy — Ugq Us

1
Yz = Ugg T Uy + 2 Uy U5 — Ug 1 Uy + Uy q Uy

The warping function w(z,, z;) is defined within Saint-Venant torsion theory and
refers to the centroid G. For arbitrary cross-section, @ is determined numerically in
a separate finite element analysis. The theoretical aspects of this computation are
given in Appendix B. In the numerical examples presented in this thesis, isopara-
metric quadratic plane elements with four Gauss points are used to discretise cross-
sections. It must be noted that within the Saint-Venant torsion theory, warping
effects are assumed to be small and are therefore taken into account in a linearised
way only [42]. Consequently, the warping function is determined by considering an
elastic material and linear deformations. Although frequently used, this assump-
tion is certainly debatable. However, even if the influence of plastic deformations
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or finite displacements can be introduced by updating at each step the warping
function [2,103], in practice, this operation requires too much computational time.

4.4.2 Finite element formulation

A finite element formulation can be easily derived from equations (4.148) and
(4.149). However, the numerical tests performed in the elastic range have shown
that these expressions can be simplified without affecting the results by neglecting
the non-linear terms in the expressions of the curvatures ky, k,, k5 and bending shear
strains 7,4, 7;3. With these simplifications, the strains can be rewritten as

1 1
€1 = U+ B (Ugl + U%l) — Ly 193,1 + T3 192,1 + B) r’ 19%,1 +way,

210 = Uy — Uyt a—x30, (4.150)
263 = ugy +Uy+wgatx,0),

which leads to a simple and computationally efficient local element.

The Bernoulli assumption a = 9, see section 4.3.1, can be introduced in equations
(4.150), leading to elements based on the same hypotheses as bw3d and b3d (see Sec-
tions 4.3.3 and 4.3.4). However, the formulation of such elements in elasto-plasticity
is computationally expensive and only Timoshenko elements will be considered in
the remainder of this section.

4.4.3 Beams with thin-walled or open cross-sections

Based on the same assumptions as the elastic element tw3d, see Section 4.3.3, a
Timoshenko element, called ptw3d is implemented. Thus, linear interpolations are
used for all variables, including the warping parameter .. Note that a linear inter-
polation scheme gives u, = uz = 0 (and consequently u,; = uz; = 0) since these
displacements have zero values at the nodes of the beam due to the particular choice
of the local system. Consequently, the only geometrical non-linear term in the strain
definition is the Wagner term 297,

Differentiation of equation (4.150) gives

Je=A0E  E=luy, U5 0y Oy Uy Vs, o oy ] (4.151)
with
I 0 0 9, x3 —x 0 w
A=| 0 -1 0 - 0 0 @y O (4.152)
0 0 1 T 0 0 W,3 0

The virtual internal work in equation (4.147) can be rewritten as

V= /55T o dv = / 6é" - & dux, (4.153)
v ln
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where [, is the initial length of the element and & is the vector of stress resultants
defined by

6= / Ao dA (4.154)
A

To avoid shear locking, the second integral in equation (4.153) is evaluated by one
Gauss point integration. This gives

/ 6éT -6 dx, =op; TG & (4.155)

lo

where p;* is given in (4.141) and G is defined by
0é€ = Gop;/ (4.156)

From the choice of the interpolations, the matrix G is given as

/i, 0 0 0 0 0 0 0 0
0 0 0 1/2 0 0 1/2 0 0
0 0 1/2 0 0 1/2 0 0 0
. 0 -1/l, 0 0o 1/l, 0 0 0 0
0 0 -1/l, 0 0o 1/l, 0 0 0
0 0 0 -1/, 0 0o 1/l, 0 0

0 0 0 0 0 0o 1/2  1/2

0 0 0 0 0 0 —1/1, 1/, |
(4.157)

The vector of internal forces f;* in local coordinates is then given by
f*=G'é (4.158)
where & is the vector of stress resultants for the section at the middle of the element.

The local tangent stiffness matrix defined by of* = K;*0p;” can be calculated by
differentiation of equation (4.158), which gives

K/ =G'DG 6 =Dds¢ (4.159)

The matrix D can be obtained by taking the variations of (4.154)
5&:/A[AT50+5(ATJ)] dA:/A[ATCdAJrL} dA 6é (4.160)
where C,; is the consistent tangent operator defined by 0o = C,. de and L is ob-

tained from §(A”e) with o maintained constant during the differentiation. Hence,
the only non zero term in the matrix L is

Lys =170y, (4.161)
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Finally, & and D are calculated trough a numerical integration over the cross-section,
by using the same mesh as for the determination of the warping function. Hence, the
cross-section is discretised using isoparametric quadratic elements and integration
over each of these elements is performed using 4 Gauss points. At each point, the
constitutive equations are solved iteratively using a backward Euler scheme [23],
which allows the generation of a consistent tangent operator C,;.

The constitutive equations for a 3D beam are derived from the von Mises equations
in three dimensions [23] by setting

099 = 033 = 093 — 0 (4162)

By performing a similar work as in Section 3.4.4 for the 2D beam case, it can
be shown that the Backward-FEuler algorithm and consistent tangent operator are
similar to those given in Figure 3.4 and equation (3.93) with

€11 011 E 0 0
g = 2812 g = 012 C= 0 G O (4163)
2813 013 0 0 G
f=(cf+30h+ 3(7123)1/2 — 0 (Eps) = T — 00 (Eps) (4.164)
o1 o400y —011012  —011013
1 3 da 3 2 g0 5 4
a — 0‘_6 012 6_0' = 0_—63 —011012 Oq —+ 013 —9012013 ( 165)
3013 —011 013 —3012013 0121+3U122

4.4.4 Beams with solid or closed cross-section

For beams with solid or closed cross-sections, warping stresses can be neglected.
Assuming a bi-symmetric cross-section, it has been shown in Section 4.3.4 that the
local finite element formulation is obtained by introducing in equations (4.150) to
(4.157) the constraints

a=1, a,=0 (4.166)
Hence, € and A, see equations (4.151) and (4.152), are rewritten as
e=1[u, V5 0y Uy Ugy Uy, ] (4.167)
and
I 0 0 09, a3 —x
A=| 0 -1 0 @o—a35 0 0 (4.168)

0 0 1 W,3 +To 0 0

The internal force vector f; and tangent stiffness matrix K, are then obtained by a
procedure similar to the one described in Section 4.4.3. This element is called pt3d.
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4.5 Applied loads

The aim of the present section is to discuss two aspects related to the applied external
loads. The first one refers to the modelling of eccentrically applied forces. The sec-
ond refers to the applied external moments, in the context of the re-parameterisation
of finite rotations advocated in Section 4.2.5.

4.5.1 Eccentric forces
Assume that the vector of external forces £, is applied at node I, and that node I
is rigidly connected to node 1 through the eccentricity vector v,, defined by

x] =x] + v, u/ =uf + (R} - 1) v, R{ =R} (4.169)

where x{ and x7 denote the position vectors of nodes 1 and I in the original unde-
formed configuration.

The modelling of such a situation can be performed in two ways. The first one
consists of a change of variables from uf to uf, as developed in Section 4.2.4. The
second one requires a transformation of f, ; into f, ,, which can be obtained by
considering that both forces must perform the same virtual external work

5pIgT fe:vI - 6plgT fexl (4170)
with
T T]T T T]T
op? = [5u~§f 5607 } pf = [5u§ 507 } (4.171)
Similar calculations as in Section 4.2.4 give
T I —v g

In addition, differentiation of equation (4.170) gives the stiffness correction

0 O n;
Kef — - . feml - (4173)
0 n;v my;

which must be subtracted from the tangent stiffness matrix of the structure. It
should also be noted here that, equations (4.172) and (4.173) are consistent with
spatial angular variations. A different choice of finite rotation parameters will then
require a further transformation of these equations, cf. Section 4.2.5.

4.5.2 External moments

Consider that at node 7, an external moment m,, performs the virtual work 607" m,
with 00 representing spatial angular variations. This means that if a parameterisa-
tions in terms of the total rotational vector W7 is adopted, m, should be accordingly
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transformed into my, in order to represent the same physical problem. By consider-
ing that both moments must perform the same virtual external work, it is obtained

60! " m, = 5" m,, (4.174)
which, by using equation (4.11) leads to

s (¥) m, (4.175)

m\I,:TS

Differentiating the above equation gives the stiffness correction

0

T, (¥)m,] (4.176)
which must be subtracted from the tangent stiffness matrix. The expression of Ky is
given in equation (4.108). If a parameterisation in terms of the incremental rotation
vector is adopted, the required transformations are obtained by replacing ¥/ with
©/ in equations (4.175) and (4.176). These aspects will be further discussed in
connection with one of the numerical examples where it is shown that if the above
transformations are not applied, the three parameterisations discussed in the paper
will produce totally different results. Note however that, if the moment is applied at
a point which is constrained to rotate around a fixed axis, T reduces to the identity
matrix and the above transformations are no longer necessary.
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Chapter 5

Path following techniques

Concerning non-critical paths, the Newton-Raphson method, preceded by an Euler
forward predictor is chosen to solve the equilibrium equations at each step. In
most of commercial codes, the length of the step is defined by adding an arc-length
equation (see e.g. [23]) to the equilibrium equations. In this thesis, a displacement
or load control strategy has been adopted. The procedure for computing non-critical
paths is described at both structural and element levels in Section 5.1.

Since the purpose of the elements described in this thesis is the study of elastic and
elasto-plastic instability phenomena, special procedures are needed in order to first
detect and isolate bifurcation points along fundamental equilibrium paths and then
to perform branch-switching to secondary paths.

This approach is different to the one usually adopted in commercial finite element
codes. In these programs, the bifurcation loads are often evaluated by a linearised
buckling analysis based on the equation

(Ki+wAK) ¢, =0 AK =K, K, (5.1)

where K; and K5 are the tangent stiffness matrices of two known equilibrium points
on the fundamental path of the perfect structure. The buckling load factor \.. is
then calculated by

)\cr = )\1 -+ w AN AN = )\2 — )\1 (52)
where A1, Ay are the load factors of the two known equilibrium points.

This approach assumes a linear relation between the increment of the geometric
stiffness matrix (assumed to be AK) and the increment of the load factor AX. This
assumption is satisfied when the pre-buckling displacements are sufficiently small so
that the shape of the stress distribution remains unchanged and only the stress levels
change with the factor A. If this condition is not respected, a linearised buckling
analysis gives more or less inaccurate results.

As regard the post-bifurcation behaviour, this is normally investigated in commercial
codes by introducing small imperfections in the geometry or the loading of the
structure. However, apart from the difficulties related to the choice of the form and
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the magnitude of these imperfections, such an approach does not allow a complete
understanding of the instability phenomenon.

Thus, the main purpose of the procedures developed in this chapter is to isolate
bifurcation points and to study post-critical behaviour of the perfect structure,
i.e. without introducing any imperfections.

In elasticity, branch-switching is performed classically, using the mode injection
method. This procedure consists of taking as predictor for the secondary path the
eigenvector associated to the zero eigenvalue of the tangent stiffness matrix at the
bifurcation point. The main innovation of this thesis resides in a new numerical
approach for the direct computation of critical points. This procedure, which can
also handle limit points, is explained in detail in Section 5.2.

In elasto-plasticity, numerical analyses of buckling problems are not so common in
the literature. This is probably due to the fact that the instability phenomenon in
itself is more complicated. Taking as starting point the theoretical bases presented
in Chapter 2, the purpose of Section 5.3 is to describe and discuss the advantages
and drawbacks of two different branch-switching procedures.

5.1 Non-critical equilibrium path

5.1.1 Procedure at the structural level
The discretised structure has n degrees of freedom. The values of the n components
of the displacement vector d and the load factor A have to be calculated.

The n non-linear equilibrium equations can be written as
f (d7 H) - fefﬂ ()‘> =0 (53)

where f are the internal forces. In case of elasto-plasticity, f depends on the history
of the deformations, which is represented by the parameter H. The external load
vector f, is assumed to be conservative and proportional (dead loading) and can be
written in the form

f..(A\) =Ap+p? (5.4)

where p and p? are two constant vectors. p represents the main load while p? stands
for a small constant perturbation load which can be applied in order to introduce
imperfections.

Under load control, a load increment A\ = A — X is applied at each step and the
auxiliary equation

gA)=A-A=0 (5.5)
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is added to the system (5.3). Under displacement control, a displacement increment
Ad; = d; — d; is applied at each step and the auxiliary equation becomes

which implies that the value of the i th displacement d; is constrained to d;.

In order to simplify the notations, the auxiliary equations (5.5) and (5.6) are ex-
pressed in the same form as

9(d,A) =0 (5.7)
The system of equations (5.3) and (5.7) is solved by Newton-Raphson iterations
preceded by an Fuler forward step.
The differential matrix required in this procedure is given by

[ K —p __[f@LH)—QAM]
9:d 9\ B g(d,\)

Ad

o (5.8)

where K is the tangent stiffness matrix.

The vector t tangent to the path at a non-critical equilibrium point is given by

t = [ Kllp ] (5.9)

The Euler forward predictor is defined under displacement control by

Ad Ad;
= t 5.10
AN t; ( )
and under load control by
Ad _
= A\t 5.11
A (5.11)

Remarks

e In order to avoid numerical problems during the iteration process, the magni-
tude of the vector p is chosen such that A\ has the same order of magnitude
as the Ad;, i = 1..n.

e To calculate the whole equilibrium path, it is often necessary to switch between
different controls (e.g. in case of snap-throughs or snap-backs). An automatic
solution is to take as control parameter in each step the largest component of
the tangent vector t.
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5.1.2 Procedures at the element level

The purpose of this section is to summarise the procedure for computing at the level
of the element the internal force vector f, and tangent stiffness matrix K/ in global
coordinates. These procedures have been described in detail in Chapters 3 and 4.

Elastic case

1. The local displacements p, are extracted from the global ones p,.

2. The local internal force vector f; and tangent stiffness matrix K, are functions
of the local displacements p, and are computed using the Maple subroutines
given in Appendix A.

3. Finally, the global internal force vector f; and tangent stiffness matrix K, are
obtained using the transformation matrices.

Elasto-plastic case

Steps 1 and 3 are identical in elasticity and elasto-plasticity. As a matter of fact,
these steps depend only on the definition of the co-rotational framework and are
independent on the deformations. The difference between the two material cases
lies in the computation of f; and K. In elasto-plasticity, due to the non-linear
relationship between the strains and the stresses, f;, and K, cannot be calculated
only from the current local displacements p,. A more complicated procedure, taking
into account the history of the deformation process, has to be implemented.

In the following the subscript o refers to old known values at the last equilibrium
state while the subscript n refers to new values at the current iteration.

Step 2.

e The current strains g, are calculated at each integration point from the local
displacements p;,. In order to avoid spurious numerical unloading, an incre-
mental strategy is adopted. This means that the strains increment Ae at each
integration point is defined by reference to the last converged equilibrium state
and is calculated using the strains at the beginning of the increment €, by

Ae =€, — ¢, (5.12)
e The current stresses o, equivalent plastic strain ¢y, and consistent tangent

operator C; (E for 2D Bernoulli elements) are calculated at each integration
point by solving the constitutive equations

(0 s Epsns Cet) = [ (00, Epsor A) (5.13)

e f, and K, are then computed through numerical integration over the element.
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Remark

This procedure requires to save at each integration point the stresses o, the strains
€, and the equivalent plastic strain €,,, obtained at the last equilibrium state. How-
ever, in order to save memory space, it has been chosen to save the local displace-
ments p,; at the beginning of the step and to recalculate at each iteration the strains
€0, Which is a simple operation. This is particularly interesting for 3D beam elements
for which an important number of integration points are required.

5.2 Direct computation of elastic critical points

The simplest and most general method to isolate critical points along an equilib-
rium path is to perform successive bisections by monitoring the number of negative
eigenvalues of the tangent stiffness matrix at each equilibrium point. However, this
approach is not efficient since it requires the calculation of many intermediate equi-
librium points. A more efficient method can be developed on the basis of an extended
system obtained by augmenting the equilibrium equations with a criticality condi-
tion which forces the Newton-Raphson iterations to converge to the critical point.
Thus, once a critical point has been detected along an equilibrium path within a
load increment, its isolation is performed in only one step. Following the work of
Wriggers et al. [104, 105], a vectorial form of the criticality condition is the most
popular choice in this context.

The alternative presented in this section is based on two new ideas. First, following
Eriksson [32-34], the criticality condition is expressed by a scalar equation, thus
keeping the size of the extended system to a minimum. The main problem of the
direct computation of critical points based on extended systems is that convergence
is not assured in all cases, specially if the pre-buckling deformations are non-linear.
Then, in order to improve the convergence properties, a second modification is
introduced. This consists of combining iterations based on the extended system
with iterations based on equilibrium equations under load or displacement control.

The outline of this section is as follows. First, the classical method of Wriggers et
al. [104,105] is briefly summarised. Next the alternative extended system and its
solution is presented. Finally, the whole procedure and its initialisation is described.

5.2.1 Classical approach

The purpose of this section is to briefly summarise the classical approach developed
by Wriggers et al. [104,105].

Using the property that the tangent stiffness matrix K possesses a zero eigenvalue at
a critical point, the vectorial critical condition K ¢ = 0 is added to the equilibrium

91



equations. The system of non-linear equations becomes

f(d) — A\p
Kd)¢ |=0 (5.14)
el —1

where f denotes the vector of internal forces, d the displacement vector, A\ the load
factor, p the reference load vector and ¢ the critical eigenvector. Note, once again,
that in the above system and in all this chapter, the reference load vector p is
assumed constant (dead loading).

The solution to the extended system (5.14) is obtained through a full Newton-
Raphson procedure. The differential matrix required in this procedure is given by

K —p 0 Ad f(d) —Ap
(K ¢),d 0 K AN | = — Ko (5.15)
0 0 ¢'/|e| Ag o]l —1

The above systems contains 2n + 1 equations and unknowns (n is the number of
active degrees of freedom). However, due to its particular form, it can be shown
(see e.g. [105]) that its solution can be performed by factorising only the tangent
stiffness matrix K. Consequently, compared to a classical iteration of the equilibrium
equations with n unknowns, only a small increase of computational time is needed.

5.2.2 Alternative extended system

The procedure for the direct computation of critical points based on an alternative
extended system is now presented. This approach, developed by Eriksson [32-34]
in the context of fold line evaluation algorithms, makes use of a scalar criticality
condition.

Extended system

The vectorial criticality condition K ¢ = 0 is replaced by the scalar equation
g(d) = ¢" K¢ =0 (5.16)

in which g represents the lowest (in absolute value) eigenvalue of the tangent stiffness
matrix K and ¢ its associated eigenvector. At a critical point, K is singular and
the condition g = 0 is obtained. The eigenvector ¢ is normalised according to

ol =1 (5.17)
g and ¢ are determined in a separate procedure, based on the iterative sequence
(i+1) _K ¢(i) -1 0
¢ . = : (5.18)
g(z"‘l) ¢(l) T 0 ]_
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This system, which is obtained from equations (5.16) and (5.17), can be viewed as
one step of an inverse subspace iteration. Note that any random vector can be used
to initiate the process and convergence is usually obtained in very few iterations.

Using equation (5.16), the extended system can be written as
f(d)—Ap
() =0 (5.19)
g(d)

The solution to the extended system (5.19) is obtained through a full Newton-
Raphson procedure. The differential matrix required in this procedure is given by

_ [ fd) = Ap ] (5.20)
g9(d)

The vector g,q is evaluated numerically by using a finite difference formula (for
details see [32,104])

Ad
AN

K -p

9q 0

e % K(d +76) — K(d)] (5.21)

where 7 is a numerical parameter taken as

= d]| x 107° 5.22

7 = max [|dif| x (5.22)

with d; denoting the ¢ th component of d. Numerical tests have shown that the

procedure is not sensitive to the choice of the exponent coefficient in equation (5.22),
i.e. any values in the interval [1078 1073] can also be chosen.

In some works [52,105], the directional derivative of the tangent stiffness matrix
in equation (5.21) is performed analytically. For the co-rotational elements, this
approach seems difficult to apply and would require additional developments.

Efficient numerical scheme

The numerical approach described in this section requires the solution of two sets of
equations: at each iteration of the extended system (5.20), the system (5.18) must
be solved in order to compute g. The solution procedures for these two systems are
given in Tables 5.1 and 5.2. As it can be seen, the only matrix which needs to be
factorised is K. Consequently, compared to a classical iteration involving only the
equilibrium equations, just a small increase in computational work is required. The
additional expense is due to one loop over the elements for the evaluation of g,4, one
back substitution step for the computation of Ad, and one or two back substitution
steps for the solution of (5.18). Hence, compared to the classical approach in [52,105],
the solution of the present system requires about the same computational time.
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Table 5.1: Solution of system (5.18).

Solve Ky = ¢
1

¢(i)T,(/} d)(iﬂ) =y

Calculate new values ¢ =

Table 5.2: Solution of system (5.20).

Solve KAd; =p KAd, = —(f(d) — Ap)
Calculate g,q within a loop over all elements
_g + gad Ad?

Ad = Ad; AN + Ad,

Calculate new values A\ =

9.d Adl

5.2.3 Modified algorithm

The main problem of the direct computation of critical points based on extended
systems is that convergence is not assured if the non-linearity between the starting
equilibrium point for the iterations and the critical one is too high. As a matter of
fact, during the iterative process, the matrix K does not correspond to an equilib-
rium point and it may not be reliable to use the properties of K in order to reach
the critical point.

In this context, the numerical tests performed by the author have shown that the
classical approach of Wriggers (Section 5.2.1) has better performances than the al-
ternative presented in Section 5.2.2. As a matter of fact, in the original formulation,
the critical condition is depending on both d and ¢, which means that at each it-
eration both d and ¢ are iteratively updated. On the contrary, in the alternative
proposed in this thesis, the critical condition depends only on d and ¢ is recalcu-
lated at each iteration as the eigenvector associated to the lowest eigenvalue of K.
This constraint on ¢, not present in the original approach, makes the procedure
more sensitive to the variations of K.

It has also been observed numerically that the first iteration of the extended sys-
tems (5.15) or (5.20), based on a K corresponding to an equilibrium point, often
gives very good approximations to the bifurcation load factors. On the contrary,
the following iterations, based on a K which does not correspond to an equilibrium
point, give less accurate approximations to the bifurcation load factors, specially in
case of high non-linearity.

Following these considerations, the algorithm presented in the previous section has
been modified in order to improve its convergence properties. For that, a distinction
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between bifurcation and limit points is required.

Bifurcation points

The idea of this new approach, whose algorithm is given in Table 5.3, is to evaluate at
the end of each iteration g,ew, the absolutely lowest eigenvalue of the tangent stiffness
matrix. If ||gnew|| is lower than the previous value ||goql| or if the current point is
in equilibrium, then the next iteration will use the extended system (5.20). In the
opposite case, the information given by the critical condition may not be reliable.
It is then better to perform an iteration using the equilibrium equations under load
control in order to obtain a point nearer an equilibrium state, and consequently, a
more reliable K matrix for expressing the critical condition.

Another effect of this modification is that some iterations performed using the ex-
tended system (5.20) are replaced by pure equilibrium iterations which require less
computational work.

Limit points

The procedure described in Table 5.3 is not suitable for the isolation of limit points
since the equilibrium iterations based on a load control may fail in the neighbourhood
of a limit point. The solution, see Table 5.4, is then to perform equilibrium iterations
under displacement instead of load control. The degree of freedom corresponding to
the largest component of the tangent vector (computed by K~ p) at the starting
equilibrium point for the procedure is taken as control.

This method can also be used for the isolation of bifurcation points. However, the
numerical tests performed by the author have shown that the convergence properties
of the procedure are better if a load control is adopted. It can also be noted that
the author has also tested different arc-length procedures as substitution of the load
and displacement controls, without obtaining better results for the tested examples.

It appears then judicious, but not absolutely necessary, to have two different isolation
procedures, one for bifurcation points and one for limit points. In practice, this is
scarcely a problem since such a distinction is also required at the level of the initial
values of the procedure. This issue will be addressed in the next subsection.

5.2.4 Initialisation

Along a solution branch, the detection of critical points is performed by monitoring
at each converged equilibrium state the number of negative eigenvalues of K. This
can e.g. be performed efficiently by a LDLT-factorisation. Once a critical point has
been detected within an increment, it is isolated by taking as starting point the left
or right bound of the increment. For that point, initial values g, and ¢, are needed.
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Table 5.3: Modified algorithm — bifurcation points.

initial values: d A K g, ¢,
first iteration : solve (5.20) — d=d+Ad X=X+ A\
assemble K and r=f(d) — Ap
solve (5.18) — gnew Prew
God = Yo Poia = Po
loop : while ||gnewl|| > tol or |r|| > tol
if || gnew || < [lgonall or x| < tol
Jold = Gnew  Pold = Pnew
solve (5.20) — d=d+Ad A=X+A\
else
solve KAd=-r — d=d+ Ad
end
assemble K and r=f(d) — \Ap
solve (5.18) — gnew Prew

end

Table 5.4: Partial modified algorithm — limit points.

else
KAd - A\p=-r d=d+ Ad

solve —

Ad; =0 A=A+ A\

end

If a bifurcation point is expected, g, is given by the LDL"-factorisation and is taken
as the lowest negative or positive eigenvalue, depending on the choice of the starting
point. Usually, only one critical point is situated in the neighbourhood of the initial
point and g, is the lowest absolute eigenvalue. ¢,, which is the eigenvector associated
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to g,, can then be computed using the system (5.18). For that, any random vector
can be used to initiate the iterations and convergence is usually obtained in two or
three iterations, due to the favourable spectral properties of K close to the critical
point. However, if several critical points are situated in the neighbourhood of the
initial point, g, may not be the lowest absolute eigenvalue, and ¢, must be calculated
using a more elaborate method.

If a limit point is expected, the lowest negative or positive eigenvalue and its associ-
ated eigenvector may not be a judicious choice for g, and ¢,, especially if the initial
point is far from the critical one. A better choice is to take for ¢, the tangent vector
to the equilibrium path, which gives

b =K'p 9=, K, (5.23)

5.3 Branch-switching in elasto-plasticity

The physical and theoretical aspects of plastic instability phenomena have been
discussed in Chapter 2 (particularly in Section 2.4) and can be summarised as follow:

e In elasto-plastic situations, a continuous range of bifurcation points can be
obtained and the notion of stability of an equilibrium point normally used in
elasticity must be replaced by the notion of stability of a deformation path.

e Only the secondary path branching out at the lowest bifurcation point has a
physical meaning and needs to be computed.

e At the lowest bifurcation point, the tangent stiffness matrix K ceases to be
positive definite and becomes indefinite.

Using these properties, this section presents and discusses the advantages and draw-
backs of two different branch-switching procedures.

5.3.1 Mode injection method

This procedure is similar to the one used in elasticity. Using the property of the
tangent stiffness matrix, the lowest bifurcation point is isolated by successive one side
bisections and the branch-switching to the secondary path is performed by taken as
predictor the eigenvector v associated to the zero eigenvalue of K at the bifurcation
point. The expression “one side bisections” means that, due to the history aspect of
the deformations, the intermediate equilibrium states during the process are always
calculated by reference to the left (lower) limit.

This approach presents two drawbacks. First, contrary to the elastic case, the
eigenvector may not be a good predictor and it is not certain that the Newton-
Raphson iterations will converge on the secondary path. This is in particular the
case when the secondary path is tangent to the fundamental one [98].

97



Second, it can happen that the bifurcation is induced by a discontinuous drop of the
incremental stiffness of the material so that the tangent stiffness matrix along the
fundamental path becomes indefinite without being singular. One such example is
the Euler beam when A oy > P, see Section 2.3. The lowest bifurcation point is then
Aoy and the tangent stiffness matrix along the fundamental path is discontinuous
at this point. As a matter of fact, the bifurcation is induced by the sudden change
of £ to E; in the beam. In such cases, the bifurcation point can still be isolated
by successive bisections, but the notion of critical eigenvalue or eigenvector has no
meaning and the choice of a predictor for the branch-switching is not evident. An
alternative [26,101] is to take the eigenvector associated to the negative eigenvalue
of K. However, it is not certain that this vector corresponds to the buckling mode
and the convergence on the secondary path is therefore not obvious.

In order to force the Newton-Raphson iterations to converge to the secondary path,
an alternative is to adopt a displacement control procedure and to choose a dis-
placement or a rotation which is zero along the fundamental path. Thus, if the
Newton-Raphson iterations converge, it will necessarily be on the secondary path.
However, if an arc-length procedure is adopted, this solution fails. Then, in order to
maximise the possibility of converging on the secondary path and not on the funda-
mental one, a predictor w perpendicular to the tangent vector to the fundamental
path u can be chosen [26,101]. In this case, w is computed by

llTll

w=u+pgv fg=-

(5.24)

ulv
where v is the eigenvector associated to the negative eigenvalue.

This previously described procedure has been implemented in the following way.
The bifurcation point is isolated by successive bisections until

Ar— N
Ar+ N

where \; and A, are the left (lower) and right (upper) approximations of the critical
load factor and tol is taken as 10~*. Branch-switching is performed by taking as
predictor the eigenvector associated to the negative eigenvalue for the right point.
Switching to the secondary path is forced by choosing as displacement control a
degree of freedom which is zero on the fundamental path.

< tol (5.25)

5.3.2 Minimisation procedure

The second approach, developed by Petryk [76-81], avoids the problems related to
the definition of the critical eigenvector and the choice of the predictor. This method,
for which the theoretical background has been given in Section 2.4, is based on the
fact that along a stable deformation path, the displacement vector d corresponds
to an absolute minimum of the functional J defined in equation (2.90). With the
notations introduced in Section 5.1.1, the potential J can be rewritten as

1
J=3 d*Kd-d'f, (5.26)
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Using this property, the branch-switching procedure is performed by finding an
incremental solution to the equilibrium equations (5.3) which minimises J. Thus, the
unstable fundamental path is rejected and the stable secondary path is automatically
selected. This method is therefore based on the implicit assumption that, at least
in a neighbourhood of the critical point, the post-buckling path is stable.

The bifurcation point is detected and isolated by classical one side bisections. In
fact, the isolation is not essential for this method. However, due to the historical
aspect of plastic deformations, it is important to initiate the secondary path from a
point which is close to the bifurcation point. The first point of the secondary path
is computed by minimising J. In order to ensure that the minimisation procedure
will not terminate on a saddle point corresponding to the fundamental path, the
predictor is constructed by adding a perturbation vector to the tangent vector at
the fundamental path u. Any random perturbation vector can be taken. However,
if an eigenvalue analysis has already been performed at the bifurcation point, it can
be judicious to take the eigenvector v associated to the negative eigenvalue of K.
In that case, the predictor w is computed by
1l

w=u+av @ =155 v (5.27)
The minimisation procedure which has been implemented [36] consists of solving at
each iteration k the system

(K® 4+ 81)Ad = —r® (5.28)

where r is the residual vector of the equilibrium equations and I the identity matrix.
The coefficient [ is taken to 0 if K is positive definite and to 1.1 Ay, otherwise (Amin
is the lowest eigenvalue of K). The displacements are then updated by

d*+D = d® 4+, Ad (5.29)

where 1 is calculated by a line search procedure [57]. However, the tests performed
by the author have shown that the line search procedure was not essential and that
i =1 could be taken without affecting the convergence property of the procedure.

The following points along the secondary path are then computed by classical
Newton-Raphson iterations under displacement control.

As already pointed out, this minimisation procedure assumes that the bifurcation is
stable and is therefore not suited for elastic problems. For elasto-plastic instability
problems where buckling is induced by compressive forces, material non-linearity
prevails over the geometric one in the vicinity of the bifurcation point and a stable
post-buckling path is usually observed (cf. the study of the Hutchinson’s model in
Section 2.1.2). However, there is no guarantee that this is always the case. As
an example, unstable secondary path can be obtained if materials with very low
hardening are used. It can also happen that the stable region of the secondary path
is restricted to a small neighbourhood of the bifurcation point and thus is difficult
to catch numerically. All these cases will be illustrated by numerical applications in
Chapters 6 and 9.
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Chapter 6

2D examples in elasto-plasticity

Three main objectives motivate the selection of the numerical examples included
in this chapter. The first one is to verify the ability of the element formulations
introduced in Chapter 3 in handling large displacement problems in the presence of
material non-linearity. Two classical problems, widely used as benchmark tests in
the literature, have been chosen for this purpose. These are a cantilever beam under
tip load and Lee’s frame.

The second objective of these examples is to test the two branch-switching proce-
dures presented in Section 5.3 and to compute elasto-plastic post-bifurcation paths
for structures exhibiting different types of instabilities in elasticity. Thus, the third,
fourth and fifth examples are characterised in elasticity by symmetric stable, asym-
metric and symmetric unstable bifurcations, respectively.

For these three examples, both the minimisation procedure and the mode injection
method worked very well and convergence to the first point on the secondary path
was obtained within 4-7 iterations. However, as expected, the minimisation proce-
dure failed for the case in the third example which presents an unstable bifurcation.

The third objective of these numerical applications is to examine comparatively the
three local element formulations, and especially test the differences between the two
Bernoulli elements. In addition, the influence of the number of Gauss points in
the cross-section is also analysed. All these comparisons are performed through the
study of the three first examples.

6.1 Example 1: cantilever beam

The purpose of this classical example, described in Figure 6.1, is to test and compare
the elements based on the Bernoulli assumption. The load-displacement diagrams
computed with ten linear elements and fifteen Gauss points along the beam depth
are presented in Figures 6.2 and 6.3. As shown in these figures, the results are in
excellent agreement with those obtained by Kondoh and Atluri [54].
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Figure 6.1: Cantilever beam.

This example has also been tested with twenty linear elements and ten shallow
arch elements and the same load—displacement curves were obtained. This indicates
that convergence is already reached with ten linear elements. In the same way,
no significant difference was noted between results obtained with seven and fifteen
integration points.

It can also be noted that computation using ten Timoshenko elements (with v =
0.3) gave the same load—displacement diagram as the one obtained with Bernoulli
elements. Consequently, the effect of shear deformations can be neglected, which
was not obvious since the height to length ratio is not small.
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Figure 6.2: Cantilever beam: load—-displacements diagram.
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Figure 6.3: Cantilever beam: partial load—displacements diagram.

6.2 Example 2: Lee’s frame

The second example is depicted in Figure 6.4. This structure exhibits a snap-through
behaviour and a limit point in the load—deflection diagram is obtained.

Several discretisations have been used, for comparative purposes in the analysis of
this problem. Thus, the results computed with twenty Timoshenko elements and
seven Gauss points in the cross-section are presented in Figure 6.5 for both elastic
and elasto-plastic cases. For the elasto-plastic analysis, deformed configurations at
typical load steps are shown in Figure 6.6. As noted from Figure 6.5, a very good
agreement with the results obtained by Park and Lee [74] and Cichon [17] is found.

The influence of the number of integration points along the beam depth has been
studied for the Timoshenko element. As shown in Figure 6.7, the difference between
results obtained with seven and fifteen Gauss points is very small.

Load—deflection curves have also been computed using the two types of Bernoulli
elements. Comparison with Timoshenko elements (Figure 6.8) shows that the effect
of shear deformations is almost negligible, which was expected since the two beams
are very slender. Moreover, it is shown in Figure 6.9 that results obtained with ten
shallow arch elements and twenty linear elements are almost identical.
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Figure 6.5: Lee’s frame: diagram with 20 Timoshenko elements and 7 Gauss points.
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Figure 6.6: Lee’s frame: elasto-plastic deformed profiles.
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Figure 6.7: Lee’s frame: diagram with 20 Timoshenko elements.
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Figure 6.8: Lee’s frame: diagram with 20 elements and 7 Gauss points.
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Figure 6.9: Lee’s frame: diagram with Bernoulli elements and 15 Gauss points.
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6.3 Example 3: Euler beam

0.1

M

E=2-10" v=20.3 E,=FE/5 oy = 10°

Figure 6.10: Euler beam.

The third example is an Euler beam with the geometrical and material parameters
presented in Figure 6.10. In order to study the imperfection sensitivity, a small
perturbing force PP, acting at the midpoint of the beam is introduced. The load
factor A and the force PP are defined by

P 7T2EtI Pt

A= —
P, L? s

where s is varied to give different imperfection magnitudes.

Load—displacement curves computed using Timoshenko and Bernoulli shallow arch
elements are shown in Figures 6.11 and 6.12. As expected, the equilibrium paths
computed with imperfections tend to the path branching at the lowest bifurcation
point when the perturbation force PP tends to zero. This confirms the theoretical
conclusions of Petryk that only the secondary path branching at the lowest bifur-
cation point is stable in an energetic sense and has a physical meaning. Here also,
computations performed with seven and fifteen integration points along the beam
depth gave almost the same results, as shown in Figure 6.13.

A comparison between the two Bernoulli elements is presented in Table 6.1, where
the bifurcation and maximum loads have been computed using fifteen Gauss points.
It can be noted that results obtained with ten shallow arch elements, twenty linear
elements and forty linear elements are almost identical.

The two asymptotic expansions (2.79) and (2.80) presented in Section 2.3.3 are
compared in Figure 6.14 with the results obtained with ten shallow arch elements
and fifteen Gauss points. Very good agreement between expression (2.79) and finite
element calculations is observed up to A = 1.3, where the two curves begin to diverge.
Expression (2.80) diverges from numerical calculation at A = 1.1 and therefore the
validity of the term \3£%° should be seriously questioned.

107



A number of reasons why asymptotic expressions should be considered with great
caution have already been discussed in Section 2.3.3. The examination of the growing
zone of elastic unloading, which appears at bifurcation, gives an additional argument.
The zones of elastic deformations at several increments are shown in Figure 6.16.
Calculations have been performed with forty shallow arch elements in order to get an
accurate representation of the zone of elastic unloading, but the load—displacement
curve is similar to the one depicted in Figure 6.14. It is shown in Figure 6.16
that a zone of plastic reversal stresses is developing before the occurrence of the
maximal load. This zone is not considered in the derivation of the asymptotic
expansions [49,58]. The same phenomenon has been observed with different values
for the yield limit oy and the tangent modulus E;. Another consequence is that the
characteristic of the hardening cannot be neglected. The present method is based on
isotropic hardening. Similar computations with kinematic hardening would certainly
give different load—displacement diagrams.

Finally, the structure has been tested when P, < Aoy by taking oy = 5-10%. In
this case, the lowest bifurcation point is A oy and the tangent stiffness matrix along
the fundamental path becomes negative at this point without being singular. The
secondary paths computed with two different hardening parameters are presented
Figure 6.15. It can be observed that depending on the value of F;, the bifurcation
can be stable or unstable.
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Figure 6.11: Euler beam: diagram with 20 Timoshenko elements and 15 G.p.
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Figure 6.12: Euler beam: diagram with 10 shallow arch elements and 15 G.p.
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Figure 6.13: Euler beam: diagram with 10 shallow arch elements.
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Figure 6.14: Euler beam: comparison between asymptotic expressions and numeri-
cal calculations.
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Figure 6.15: Euler beam: diagram when P, < Aoy
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Table 6.1: Euler beam: comparison of Bernoulli elements.

Number and type of elements | A, Amax
10 linear elements 1.017 | 1.501
20 linear elements 1.010 | 1.491
40 linear elements 1.009 | 1.488
10 shallow arch elements 1.008 | 1.489
20 shallow arch elements 1.008 | 1.488

A=1.02
A =1.06
A=1.16
A =140
A =147
A=1.49

Figure 6.16: Euler beam: zone of elastic unloading at different load factors. Circles

represent Gauss points where elastic deformation occurs.
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6.4 Example 4: asymmetrical frame

d E = 2-10"
= i
Oy = 106

Figure 6.17: Asymmetrical frame.

The frame described in Figure 6.17 exhibits an asymmetrical bifurcation for the case
of elastic behaviour, as shown in Figure 6.18. The load factor A is defined by

412 BT
P =\ 7272 in elasticity (6.1)
and
412 B, I . -
P =X 732 ! in elasto-plasticity (6.2)

The purpose of this example is to investigate the phenomenon of bifurcation in
elasto-plasticity. Sixteen shallow arch elements and fifteen Gauss points have been
used. The results are shown in Figure 6.19. Both post-bifurcation secondary paths
present a stable part before a limit point is reached. These results confirm the
conclusion derived from the analysis of Hutchinson’s model (Section 2.1.2) that in
the vicinity of the bifurcation, material non-linearity prevails over the geometric one
and, consequently, a stable path is usually obtained.
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Figure 6.18: Asymmetrical frame: post-bifurcation paths in elasticity.
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Figure 6.19: Asymmetrical frame: post-bifurcation paths in elasto-plasticity.
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6.5 Example 5: toggle frame
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Figure 6.20: Toggle frame.
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The toggle frame, described in Figure 6.20 has been analysed using a discretisation
with eight linear Bernoulli elements and seven Gauss points along the beam height.
The equilibrium paths for the elastic and elasto-plastic situations are shown in Fig-
ures 6.21 and 6.22. In the elastic case, the structure exhibits a symmetric unstable
bifurcation while in the elasto-plastic case, a stable bifurcation is observed. How-
ever, it must be noted that the stable part of the secondary path is very short and a
limit point is quickly reached. This observation confirms once again the conclusion
that in the vicinity of the bifurcation point, material non-linearity prevails over the
geometric one and a stable path is usually obtained.

Moreover, the results plotted in Figure 6.22 suggest that the structure presents a
tangent bifurcation in the elasto-plastic case. The existence of such a bifurcation has
been proved theoretically by Leger and Potier-Ferry [58] and an example has been
studied by Triantafyllidis [98]. According to these authors, a tangent bifurcation can
occur when the structure is only partially plasticised along the fundamental path
and is characterised by the apparition of a zone of elastic reloading. The analysis of
Figures 6.23 and 6.24 shows that along the fundamental path, a zone of plasticisation
is developing on the concave side of the two beams while the rest of the structure
deforms elastically. In addition, a zone of elastic unloading (¢ < 0) appears on the
convex side of the two beams. Along the secondary path, the zone of plasticisation
continues to grow in the left beam while it decreases and disappears in the right
beam. At the same time, the zone of elastic unloading disappears on the convex
side of the right beam. Consequently, the conditions for a tangent bifurcation stated
in [58] seem to be respected, but a rigorous proof of such a phenomenon cannot be
performed in a discretised and numerical context.
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Figure 6.21: Toggle frame: elastic and elasto-plastic diagrams.
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Figure 6.22: Toggle frame: tangent bifurcation in elasto-plasticity.

115



............... P=269 d=0.11
P=18.2 d=0.20

Figure 6.23: Toggle frame: deformed profiles before and after bifurcation.
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Chapter 7

3D examples in elasticity

The test problems included in this chapter have two objectives. The first one is to
test the ability of the elements in handling problems involving large 3D rotations.
As a general rule, the parameterisation in terms of the incremental rotation vector is
used throughout the whole set of test problems. However, for the first two examples,
the parameterisation based on the total rotation vector together with the more
traditional “intrinsic” parameterisation (see Section 4.2.5) were also included in
order to discuss the relative merits of the three possible choices. The second objective
is to test the ability of the elements to deal with problems involving coupling between
axial, bending and torsional-warping effects. For this purpose several examples
exhibiting pure torsional or flexural-torsional buckling were also included.

For all the instability problems included in this chapter, the procedure of direct
isolation of bifurcation points presented in Section 5.2 was used. Convergence to
the bifurcation point was obtained within 4-6 iterations. The performances of this
procedure will be investigated in more detail in Chapter 8.

For certain problems, the results obtained from the beam models have been com-
pared with results obtained using shell models. The shell models were constructed
using the flat facet triangular element developed by Pacoste [68,71].

The characteristics of the cross-sections have been either taken from the literature
or determined with the finite element program presented in Appendix B.

7.1 Example 1, deployable ring

This first example, introduced by Goto [38], refers to the ring depicted in Figure 7.1.
The ring is fully clamped at one end and loaded at the other end by a twisting
moment. At the loaded end, the center point of the section (point A) is restricted
to move along and rotate around the x axis.

117



E =200000
G =76923

Figure 7.1: Deployable ring.

The ring shows a very interesting behaviour under increasing rotation at A. Thus,
after a complete rotation cycle, i.e. ©x = 27 the ring is wrapped around itself and
transformed into a smaller ring with a radius of only one third of the original one.
One more cycle, i.e. ©5 = 4, will bring the ring back to the original configuration.
This example is therefore ideally suited in order to test the ability of the formulation
to handle large rotations.
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Figure 7.2: Deployable ring: load—displacement curves.
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The results shown in Figure 7.2 were obtained using 128 t3dl elements (with J =
0.432). The analysis included all three parameterisations of finite 3D rotations dis-
cussed in Section 4.2.5. Thus, for the total rotational vector, a quadratic convergence
rate was observed for values O, < 27. In the vicinity of 27, the tangent stiffness
matrix became ill-conditioned (see Section 4.1.1), the quadratic convergence was
gradually lost and ultimately, the iterations failed to converge. In contrast, the
parameterisation based on the incremental rotation vector as well as the usual “in-
trinsic” parameterisation, were unaffected and the computations were continued up
to ©x = 4mw. A quadratic convergence rate was maintained for the whole range of
the equilibrium path.

Note that since the point A is restrained to rotate around the x axis, all three types of
parameterisation produce identical results, regardless of whether the transformation
of the external moment is performed or not. Finally, note the excellent agreement
between the present solution and the results from the shell analyses presented in [71].

7.2 Example 2, helical beam

y

f

)
/

z

)

Figure 7.3: Helical beam.

This example was introduced by Ibrahimbegovic [51]. Its purpose is to illustrate the
effects of the transformations in equations (4.175) and (4.176) on the outcome of
the analysis, for problems involving concentrated moment loading. Thus, the beam
shown in Figure 7.3 is subjected to a concentrated moment M and an out-of-plane
force F, applied at its free end. Both M and F are increased proportionally up
to the values M. = 1207 and Fi.x = 30. The beam is modelled with 60 ¢3d!(
elements. The geometric and sectional properties of the beam are

L=10 FEA=GA=10" El,=Fl;=_GJ=10

The simultaneous application of a concentrated moment and a force, bends the beam
into a helical shape. At the end of the loading process, the beam is wrapped around
in six concentric circles. The results, obtained using the “intrinsic” parameterisation
of finite rotations are shown in Figure 7.4. Note that the out of plane z-displacement
oscillates around a zero value. Each passing through zero corresponds to a deformed
shape which is entirely situated in the plane xy.
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Figure 7.4: Helical beam: load—displacement curves.

Changing the type of parameterisation should not affect the outcome of the anal-
ysis since the physical problem does not change. Thus, absolutely identical results
should be obtained using either the total rotational or the incremental rotational
vector. However, as shown in Figure 7.4, this is the case only if the transforma-
tions described in Section 4.5.2 are applied on the external moment M. Without
such a transformation, a different parameterisation will imply a different physical
definition of M. As a consequence, the results obtained using different types of
parameterisation will be completely different.

7.3 Example 3, right angle frame

cross-section
E=71240

Q NS
G=27191 301 ”
i< 0.6

Figure 7.5: Right angle frame.
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This classical example (see Figure 7.5), has often been used in order to check the
ability of various beam formulations to properly account for torsional-bending cou-
pling [40,44,64,73,92,93]. Due to the symmetry, only half of the frame is modelled.
At the support only translation along x and rotation around z are allowed. The
loading is given by a pair of concentrated moments applied at the support. The
non-trivial cross sectional characteristics are J = 2.133 and I, = 40.43.

The problem is typical for situations where a local linear strain definition will lead to
an incorrect solution. Thus, the results obtained using 10 t3d[ elements are shown
in Figure 7.6. As the moment increases, an unstable bifurcation point is reached.
These results are in excellent agreement with those found in the literature [40, 44,
64,73,92,93].

A qualitatively different behaviour is predicted by the models using 10 tw3d or t3d
elements, as shown in Figure 7.7. A stable bifurcation point is now reached at a
slightly higher value of the critical moment. The secondary path loses its stability at
a limit point, for a value of the moment of about 1.20M,,.. In order to confirm these
results, the analysis was repeated using a model with 576 triangular shell elements
for one half of the frame. A good agreement with the beam model is observed up
to a value of the apex displacement of about one half of the frame height. Over this
value the quantitative differences are more pronounced. According to the author’s
opinion, these differences originate from the very large height to thickness ratio of
the cross-section. As a result, in the large displacement regime, the cross-section
can no longer be assumed as undeformable in its plane and a beam analysis is not
appropriate. Finally, it can be noted that similar results were obtained by Sauer [86].
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Figure 7.6: Right angle frame: post-buckling behaviour; t3dl element.
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Figure 7.7: Right angle frame: post-buckling behaviour; tw3d and t3d elements.
7.4 Example 4, non-linear torsion

E=2100000 G =787500 cross-section

M
| — b 10

100 0.5 » =

Figure 7.8: Non-linear torsion of a cantilever.

The non-linear torsion of the cantilever beam, depicted in Figure 7.8, was in-
vestigated. The non-trivial cross sectional characteristics are J = 0.40433 and
I, = 0.85976. The results obtained using 20 fw3d elements are shown in Figure 7.9
and compared with the analytical solution [27] based on Vlasov’s beam theory. Very
good agreement between the two solutions is observed.

Note that for a beam subjected to pure torsion, the only non-zero nodal displace-
ments are the translations along and rotations around the longitudinal axis of the
beam. Consequently, the co-rotational framework in itself will not introduce any
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non-linearity. The non-linear character of the solution shown in Figure 7.9, is en-
tirely generated by the so-called Wagner term included in the local element defini-
tion. The absence of this term, as in the case of the t3dl or b3dl elements, will result
in a purely linear solution.
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Figure 7.9: Non-linear torsion of a cantilever: moment versus end-rotation.

7.5 Example 5, channel-section beam

10
X9 |
A .
T E = 21000 G =8077 :
. T2
€1 I
. T T3
T3 @ — | 8 — —-l-—o—— —>
c ofll G
P |
900 !
e R =
P o

Figure 7.10: Channel-section beam.
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The example presented in Figure 7.10 was introduced by Gruttmann et al. [40,41].
It refers to a channel-section beam, clamped at one end and subjected to a tip force
at the free end. The parameters of the cross-section are

T

A=588  J=234994 I, =80634 I =56425 I, =0
I, = 10827 I, =1676005 I,=79917 OG=2449  OC = 3.567

The results, obtained using 20 bw3d elements, are shown in Figure 7.11. Very
similar results were obtained using 20 tw3d elements. These results are in excellent
agreement with those obtained in [41] using beam elements and with the results
provided by a shell element model. The shell model used a (4 + 12 +4) x 180 mesh
with 7200 triangular elements.

18

16

14

Applied load
S

00

0 50 100 150 200 250 300
X, displacement of point O

Figure 7.11: Channel-section beam: load—displacement diagram.

7.6 Example 6, torsional buckling

The torsional buckling of the beam depicted in Figure 7.12 was analysed. The
parameters of the cross-section are

A=128 J=0683 Iy =I5=13662 [,k =10493 I, =3.641
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Figure 7.12: Torsional buckling.

All degrees of freedom including warping, are set to zero at the left end and only
the axial displacement is permitted at the other end. Since the cross-section is bi-
symmetrical and the axial load is applied at the centroid of the cross-section, the
bending and torsional buckling modes are uncoupled.

The analysis was initiated by isolating the first three critical points on the funda-
mental path of the beam. The critical modes are torsional modes with 1,2 and 3
half-waves, respectively. The corresponding critical loads, obtained using a mesh
with 10 bw3d elements, are listed in Table 7.1. These results are in excellent agree-
ment with the analytical solutions given by Timoshenko and Gere [97] based on
Bernoulli beam theory with Vlasov warping. Rigorously speaking, only the bw3d
element matches these assumptions. However, since for the present problem the
effects of the bending shear strains on the torsional buckling modes are negligible,
the tw3d element was also included in the comparison. Note that a finer mesh of
tw3d elements is needed in order to obtain the same level of accuracy as for bw3d,
especially for the higher buckling modes. This situation originates from the fact
that tw3d is defined using linear interpolation functions.

Table 7.1: Torsional buckling: critical loads.

No. | Theory [97] | 10 bw3d | 10 tw3d | 20 tw3d mode

272.57 272.57 | 273.55 | 272.80 | torsional (1h-w)
287.35 287.38 291.99 | 288.40 | torsional (2h-w)
3 314.99 315.17 | 334.00 | 318.89 | torsional (3h-w)

Using a model with 20 bw3d elements, a post-buckling analysis was also performed.
The results, plotted in Figure 7.13, are in excellent agreement with those obtained
from a shell model with 1600 triangular elements.

Finally note that for the present problem, an analysis using a linear local strain
definition will completely miss the torsional modes. This comes from the fact that
the only non-zero displacements on the fundamental path are the axial ones. In
such a situation, as also shown in example 4, the co-rotational framework does not
induce any coupling between the axial and torsional effects.
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Figure 7.13: Torsional buckling: post-bifurcation behaviour.

7.7 Example 7, lateral torsional buckling
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Figure 7.14: Lateral torsional buckling.

This example, taken from [41], concerns the lateral torsional buckling of the beam
depicted in Figure 7.14. The characteristics of the cross-section are

A=592  J=00792 I, =1108 I =06449 I, =0

I, =209.06 I, =6182.9 I,=11082 GC=755

The axial load is applied at the centroid of the cross-section. The beam is assumed
as simply supported. The rotation around the axis of the beam is set to zero at
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both supports. Warping deformations are however permitted. Since the cross-
section is not bi-symmetrical, both bending and torsional effects are included in
the buckling mode. The buckling loads, obtained using different discretisations are
listed in Table 7.2. Very good agreement with the theoretical solution given in [97]
is obtained.

Table 7.2: Lateral torsional buckling loads.

Theory [97] | 10 bw3d | 10 tw3d | 20 tw3d
115.54 115.62 117.18 115.81

7.8 Example 8, lateral buckling of a cantilever
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Figure 7.15: Lateral buckling of a cantilever.

This example concerns the lateral buckling of the narrow rectangular cantilever
beam shown in Figure 7.15. At the free end, a transversal load is applied at the
centroid of the cross-section. The load is described as P = AP, with P, given by

1 ht? ht?
P,= —=VEI I=— = 1
o=V HIGY 2 773 (7.1)

The buckling loads were evaluated for various ¢/h ratios. The obtained buckling
load factors A, are listed in Table 7.3. Both the b3d and b3dl elements were used in
the analysis (10 elements meshes). For comparison purposes the theoretical buckling
loads according to Timoshenko and Gere [97], are also listed in the table. Note that
for low values of the t/h ratio, significant pre-buckling deflections occur. Varying
this parameter will thus illustrate the influence of pre-buckling displacements on the
critical load.

Table 7.3: Lateral buckling of a cantilever: A for various heights h.

h | Theory [97] | 10 b3di | 10 b3d
50 | 4.013 4039 | 4.039
10| 4.085 4099 | 4.099
4.324 4313 | 4.314
5.030 5072 | 5.077
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One particularly relevant parameter for this problem refers to the specific point
of application of the force P. Thus, Table 7.4 lists the results obtained for three
different cases: P applied at the centroid, top and bottom of the end cross-section.
A very good agreement with the theoretical solutions given in [97] can be noted.

Table 7.4: Lateral buckling of cantilever: A, for various load positions (h = 50).

position | Theory [97] | 10 b3dl | 10 b3d
centroid 4.013 4.039 4.039
bottom 4.175 4.198 4.198
top 3.851 3.859 | 3.859

The post-buckling behaviour of the cantilever was also investigated with the load
applied at the centroid of the end cross-section. Two cases were considered. For
the first one, A = 10. All three Bernoulli elements, i.e. bw3d, b3d and b3dl, were
considered in the analysis. The Saint-Venant torsion modulus and the warping
constant were taken as J = 3.123 and [, = 6.643. The results depicted in Figure 7.16
were obtained using 20 element meshes. The results obtained with the element bw3d
are in excellent agreement with those provided by a shell model using a mesh with
720 triangular elements. The results obtained with the elements b3d and b3dl are
a little bit different, which shows that warping has some minor effect.
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Figure 7.16: Lateral buckling of a cantilever: post-buckling behaviour A/t = 10.
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The numerical data for the second case were taken from the literature [55, 73].
Referring to the notations in Figure 7.15, the following values of the geometrical,
mechanical and cross-sectional parameters were used

L=240 h=30 t=06 J=2133
[,=4043 E=7124-10° G =27.19-10°

The results shown in Figure 7.17, were obtained using the same mesh and element
types as before. In addition, the results from a shell model with 576 triangular
elements, are also plotted in the figure. For the bw3d element, good agreement
with the shell results is obtained up to a lateral displacement of about 0.45L. The
situation is very similar to that in example 3. For very high h/t ratios, in the
large displacement regime, a beam analysis is not appropriate due to significant in-
plane deformations of the cross-section. This explanation is also supported by the
results obtained in the previous case h/t = 10 which showed an excellent agreement
between the shell and beam models. It is worth mentioning here, that the results
obtained using the bw3d and shell elements are significantly different from those of
Kouhia [55]. According to the author’s opinion, the differences are due to the fact
that in the cited reference, an averaged form of the Wagner term (see Section 4.3.2)
is used in the definition of the element.

Finally note that the b3dl element (which is also used in [73]) appears to be too
crude in order to model correctly the post-buckling behaviour of the cantilever beam,
especially when the ratio h/t is high.

Load factor A
3

| I A ST Tl " R R
0 0.1 0.2 0.3 0.4 0.5 0.6

Lateral tip displacement / L

Figure 7.17: Lateral buckling of a cantilever: post-buckling behaviour h/t = 50.
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7.9 Example 9, lateral buckling with warping
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Figure 7.18: Lateral buckling with warping.

This example concerns the lateral buckling of the simply supported I beam shown
in Figure 7.18. The characteristics of the cross-section are

A=24  J=2467 I,,=448 I, =22 I, =12352 I =533.3

A transversal load P is applied at the centroid of the midsection. The load is
described as P = AP, with P, given by

1
P, = 5V ELGJ (7.2)

A theoretical solution to this problem was given by Timoshenko and Gere [97].
This solution takes into account the effect of warping but neglects the effect of pre-
buckling bending deformations. Thus, in order to enable a comparison with the
numerical results, the value of I, was multiplied by a factor of 100. The buckling
load factors A.., obtained using a discretisation with 20 bw3d elements, are listed
in Table 7.5 for different values of the length L. An excellent agreement with the
theoretical solutions can be noted.

Table 7.5: Lateral buckling with warping: critical load factors A.,.

L°GJ | [, | Theory [97] | 20 bw3d

EIL,

80 67.1 18.1 18.1
160 | 94.8 17.5 17.6
320 | 134.1 17.2 17.3

7.10 Example 10, L frame

The final example concerns the post-buckling behaviour of the L frame shown in
Figure 7.19. The non trivial characteristics of the cross-section are J = 2.133 and
I, = 40.43. The frame is loaded by a horizontal force P applied at the centroid
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of the end cross-section. Two different modelling alternatives were tested in the
analysis. The first one disregards the finite dimensions of the connection and uses
beam elements for the whole length of the frame members. For the second one,
the connection area is modelled using rigid links, as shown in Figure 7.19. In both
cases, a discretisation with 10 tw3d elements per member was used. The obtained
results are shown in Figure 7.20. The rigid link model gives a reasonably good fit
with shell results obtained using a mesh with 512 triangular elements. Note that
the use of rigid links amounts to assuming the connection area as infinitely rigid,

which is certainly not the case. This explains the slightly overstiff behaviour of the
rigid link beam model.

‘ 255

Cross-section

l 0.6
E =71240

255
.

G=27191 N

‘ -
‘

P —po-
A

Figure 7.19: L frame.
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Figure 7.20: L frame: post-buckling behaviour.
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Chapter 8

Elastic isolation — examples

The purpose of the eight problems included in this chapter is to compare the per-
formances of the procedure presented in Section 5.2 with the classical approach of
Wriggers et al. [104,105]. For that, the number of iterations required for conver-
gence is given in tables. Note that for the present method, both the total number
of iterations and the number of the iterations which used the extended system (in
parenthesis) are given. In order to allow a better comparison, for each structure,
the isolation procedure was initiated from several equilibrium points.

The tolerance, tol, is given for each example. For the classical approach, this refers
to the norm of the residual of the extended system. For the present method, its
definition is given in Table 5.3.

The 2D numerical examples were solved by using a local linear Timoshenko element,
while the 3D examples were computed using the local Timoshenko element t3d
presented in Section 4.3.4.

8.1 Example 1, 2D clamped arch

EA = GA = Bl =10°

< >

o

145

Figure 8.1: 2D clamped arch.
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This example, introduced by Wriggers and Simo [104] is depicted in Figure 8.1. The
arch is discretised into 20 elements. The tolerance is set to tol = 107%. As shown
in Figure 8.2, the structure exhibits a limit point at a load F.. = 972.9 and for a
displacement d.. = 72.13. The isolation procedure was initiated from five different
points. The results, presented in Table 8.1, show that if the starting point is far from
the critical one, the present method is more reliable than the classical approach.

100
900
800
700
. 600
g 500
400
300
200
100
OO 20 40 60 80 100 120
Displacement d
Figure 8.2: 2D clamped arch: equilibrium path.
Table 8.1: 2D clamped arch: isolation — d., = 72.13
Starting point d=20 |d=40|d=60|d=80|d=100
Classical approach | no 8 5 5 no
Present method 11(6) 9(4) | 6(4) | 5(4) | 94

8.2 Example 2, 2D simply supported arch

This example, shown in Figure 8.3, is similar to the previous one, except that the
arch is simply supported at both ends. With these new boundary conditions, a
bifurcation point is obtained on the fundamental path for a force F,.. = 334.9, as
shown in Figure 8.4. The convergence properties of the two procedures, given in
Table 8.2 are very similar. In order to illustrate the switching between the extended
system and pure equilibrium iterations under load control, the details of the present
approach are given in Table 8.3 for the lowest starting point. Along the secondary
path, a limit point is obtained at F,.. = 423.1, d.. = 86.65. The results of its
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isolation, presented in Table 8.4, show that the present method is better if the

starting point is far from the limit one.

60

EA = GA = Bl =10°
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100

Figure 8.4: 2D simply supported arch: equilibrium paths.

Table 8.2: 2D simply supported arch: isolation of the bifurcation pt — Fy, = 334.9

Starting point F=200| F=300 | F =400 | F =500
Classical approach 5 4 5 6
Present method 6 (4) 4 (3) 6 (3) 7 (4)
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Table 8.3: 2D simply supported arch:

details of the present approach.

Iter. | Residual norm | Lowest eigenvalue | Force | Type of the next iteration

0 1.192-107° 1.164- 107! 200.00 | extended system

1 1.176 - 104 2.408 - 10° 331.56 | equilibrium equations only
2 3.209 - 10? 5.631-1073 331.56 | extended system

3 7.804 - 10! 3.224 - 1072 334.89 | equilibrium equations only
4 1.786 - 107! 1.738 1075 334.89 | extended system

5 3.372-107* 1.525- 1077 334.91 | extended system

6 3.100 - 107 1.226 - 10710 334.91

Table 8.4: 2D simply supported arch: isolation of the limit point — d.. = 86.65

Starting point d=70 | d=80|d=100 | d=110
Classical approach | no 9 10 16
Present method 21 (5) | 8(4) 11(5) | 20 (5)
8.3 Example 3, 2D shallow arch
F E =290000 G =111538
v el Ty
R=254 65.74
- AT

Figure 8.5: 2D shallow arch.

j 0.95

The structure presented Figure 8.5 is discretised into 40 elements. The tolerance is
set to tol = 107%. The load-displacement diagram in Figure 8.6 shows that a limit
point is reached at the values d.. = 2.917, F,.. = 45.82. The results concerning the
isolation are given in Table 8.5. For this structure, both methods worked very well.
This is probably due to the fact that the deformations are relatively small.

Table 8.5: 2D shallow arch: isolation — d.. = 2.917

Starting point d=05d=10|d=20|d=40
Classical approach 8 7 6 6
Present method 8 (8) 8 (6) 6 (5) 8 (5)

136



S0 ! ! ! !

Displacement d

Figure 8.6: 2D shallow arch: equilibrium path.

8.4 Example 4, deep circular arch
#F

E=610°

G=310°

O; 145

Figure 8.7: Deep circular arch.

This example, shown in Figure 8.7 has been introduced by Cardona and Huespe [12].
The arch is fully clamped at one end and only the in plane rotation is permitted at
the other end. The tolerance is set to tol = 107°. The structure is discretised using
40 elements. The characteristics of the square cross-section are

A=1414 Iy, = I35 = 0.1667 J =0.4741 I, =0.1100

The structure (see Figure 8.8) presents a bifurcation point at a load value F,. =
256.7, corresponding to an out of plane bifurcation mode. For this problem (see
Table 8.6), both isolation methods give almost similar results.
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Table 8.6: Deep circular arch: isolation — F,. = 256.7
Starting point F =100 | F =200 | F =300 | F' =400
Classical approach 6 6 6 12
Present method 8 (4) 6 (2) 6 (2) 9 (3)

8.5 Example 5, narrow cantilever
F —
| [ t=
| o b E =21000
—
L = 100 a4 G =8077
i

Figure 8.9: Narrow cantilever.

This example concerns the lateral buckling of the narrow rectangular cantilever
beam shown in Figure 8.9. At the free end, a transversal load is applied at the
centroid of the cross-section. The load is described as F' = \F, with F, given by:

1 ht? ht?
F,= —=VEI I=— = 1
o= VY 2 73 (8.1)
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The beam is discretised into 20 elements and the tolerance is set to tol = 1078, The
load—displacement diagram is given in Figure 8.10 and the convergence properties of
the isolation procedures are listed in Table 8.7. The lateral buckling is obtained for a
load factor \.. = 4.083, which is very close to the analytical result (4.085) obtained
by Timoshenko and Gere [97]. For this example, the pre-buckling deformations are
linear and very small, and both methods converge rapidly.

€)1

N

Load factor A
S

N
T

0 0.5 1 15 2 25 3
Displacement d

Figure 8.10: Narrow cantilever: equilibrium paths.

Table 8.7: Narrow cantilever: isolation — A, = 4.083

Starting point A=21A=3 | A=5 | A=6
Classical approach no 5 5 6
Present method no 6(5)| 6(4)| 6(6)

8.6 Example 6, L frame

This example, depicted in Figure 8.11, is also taken from Cardona and Huespe [12].
The frame is modelled by 16 elements. The tolerance is set to tol = 10~7. As shown
in Figure 8.12, the structure develops very large pre-buckling deformations before
the bifurcation point (F,. = 1.243) is reached. For this structure (see Table 8.8),
the present method gives better results than the classical approach.
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Figure 8.12: L frame: equilibrium paths.
Table 8.8: L frame: isolation — F,. = 1.243
Starting point F=07|F=10|F=15|F=20
Classical approach no 21 7 13
Present method 1no 6 (3) 6 (3) 8 (4)
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8.7 Example 7, cable hockling

M _ A=1
Y E = 71240
—
e
/ = G = 27190 J=216

‘ 240 | =0.0833

Figure 8.13: Cable hockling.

This classical example, see e.g. [52,64], is described in Figure 8.13. It concerns an
initially straight cable built in at one end and submitted to a concentrated axial
moment at the other end. At the loaded end, only the axial displacement and axial
rotation are permitted. The finite element model consists of 20 elements. The toler-
ance is set to tol = 107%. The load—displacement diagram is plotted in Figure 8.14.
The fundamental path corresponds to a pure torsion while the secondary path, ini-
tiated at a value of the applied moment M. = 225.4, is characterised by bending
deformations. The results, given in Table 8.9, show that also for this structure, the
present method performs better than the classical approach.

35 ! ! ! ! ! !
of
o T
=
o 200F i B SR o e P ;
€ : : : : : :
£
O IS0 i .
=
o
) T T R N —
0 : : : : : :
0 0.2 0.4 0.6 0.8 1 1.2 14

End rotation

Figure 8.14: Cable hockling: equilibrium paths.

Table 8.9: Cable hockling: isolation — M, = 225.4

Starting point M =150 | M =200 | M =250 | M =300
Classical approach 11 26 14 26
Present method 4 (4) 3 (3) 3 (3) 4 (4)
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8.8 Example 8, spatial frame

.
|
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Cross-section
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06 | |
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G = 3.8462 10°

Figure 8.15: Spatial frame.

The last example concerns the spatial dome structure depicted in Figure 8.15. The
structure is composed of three beams placed symmetrically with respect to the
vertical axis and is loaded by a vertical force applied at its top. Each beam is
discretised by 8 elements. The tolerance is set to tol = 107".

As shown in Figure 8.16, several bifurcation points are present along the fundamental
path. These points are relatively close to each other, which generates difficulties for
the initialisation and convergence of the isolation procedures. This situation is
illustrated in Figure 8.17. The fundamental path was computed using displacement
control by imposing at each step a vertical displacement increment Ad = 0.05 at the
top. Hence, at the equilibrium point corresponding to d = 0.1, the first bifurcation
point was detected by the appearance of a negative eigenvalue \;, see Table 8.10.
However, due to the proximity of the second bifurcation point, A\; is not the lowest
one in absolute value. Consequently, in order to isolate the first bifurcation point,
¢,, which is the eigenvector associated to A;, cannot be evaluated using the iterative
scheme (5.18). As a matter of fact, this system converges to A and both isolation
procedures will then converge to the second bifurcation point. In this case, ¢, must
be evaluated using a different numerical method. This operation may take some
time, particulary for systems with large number of degrees of freedom.

A similar problem occurs at the equilibrium point corresponding to d = 0.15. The
second and third bifurcation points, are detected by the appearance of two additional
negative eigenvalues, see Table 8.10. Note that Ay and A3 are double eigenvalues. In
order to isolate the third bifurcation point, A3 and its associated eigenvector must
be taken for g, and ¢,. Since A3 is the lowest absolute eigenvalue, the iterative
process (5.18) can be used to compute ¢,. However, in order to converge to the
second bifurcation point, Ay and its associated eigenvector must be taken as initial
values. In this case, ¢, must be calculated using a different numerical method.

The convergence characteristics for the isolation of the first three bifurcation points
are reported in Table 8.11. For this example, the pre-buckling deformations are
small, and both methods work very well.
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Figure 8.16: Spatial frame: equilibrium paths.

Force F

0 005 01 0.15
Vertical displacement at the top

Figure 8.17: Spatial frame: near bifurcation points.
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Table 8.10: Spatial frame: lowest eigenvalues of K.

eq. pt. A1 Ao A3

d=0.10 | —=1.850 (1) | +0.191 (2) | +1.892 (2)

d=0.15| —4.174 (1) | —1.883 (2) | —0.359 (2)

Table 8.11: Spatial frame: isolation.

Bifurcation point | F.. =4.249 | F,. =6.169 | F,. = 7.313
Starting point d=0.10 d=0.15 d=0.15
Classical approach 4 4 3
Present method 4 (3) 4 (4) 3 (3)
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Chapter 9

3D examples in elasto-plasticity

The test problems included in this chapter have two objectives. The first one is to
test the ability of the element to deal with elasto-plastic problems involving coupling
between axial, bending and torsional warping effects. For this purpose, examples
exhibiting lateral and flexural-torsional buckling were also included. The second
objective was to test and compare the two branch-switching procedures presented
in Section 5.3. For all instability problems included in the present set of examples,
the mode injection method worked very well and convergence to the first point on
the secondary path was obtained within 4-7 iterations. The minimisation procedure
also worked very well for all cases presenting a stable bifurcation. In these cases,
convergence to the secondary path was also obtained within few iterations. However,
as expected, the minimisation procedure failed for cases presenting an unstable
bifurcation.

In order to obtain converged results, the cross-sections have been discretised us-
ing large numbers of integration points. For many examples, fewer points would
certainly have given the same numerical results. No attempt of optimising the dis-
cretisation of the cross-sections has been performed. However, the tests performed
by the author have shown that in order to capture accurately the spreading of the
plasticity and get converged load—displacements curves, a large number of points is
often needed.

9.1 Example 1, channel-section beam

The example presented in Figure 9.1 was introduced by Gruttmann et al. [41]. Tt
refers to a channel-section beam, clamped at one end and subjected to a tip force at
the free end. An ideal elasto-plastic material with yield stress oy = 36 is considered.

The results obtained using 30 ptw3d elements and 336 integration points in the
cross-section are shown in Figure 9.2. These results are in very good agreement
with those presented in [41] based on shell elements.
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Figure 9.2: Channel-section beam: load—displacement diagram.

9.2 Example 2, framed dome

The instability of the framed dome shown in Figure 9.3 was analysed. Two different
load cases were considered. Case 1 consisted of a single vertical force applied at the
top of the dome while case 2 consisted of seven vertical loads of equal magnitude
placed at the top and at the end points of horizontal members. The dome was
modelled using N pt3d elements for each member, i.e. totally 18 x N elements.
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Figure 9.3: Framed dome.

For the elastic material, the results computed with N =5 and N = 8 are presented
in Figures 9.4 and 9.5. Very good agreement with Kouhia [56], who used N = 5,
is observed. It can be noted that there are several bifurcation points along the
fundamental paths. In Figures 9.4 and 9.5, only the fundamental path and the
secondary path branching out at the lowest bifurcation point are represented. For
both loadings, the buckling mode is a rotation around a vertical axis, see Figure 9.6.
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Vertical displacement at the top

Figure 9.4: Framed dome: elastic material — case 1.
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Figure 9.5: Framed dome: elastic material — case 2.

Figure 9.6: Framed dome: elastic material — first buckling mode.

For the elasto-plastic material, the results computed with N = 8 and 10 x 16
integration points in the cross-section are shown in Figures 9.7 and 9.8. For case 1,
the deformations are first concentrated in the upper part of the dome and a limit
point is reached. After that, the load increases again and a bifurcation point is
observed. For case 2, a bifurcation point is quickly reached. In both cases, the
buckling mode is, as in the elastic case, a rotation around a vertical axis. For
case 2, see Figure 9.9, the bifurcation is stable. However, the stable part of the
secondary path is so short that very small increments must be taken in order to
catch it numerically. Consequently, the minimisation procedure is not well suited to
perform branch-switching in that case since it requires a very small load increment.
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The mode injection method avoids this problem. In order to assure convergence on
the secondary path, this method was implemented by taken as control the rotation

around a vertical axis of the top of the structure. It can also be noted that Figure 9.9
suggests that the structure exhibits a tangent bifurcation.
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Figure 9.7: Framed dome: elasto-plastic material — case 1.
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Figure 9.8: Framed dome: elasto-plastic material — case 2.
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9.3 Example 3, lateral buckling of an I beam
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Figure 9.10: Lateral buckling of an I beam.

This example, introduced by Pi and Trahair [82], concerns the elasto-plastic lateral
buckling of the simply supported I beam depicted in Figure 9.10. The rotation
around the axis of the beam is set to zero at both supports, but warping deforma-
tions are permitted. The trilinear elastic-plastic stress-strain relationship shown in

Figure 9.11 is used.

150



E = 2-10"

> Q
Q

— 8.10%
E;
oy [~™™7 17 oy = 25- 107
P E, = 6-10°
> c es = 0.01375

Figure 9.11: Lateral buckling of an I beam: material parameters.

The results shown in Figure 9.12 were computed with 20 ptw3d elements and 168
integration points in the cross-section. Very good agreement with Reference [82]
is obtained. It can be noted that, due to the absence of hardening, the perfect
structure (e = 0) presents an unstable bifurcation.
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Figure 9.12: Lateral buckling of an I beam: post-buckling behaviour.
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9.4 Example 4, lateral buckling of a T cantilever
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Figure 9.13: Lateral buckling of a T cantilever.

The lateral buckling of the T cantilever depicted in Figure 9.13 were analysed.
Imperfections were introduced through a small lateral force F' = P/1000. The beam
was modelled using 30 ptw3d elements and 288 integration points in the cross-
section. For this example, elastic shell and solid analyses were also performed.
The elastic shell model was constructed using the flat facet triangular co-rotational
element developed by Pacoste [68,71]. A (10 + 10) x 150 mesh with 6000 triangular
elements has been used. The solid analysis was performed with the finite element
package SOLVIA. The mesh consisted of (8 4+ 8) x 60 = 960 isoparametric 20 noded
elements.

The bifurcation loads obtained with the different models are listed in Table 9.1.
For the solid analysis, the critical loads were calculated by applying very small
load increments and by checking the number of negative eigenvalues of the tangent
stiffness matrix at each converged state. The post-bifurcation paths for elastic and
elasto-plastic materials are presented in Figures 9.14 to 9.17.

With regard to the bifurcation loads, very good agreement between beam and solid
analyses is obtained. It can also be noted that the values obtained with elastic and
the elasto-plastic materials are almost similar. This unusual result can be explained
by the fact that at the bifurcation, the zone of plastic deformations, situated at
the lower part of the left end of the beam, is very small. Therefore, these plastic
deformations have almost no influence on the lateral buckling of the beam. Their
effect is, compared to the elastic case, to increase the bending pre-buckling deflec-
tions. However, it can be observed that in elasto-plasticity, a limit point is rapidly
reached along the secondary path. This shows that the elasto-plastic structure has,
as expected, a lower load carrying capacity than the elastic one.

152



The elasto-plastic post-bifurcation behaviours obtained with the beam and 3D mod-
els are similar up to a load of 3500. After this point, the curves diverge, which
indicates that the structure does no longer deform as a beam. This is confirmed by
Figure 9.18 which shows that although the structure is very slender, the deforma-
tions are concentrated in the first third part, near the clamped end. It can also be
noted that the beam analysis gives an accurate estimate of the maximum load (2%
difference from the solid model), which, from an engineering point of view, is of first
importance.

For the elastic case, the results obtained with the shell model are within a 4%
difference from those obtained using the beam or solid models. The reason for such
a difference is that using shell elements for modelling a T connection leads to an
overestimation of the cross-section. Consequently, the behaviour of the structure in
pure bending (fundamental path) is stiffer than in reality, see Figure 9.14.

Table 9.1: Lateral buckling of a T cantilever: bifurcation loads.

material beam | 3D | shell
elastic 3390 | 3375 | 3258
elasto-plastic | 3400 | 3395
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Figure 9.14: Lateral buckling of a T cantilever: elastic case.
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Figure 9.16: Lateral buckling of a T cantilever: elasto-plastic case.
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9.5 Example 5, buckling by torsion and flexure
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Figure 9.19: Buckling by torsion and flexure.

The buckling by torsion and flexure of the beam depicted in Figure 9.19 was anal-
ysed. All degrees of freedom including warping are set to zero at the left end and
only the axial displacement is permitted at the right end. In order to introduce
imperfections, a small lateral force ' = P/1000 is applied in the midspan. The
beam model consists of 40 ptw3d elements and 288 integration points in the cross-
section. Elastic shell and solid analyses have also been performed, using the same
discretisations as in the previous example.

The bifurcation loads obtained with the different models are listed in Table 9.2. It
can be observed that the critical loads obtained using the different models differ by
less than 1%.

The load—displacement curves for elastic and elasto-plastic materials are presented
in Figures 9.20 to 9.24. In elasticity, good agreement between the three models
is obtained until a displacement in the z-direction of about 220. After that, due
to the apparition of local deformations, see Figure 9.22; the shell and solid load—
displacement curves present limit points. In the elasto-plastic case, the post-buckling
behaviour is dominated by the bending mode, and very good agreement between
beam and solid models is obtained.

Table 9.2: Buckling by torsion and flexure: bifurcation loads/10000.

material theory [97] | beam | 3D | shell
elastic 8.452 8.444 | 8.405 | 8.482
elasto-plastic 1.834 | 1.845
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Figure 9.20: Buckling by torsion and flexure: elastic case.
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Figure 9.21: Buckling by torsion and flexure: elastic case.
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Figure 9.22: Buckling by torsion and flexure: elastic case — deformations after the

limit point (P = 91000) — solid analysis.
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Figure 9.23: Buckling by torsion and flexure: elasto-plastic case.
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Figure 9.24: Buckling by torsion and flexure: elasto-plastic case.






Chapter 10

Conclusions and future research

In this last chapter, conclusions about the numerical computations performed in
Chapters 6 to 9 and suggested directions for future research are presented.

10.1 Conclusions

The purpose of this thesis was to implement efficient co-rotational beam elements
and branch-switching procedures in order to study elastic and elasto-plastic insta-
bility problems. These elements and procedures, presented in details in Chapters 3
to 5 have been tested through a large numbers of examples in Chapters 6 to 9. From
the analysis of these numerical applications, several conclusions can be stated.

2D beam element formulation

The co-rotational approach for 2D beam elements is a well known topic and the
objective of the present work was to compare three local elasto-plastic elements.

Both Timoshenko and Bernoulli elements gave close numerical results for frames
consisting of slender beams. This observation was expected since in such cases the
shear deformations can be neglected. It is therefore recommended to use Bernoulli
elements for these structures since the resolution of the constitutive equations at
each Gauss point does not require any implicit process.

Only small variations have been observed between load—displacement diagrams com-
puted with seven and fifteen integration points along the beam depth. From an
engineering point of view, these differences are negligible and a small number of
Gauss points should be used for the analysis of large structures.

Concerning Bernoulli elements, the shallow arch approach should be preferred to
the linear one since identical numerical results can be obtained with fewer elements.
This point, already observed in [73] for elastic structures, was not evident in elasto-
plasticity: by decreasing the number of elements, the number of sections in the
structure where Gauss integrations are performed is also reduced, and consequently,
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zones of plastification or elastic unloading are modelled with lower accuracy. How-
ever, this does not seem to have any significant effect on load—displacement diagrams.

3D beam element formulation

Compared to Pacoste and Eriksson [73], the 3D co-rotational formulation developed
in Chapter 4 presents new items concerning the parameterisation of the rotations,
the definition of the local frame, the inclusion of warping effects through the intro-
duction of a seventh nodal degree of freedom and the consideration of rigid links. All
these improvements have been tested in a large number of examples in Chapters 7
and 9. The present results have been compared with results found in the literature
and also with analyses performed using shell and solid elements. It can then be
concluded that the elements developed in this thesis can be used to study any large
displacements and rotations problems involving non-linear coupling between axial,
bending and torsional-warping effects. In addition, any cross-section shape can be
considered. In fact, concerning the element formulation, the only restriction resides
in the small strain assumption.

One of the main properties of the co-rotational formulation adopted in this thesis, is
its independence of the local strains assumptions used to derive local internal force
vectors and tangent stiffness matrices. Using this property most authors use linear
strains at the level of the local element definition. However, as shown by several
of the numerical examples included in Chapter 7, this type of elements may give
incorrect results for problems where torsional effects are important.

For these reasons, the displacement field proposed by Gruttmann et al. [41] has
been adopted and used to construct a consistent second order approximation to
the Green-Lagrange strains, at the level of the local element frame. The resulting
expressions have been further simplified by neglecting the non-linear terms in the
expression of shear strains €15 and 13 and in the bending curvatures. In fact it
appears that the only important non-linear term is the Wagner term, i.e. %7“219%71,
in the expression of €1;. Some authors (see e.g. [55]) replace this term by its average
value over the cross-section. The tests performed by the author have shown that
this simplification is not acceptable.

Another characteristic of the co-rotational approach is that the material non-linearity
is only present at the level of the local deformations and does not affect the co-
rotational framework. Hence, due to the simplicity of the local strains expression,
the derivation of elasto-plastic local elements is rather easy. Using linear interpo-
lations, Timoshenko elements have been developed. Based on the work done in
Section 4.3.1, Bernoulli elements can also be derived without difficulties.

Branch-switching in elasto-plasticity
Two methods of branch-switching in elasto-plasticity have been presented in Section

5.3. In the first one, the bifurcation point is isolated by successive bisections and
the branch-switching is operated by using the eigenvector associated to the negative
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eigenvalue. In the second one, introduced by Petryk [76-81], an energy approach is
used to select automatically the stable post-bifurcation path.

In most studied examples in Chapters 6 and 9, both methods work very well and
convergence to the first point of the secondary path is obtained after 4-7 iterations.
However, if the bifurcation is unstable (examples 6.3 and 9.3) or if the stable part
of the secondary path is very small (example 9.2), the minimisation procedure can
not be employed. On the other hand, if an arc-length procedure is used, the mode
injection method does not ensure convergence to the secondary path, in particular for
structures exhibiting a tangent bifurcation (examples 6.5 and 9.2). The conclusion of
the author is that the best alternative is to use the mode injection method together
with a displacement control procedure and to take as control a displacement or a
rotation which is zero along the fundamental path.

Direct computation of elastic critical points

In Section 5.2, a new procedure for the direct computation of elastic critical points
has been presented. Compared to the approach of Wriggers et al. [104, 105], two
new ideas have been introduced. First, the condition of criticality is expressed
by a scalar equation. Next, the present method combines iterations based on the
extended system obtained by the equilibrium equations and the criticality condition
with iterations based only on the equilibrium equations under load or displacement
control.

The performances of the present method and the classical approach [104,105] have
been compared through eight numerical examples in Chapter 8. In most of the
cases, both approaches give similar results. However, if the non-linearity between
the initial point and the critical one is important, as in examples 8.1, 8.6 and 8.7, the
convergence properties of the present method are better. It can then be concluded
that the numerical procedure presented in this thesis is an interesting alternative
for the direct computation of critical points.

10.2 Future research

The work done in this thesis can be extended in three directions which are now
briefly presented.

Element formulation

The co-rotational formulation presented in this thesis is based on a spatial repre-
sentation of the rotations, see Section 4.1. Another possibility is to derive elements
using a material representation. As pointed out by Ibrahimbegovic [51], a material
approach is more suitable in the context of dynamics and time-stepping schemes.
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For a certain class of problems, the small strains hypothesis may not be correct and
local elements based on large strains should be developed. Concerning co-rotational
2D beams and shells elements, such an approach was adopted by Kolahi [53].

Elasto-plastic models

The elasto-plastic model adopted in this thesis is based on an incremental flow
theory, a von-Mises yield criterion, a bilinear uniaxial stress-strain relation and an
isotropic hardening. However, a bilinear law is too crude to model correctly the
real behaviour of materials, in particular metals. A better approach, common in
finite elements codes, is to represent the plastic uniaxial behaviour by a succession
of segments. Such a modification would allow a more accurate description of the
post-buckling behaviour. As a matter of fact, the analysis of Hutchinson’s model
in Section 2.1.2 has shown that the decreasing stiffness in the plastic range has
destabilising effects and a significant influence on the post-bifurcation.

In order to model correctly plastic reversal deformations, kinematical and mixed
hardening should also be incorporated. The extension to other yield criteria such
as Tresca or Mohr-Coulomb can also be considered. However, it is not certain that
the bifurcation procedure based on the minimisation procedure holds in such cases.
Since these criteria are not characterised by a smooth yield surface, the condition
(2.97) must be investigated, which may be difficult.

Finally, the main interesting development would probably be to develop elements
based on a plastic deformation theory and to compare their performances with the
performances of the present elements in predicting elasto-plastic buckling loads.

New finite elements

The present work can also be extended to composite beam or shell elements. Con-
cerning shell elements, a co-rotational approach, similar to the one adopted for beam
elements, has been developed by Pacoste [68,71]. The main challenge concerns then
the local formulation. Many alternatives are available and the choice of an efficient
local strain definition is open. It would also be interesting to test the two elasto-
plastic branch-switching methods and the new procedure for the direct computation
of elastic critical points in a shell context.
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Appendix A

3D elastic local formulation

This appendix presents the Maple procedures necessary in order to generate the
Fortran code for the 3D local elastic elements. These elements have been developed
in Section 4.3.

A.1 t3d element

with(linalg):

du:=ul2/L:

t1:=(t11+t12)/2:

t2:=(t21+t22)/2:

t3:=(t31+t32)/2:

dt1:=(t12-t11)/L:

dt2:=(t22-t21)/L:

dt3:=(t32-t31)/L:

gl2:=-t3:

gl3:=t2:

k1:=dt1:

k2:=-dt3:

k3:=dt2:
Phil:=Axdu~2+I122%k2°2+I33*k3"2+Irr/4*dt1"4+Ioxduxdtl1~2:
Phi2:=A%(g12°2+g13"2) +J¥k1"2:

Phi:=1/2*L* (ExPhil+G*Phi2) :

fl:=grad(Phi, [u,t11,t21,t31,t12,t22,t32]):
kl:=hessian(Phi, [u,t11,t21,t31,t12,t22,t32]):
fortran(fl,optimized) ;

fortran(kl,optimized) ;
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A.2 tw3d element

with(linalg):

du:=ul2/L:

a:=(al+a2)/2:

da:=(a2-al)/L:

t1:=(t11+t12)/2:

t2:=(t21+t22) /2:

t3:=(t31+t32)/2:

dt1:=(t12-t11)/L:

dt2:=(t22-t21)/L:

dt3:=(t32-t31)/L:

gl2:=-t3:

gl3:=t2:

k1l:=dt1:

k2:=-dt3+c3x*da:

k3:=dt2-c2*da:
Phil:=Axdu~2+I122%k2°2+I33*k3"2+Irr/4*dt1~4+Iwxda"2+Ioxduxdtl1~2:
Phi2:=2%x123*%k2*k3+I12r*k2*dt1"2+I13r*k3*dt1”"2+Iwr*xdaxdtl1~2:
Phi3:=A*(g12"2+g1372)+Io*k1"2+(Io-J)*a"2-2*(Io-J)*klx*a:
Phi:=1/2*L* (ExPhi1+E*Phi2+G*Phi3) :

fl:=grad(Phi, [u,t11,t21,t31,t12,t22,t32,al,a2]):
kl:=hessian(Phi, [u,t11,t21,t31,t12,t22,t32,a1,a2]):
fortran(fl,optimized) ;

fortran(kl,optimized) ;

A.3 b3d element

with(linalg):

u21:=0:

u31:=0:

u22:=0:

u32:=0:

f1:=1-3*%(x/L) "2+2*(x/L) "3:
f2:=x*x(1-x/L)"2:

£3:=1-f1:

fd4:=x"2*x(x/L-1)/L:
u2:=f1*u21+£f2*t31+f3*xu22+f4*xt32:
du2:=diff (u2,x):

ddu2:=diff (du2,x):
u3d:=f1*%u31-f2*t21+f3%u32-£f4xt22:
du3:=diff (u3,x):

ddu3:=diff (du3,x):
t1:=(1-x/L)*t11+x/L*t12:
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dtl:=diff(t1,x):

k1l:=dt1:
k2:=-ddu?2:
k3:=-ddu3:

eav:=ul2/L+1/2/L*int (du2"2+du3"2+Io/A*dt1°2,x=0..L):
Phil:=A*eav™2+I22%k2"2+133*k3"2+1/4*(Irr-Io"2/A)*dt174:
Phi:=1/2*%int (ExPhil+G*xJ*k1°2,x=0..L):

fl:=grad(Phi, [u,t11,t21,t31,t12,t22,t32]):
kl:=hessian(Phi, [u,t11,t21,t31,t12,t22,t32]):
fortran(fl,optimized) ;

fortran(kl,optimized) ;

A4 bw3d element

with(linalg):

u21:=0:

u31l:=0:

u22:=0:

u32:=0:

f1:=1-3*%(x/L) "2+2*(x/L)"3:

£f2:=xx(1-x/L)"2:

£3:=1-f1:

f4:=x"2*x(x/L-1)/L:

u2:=f1*%u21+f2*xt31+f3%u22+f4*xt32:

du2:=diff (u2,x):

ddu2:=diff (du2,x):

u3:=f1*u31-f2*t21+f3*%u32-f4*t22:

du3:=diff (u3,x):

ddu3:=diff (du3,x):

tl:=f1xt11+f2*xal+f3xt12+f4*a2:

dtl:=diff(t1,x):

ddt1l:=diff (dt1,x):

k1l:=dt1l:

k2:=-ddu2+c3*ddt1l:

k3:=-ddu3-c2*xddt1l:

eav:=ul2/L+1/2/L*int (du2"2+du3"2+Io/A*dt1°2,x=0..L):
Phil:=A*eav™2+I122%k2"2+I133*k3"2+1/4*(Irr-Io"2/A) *dt1"4+Iwxddt1"2:
Phi2:=2%x123*%k2*%k3+I12r*k2*xdt1"2+I13r*k3*xdt1 " 2+Iwrxddtl1*xdt1~2:
Phi3:=GxJxk1"2:

Phi:=1/2%int (ExPhi1+E*xPhi2+G*Phi3,x=0..L):
fl:=grad(Phi, [u,t11,t21,t31,t12,t22,t32,al,a2]):
kl:=hessian(Phi, [u,t11,t21,t31,t12,t22,t32,a1,a2]):
fortran(fl,optimized) ;

fortran(kl,optimized) ;
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Appendix B

Warping function

The purpose of this appendix is to describe the theoretical and numerical aspects
related to the computation of the warping function @ and cross-section quantities
introduced in equation (4.130). The theoretical aspects are taken from Batoz and
Dhatt [3] and Gruttmann et al. [39]. Concerning the finite element implementation,
the description of isoparametric quadratic plane elements can be found e.g. in [21].

B.1 Basic equations

Figure B.1: Prismatic cantilever beam.

A prismatic cantilever beam, see Figure B.1 with reference axis x; and section
coordinates x, and x4 is considered. Following the hypotheses of Section 4.3.1, x,
and x4 intersect at the centroid G and are not necessarily directed along the principal
axes of the cross-section. The displacements of a current point are noted u,, u,, us.

The linear strain-displacement relations are
€11 = Uy Vig = Upg T Ugy Y13 = Uy 3 1 Ugy (B.1)
Assuming a linear elastic material, the stress-strain relations read

o =Fey Tig = G 7po T3 = G7p3 (B-Q)
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Finally, the stress resultants are defined by
A A

M2:/<7H wgdA M, = —/011 r,dA (B.3b)
A A

B.2 Saint-Venant torsion

A torque M, is applied at the free end of the cantilever, as shown in Figure B.1.
Assuming the torsion angle 6, small, the displacements of a current point are

U =wb, Uy = — (25— ¢3) 0, ug = (2, — ) 0, (B.4)

where the warping function w refers to the shear center C of coordinates c,, c5. Using
equations (B.1), the strains can be rewritten as

en=wbn Y= (Wwo—wsteg)ly 3= (Wt — )0, (B.5)

The cantilever is free of normal forces and bending moments. This is inserted into
equations (B.3), which gives the normality conditions

/wdA—O /wadA—O /wx3dA—O (B.6)
A A A

B.3 Determination of the warping function

Since the position of the shear center is a priori unknown, the following transforma-
tion is applied

W=wW — CyTy+ CqTy (B.7)
Introducing the above equation into the first of equations (B.6) gives the constraint
/ wdA =0 (B.8)
A
The shear deformations in equations (B.5) can then be rewritten as

Yz = (Wyg —3) 91,1 Y13 = (@73 +19) 91,1 (B.9)

The problem is free of external volume or surface forces. The principle of virtual
work, per unit length, can be written as

/A (712 019 + Ti3 5713) dA =0 (B.lO)
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with
019 = 91,1 0w, 5713 = 91,1 5@73 (B'll)

By introducing equations (B.2), (B.9) and (B.11) into (B.10), it is obtained

A A

This equation is solved numerically by a finite element approach. Isoparametric
quadratic plane elements, see Figure B.2, are used to discretise the cross-section.
This means that the coordinates z,, x; and the unknown warping function @ are
interpolated within an element using the same shape functions

8

8 8
xQZZNI(fﬂ?) Lo 1’3:ZNI(5,77) T31 ‘D:ZNI(&??) wr (B.13)
=1

I=1

Figure B.2: Isoparametric quadratic plane element.

The element stiffness matrix and load vector are given by

KIJ :/ (NLQ NJ,Q +NI73 NJ73) dAe f[ :/ (NI,2 Ty — NI,3 x2) dAe (B14)
Ae

e

Using the isoparametric transformation, the integrals over each element are per-
formed numerically with four Gauss points. After assembly, the system

Kd=f (B.15)

is solved by setting arbitrarily a nodal value of W to zero. This provides the vector
d which contains the nodal values of w. The vector d is next transformed using

@::@—%/A@dA (B.16)

in order to fulfill the constraint (B.8).
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B.4 Cross-section quantities

The cross-section quantities defined in equations (4.130), and those introduced in
the present section, are integrated numerically using 4 Gauss points for each isopara-
metric elements.

The coordinates of the shear center are derived from the two last (B.6) equations,
which gives after some work

o ]LDB I22 — ]GJ2 IZ3 Co = IE)Q ]33 — ]GJ3 123
5 =
122 133 - 1223 I22 133 - 1223

(B.17)

with
A A

The Saint-Venant torsion modulus, defined in equation (4.129), can be calculated
directly by

with d and f defined in (B.15).
Finally, I, and I, are rewritten with the help of equation (B.7) as

I,= / 02dA — Lycy — Lyc? + 21y cocq (B.20a)
A

w

A
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