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Abstract

In several industries such as civil, mechanical, and aerospace, thin-walled struc-
tures are often used due to the high strength and effective use of the materials.
Because of the increased consumption there has been increasing focus on opti-
mizing and more detailed calculations. However, finely detailed calculations will
be very time consuming, if not impossible, due to the large amount of degrees
of freedom needed. The present thesis deals with a novel mode-based approach
concerning more detailed calculation in the context of distortion of the cross
section which model distortion by a limited number of degrees of freedom. This
means that the classical Vlasov thin-walled beam theory for open and closed
cross sections is generalized as part of a semi-discretization process by including
distortional displacement fields. A novel finite-element-based displacement ap-
proach is used in combination with a weak formulation of the shear constraints
and constrained wall widths. The weak formulation of the shear constraints
enables analysis of both open and closed cell cross-sections by allowing constant
shear flow. Variational analysis is used to establish and identify the uncoupled
set of homogeneous and non-homogeneous differential equations and the related
solutions.

The developed semi-discretization approach to Generalized Beam Theory
(GBT) is furthermore extended to include the geometrical stiffness terms for
column buckling analysis based on an initial stress approach. Through varia-
tions in the potential energy a modified set of coupled homogeneous differential
equations of GBT including initial stress is establish and solved. In this context
instability solutions are found for simply supported columns and by solving the
reduced order differential equations the cross-section displacement mode shapes
and buckling load factor are given.

In order to handle arbitrary boundary conditions as well as the possibility
to add concentrated loads as nodal loads the formulation of a generalized one-
dimensional semi-discretized thin-walled beam element including distortional
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contributions is developed. From the full assembled homogenous solution as well
as the full assembled non-homogeneous solution the generalized displacements
of the exact full solution along the beam are found.

This new approach is a considerable theoretical development since the ob-
tained GBT equations including distributed loading found by discretization of
the cross section are now solved analytically and the formulation is valid with-
out special attention and approximation also for closed single or multi-cell cross
sections. Furthermore, the found eigenvalues have clear mechanical meaning,
since they represent the attenuation of the distortional eigenmodes and may be
used in the automatic meshing of approximate distortional beam elements. The
magnitude of the eigenvalues thus also gives the natural ordering of the modes.

The results are compared to results found using other computational meth-
ods taking distortion of the cross section into account. Thus, the results are
compared to results found using the commercial FE program Abaqus as well
as the free available software GBTUL and CUFSM concerning conventional GBT
and the finite strip method, respectively. Reasonable matches are obtained in
all cases which confirm that this new approach to GBT provides reasonable re-
sults with a very small computational cost making it a good alternative to the
classical FE calculations and other available methods.



Resume

I mange brancher sasom konstruktions-, mekanik- og rumfartsbranchen anven-
des tyndvaeggede konstruktioner ofte pa grund af deres hgje styrke og en ef-
fektiv udnyttelse af materialerne. Pa grund af gget anvendelse af disse kon-
struktioner, er der stigende fokus pa optimering og mere detaljerede bereg-
ninger. Dog vil mere detaljerede beregninger veere mere tidskreevende, hvis ikke
umulige, pa grund af det store ngdvendige antal frihedsgrader. Denne afhand-
ling omhandler en ny form-baseret formulering af den tyndvaeggede bjalkete-
ori, hvilket medfgrer mere detaljerede beregninger ved at medtage og inkludere
tveersnitsdeformation, men samtidig ogsé tager hensyn til tveersnitsdeformation
ved brug af et begreenset antal frihedsgrader. Dette betyder, at den klassiske
Vlasov bjeelketeori for abne og lukkede tvzersnit generaliseres som del af en
semi-diskretiserings proces ved at inkludere tveersnitsdeformation. En ny finite-
element baseret formulering anvendes i kombination med en svag formulering af
forskydningsbindinger og en binding af veegudvidelsen. Den svage formulering
af forskydningsbindingerne ggr det muligt at analysere bade abne og lukkede
tveersnit ved at tillade en konstant forskydningsstrgm rundt i tveersnittet. Vari-
ationsanalyse anvendes til at identificere og etablere ukoblede st af homogene-
og inhomogene differentialligninger og de tilhgrende lgsninger.

Den udviklede semi-diskretiseringsformulering til generaliseret bjeelketeori
(GBT) er endvidere udvidet til ogsa at omfatte de geometriske stivhedsled for
sgjleudknzeknings analyse baseret pa en initialspeendingsformulering. Gennem
variationer i den potentielle energi er et modificeret saet af de koblede homogene
differentialligninger for GBT indeholdende initial speendinger opstillet og lgst. I
denne sammenheeng er der fundet in-stabilitets Igsninger for simpelt understgt-
tede sgjler og ud fra lgsningen af de fjerde ordens reducerede differentialligninger
er tveersnitsdeformationsformerne og stabilitetslastfaktoren fundet.

For at kunne héndtere arbitraere randbetingelser og for at kunne passette
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koncentrerede belastninger i form af knudelaster, er der formuleret et generalis-
eret en-dimensionelt semi-diskretiseret tyndvaegget bjeelkeelement indeholdende
tvaersnitsdeformation. Udfra den fuldstzendige og samlede homogene lgsning
savel som ud fra den fuldstaendige og samlede in-homogene lgsning, er de gener-
aliserede flytninger for den eksakte, fuldsteendige lgsning langs bjeelken fundet.

Denne nye metode udggr en betydelig teoretisk udvikling, idet de opstillede
GBT ligninger, indeholdende fordelt last fundet ved semi-diskretisering af tvaer-
snittet, nu er lgst analytisk og idet formuleringen nu er geldende for lukkede
og flercellede tveersnit uden specielle hensyn og approksimationer. Endvidere
har de fundne egenveerdier nu en klar definition, idet de repraesenter afkling-
ningslzengden af de tveersnitsdeformerede egenformer, og de kan dermed bruges
i forbindelse med en automatisk inddeling af tilnsermede tveersnitsdeformerede
bjeelkeelementer. Endvidere angiver stgrrelsen af egenveerdierne den naturlige
hierarkiske raeekkefalge af formerne.

De opnéede resultater er sammenlignet med resultater fundet vha. det
kommercielle FE program Abaqus og det frit tilgaengelige software GBTUL og
CUFSM, som omhandler henholdsvis konventionel GBT og finite strip meto-
den. Herigennem er der opnéet gode overensstemmelser i alle tilfaelde, hvilket
bekraefter, at denne nye formulering til GBT giver gode resultater med meget
sma beregningsmaessige omkostninger, hvilket ggr den til et godt alternativ til
de klassiske FE beregninger og andre tilgeengelige metoder.
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Chapter 1

Introduction

For about a century many branches of the industry have sought stronger and at
the same time lighter structural solutions which optimize the effectiveness and
the cost of the structures. Among them are the civil, mechanical, naval and
aerospace industry. This has led to an increasing use of thin-walled structures
such as cold-formed steel beams, steel and concrete box girders, ship hulls,
trapezoidal steel sheeting and other structures in which one dimension is small
compared to the other dimensions, see e.g. Figure 1.1. Thin-walled structures
made of aluminium and composite materials are also widely used. Because
of the increased slenderness of these structures, they lead to more complex
structural behavior which requires the development of more comprehensive and
accurate mathematical approaches. However, more detailed calculations will be
very time consuming, if not impossible, due to the large amount of degrees of
freedom needed.

In this thesis a novel mode-based approach is developed by extending the
existing beam theory to include transverse distortion for open and closed cross
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Figure 1.1: Examples of thin-walled cross sections.



1.1: Background and history

sections in a new and theoretical improved context. Due to the mode (cross-
section deformation multiplied by a longitudinal amplitude function) based for-
mulation it is possible to obtain a more engineering perspective of the problem.
It also implies that the physical understanding is always in focus. At the same
time the novel approach model distortion by a limited number of degrees of free-
dom compared to the classical shell finite element method which is very time
consuming, if not impossible, due to the large amount of degrees of freedom
needed. In this context an advanced distortional semi-discretized thin-walled
beam element has been developed. In general, this means that the thesis is a
study of distortional mechanics of thin-walled structural elements and deals with
the related kinematics and stability. The importance of research in beam theory
and beam elements, which model distortion by a limited number of degrees of
freedom, lies in the fast analysis of complex dynamic problems and stability
related issues of distorting structures. Nowadays the studies of the dynamics of
bridges are often based on a simple beam theory. An extension of these stud-
ies to include deformation of the cross section would be very interesting. It is
possible to include very important contributions to the structural behavior by
adding extra degrees of freedom.

To understand the importance of taking distortion into account, this chapter
will start out by describing the background and history of the beam theory. Due
to the research carried out in this thesis the chapter also presents the purpose
and expectations, an introduction to the novel GBT approach as well as a
description of the report structure.

1.1 Background and history

As far back as the 16th century the strength doctrine was founded by Galileo
Galilei (1564-1642). After his death the development of the theory of elasticity
was started by Robert Hooke (1635-1703) followed by Coulomb (1736-1806)
developing the theory of bending of beams leading to the well known mathe-
matical elasticity theory defining the classic beam theory, Timoshenko (1983).
In the context of this foundation a brief overview of the beam theory is given
in this section.

1.1.1 Classic beam theory

The classic beam theory (Euler-Bernoulli theory) is based on the assumption
of Bernoulli, where plane cross sections remain plane, and it is assumed that
the beam axis remain perpendicular to the cross-section in-plane (Timoshenko
and Goodier, 1951). Furthermore, the physical assumption of Hooke on linear
elasticity is made, which means that the strain distribution will vary linearly
over the cross section. This also means that the forces can be divided into three
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independent components which are (i) the normal force, (ii) bending moment
related to major axis bending and (iii) bending moment related to minor axis
bending. The shear forces are derived from the moment variation and the
distribution of the shear stresses are found from the Grashof formula which is
based on the static assumptions concerning equilibrium (Gere and Timoshenko,
1997).

The mathematical elasticity theory gives the relationship between the shear
stresses and the shear strains for a 3-dimensional continuum. However, it is
important to note that the simplifications of the classic beam theory lead to an
inconsistency in the determination of the shear stresses. The assumptions of the
cross-section deformation mean that there is no shear strains and according to
the mathematical theory of elasticity consequently also no shear stresses. In the
classic beam theory this problem is handled by determining the shear stresses
from equilibrium considerations which are independent of the deformations.
Shear forces would theoretically cause plane cross sections to not remain plane,
but for relatively thick-walled cross sections the error is very small and the clas-
sic beam theory is in these cases sufficiently accurate for all practical purposes.
Furthermore, the classical beam theory consider torsion to be solved based on an
assumption of free torsion which means that distortion out of the plane (warp-
ing) can take place unhindered. Thereby free torsion results in warping of the
cross section which contradicts the assumption of plane cross sections remain-
ing plane. At joints between angled beam elements this leads to compatibility
problems since the torsional deformations do not fit together with the flexural
and axial deformations for closed cells. However, for sufficiently thick-walled
beam elements the torsional deformations will usually be significantly smaller
than the other deformations, which means that the incompatibility concerning
most practical purposes has no significant meaning.

The relation between the cross section and the bending stiffness parame-
ter was first made by Navier in 1820 while the formulation of the problem of
homogeneous torsion of an elastic beam was made in 1855 by St. Venant (Tim-
oshenko, 1983). Until the beginning of the 19th century this theory was state
of the art. In 1921 the incorporation of shear effects into the technical theory
of beam flexure was developed by Timoshenko (Timoshenko, 1983).

As mentioned above the classical technical beam theory is valid for many
practical purposes. However, the validity of the theory cannot be clarified in a
simple way and it depends on the cross-section design, e.g. the plate thickness
in relation to the height, the length of the beam elements, and the structural
application. Furthermore, with an increasing utilization of the construction
material there is more beam- and frame structures, where one is compelled to
incorporate the cross-section warping. Examples are frame constructions built
by I-profiles. Such structures are often dimensioned based on loss of stability by
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lateral torsional buckling, which necessitates a thin-walled beam theory. Bridge
girders made of steel are often made as closed cross section, whereby traffic loads
are able to induce torsion in the bridge girders. The stress distribution in the
structure requires account for non-homogeneous torsion and thus a thin-walled
beam theory.

1.1.2 Thin-walled beam theory

In 1961 a theory describing the combined effects of extension, bending, and
torsion of thin-walled beams was developed by Vlasov (1961) leading to the
well known theory of thin-walled beams. Often thin-walled beams are referred
to as Vlasov beams as he was the first to give a systematic description of the
theory of thin-walled beams. In this context Vlasov also described the warping
phenomenon.

Thin-walled structures such as beams, columns, plates, shells, sheeting,
pipes, among others, are frequently used in civil, naval and space construc-
tions, see e.g. Figure 1.2 and 1.3. They are not easy to define in a precise

Figure 1.2: Examples of thin-walled structures used in civil constructions.

and quantitative way, however it seems sufficient to say that they are structures
made from thin plates joined along their edges. The plate thickness is small to
other cross-sectional dimensions which are in turn often small compared with
the overall length of the member or substructure (Murray, 1986).

There are many reasons why thin-walled structures must be given special
considerations in their analysis and design. Some of them are listed below:

o Qut-of-plane distortion. The shear stresses and strains are relatively larger
than those in a solid rectangular beam. By twisting a thin-walled structure
it is easily shown that there is an out-of-plane distortion of the cross section
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Figure 1.3: Examples of thin-walled structures used in offshore and aerospace construc-

tions.

in the longitudinal beam direction (warping). Hereby the assumption of
plane sections remaining plane (Bernoulli hypothesis) is violated.

o Shear flow. In the closed cross section the torsional moment is resisted
by a shear flow around the cell. Consequently the torsional stiffness is
increased considerably as compared to a similar open cross section.

o Shear lag. Shear lag occurs when the forces cannot be transmitted directly
into the entire cross section. This means that the area that is effective in
resisting the force is smaller than the total area.

o Susceptible to local buckling. It is well known that thin-walled structures
are susceptible to local buckling when subjected to load.

o Stress distribution. It is well known that warping and torsion have a great
influence on the stress distribution.

o In-plane distortion. Due to the thin walls, thin-walled beams are much
susceptible to deformation of the cross section, leading to various subjects
and remarks as described later in subsection 1.1.3.

In the theory of thin-walled beams the assumptions that plane cross sections
remain plane are remitted. This gives a more consistent connection between
torsion and bending (or normal force). The torsional problem is no longer
assumed to be freely conducted, which means that so called free torsion can be
obtained. This means a torsional mode where the first derivative of the torsional
angle (¢') are no longer constant.

In contrast to the classical six degrees of freedom, the calculation of thin-
walled beams also contains a warping parameter which expresses the change in
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the derivative of the angle of rotation (¢”). This degree of freedom is associated
with the bimoment which is an extra generalized force. The introduction of
the warping parameter is necessary to handle lateral torsion which concerns
stability. In contrast to the classical beam theory the placement of the load at
the cross section is important for thin-walled beams and the torsional stiffness
of a profile is highly dependent on whether the profile is open or closed. But
with regards to the beam theory the solving methodology is the same.

Before the Vlasov formulation, previous works were characterized by solu-
tions to special problems, see e.g. Timoschenko and Gere (1963) and the books
Kollbrunner and Hajdin (1972) and Kollbrunner and Hajdin (1975) provide a
systematic review of the theory and a number of analytical solutions for selected
problems. In Murray (1986) a more practical description of the thin-walled beam
theory and examples of applications are provided. Krenk (1989a;b) provides a
modern description of the thin-walled beam theory based on a continuum me-
chanical basis and specified numerical calculations.

In thin-walled beam structures transition conditions between beam elements,
that meets at non right angles, are complex. The stiffness conditions of the
connections have great importance for the overall structural stiffness, and thus
the buckling load. In Krenk and Damkilde (1992) this problem is handled and
Petersen et al. (1991) contains a finite element formulation of both the linear
problem and the stability problem.

Despite the fact that almost all the points listed above have been well re-
searched for several years, the last and important point describing in-plane
distortion still creates problems specially for closed cross sections. This subject
is handled in the present thesis.

1.1.3 In-plane distortion and why it is important

As seen from the section given above concerning the classical theory of elastic
thin-walled beams it is assumed that the cross sections maintain their shape in-
plane and do not distort. Although the assumption is often justified, it cannot
be maintained in the analysis of modern thin-walled structures. Some of the
reasons to take in-plane distortion into account are listed here as

o The deformation of the cross section can give a substantial additional
contribution to the deformation determined by ordinary beam theory as
well as redistribution of stresses. For example cross-section deformation
of box girders due to eccentric transverse load (Krenk, 1989b).

o Instability of a compressed flange caused by bending of the web. In this
case the web acts essentially as a supporting spring, and thus the combined
flexibility of the support and the cross-section plays a decisive role.
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o Investigations by Raftoyiannis (1994), Godoy et al. (1995), Barbero (2000),
and Barbero et al. (2000) show, both analytically and experimentally, that
the local deformation in the cross section may strongly affect the structural
buckling behavior of thin-walled composite members.

o Including distortion of the cross section gives the possibility of analyzing
major bridges in the context of the overall structure instead of in a sub
structural part.

o Ovalisation reduces the cross-section moment of inertia and thereby the
stiffness, leading to a non-linear moment-curvature relation often called
the Brazier effect. For example ovalisation of thin-walled pipes in bending
(Krenk, 1989b). Note that this is a non-linear problem and that the
present thesis only deals with linear problems.

The importance of taking in-plane distortion into account has been recog-
nized as far back as 1961 in Vlasov (1961). Here Vlasov presented an approach
in which each wall is treated as a beam linked to the others.

Subsequently, the subject concerning deformable cross sections have been
treated by several authors. Steinle dealt with in-plane distortion of single-
cell box girders (Steinle, 1967; 1970). Also Wright et al. published within
this topic (Wright, 1968). Even though Steinle deals with the topic concerning
deformable cross-sections he is not setting up the differential equation including
the distortion. He is only dealing with an un-coupled formulation by looking
at the classical beam theory to which he attaches the stresses obtained by a
separated analysis of a deformed cross section. In 1979 Kiistek treats the topic
concerning closed cross sections (Kiistek, 1979).

Inspired by others of the theory of prismatic folded structures (Faltwerke,
in German) also Schardt published in 1966 a new formulation (Schardt, 1966),
taking deformation of the cross section into account. The formulation was based
on the theory of prismatic folded structures and the introduction of new gener-
alized forces and cross-section deformations. The formulation was made so that
the final calculation could be done by using the classical formulation of beam
theory. Hereby Schardt extended the beam theory to include the deformation
of the cross section. In 1975 Kollbrunner and Hajdin (1975) dealt with the topic
of open and closed cross sections including warping. Schardt (1989) published
a further developed formulation known as Generalized Beam Theory (GBT) or
(VBT) in German. The formulation is a generalization of classical Vlasov beam
theory and has been successful and fostered further research which is described
in the next chapter.

A distortional theory which generalizes Vlasov beam theory by including the
modified definition of the warping function and a single distortional mode was
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presented in Jonsson (1998). In that work the analytical solution of coupled
torsional and distortional equations was found by reduction of order and solu-
tion of the related eigenvalue problem. The single mode can here be found by
equilibrium between the actual load and the shear stresses or in simple cases
the mode can be estimated by intuition.

The rapid development during the last ten years within the field of distortion
of thin-walled elements has prompted the publication of widespread literature
on the subject which are described in chapter 2.

1.1.4 Numerical methods available

An assessment of structural performance of thin-walled beams includes linear
static analysis and linear buckling analysis of the behavior which may involve
global deformations, non-local in-plane distortional deformations and local in-
plane distortional deformation as well as out-of-plane deformations (warping).
Regarding such analyses the following main numerical analysis methods are
available:

1. Finite Element Method. This is a method to obtain an approximate solu-
tion to a problem governed by a set of differential equations. The member
is divided or discretized into smaller part (elements) in which simple ex-
pressions for the displacements are chosen, see Figure 1.4(left). Regarding
thin-walled members usually shell finite elements (SFEM) are used. The
displacement field is approximated by a combination of polynomial shape
functions, each single one associated with a nodal displacement or rota-
tion, see for example Zienkiewicz and Taylor (2000a;b) or Hughes (2000),
perhaps with utilization of recursive substructuring (Jonsson et al., 1995).
This advanced numerical technique involves a large amount of degrees of
freedom.

2. Finite Strip Method. This method may be regarded as a special form of
the finite element procedure, see for example Cheung (1976) for a compar-
ison between finite element and finite strip methods. It is applicable for
many structures having regular geometric plans and simple loading and
boundary conditions. The member is discretized into strips which calls
for use of simple interpolation polynomials in the transverse direction and
continuously differentiable smooth series functions (e.g. Fourier series) in
the longitudinal direction. The strips are rectangular finite elements span-
ning all the length, see Figure 1.4(right), and involves a lower number of
degrees of freedom than equivalent SFEM analyses (Cheung and Tham,
1998, Williams and Wittrick, 1968, Cheung, 1976). This provides a power-
ful simplification to the finite element method. The method is subdivided
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into the following main sub-methods, however tremendous developments
of the method have been made:

o Semi-Analytical Finite Strip Method. This is the classical finite strip
method, which is applicable only to simply supported boundary con-
ditions and thus applicable to the buckling or vibration analysis of
simply supported members subjected to longitudinally uniform in-
ternal forces and/or moments, see for example Cheung and Tham
(1998). The method has been incorporated into the available free
software packages CUFSM (Li and Schafer, 2010).

o Spline Finite Strip Method. This is a development of the semi-
analytical finite strip method and replaces the series functions, rep-
resenting the displacements in the longitudinal direction, by splines
as well as handles non-standard support conditions and non-uniform
internal forces and moments (Loja and Soares, 2002, Prola, 2002).
The number of degrees of freedom required for a spline finite strip
analysis is considerably larger than for the semi-analytical finite strip
method, however it is still considerably less than that of a comparable
finite element analysis (Erp and Menken, 1990).

o Constrained Finite Strip Method (cFSM). This method constrain the
classical finite strip method to deformation fields consistent with a
particular class of buckling modes. It uses conventional definitions
of deformation classes such as global, distortional, local, and other
deformations separated into the degrees of freedom. Thus providing
both modal decomposition and modal identification to a conventional
finite strip solution resulting in a better understanding of the cross-
section deformation and stability (Adény et al., 2009, Schafer and
Adény, 2006, Adany et al., 2006). The method has been incorporated
into the available free software packages CUFSM by Li and Schafer
(2010).

3. Conventional Generalized Beam Theory. This is a method having the
distinguishing feature of discretizing the deformed member configuration
into cross-section deformation modes. The modes can either be a global,
local (plate) or distortional mode (Schardt, 1989). After the determina-
tion of the modes during a cross-section analysis, the modes are, within
a member analysis, multiplied by an approximated axial amplitude shape
function leading to a conventional axial element interpolation and dis-
cretization. For open cross sections the method has been incorporated
into the available free software packages GBTUL (Bebiano et al., 2008a),
however the GBTUL cannot yet handle closed cross sections. This theory,
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1.2: Purpose and expectations

gh=

Figure 1.4: Lipped channel shell finite element discretization (left) and finite strip or GBT
discretization (right).

which is less widespread than the finite element method and the finite
strip method, is an extension of the classical theory by including multi-
ple distortional modes. Thereby it is possible to perform computational
analysis of advanced distortional problems with a less number of degrees
of freedom than necessary for equivalent SFEM analyses, see for example
Figure 1.4(right). This extension and the associated longitudinal finite
element discretization using approximated axial amplitude shape function
leads to a much faster analysis of complex dynamic and stability related
issues. A more elaborate description of the theory is given later in section
2.2.

From the above mentioned methods, the finite element method is the most
powerful and versatile tool of solution in structural analysis. The method is well
known and established, and used in a wide range concerning structural analy-
sis. However, for many structures having regular geometric plans and simple
boundary conditions, a finite element analysis is often extravagant, unnecessary
and at times even impossible. Therefore the finite strip method as well as the
GBT approach is an alternative method, which can reduce the computational
effort for the afore-mentioned class of structures.

Having described the background and history let us turn to the purpose and
expectations.

1.2 Purpose and expectations

The first part of this PhD study consisted of a literature study. During this
study it became clear that several formulations including transverse distortional
displacements have been proposed for analysis of both open and closed cross
sections. It also became clear that especially one formulation has been very
successful and widespread, namely the well known formulation referred to as
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GBT (Generalized Beam Theory). However, this formulation has been devel-
oped for open cross sections and still gives problems for closed cross sections.
Even though GBT is an abbreviation of Generalized Beam Theory which gives
the impression of covering a wide area, the abbreviation has achieved a kind of
trademark related to the theory or formulation developed by Schardt (1989).
As the GBT abbreviation in a word related sense also may cover a wide area
it should in my opinion not be linked to a single theory or formulation. Con-
sequently, the theory developed by Schardt will in this thesis be referred to as
conventionel GBT. The conventional GBT formulation was initially proposed
by Schardt (1966) as a generalization of the theory of bending (Verallgemein-
erte Technische Biegetheorie, VIB in German) but was generally not so known
in the international research community until Davies and Leach (1994a) pre-
sented first-order conventional GBT analysis. Conventional GBT is devoted
to (first-order) distortional displacement analysis including the identification
of distortional modes, as well as (second-order) linear buckling of thin-walled
members, and it has fostered many research investigations as can be seen later
from chapter 2.

As mentioned the conventional generalized beam theory has been studied
much during the last 45 years. In general by the group at the Technical Uni-
versity of Darmstadt, Germany, and in the last 10 years especially and strongly
intensified by the Portuguese group led by Silvestre and Camotim at the Tech-
nical University of Lisbon. Despite 45 years of research and development the
theory is still limited in its distribution. This can be due to several reasons but
one can be that the theory is difficult to understand and not based on the con-
temporary educational topics such as energy principles and the finite element
method.

The hypothesis of this project, which is based on prior research performed
by professor Jeppe Jonsson, has therefore and in contrast to conventional GBT
been theoretical developments based on the calculus of variations and energy
formulations. Formulations for the numerical analysis has been performed based
on the finite element method formulations. It should be noted that the present
novel approach to generalized beam theory is neither similar to conventional
GBT nor an extension of the theory.

Following the arguments above has led to the following objectives and achieve-
ments for this study:

o A literature survey on generalized beam theory.

o A study to enhance the understanding of the calculus of varia-

tion and energy methods.

o The formulation of a set of homogeneous distortional differen-
tial equations of GBT (limited number of degrees of freedom)

11
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1.3: Introduction to the novel GBT approach

in the context of a semi-discretization (modes) and a FEM for-
mulation. This is done by using calculus of variations and an
energy formulation. The formulation has to be performed so
that also cross sections with closed cells can be treated without
special attention.

o The formulation and solution of a consistent eigenvalue problem
that solves the full analytical homogeneous distortional differ-
ential equations of GBT and determines the distortional modes
which decouple the set of differential equations.

o The formulation and solution of an uncoupled set of non-homo-
geneous distortional differential equations of GBT including the
distributed loads by using the novel semi-discretization (modes)
process.

o An extension of the formulation to include the geometrical stiff-
ness terms, which are needed for column buckling analysis and

identification of buckling modes.

o The development of an advanced distortional semi-discretized
prismatic thin-walled element based on the objectives given above.

o A comparison between the novel approach to GBT and the con-
ventional GBT.

It is expected that the research will lead to the development of new, modern,
and improved techniques for static, stability, and dynamic analysis of distorting
prismatic thin-walled structural elements. It will enable static and stability
analysis of distortional structural problems with very few degrees of freedom
making it a good alternative to the classical finite element method which is often
extravagant and unnecessary for many structures having a regular geometric
plans and simple boundary conditions.

Before describing the structure of the thesis let us briefly introduce the novel
GBT approach in words.

1.3 Introduction to the novel GBT approach

In this section a brief overview of the novel GBT approach is given in words
before going into the detailed study. This is assumed to be worthwhile for the
knowledgeable reader.

First of all, the presented novel GBT formulation for prismatic thin-walled
beams with both open and closed (single or multi cell) cross sections can be
regarded as an extension of classical Vlasov thin-walled beam theory to include
distortional deformation modes as well as constant shear flows in the walls of
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the cross section (Vlasov, 1961, Kollbrunner and Hajdin, 1972; 1975). This
also means that the novel GBT approach adhere to the definition of the warp-
ing function given by Kollbrunner and Hajdin (1972) which adds the integral
of the shear flow strains, see also (Jonsson, 1998; 1999a;b). Hereby the novel
GBT approach is able to handle open cross sections as well as closed cross sec-
tions without special attention. It should be noticed that shear deformation
accommodating Bredt’s shear flow around closed cells is included in the theory
through the specific definition of the warping function (Kollbrunner and Hajdin,
1972). We are dealing with a beam element adhering to generalized beam theory
and not an extended weak formulation of a finite beam element that allows the
addition of special (transverse extension and shear lag) modes. The approach
makes it possible to analyze prismatic thin-walled members with cross-section
distortion and local plate behavior in a one-dimensional formulation through the
linear combination of pre-established modes of deformation. Note that a distor-
tional theory which generalizes Vlasov beam theory by including the modified
definition of the warping function and a single distortional mode is presented
by Joénsson (1999a).

Furthermore, innovative theoretical developments are performed in the con-
text of finding and solving the analytical homogeneous solution to the fourth-
order differential equations of GBT to obtain the distortional displacements for
a linear beam analysis. This advance enables the formulation of exact distor-
tional beam elements with distributed load for first-order analysis using the
found axial solution functions as seen from chapter 6. This is in contrast to
the conventional interpolation by third-order polynomials. It also means that
the novel approach finds the exact mode shapes and amplitude solutions of the
reduced order GBT equations related to the discretized cross section. The for-
mulation is performed by introducing a semi-discretization process and gives an
excellent knowledge of the length scales of the modes through the magnitude
of the eigenvalues found. Similar methods are used by Hanf (1989) only in his
thesis and by Joénsson (1999a). In the work of Jonsson (1999a) the analytical
solution of coupled torsional and distortional equations are found by reduction
of order and solution of the related eigenvalue problem in the same manner as
in the present work.

Introducing semi-discretization leads towards a formulation in which the ro-
tational degrees of freedom are included, thus including local plate modes in
the formulation even for the simplest discretization. The elimination of these
rotational degrees of freedom could perhaps be advantageous if one wants to per-
form a modal decomposition of buckling displacements into distortional buckling
mode and local plate buckling mode. However, we then rely on a coarse dis-
cretization. A static elimination of the rotations are performed later in order to
compare with conventional GBT.

13
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1.4: Structure of the thesis

During the development of the present novel approach, the determining of
the sequence of the three steps performed has been very difficult and caused
much effort in order to achieve an elegant and solvable eigenvalue problem.

Having shortly introduced the novel GBT approach, the structure of the
thesis is described in the next section.

1.4 Structure of the thesis

The objectives described in section 1.2 are met by an academic research con-
taining a literature study, calculus of variation, energy methods, finite element
formulations and eigenvalue problems. Hereby the analytical derivations are
based on the calculus of variations, and formulations in the context of numer-
ical analysis are based on the finite element formulations. The thesis can be
read without consulting the attached papers, except from the full set of illus-
trative examples given. The thesis is therefore self contained and limits the
repetition of basic information to a bare minimum and allows for philosophical
considerations and extra clarifying informations. It is believed that this gives a
much more comprehensive presentation of the work performed. Consequently,
the thesis include a main part of the associated papers.

Having given an introduction including a description of the background and
history of the beam theory, a presentation of the purpose and expectations, an
introduction to the novel GBT approach as well as a description of the report
structure the next chapter deals with a literature review.



Chapter 2

Literature Review

With the background information in section 1.1 it is clear that the theory behind
thin-walled structures have been subject to extensive research, and in the recent
years especially focusing on including transverse distortion of the cross section
and minimizing the calculation time. As shown in subsection 1.1.4 a number
of different analysis techniques involving local deformation are available. It
appears, the conventional generalized beam theory known as GBT has been
the most investigated technique in the recent years, due to the limited number
of degrees of freedom and thereby a fast analysis of complicated problems of
distorting structures.

In this chapter a statement of the distortional research will be given, even
though a huge amount of research papers have become and are becoming pub-
lished in these and the previous years. The chapter deals with approaches which
handle in-plane distortion in the context of modal structural analysis, however
the main topic in the chapter deals with the conventional GBT theory as this
theory is most closely related to the novel approach developed in the present
thesis. In this context, a comparison between the novel GBT approach and
conventional GBT is given (later) in chapter 7. Thus, section 2.2 in the present
chapter deals with an introduction of conventional GBT in general for the later
comparison.

An intensive research work in the context of conventional GBT is performed
by the Portuguese group lead by professor Dinar Camotim and professor Nuno
Silvestre at the Technical University of Lisbon. To get insight in the expertise
and knowledge of this group in the context of conventional GBT a valuable
research stay in the group has been carried out by the author during a six
month period. During this period the author had an invaluable opportunity to
obtain an in-depth knowledge of the group, the conventional GBT approach,
the research performed by the group as well as general world wide research
performed in the context of conventional GBT which is reflected in this chapter.
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2.1 Conventional generalized beam theory

The present section deals with a brief historical overview of the advancement and
state-of-the art of the theory. Moreover, the present GBT review is divided into
subsections related to the respective research groups or leaders. The hierarchical
order of the subsections is related to the period of publishing.

2.1.1 Richard Schardt

The first publications by Schardt related to conventional GBT deals with first-
order analysis of prismatic members with thin-walled un-branched open or cylin-
drical cross sections and was published in Schardt (1966; 1968). At the begin-
ning R. Schardt and his research group at the Technical University of Darm-
stadt generally published only in German, which means that a wide majority
of the publications were excluded for many of the international community.
Even though Shardt was inspired of the theory of prismatic folded structures
(Faltwerke in German), he acknowledged in Schardt (1989) that the guiding
principles leading to the development of GBT were actually due to Wlassow
(1958) whose premature death prevented the completion of his work towards
the generalization of the classical beam theory. In that work Vlasov adopted a
displacement field representation similar to the one used in conventional GBT.
Please note that Wlassow and Vlassov is the same person and that the difference
in spelling is due to the translation from English (Vlassov) to German (Wlas-
sow). Since the first publication of Schardt related to conventional GBT he and
his research group have published a great number of papers and dissertations
as well as books concerning conventional GBT. This also includes his German
book, Schardt (1989) which still constitutes the main reference within research
and education in the context of conventional GBT. An overview of publications
from 1966 to 2001 can be found at the website http://www.vtb.info/ controlled
by Christof Schardt who is the son of Richard Schardt.

In the context of solutions to the differential equations of GBT specially
the thesis by Hanf (1989) and Haakh (2004) should be mentioned. In Hanf
(1989) the mathematical solution to the strong form of the semi-orthogonalized
differential equations of GBT is found by solving an eigenvalue problem resulting
in the axial amplitude functions and the associated solution modes. In Haakh
(2004) the solutions to the strong form of the differential equations of GBT
are also found. However, Haakh uses the semi-orthogonalized modes and in
contrast to Hanf he finds their axial variation numerically using approximating
power series.

Even though Schardt prefer to publish in German he started publishing in
English on conventional GBT with the journal article Schardt (1994a). This
paper deals with the conventional GBT formulation for first order analysis of
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prismatic members. Note that this (English) publication was several years after
the publication of his German book (Schardt, 1989).

In relation to second-order analysis in the context of conventional GBT the
first application by Schardt was published in Schardt (1970) and improved by
Miosga (1976). The first publication in English related to the conventional
GBT formulation for second-order analysis of prismatic members was made by
Schardt (1994b). A general GBT procedure to handle closed single or multi-
cell cross sections was given in Moller (1982) followed by Girmscheid (1984)
who improved it by adding warping in order to account for the shear lag ef-
fect. Schardt and Schrade introduced elastic constraints in the GBT member
model and analyzed the stability of restrained cold-formed purlins in Schardt
and Schrade (1982). Morschardt formulated a methodology handling I-section
members (Morschardt, 1990) while Conchon used GBT to treat plates and slabs
involving several support conditions and loading linearly (Conchon, 2001). More
recently, R. Schardt and C. Schardt investigated the post-buckling behavior of
an unstiffened plate by a GBT-based analytical approach (Schardt and Schardt,
2006).

In the context of dynamic problems, it was Saal that derived the first con-
ventional GBT formulation for the vibration analysis of prismatic beams (Saal,
1974) and employed it to study effects of support conditions as well as local de-
formation on the vibration behavior of thin-walled beams. Furthermore, he also
employed it to investigate the dynamic behavior of a cylindrical steel chimney
under wind load. Together with Heinz, Schardt analyzed the free vibration be-
havior of an open-section bridge deck in Schardt and Heinz (1991), where they
concluded that the frequency of the torsion mode may be significantly affected
by local deformation. Furthermore, Schardt et al. (1995) and his son in Schardt
(1995) employed conventional GBT to study the effect of coupling between lo-
cal and global modes on the dynamic response of thin-walled members and to
calculate the dynamic impact factor on prismatic bridge decks. Also working
within the field of dynamic behavior is Heppner who dealt with the dynamic
response of beams and plates in Heppner (1997).

More recently, the group of Schardt published several articles in Stahlbau
(2010) on GBT which was as a dedication and in connection with the 80th
birthday of Richard Schardt. In (Strehl, 2010) a brief history overview of the
conventional GBT and the performance of the calculation method are given,
while Schrade (2010) gives some interesting practical cases were the GBT is ac-
tually to be preferred in comparison to the finite element method. As examples
Schrade mentions the South railway bridge in Koln (Germany) the Seidewitz val-
ley bridge (Dohna, Germany), the Lockwitz valley bridge (Dresden, Germany)
and the Dambach valley bridge (Hirschbach, Germany). In Haakh (2010) the
mentioned work by Haakh (2004) and the associated software packages VtbGui
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(http://www.ib-haakh.de/vtb) is extended by a systematic and uniform treat-
ment and calculation of all support conditions. An extension of the GBT to
include plate membrane shear lags is performed in Hanf (2010) by an approach
including the implementation of kinematic shear corrections as well as addi-
tional warping degrees of freedom on secondary nodes. In contrast to the thesis
by Hanf (1989) it is notable that the solution of the differential equations now
adhere to the use of power series as in Haakh (2004).

2.1.2 John Michael Davies

Even though Schardt and his group also publish in English the proliferation of
conventional GBT among the English speaking community was due to professor
J.M. Davies from the University of Manchester. In cooperation with his PhD
students P. Leach and C. Jiang, among others, Davies and his group focused
mostly on the application of GBT to study the stability of cold-formed steel
members. The first public contribution from the group was the PhD thesis of
Leach (1989), in which the finite difference method is used to solve the GBT
equations for first and second-order behavior of cold-formed members. In order
to assess the accuracy of the method, the results were compared with results
found using other methods and experimental tests (Davies and Leach, 1992).
Later, Jiang performed elastic and inelastic analysis of cold-formed columns,
purlins and decking (Jiang, 1994, Davies et al., 1994). Jiang wanted the design
codes to account for distortional buckling because it is critical for the geome-
tries of the members when they are used in practice. The two first international
journal papers authored by Davies et.al. were published in 1994 as Davies and
Leach (1994b;c). These publications made a presentation of the GBT formu-
lation for first and second-order analysis. In Davies et al. (1997) GBT is used
to study the buckling behavior of perforated storage rack columns, where the
effect of the pertusions is indirectly considered by the members being treated as
unperforated with a reduced thickness. A comparison of the design codes from
the American (AISI, 1996), European (CEN, 1996), and Australian (AS/NZS,
1996) standards is presented in Davies and Jiang (1998), Kesti and Davies (1999)
where also the accuracy of the calculation of the distortional buckling loads for
columns and beams is treated. For an overview and his state-of-the-art review
of cold-formed members of structures and design techniques see Davies (2000).

2.1.3 Janne Lepisto and Tapani Halme

A group of researchers from the Lappeenranta University of Technology in Fin-
land used GBT to study the distortional buckling of C-sections and Hat-section
columns with intermediate and end stiffeners and published in this context the
paper Lepisto et al. (1996). They concluded that the GBT method suits well for
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analyzing distortion of cold-formed thin walled profiles and that the mechanical
behavior of the structure can be better understood by using the GBT-method
than by using common numerical methods. They also concluded that the only
widely used code, at the time, mentioning distortional buckling was the Eu-
rocode 3 (CEN 1996) and that this code can give large unconservative results.
Furthermore, Halme considered static, buckling, and vibration behavior of thin-
walled plates in Halme (2001) and uses in Halme (2002) an alternative method
for the determination of the GBT deformation modes by performing the eigen-
frequency analysis of a grid with the shape of the cross section.

2.1.4 Ivan Balaz and Stanislav Rendek

The slovakian contribution to GBT was made by Baldz and Rendek from the
Slovak University of Technology. They employed GBT to analyze the first order
behavior of open and closed section members in Baldz (1999) and they presented
an application of GBT to a cold-formed thin-walled steel cantilever beam with
complex non-symmetrical open cross section (Rendek and Baléz, 2004). In order
to assess the accuracy of the obtained results they performed an experimental
investigation and compared with the theoretical values obtained (Rendek and
Balaz, 2004). They also showed and concluded that GBT gives a very good
description of the structural behavior of the thin-walled beams and therefore
can be used as a good alternative to other numerical methods such as the finite
element method and that GBT is a powerful tool convenient for use in peda-
gogical processes. In Rendek and Baldz (2002) they contributed to the GBT
approach by developing a computer code which performs first-order analysis of
thin-walled members with open or closed sections.

2.1.5 Luis Simdes da Silva and Pedro Simao

An amazing and intensive research regarding GBT may belong to Portugal due
to the two groups led by Simdes da Silva and Simao as well as Camotim and
Silvestre. The first group led by Simoes da Silva and Simao from the University
of Coimbra presents the fundamentals of GBT in Simao and da Silva (2004)
also including a unified energy formulation in the framework of GBT for the
non-linear analysis of both open and closed sections. They compared the buck-
ling behavior of open and closed-section columns in Simao and da Silva (2002)
where the Rayleigh-Ritz method was used to solve the equilibrium equations.
Concerning hollow flange (HFB) beams and columns, the buckling behavior
was investigated in Simédo and da Silva (2008a). Regarding post-buckling be-
havior they treated cold-formed columns with open cross sections Simao and
da Silva (2003b) as well as for closed cross section (Simao and da Silva, 2003a).

In this context also the post-buckling behavior of hollow flange (HFB) beams
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and columns was investigated in Sim&o and da Silva (2008b). This type of
cold-formed steel sections was invented in Australia by Palmer Tube Mills Pty
Ltd and is designated as “dog bone”. They consist of an I-section with flanges
made of triangular closed cells and thus provides high major axis moment of
inertia as well as high torsional stiffness (Avery et al., 2000). Therefore, they
are mainly devoted to beam elements. For a more elaborate description of the
mentioned studies and developments readers are referred to the PhD thesis of
Siméo (Simao, 2007).

2.1.6 Dinar Camotim and Nuno Silvestre

The second Portuguese group is led by professor Dinar Camotim and Nuno
Silvestre, from the Technical University of Lisbon (Portugal). The group has
published a large number of papers and has in the last 10 years been on the
cutting edge of research and international communication regarding GBT. They
have produced more than hundred publications on the subject since the first
journal articles (Silvestre and Camotim, 2002a;b). Therefore this subsection
provides only a brief review of the publications and research performed by the
group. Activities by this group up to 2006 can be found in Camotim et al.
(2004; 2006b;a).

As a PhD student with Camotim as supervisor, Silvestre developed and im-
plemented GBT formulations to investigate several structural problems and to
enhance design provisions involving prismatic open-section members, see the
highly referenced thesis (Silvestre, 2005). His investigations, in the context of
cold-formed steel members, involved buckling analysis including GBT-based de-
termination of analytical formulas to calculate the distortional buckling loads
of cold-formed members with C, Z or rack-sections (Silvestre and Camotim,
2004c;a;b). Furthermore, he investigated the buckling behavior of simply sup-
ported steel tubular members with circular sections (Silvestre, 2007), elliptical
sections (Silvestre, 2008a) as well as the buckling behavior of single-walled car-
bon nanotubes (Silvestre, 2008b). The investigations also involved post-buckling
analysis (Silvestre and Camotim, 2003b; 2006b) and as mentioned in Paper I
(Jonsson and Andreassen, 2011) the formulation for post-buckling analysis of
GBT, which is essentially a beam theory and not a plate theory, Silvestre in-
volved the consideration of (non-conventional) shear and transverse extension
modes as well as modified constitutive relations. Additionally, he investigated
vibration analysis (Silvestre and Camotim, 2006¢), and the development and
application of formulations for static, buckling and vibration analysis of FRP
composite members (Silvestre and Camotim, 2002a;b; 2003a; 2006a). Together
with Dinis and Camotim he investigated the local and global buckling behavior
of angle, T-section and cruciform thin-walled steel members in the context of
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GBT (Dinis et al., 2010). Recently, he revisited the Generalized Beam The-
ory from the kinematical assumptions to the deformation mode determination
in Silvestre et al. (2011). Currently, Nanomechanics is the research field of
Silvestre, and in this context he published a study concerning the buckling be-
havior of single-walled carbon nanotubes (CNTs) under torsion by using shell
models (Silvestre, 2012).

Rodrigo Goncalves

Gongalves expanded the field of applicability of GBT as a PhD student with
Camotim. In particular to members with non-linear elasto-plastic behavior
(Gongalves, 2007). Recently, he focused on elasto-plastic thin-walled metal
members in the context of geometrically non-linear GBT (Gongalves and Camo-
tim, 2011; 2012). He formulated a non-linear elastic Generalized Beam Theory
(GBT) and used it to investigate the buckling behavior of thin-walled columns
made of aluminium and stainless steel (Gongalves and Camotim, 2004b). In
this context he analyzed the plastic bifurcation of simply supported columns
with different types of cross section, used stress-strain laws of the Ramberg-
Osgood type to model the uniaxial behavior as well as implemented plastic-
ity. Later, the formulation was generalized for general loading conditions in
Gongalves and Camotim (2007). In a recent publication he developed GBT-
based semi-analytical solutions for the plastic bifurcation of thin-walled mem-
bers in Gongalves et al. (2010). Together with Camotim he also developed a
finite element for the elastic buckling analysis of members subjected to linear
(non-uniform) internal force and moment diagrams in Gongalves and Camotim
(2004a). They used it to study the buckling behavior of C and hat-section can-
tilever beams. Gongalves also presented a GBT formulation for the analysis of
multi-cell closed-section members in Gongalves et al. (2006) used within a box
girder bridge analysis. The formulation has been generalized to arbitrary cross
sections in Gongalves et al. (2009). Recently, he also investigated steel-concrete
composites in Gonealves and Camotim (2010).

Pedro B. Dinis

In the context of buckling Dinis developed a GBT formulation that handles ar-
bitrary open “branched” sections (Dinis et al., 2006) and subsequently expanded
to general open and closed cross sections (Dinis et al., 2008, Gongalves et al.,
2009). Together with Camotim he also investigated coupled instabilities with
distortional buckling in cold-formed steel lipped channel columns (Camotim and
Dinis, 2011) as well as the mechanics of thin-walled angle column instability (Di-
nis et al., 2012).
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Cilmar Basaglia

The former PhD student at IST, Cilmar Basaglia has extended the theory to
be applicable to analysis of thin-walled frames. Thus he developed a “joint
element” that guarantees the compatibility of displacements between members
and implemented it in the context of the GBT-based finite element analysis
(Basaglia et al., 2008b). In this context he analyzed the buckling behavior of
thin-walled steel frames using Generalized Beam Theory (Basaglia et al., 2007b)
also subjected to arbitrary loadings (Basaglia et al., 2007a). Regarding post-
buckling analysis he published Basaglia et al. (2008a) dealing with thin-walled
steel members and frames and he studied the effect of non-standard support con-
ditions on the post-buckling behavior of beams subjected to arbitrary loadings
(Basaglia et al., 2009). Camotim, Basaglia and Silvestre report a state-of-art
concerning GBT buckling analysis of thin-walled steel frames in Camotim et al.
(2010). Recently, Basaglia also studied non-linear GBT formulation for open-
section thin-walled members with arbitrary support conditions (Basaglia et al.,
2011).

Nuno Silva

GBT formulations dealing with FRP (Fibre Reinforced Polymers) composites
was developed by Nuno Silva. In this context he investigated the influence
of material couplings on the linear and buckling behavior (Silva and Silvestre,
2007). In relation to buckling he developed a GBT formulation to analyze the
buckling behavior of thin-walled FRP composite columns with open cross sec-
tions (Silva et al., 2010). Thus also taking shear deformation and cross-section
deformations into account. He also investigated post-buckling behavior (Silva
et al., 2008b) and studied the first-order, buckling, and post-buckling behavior
of pultruded I-section GFRP (Glass Fibre Reinforced Polymers) cantilevers in-
cluding comparisons with experimental results (Correia et al., 2009, Silva et al.,
2009; 2011). Moreover, he developed GBT formulations that handles arbitrary
cross sections (Silva et al., 2008a).

Rui Bebiano

Another of Camotim’s PhD students is Bebiano. He started before his PhD
studies to employ conventional GBT to study the effect of stiffeners in the
buckling and post-buckling behavior of C-section columns and beams (Bebiano
et al., 2005, Silvestre et al., 2005). During his PhD he investigated the stability
and dynamics of thin-walled members in the context of conventional generalized
beam theory (Bebiano, 2009). This PhD thesis gives a good state-of-the-art lit-
erature review valid up to 2009. In this context he derived a GBT formulation to
analyze the buckling behavior of thin-walled members subjected to non-uniform
bending (Bebiano et al., 2007). Furthermore, he presented a software package
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GBTUL to perform buckling and vibration analyses of open cold-formed mem-
bers (Bebiano et al., 2008b). This software package is used in the present thesis
to compare the novel GBT approach and conventional GBT.

2.2 Conventional GBT in general

As stated above, this section is devoted to a brief overview of conventional GBT
formulated in words. The overview will focus on parts also related to the novel
GBT approach. From the above literature review it is clear that the conventional
GBT approach has fostered a large number of publications on several different
topics.

Since GBT was developed as a generalization of beam bending it leads
to orthogonal warping modes. Thus the final GBT equations are decoupled
with respect to normal stresses and transverse stresses, however the shear cou-
pling terms are neglected when Schardt uses the GBT equations to find distor-
tional deformation modes. This corresponds to modal analysis with orthogonal
(Rayleigh) damping in dynamic structural analysis. Even though the conven-
tional GBT method is an extensively investigated approach including distortion
and has been very successful for open cross sections to include distortion it has
involved some complications concerning the solution of the conventional GBT
equations for closed (single or multi-celled hollow) thin-walled cross sections.
Consequently, the shear coupling terms are given special attention in case of
closed cells. The basic cross-section deformation modes of GBT are obtained
by separately identifying conventional beam deformation modes and solving the
eigenvalue problem defined by the warping stiffness matrix and the transverse
deformation stiffness matrix. The special attention related to closed (single or
multi celled hollow) thin-walled cross sections comprises that the theory needs
a relaxation of the Vlasov kinematic assumption of negligible shear strain along
the center lines of the cross-section walls, in order to include the warping de-
formation associated with the “Bredt’s shear flow” around each cell (Schardt,
1989). However, it complicates the solution of the conventional GBT equations
by introducing non-negligible shear coupling terms (off-diagonal) in the GBT
equations as can be seen in recent GBT formulations for closed thin-walled cross
sections. An analytical solution of the shear coupled GBT equations has been
published only by (Hanf, 1989) while a numerical solution based on power series
has been published by Haakh (2004).

Alternatively, and as a standard procedure in conventional GBT, the GBT
equations have to be solved using approximate engineering methods. This means
that conventional GBT finds the modes using a method similar to the well
known deformation method or force method, see e.g. Silvestre (2005). After
the elementary deformation modes have been determined, the components of
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the tensors appearing in the equilibrium system can be calculated. Since all
these tensors are fully populated, meaning that the equilibrium system is highly
coupled, it is relevant to find an alternative system of coordinates in order to
render the system as much uncoupled as possible. This is what in GBT is called
the GBT matrices diagonalization. Note, that Both Hanf (1989) and Haakh
(2004) use the original orthogonalization procedure of Schardt to establish the
GBT equations, which are still coupled with respect to shear terms and per-
haps transverse strains. In this diagonalization procedure some new modes are
identified through a three step procedure involving subeigenvalue problems, see
e.g Schardt (1989). Concerning the linear stiffness matrices, it is noted that the
matrices [C] and [B] are completely diagonal, while [D] displays non-null terms
outside the diagonal. In this matter GBT neglects these non-null terms, and
in this way call [D] approximately diagonalized. The new modes identified are
called approximated GBT modes or simply approximated deformation modes.
After determination of the approximated GBT modes a GBT mode selection
is performed corresponding to the problem at hand. Thus it applies that the
conventional GBT approach does not involve an exact analytical solution of the
classical GBT differential equations, which means that the solution is obtained
by approximated longitudinal amplitude functions.

After having completed the cross-section analysis and the GBT mode selec-
tion, these found approximated modes are used as shape functions in a so called
member analysis using a virtual work or potential energy formulation leading to
approximated axial amplitude functions related to finite GBT beam elements.
However, the discretization has to be performed without prior knowledge of the
problem length scales of the individual modes. The approximated axial ampli-
tude functions are then used in the full fourth order differential equation also
containing the non-diagonalized [D]-matrix, which leads to a highly coupled
system of modes. It should be noticed that the GBT approach finds the in-
plane modes in a cross-section analysis while the axial variations are devoted to
a member analysis. Thus, it should be noticed that the conventional GBT for-
mulations do not solve the differential equations to find the distortional modes
but establish a weak solution through introduction of the established approxi-
mate mode shapes (based on an orthogonal shear stiffness assumption) and use
approximate modal amplitude functions. According to this procedure to iden-
tify the modes, the eigenvalue can solely be used to get the order/sequence of
the modes, and not as a parameter that defines the length scale of the modes.
Furthermore, there is no exact link between the in-plane modes and the axial
variational function.

In these developments, the distortional modes of traditional GBT have been
extended (with “other” modes) in order to encompass shear through shear
modes, post-buckling through inclusion of transverse extension modes as well
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special modes to accommodate shear lag. Concerning the possibility to perform
post-buckling analysis with GBT, which is essentially a beam theory and not
a plate theory, it was Silvestre (2005) who found it is necessary to include the
additional transverse extension modes and shear modes, as well as to modify the
constitutive relations. In general these kinds of modes are chosen to be referred
to as “other” modes and the related method as extended conventional GBT.
In the context of stability analysis, GBT uses the modes found in the linear
analysis and postulate a shape function along the axial axis. This linear part is
defined as the linear stiffness matrix K. Afterwards a non-linear part is defined
as the geometrical stiffness matrix G including the non-linear part X? which is
also non-diagonal. These definitions lead to the following linear eigensystem:

(K] + A[G]){a} = 0 (2.1)

The solutions to this equation are a set of buckling loads, A\ (eigenvalues),
and the associated buckling mode shapes, {a} (eigenvectors). Also the buckling
modes will be highly coupled. In Silvestre (2005) it is indicated that in fact, both
buckling and vibration problems always have coupled equilibrium equations.

Hereby a brief overview of the conventional GBT in general has been given
and the next section deals with a brief literature review of other methods. The
interested reader is referred to Silvestre (2005) and Schardt (1989) for a more
elaborate description of the conventional generalized beam theory.

2.3 Other methods

Even though the conventional GBT theory is the most similar theory in relation
to the present GBT approach, there are other methods representing the field of
distortional mechanics of thin-walled structural elements.

As mentioned in section 1.1.4 an alternative method is the finite strip method
(FSM) which have been investigated intensively by Adény and Schéfer focusing
on its relation to GBT as buckling analysis. Using GBT beam elements is an
alternative to the use of finite-strip methods (FSM), see for example Zienkiewicz
and Taylor (2000b). However, GBT is as its name states essentially a beam
theory, whereas FSM essentially is based on plate theory. Therefore FSM does
not contain a natural decomposition into basic beam, distortional, local and
other modes. Since the modal decomposition may lead to advantages in design
of thin-walled structures using FSM a great deal of work has been performed
by Adany and Schafer to develop a constrained finite-strip method (cFSM) and
modal decomposition methods for open (single-branched) cross sections (Adany
and Schafer, 2006a;b, Schafer and Adény, 2006, Adény and Schafer, 2008). The
modal approaches of extended conventional GBT and cFSM formulations have
recently been compared in Adény et al. (2009) and Silvestre et al. (2011).

- 25



26 :

2.3: Other methods

Also a Spanish group has investigated the distortional mechanics of thin-
walled structural elements within a combination of the conventional GBT theory
and the finite element method, see Casafont et al. (2011).

An Ttalian group has presented a new approach for thin-walled member
analysis in the frame work of GBT (Ranzi and Luongo, 2011), and a Romanian
researcher has presented a GBT formulation to analyze the behavior of thin-
walled members with variable cross section (Nedelcu, 2010).

A review of some progresses up to year 2000 in the field of cold-formed steel
members can be found in Rondal (2000).

Having described some, at the time, alternative analysis methods to the
shell finite element method, the next chapters will describe the new approach
to generalized beam theory developed in this PhD project. In the following,
the GBT approach developed by Shardt is referred to as conventional GBT. As
mentioned the theoretical developments in the new approach is based on the
calculus of variations, energy formulations and the formulations concerning the
numerical analysis are based on finite element method formulations.



Chapter 3

Distortional homogeneous
differential equations and
solutions

Having described the most traditional alternative analysis methods to the shell
finite element method, the next chapters will deal with the novel approach to
generalized beam theory developed in this PhD project.

As mentioned, the classical thin-walled beam theory for open and closed
cross sections can be generalized by including distortional displacement modes.
Normally, the introduction of additional displacement modes leads to coupled
differential equations, which seems to have prohibited the use of exact shape
functions in the modeling of coupled torsion and distortion. However, if the
distortional displacement modes are chosen as those which decouple the dif-
ferential equations as in non-proportionally damped modal dynamic analysis
then it may be possible to use exact shape functions and perform analysis on
a reduced problem. In the recently developed generalized beam theory (GBT)
the natural distortional displacement modes are determined on the basis of a
quadratic eigenvalue problem. However, as in linear modal dynamic analysis of
proportionally damped structures this problem has been solved approximately
using linear eigenvalue analysis of modified sub problems. This seems to have
worked well for open cross sections but not for closed. In this chapter it is
shown that it is possible to solve the distortional quadratic eigenvalue problem
and find the natural distortional displacement modes using a method equivalent
to that used for non-proportionally damped (linear) dynamic modal analysis.

In this context and in view of developing an advanced beam element includ-
ing distortional contributions, the distortional decoupled homogeneous differen-
tial equations and solutions are developed and solved. The chapter is related to
Paper I (Jonsson and Andreassen, 2011) and Paper V (Andreassen and Jonsson,
(2009).
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From energy formulations, variational analysis, and a finite-element-based
displacement approach the potential energy is used to establish a set of distor-
tional homogeneous equilibrium differential equations for the generalized dis-
placement field in a modal based formulation. Furthermore, we will adhere to
the definition of the warping function given by Kollbrunner and Hajdin (1972).
The innovative theoretical developments performed in this thesis lead towards a
semi-discretization formulation in which the rotational degrees of freedom are in-
cluded, thus including local plate modes in the formulation even for the simplest
discretization. The formulation with both open and closed (single or multi-cell)
cross sections can be regarded as an extension of modified classical Vlasov thin-
walled beam theory to include distortional deformation modes. As we want to
achieve a formulation resembling a generalization of Vlasov beam theory we also
have to implement some constrains and eliminations into the differential equa-
tions. The extension of the modified classical Vlasov thin-walled beam theory
also includes the introduction of constant shear flows in the walls of the cross
section. Hereby, it makes it possible to analyze prismatic thin-walled mem-
bers with cross-section distortion and local plate behavior in a one-dimensional
formulation through the linear combination of pre-established modes of defor-

madtion.

The theories of beams are derived on the basis of assumed displacement
fields which correspond to extension, flexure, torsion, warping and distortional
displacements. This means that the axial stress distribution has several compo-
nents representing the contributions from N, My, My, Br and Bp, respectively.
These components and their related transverse displacements are illustrated in
Figure 3.1 for an open C-section. Note, that the distortional part, Bp, include
more parts than the shown one, corresponding to the number of distortional
modes.

R s N L

Figure 3.1: The axial stress components corresponding to N, My, M2, Br and Bp for
an open C-section (upper part) and the related transverse displacements (lower part).

This corresponds to a modal separation in which each mode has a set of
transverse and axial displacement fields that may be coupled. Each of these
cross-section displacement fields is factorized in a displacement mode that is a
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function of the in-plane coordinates, multiplied by a function of the axial co-
ordinate, z, which describes the axial variation of the mode. In the following,
we propose a method for finding these displacement modes, including global,
distortional and local modes. The modes are the eigenmodes of the correspond-
ing homogeneous set of equilibrium equations and the axial variation functions
corresponds to the eigenvalues.

Even though the novel approach lead to a theoretical improvement some
neglected effects should be mentioned. These are:

o The influence of curved cross-section walls in the definition of the displace-
ments and strains is neglected. This may be deemed reasonable as it is
assumed that the radius of curvature is sufficiently large.

o Local effects at corners and joints are neglected.

o Using non-coupling constitutive relations, which also means that there are
no terms out of the diagonal in the constitutive matrix containing E, F,
and G. E is the modulus of elasticity, Fs = E/(1 — v?) the plate type
elasticity modulus in which v represents the Poisson ratio and G is the
shear modulus.

o No Poisson effect taking into account, however Poisson’s ratio is used in
the calculation of the above mentioned E, and G.

o Only shear contributions from torsion and shear flow around cells will be
allowed.

As mentioned, the formulations in this chapter only consider the first-order
homogeneous linear displacements of GBT, since the goal has been to identify
a theoretically sound formulation of the end effects. In other words, we find the
eigensolutions for the full displacement field including the variation in the axial
member direction, see the treatment of end effects in Timoshenko and Goodier
(1951).

3.1 Basic kinematic assumptions of a single mode

In view of the distortional homogeneous differential equations, let us first take
a look at the basic assumptions and kinematic relations for a prismatic member
with an arbitrary thin-walled cross section. The entire chosen displacement field
is shown in Figure 3.2. From the figure it is seen that the entire chosen dis-
placement field is described as an in-plane displacement field multiplied by an
out-of-plane axial amplitude function, . In Figure 3.3 we assume a prismatic
thin-walled beam described in a global Cartesian (z, y, z) coordinate system
where the z-axis is in the longitudinal direction of the beam. A cross-section
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3.1: Basic kinematic assumptions of a single mode

an _i(\
=
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AN

Figure 3.2: Local components of displacements and assumed shear stresses.

coordinate s is introduced as a curve parameter which runs through the entire
section along the center line and the coordinate along the local normal is de-
fined as n. Hereby the subscripts n and s are used for the components in the
local coordinate system corresponding to the normal and tangential directions.
As a formal standard designation, subscripts following a comma are used for
derivatives, for example wu,, s = d?u,(s)/ds? or us,, = Ous(s,n)/On. A prime,
! is used for the axial derivative, d/dz.

Using the stated designations the components u, and us of the in-plane
cross-section displacements in the local coordinate system at a point (n,s) in
the cross-section, are introduced as

,2) = wn(s)(2) (3.1)
us(n, s,2) = (wWs(s) —nwn s(s))(2) 3.2

Un (s

Here ws(s) and w,(s) are the local displacements of the centerline as shown in
Figure 3.2, and t(z) is the function which describes the axial variation of the in-
plane distortional displacements. The axial displacements u,(n, s, z) generated
by the in-plane distortional displacements are introduced as

uy(n, s, z) = —(Q+ nw, )y’ (3.3)

Here the axial (warping) displacement mode Q(s) has been included with a vari-
ation corresponding to the negative axial derivative of the axial variation factor,
—1)’, and due consideration of local transverse variation through the term nw,,.
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Figure 3.3: Global and local Cartesian reference frames.

Thus neglecting shear deformation contributions which are not related to St.
Venant torsion and torsional shear flow around closed cells. To introduce shear
deformation in the current formulation will involve the introduction of a new
parameter, which is independently allocated directly to the warping function
instead of the derivative of the -function. This has been done in Kollbrunner
and Hajdin (1972). However the change is major. Please note that shear defor-
mation accommodating Bredt’s shear flow around closed cells is included in the
theory through the specific definition of the warping function (Kollbrunner and
Hajdin, 1972).

The presented components represent a single displacement mode.

At this state it is important to note that pure axial extension (where =1
and wy = w,, = w,, s = 0) is embedded in the formulation. However, since pure
extension in the present formulation does not involve transverse displacements,
the axial variation —1’(z) need not be taken as the derivative of a function, but
just a function which will be introduced as ((z) = —¢’'(z) at a later stage.

The axial kinematic strain-displacement relation is given as

e=u, = —(Q+ nw,)Y” (3.4)
The cross-section distortional strains are
€5 = (Wss — MW s5)9 (3.5)
and the engineering shear strain in the walls of the cross section becomes
V= Yas = Us F Usz = (W — Qs 20w )Y (3.6)

To cope with the shear flow around closed cells, we introduce the shear strain
in the middle of the wall as

V' = (ws — Q5 ) (3.7)
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3.2: Internal energy assumptions

Bernoulli beam theory is based on the assumption of zero shear strain and sets
the shear strain equal to zero and thus determines the warping displacements
(flexural modes) by the differential equation ,s= ws. This means that the
formulation of Bernoulli beam theory does not include shear contributions and
the axial equilibrium equation of a section cut-out is not fulfilled, which leads
to the use of Grashof’s method for the determination of the shear stresses.
However, if we are to analyze closed cross-sections as in Vlasov beam theory,
see Kollbrunner and Hajdin (1972), we have to allow for a constant shear flow
around the cells and the warping of the cross-section then has to be determined
by the differential equation Q,s = w, — 74 as

Q(s) =/ weds —/ Nads + Qo (3.8)
0 0

In the current context, the warping function will be determined from a weak
formulation of the assumption of a constant shear flow T, in the walls of the
cross-section, where Ty = Gt74. Here G is the shear modulus and ¢ the thickness
of the wall. The strong formulation of the constraining assumption is that the
contribution of the shear flow to the axial equilibrium equation, see Figure 3.4,
of a section cut-out is zero, i.e.

Tys=0 (3.9)

Multiplying by a virtual centerline axial displacement, du,, and integrating over
the cross-section centerline curve, C, we find the virtual work of the shear flow
in a cross section as

/ Ty oitnds = 0 (3.10)
C

Performing a partial integration and noting that the shear stress flow is zero at
all free edges, we find the weak formulation that will be used to determine the
warping function

[Tdéﬂz} - / Tydtisods =0 = / Tydtisds =0  (3.11)
C C

free edges

This is the constraint equation that we will use to enforce the assumption of
zero axial work performed by the shear flow around the cells.

3.2 Internal energy assumptions

The potential energy of a single deformation mode is formulated based on the
discretization of the cross section.

In the following we will adhere to simple constitutive relations, i.e. the
material is assumed to be linear elastic with a modulus of elasticity £ and
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Figure 3.4: Work of shear flow through axial virtual displacement.

a shear modulus G. In the transverse direction we will assume a plate type
elasticity modulus E, = E/(1 — v?), in which v represents the Poisson ratio.
The axial stress is determined as 0 = FEe, the shear stress as 7 = Gy and the
transverse stress as 03 = Fse,. Thus the coupling of axial strain € and transverse
strain €5 is neglected. Note that this means that we also neglect the equivalent
coupling between axial and transverse curvatures in the constitutive relations for
the plate moments, but with some changes it is possible to include the coupling
of the curvatures. With the simple constitutive relations assumed in equation
(3.12) the elastic energy potential is as given in equation (3.13). From equation
(3.12) it is clear that we are using non-coupling diagonal constitutive relations
or in other words there are no off-diagonal terms in the matrix containing F,
E, and G.

o E 0 0] e
os| =10 Es 0| |es (3.12)
T 0 0 G| |~v
H:/ (%E52+%G72+%E35f>d‘/ (3.13)
|4

Let us introduce a thin-walled cross section assembled using straight cross-
sectional elements, see Figure 3.5, and let us integrate through the thickness,
t, across the widths, b., of the elements, and over the length, L, of the thin-
walled beam. The elastic potential energy takes the following form after the
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3.2: Internal energy assumptions

Figure 3.5: Components of the displacements vectors of a straight cross-section element.

introduction of the strains expressed by the displacement in separated form:

o
kWW

s T
kw1 koo —klq Efw,2
+[Gt(ws¢’)2 +GH( ' ~2Gtlwt! ) t) + 3G ()7 |
ks
3
+ [E t(ws sw) E]Qt (Wn,ssw)Q} }d3‘| dz

(3.14)

In equation (3.14) it is seen that the elastic energy terms have been grouped
in axial strain energy, shear energy, and transverse strain energy. Furthermore,
each individual part of the equation has been overbraced and associated with
the stiffness contribution as given later.

In conventional beam theory, we usually introduce rigid cross-sectional dis-
placement modes and the elastic energy is described by a summation of the
energy stored in all displacement modes. However, we have to remember the
shear constraints associated with our assumption of constant shear flow, which
will be introduced later. In the current work we wish to establish a set of dis-
placement modes by using semi-discretization. To achieve this, the cross-section
will be divided into discrete straight-line elements, in which we interpolate the
transverse and axial displacements.
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3.3 Displacement interpolations within cross-section
elements

Within each straight finite cross-section element, the axial displacements, €2, are
interpolated linearly corresponding to a linear variation of the warping functions
and the transverse displacement of the elements are interpolated linearly in the
direction of the element and cubically (corresponding to beam elements) in the
transverse direction of the element. The displacements in a straight cross-section
finite element are thus interpolated as follows:

Q) = Novily'

Ws"/} = NsV$Vl¢
wntp = N,veep (3.15)

Here Nq(s) and N(s) are linear interpolation matrices and N, (s) is a cubic
(beam) interpolation matrix. Furthermore, we have introduced the axial and
transverse nodal displacement components of a straight cross-section element as

1 [ ]t
el __ e e
Va = Yo UQZ}

= [20) 2]

el _ [ el el el el el el
Vw = Uw1 Vw2 Vw3 Uwsa Uys Uwe

= [90) w0 (0) =, (0) wi(b) —wa(be) —w(b)] (316)

Here b, is the width of the flat element. Nodal components and the direction
of the section coordinates (n, s) are shown in Figure 3.5. The element stiffness
contributions to the axial strain, shear strain, and transverse strain energy can
now be found using the displacement interpolations. The stiffness contributions
found are seen from equation (3.14) and shown in Table 3.1, in which the first
two are the axial stiffness contributions, the third is the transverse distortional
stiffness term, while the last three are the shear strain stiffness contributions.
These stiffness contributions can be found explicitly. Written in full the stiffness
matrices takes the form

21
o EL
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koo = Jo° EINENds

be B3 N\gT
o _
kww - fo 12 Nn Nnds

ks = [ (EstNgsNM + ELNT

n,ss

Nn,ss) ds

Ki = Jy" (GINTN, + SENE N, ) ds

kpqo = Ji* GING N, ds

kia= [k?zw}T == f; GthTNQ,st

Table 3.1: Straight-element stiffness contributions.

00 0 0 0 0
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(3.18)

(3.19)

(3.20)

(3.21)
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59::§jT€kBQTQ Kr, => TIk,T,
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Table 3.2: Assembly into total cross-section stiffness contributions.

~11
00
s |00
o =—¢ Ly (3.22)
00

00

Note that some of the above stiffness matrices are assembled by sub contribu-
tions as also illustrated by the overbraces in equation (3.14).

To obtain a formulation of the total cross-section elastic energy we first
introduce the global displacement vectors as an assembly of the local element
degrees of freedom. The axial displacements and the transverse displacements
are separated into two vectors as follows:

v = [’UQl VO2 VO3 ]T

Vw — [’UI1 Uy1 ¢)1 Vg2 Vy2 ¢2 ]T (323)

Here v holds the total local axial element degrees of freedom, and v, holds the
total local element degrees of freedom, corresponding to two displacements and
one rotation for each node. The number of degrees of freedom 74, in the cross
section is four times the number of nodes, ngoy = 4nno. The transformation
from local to global components is performed using a formal standard trans-
formation of the components in the cross-section plane, i.e. v = TQV and
vy = Tyve. The global assembly of stiffness matrices is found by summation
of the contribution from each element, as illustrated in Table 3.2. Introducing
the described interpolation and matrix calculation scheme, the elastic potential
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3.4: Formulation resembling a generalization of Vlasov beam theory

energy in equation (3.14) now takes the following form:

L ke 0 ] [eve]
_ 1 T T WW w
we g [ e o] [ ]|
! K T Vv !
+ 5 T:| WW WQ‘|l ]
{wv e [ b K| |4vo

T | [K° 0| [Yvy
-I-{?ﬂvw wvg} lﬂ O] |:¢“K;| }dz

Here and in the following, a bold zero 0 denotes a suitable size matrix or vector

(3.24)

of zeroes. The axial stiffness from transverse displacements sub matrix K¢,
has a rank deficiency equal to the number of free end nodes plus the number
of “intermediate” nodes between corner points of the cross section. The in-
plane cross-section distortional stiffness sub matrix K?® has a rank deficiency
of 3, corresponding to three in-plane “rigid body” or rather non-distortional
displacements of the cross section. Finally the whole shear stiffness matrix has
a rank deficiency of 3, corresponding to the existence of pure axial extension
and two pure flexural modes without shear. It turns out that since the pure
axial displacement only involves the sub matrix K, this matrix has a rank
deficiency of one.

3.4 Formulation resembling a generalization of Vlasov
beam theory

The thin-walled beam theory made by Vlasov (1961) was originally established
by equilibrium equations based on equilibrium considerations. The Vlasov beam
theory is derived on the basis of assumed displacement fields which correspond
to extension, major and minor bending, torsion and warping. This corresponds
to a modal separation in which each mode has a set of transverse and axial
displacement fields that may be coupled. Even though we are here using an
extended displacement field and we are using the potential energy to derive the
equilibrium conditions in the form of differential equations, we want to achieve
a formulation resembling a generalization of Vlasov beam theory. This means
that we have to implement some constrains and eliminations into the differential
equations which are:

o Elimination of the pure axial extension mode. This mode does not produce
any shear and leads to a singularity in the shear stiffness matrix.

o Eliminate the two eigenmodes corresponding to transverse translation of
the cross section.
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o Eliminate the pure rotational eigenmode.

o Constrain the transverse displacement field so that the wall widths remain

constant.

To implement these constraints and eliminations into the differential equa-
tions, three main steps need to be performed before we can solve the eigenvalue
problem related to distortional displacements, including local plate type modes.
Or in other words, we will introduce constraints, and identify and eliminate the
basic solutions related to the conventional beam displacement modes.

3.4.1 Calculus of variation

To find the distortional differential equations of GBT the Calculus of Variation
is used which is in general a field of mathematics that deals with optimizing
functionals. This is in contrast to ordinary calculus that deals with functions.
Functionals are often formed as definite integrals involving unknown functions
and their derivatives. The aim is finding maximum or minimum conditions for a
relationship between two or more variables that depend not only on the variables
themselves, as in the ordinary calculus, but also on an additional arbitrary
relation, or constraint, between them. This leads to an optimized functional
which attains a maximum or minimum value, or stationary functions, where
the rate of change of the functional is precisely zero.

The calculus of variations is one of the classical and widely used branches of
mathematics and as an example among many applications geometrical problems
can be solved using the calculus of variation in its general form. The topic
of variational principle belongs within the calculus of variations. It develops
general methods for finding functions which minimize or maximize the value of
quantities that depends upon those functions. Variational principles are used
for solving boundary value problems and are applicable when the given problem
can be regarded as a minimization problem.

The variational methods are used in many fields, and there are more than
500 books on variational principles (Berdichevsky, 2009). Some of the princi-
ples are Fermat’s principle, Euler’s Calculus of Variations, Lagrange Variational
Principle, and Hamilton Variational Principle.

In this thesis we will concentrate on the variational principles related to
mechanics and in this context use the Hamilton variational principle which also
applies to classical topics such as the electromagnetic and gravitational. It has
also been extended to quantum mechanics, quantum field theory and criticality
theories. The interested reader can get a description of the different principles
by studying the book by Lanczos, (Lanczos, 1949), that describes the variational
principles of mechanics extensively.
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3.4: Formulation resembling a generalization of Vlasov beam theory

For beam theory, the variational method leads to generalized forces, when
using so-called natural boundary conditions, which means that no conditions
are imposed in advance. Therefore the generalized forces are an expression of
the boundary conditions. By inserting the generalized forces into the obtained
integral, we obtain the equilibrium equation and so the calculus of variation is
used to obtain the equilibrium equation.

The basis of variational formulation is the principle of virtual work. However,
in the principle of virtual work no change in the configuration is involved and
no assumption about the constitutive laws of the material is made (Krenk,
1989a). The virtual work equation can be obtained from the first variation
of the potential energy functional for an elastic material with a strain energy
density function.

Having touched the calculus of variation briefly let us deal with the three
main steps needed for a formulation resembling a generalization of Vlasov beam
theory.

3.4.2 Step I: Pure axial extension and shear constraints

In this first step we introduce the shear constraint equations that bind axial and
transverse modes together and at the same time simplify or condense equation
(3.24). In this process we need to eliminate the singularity in the shear stiffness
matrix related to pure axial extension. The first eigenmode that we identify is
the pure axial extension; it produces no shear energy and no transverse displace-
ment energy (due to the simple constitutive relations assumed, corresponding
to beam theory and the mentioned rank deficiency).

Let us introduce the shear constraint equations using equation (3.11) as
follows:

/ Td5ﬂz7sd5 =0 =

C

- / (GH(ws — Q0 )6Qsds =0 =
C

/ GtQ,, 6, ds = / Gtw,0Q,, ds (3.25)
C C

Introducing the interpolation, see equation (3.15), Tables 3.1 and 3.2, and taking
variations gives us the following constraint set of equations:

KGaova = “KGw Vi (3.26)

This matrix equation is singular because pure axial extension does not produce
shear. Therefore we introduce the following transformation, using superscripts
a for axial and o for other:

vo = T4 T3]

”Q] (3.27)
Vo
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in which T¢ = v&<al is the pure axial deformation mode (with unit value for
all components). The other remaining modes are picked out by

0
T = [
Iaa

Here 1, is a unit diagonal matrix of dimension n, = n,, — 1 , where n,,, is the

} 1 d.o.f. related to the first node

3.28
} Unit diagonal matrix (8.28)

number of nodes. Furthermore, it is worth noting that v, is one component that
corresponds to the amount of pure axial extension, while v§, corresponds to all
the other axial displacement degrees of freedom. Introducing the transformation
in equation (3.27) into the constraint equations (3.26), we get the following by

a

Yo | _
o

Vo

vo = — (Ko@) K v (3.29)

pre- and post multiplication:

0 0
Tk
0 To" KooTh

0
=
—T?zTK?szw]

where the matrices K739 and K7 are given in Table 3.3. By equation (3.29)
we have introduced a transformation from in-plane cross-section displacement
modes to the axial displacement modes without pure axial extension as follows:

vd = TaowVw, where To, = —(K5%) K72 (3.30)
Combining equation (3.27) and (3.29) gives

Vw Vw r
vo = | T3 Tay Tg) ~ |Tp, Tg) = T% vy + Too8  (3.31)

vQ va

where TG, = T3 Tow.

The potential energy formulation (3.24) can now be modified so that the
amount of axial extension is described by the separate degree of freedom v¢, and
the shear constraint equations are enforced. The modification of (3.24) is per-
formed using the transformation in equation (3.31) and to clarify the variational
treatment of pure axial extension we also temporally rewrite the terms pertain-
ing to axial extension using (v = —¢'vd. Introducing transformed stiffness
matrices as given in Table 3.3, the elastic potential energy (for a single mode)
takes the following form:

L Ke _Kora (’L/)VW)N‘|
m=1 vIV (coa Ty Q0
/o {W 2Rl [— S m] [(@&)’
+(WvEYKT (Yvy) + (v K (Pvy) }dz

(3.32)
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3.4: Formulation resembling a generalization of Vlasov beam theory

K& = T Ko TS K7 = To, Ko Th,

Koy = T6 Koo Th, KT = Ko To, = K&, "

K = Th, Koo To, K7y = To Ko TY,

K = K¢, + K& K7, = T Ky,

K7 = K7 — K& (K&)' K&y K™ =K, + K+ Kg, + KGg

Table 3.3: Transformation of stiffness matrices related to Step I.

To find the homogeneous distortional differential equations of GBT, the first
variation of the elastic potential energy is investigated by taking variations in
the complete displacement field. The virtual variation of a property is denoted
by a ¢ in front of the varied field property (displacement field), as in §(vw))’, as
the virtual variation of the first derivative of the transverse displacement field
expressed by the product of the transverse displacement shape vy, and the axial
variation v¢’. This gives us

oIl = /O L{é(wv£>”[ﬁ“(wvw>”— & (Cva)']
+ 3(yve) KT (§v) + S(evi KO ($vy,)
3(Cud) -GS (Uvw)” + K& (Cv8)'] } dz
(3.33)

After performing up to two partial integrations on the terms and derived terms
that involve axial derivatives of the (virtual) varied displacement field, §( )’ or
5( )", the first variation of the elastic potential energy takes the form:

L
ST = / {5(¢Vg) [Kavww//// _ o’ra aCIII KTVW’I,[)” + stww:|
0
(S(Cng) |: a'ar Ww/// nggavgcll} } dZ

S(uvh) [Ro(va)” - K (Cod)'|

VD) | - R (v + KES (1) + K (0w |

5(Cud) | - Kal (vva)” — 5&@(@&)'}]

0
(3.34)
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For internal variation in the displacement fields 6(¢v,) and §(¢vd), the elastic
potential energy should be stationary and therefore its first variation must be
equal to zero. Here the terms in the squared bracket correspond to the boundary
loads and boundary conditions. Taking internal variations reveals the following
coupled homogeneous differential equations of GBT in which we note that { =

_1//:

Kovy " — KZswa¢" — K vy + Kivyy =0 (3.35)
a6 Vet — Kggvgd" =0 (3.36)

These equations establish a coupled set of homogeneous GBT differential equa-
tions that determine the displacements of a prismatic thin-walled beam for a
given set of boundary conditions. To solve the boundary value problem, it
is necessary to solve the related eigenvalue problem by establishing the eigen-
modes/vectors and the related axial variation through the related eigenvalues.
In the following, we will first consider the case where the displacement vectors
do not contain transverse displacements, and then we will consider one in which
they do. We start out by isolating the term v3¢” in equation (3.36) as follows:

v = (K5 TKGG vy (3.37)

We can identify pure axial extension as an eigenmode solution. For the above
equations (3.35) and (3.36), it corresponds to (vy,vd) = (0,1), which we can
see leads to a solution. In the original “global” space, the axial eigenmode is
given by (vw,vq) = (0,T%). It is also clear that the axial variation of pure
axial extension can be determined by double integration of equation (3.37) with
vw = 0, which gives

((2) = —9'(2) = ca1 + ca22

——w,/(2) 0= [1 4] lc“ll (3.38)

Ca2

Here ¢, and c¢,2 are constants determined by the boundary conditions of axial
extension.

Having identified the “classic” eigenmode, pure axial extension, we finally
turn to the solution of the transverse displacement modes. In this case, equation
(3.37) determines the correction term that eliminates pure axial extension in the
back substitution process. Eliminating ¢”” by using the fact that ("’ = —"’ and
assuming that ¢’ # 0, we find:

v = —(K&E) T K var (3.39)
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3.4: Formulation resembling a generalization of Vlasov beam theory

Using this equation or equation (3.36), we eliminate the second term in equation
(3.35) and introduce K, as given in Table 3.3. This results in the following
homogeneous fourth order differential equations for determination of the trans-
verse (global, distortional and local) distortional displacement modes of GBT:

Kov,"" — K'vy" + K'vi1) =0 (3.40)

To solve this set of equations we have to solve the related eigenvalue problem,
which is of fourth order, but since only an even number of axial derivatives is
involved, this reduces to a quadratic eigenvalue problem. With solutions, vy, to
equation (3.40), we can find vQ using equation (3.30), v3 using equation (3.39),
and finally v using equation (3.27), thus revealing the full solution in global
space.

3.4.3 Step Il: Rigid cross-section displacements and constant
wall-width constraint

In this step, we will identify and eliminate two eigenmodes corresponding to
transverse translation of the cross-section, and we will identify a pure rotational
eigenmode for later elimination in the next step. Furthermore, we will also con-
strain the transverse displacement field, so that the wall widths remain constant,
i.e. we will enforce w, s = 0, see equation (3.5).

With the introduction of the shear constraints in the previous step, the
flexural modes do not have shear energy and the shear stiffness matrix K7 is
therefore singular for these modes. Since neither the pure translational modes
nor the rotational mode involve any distortion of the cross-section, the transverse
stiffness matrix K*® will be singular due to these modes. It turns out that the
translational modes correspond to two quadruple zero eigenvalues or roots of
the related characteristic equation. To orthogonalize these modes with respect
to the non-singular axial stiffness matrix K7, we will form the subspace spanned
by the modes and orthogonalize in this subspace.

Let us first introduce two not necessarily orthogonal translational modes
corresponding to a unit translation in each transverse coordinate direction, or-
dered in columns in the matrix TZY = [v¥ trans vy 1a0s] apq a rotational mode
corresponding to rotation about the origin of the (initial) transverse coordinate
axes TZ = [vZTo.

In the subspace spanned by the two non-orthogonal translational modes
introduced, we can find the principle flexural directions by an equivalent con-
ventional method or by finding the eigenvectors of the following two-dimensional
eigenvalue problem:

(K7, = A)vyy =0 = vy =v. orva (3.41)
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where I is a 2 X 2 diagonal unit matrix and K7, = T@yTK”Tny. The two or-
thogonal eigenvectors corresponding to the principle axis directions are ordered
in columns in the transformation matrix
12
TS, = [vi, V2, (3.42)
Finally, we can determine the two orthogonal translational eigenmodes in the full
vy-space, ordered in columns in a transformation matrix as TS = [v] trans y2 trans],

w
by the following matrix multiplication:

TS = TIVTS, (3.43)

Next, we take a look at the non-orthogonal rotational mode, and we subtract
the translational part, so that the coupling term in the axial stiffness vanishes.
Thus the orthogonal pure rotational mode is given by

3rot _ _ zrot
w =V -

v [ve rans v2iransl g, o T3 =T% - Toad, (3.44)

w w

3 rot

where we have introduced the transformation “matrix” T2 = [v3

]and d, as a
two-dimensional vector giving the amount of each translational eigenmode to be
subtracted. Note that d,, is related to the coordinate vector of the shear center
(Jonsson, 1999a). The coupling terms in the axial stiffness between translations
and rotation are found in the subspace as follows:

o3 = To K7T), = TR K7 (T}, — Toada) = K7, —KZ,da  (3.45)
By requiring that the coupling terms in the axial stiffness vanish, K7, = 0, we
find

d, =KJ, 'K, (3.46)

Now we can finally identify the orthogonal pure rotational eigenmode by insert-
ing equation (3.46) in (3.44) as

TS =T — TYK%, 'K, (3.47)

Here the matrix transformations are given in Table 3.4.

Before performing eliminations and finding the solutions pertaining to the
translational modes, we will constrain the transverse normal strains in the mid-
dle surface of the cross-section walls, i.e. we will enforce w, s = 0 or, say, enforce
a constant wall-width constraint. For each wall element, this leads to a multi-

el

point constraint equation in local degrees of freedom, v,

, corresponding to no
centerline elongation. It takes the following form:

[100-100/vi=0 (3.48)
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Each element constraint equation is reformulated into global degrees of freedom
by a formal transformation of the form v¢ = TZv,, which allows us to write
n. independent constraint equations (where n. can be less than the number of
elements due to over-constraining). The equations take the following form in
the full v-space:

Cv, =0 (3.49)

The transformation method described by Cook (2001) is used to enforce the
multi-point constraint equations and eliminate the related degrees of freedom.
However, we must also incorporate the elimination of the translational eigen-
modes and prepare for the elimination of the rotational modes.

Before any elimination of eigenmodes or constrained degrees of freedom can
be performed, we must first transform the equations to a new space (with re-
defined degrees of freedom) in such a way that the degrees of freedom to be
eliminated are clearly identified. Thus we need to choose exactly which of the
constrained degrees of freedom (in each constraint equation) and which degrees
of freedom related to the translational and rotational modes are to be elim-
inated. In our implementation, we choose to eliminate the translations and
rotation of the first node, and we implement a strategic routine which chooses
which of the other translational degrees of freedom related to the constraint
equations are to be eliminated. The identification of the constrained degrees of
freedom to be eliminated is performed by a transformation matrix T¢, in which
each column belongs to a constraint equation and identifies the degree of free-
dom to be eliminated by a unit value in the corresponding row. The remaining
degrees of freedom, which are not going to be separately identified (eliminated),
are identified in the transformation matrix T} in which each column identi-
fies a remaining (u for unconstrained) degree of freedom by a unit value in the
corresponding row.

We are now ready to introduce the transformation to vy-space from the new
space. In the new space, we introduce the degrees of freedom as v& = [v} v2]T
for the magnitudes of the two translational eigenmodes, v3, for the magnitude of
the rotational eigenmode, v¢, for the degrees of freedom to be constrained, and
v for the remaining unconstrained degrees of freedom. The transformation

may be written as:

vo = [Tg T3 TG, TY (3.50)

8 €0 £ g0

< < = <

Since we have strategically chosen the constrained degrees of freedom not to be
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equal to the degrees of freedom related to the translational and rotational eigen-
modes, we have a situation where CT2 = 0 and CT? = 0. So the constrain
equations in (3.49) can be rewritten using equation (3.50) as

CTSvS, + CTUvE: =0 (3.51)

This allows us to express the constrained degrees of freedom by the uncon-
strained as

ve = -C;lC, v (3.52)

in which C, = CT%, and C,, = CT,,. Introducing equation (3.52) in the trans-
formation equation (3.50), we find that the total transformation is condensed
as follows:

VW
5 Vi
V. ~
ve = [Tg T3 TG T j = (1o T3 Y| k| (353)
-C, Cuvzfv w
VW
.V'U.

w

Here we have defined the condensed transformation Té@ =T¢ -T¢C. 'C, by
using a tilde.

Introducing the transformation in (3.53) in the set of differential equations in
(3.40) transforms these equations into the new space. The differential equations
thereby take the following form in which we have also introduced the null terms
corresponding to the rigid-body modes and zero shear strain for translational
and flexural modes:

K’, 0 K2, [ve o0 o0]][v
0 K3 K5, | |vd|¢" — |0 Kg Ki, | o | "

Kga KZS Kgu v 0 K;S KZu v

se
22

00 O ve 0
+ (00 0 31y =10] (3.54)
00K:, u 0

The transformed stiffness matrices introduced in this equation are given in Table
3.4. The two-dimensional upper block matrix equation yields the translation
displacements as

v‘?sz/l/l _ 7Kga71KguV$ " (355)

We can identify the two orthogonal pure translational modes, (v}, v2, 03, v¥) =

W YW YW

(1,0,0,0), and ,(0,1,0,0), as eigenmodes or solutions to equation (3.54). For
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K7, = Tg'KoTg  Kg = T3 KT, Ky = T3 KT},
K7. = T3 KT Kg, = T3 KT 5= T8 KTy
K7, =To K°T),  K{, =Ty KT}, K;, = Ty KT},

K;, = TuTK*T:  K{, =KJ, - KJ, K7, 'KZ,

Table 3.4: Transformation of stiffness matrices related to Step Il.

these pure translational modes, we find that the right-hand side of equation
(3.55) vanishes and that the axial variation of the pure translational modes is
therefore determined by quadruple integration, which gives:

Y1(2) = c11 + c1az + 132 + c142® = Uy (2) ¢

’L/)Q(Z) = C21 + C22% + 0232’2 + 62423 = ‘IIQ(Z) Co (356)

In the following we will make use of the block notation given as

C11 C21
v, 0 c c c
\Ilacoc = ! ! , C1 = 2 , Co = 2 (357)
0 Py [co C13 C23
C14 C24
in which ¥; = Wy, = [1 2z 22 23]. The constants in the vectors c; and

¢y are determined by the boundary conditions for pure transverse translational
displacement in the two directions.

Having identified the two pure translational modes, we turn to the remaining
solutions to the differential equation (3.54). In this case, equation (3.55) deter-
mines the correction term that eliminates pure transverse displacements in the
back-substitution process. By dividing both sides of the equation by ¢"" # 0
we find

ve = -KJ 'K, v" (3.58)
Using this equation or equation (3.55), we eliminate the two pure flexural degrees
of freedom and find the condensed version of the differential equation (3.54),
which takes the following form:

Kg?, _gu /U‘:i/ w//// _ KE’)FB 73—u vs’v w// + 0 0 Ugv )= 0
ZS KZu Vvuv 1:3 K"II,-LU V:sz 0 Kiu Vvuv 0
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The introduced stiffness matrix K¢

9. 18 given in Table 3.4. This equation con-

stitutes the GBT differential equations constrained by shear flow constraints
and wall-width constraints after the elimination of the classical axial and two
translational (flexural beam) modes.

3.4.4 Step Ill: Reduction of order and pure St. Venant torsion

In this step we will reduce the differential order of the coupled fourth order
differential equations and the related quadratic eigenvalue problem to twice as
many coupled second order differential equations with a related linear eigenvalue
problem of double size. This method is equivalent to the one used for the solution
of the coupled homogeneous problem of a-single-mode distortion and torsion
analyzed in Jonsson (1999a). After we have changed the order of the equations,
we can recognize that the pure torsional St. Venant displacement modes with a
constant or a linear variation of the angle of twist are eigensolutions.

The fourth order differential equation (3.59) can be transformed into twice
as many second order differential equations by introducing what is called a state
vector. There are a number of different possible formulations, but we have cho-
sen the use of the state vector vg = [v39), vie, v3 4" viy”|T. Introducing this
state vector (and using related equality block equations) yields a reformulation
of equation (3.59) as a formal second order matrix differential equation of double
size, which takes the form:

0 0 0 0 v
0K:, 0 0 Vi)
0 0 —K3$ —Kg,| [v3v”
0 0 -K7; -K9,| [vey”
"
K§3 gu _KgS _Kgu Ug’ﬂ/’
T K™ _Ko°. _I_(O' Vuw
u3 uu u3 uu w _
“lokg kg, o o | |wer| ~ [o|®
33 3u w

-K7; K7, 0 0 v

oS O

=)

Note that the matrices are symmetric about the diagonal and that the lover
half of the matrices is identity equations. Seeking solutions of exponential form,
P(2) = e**, with an eigenvector in which v3 = 1 and v% = 0, we see that the
first equation will lead to an eigenvalue, €2 = 0, or a double zero root in the
characteristic equation, thus giving us not exponential solutions but two linear
solution terms. This corresponds to a constant or a linear variation of the first
degree of freedom, which is pure twist. However, if we “persistently” seek the
two classical exponential solutions for a pure twist mode with (eigen)vectors,
(1,0,£2,0)T, we are not able to show that this is in general a solution. In the
examples section in Paper I (Jonsson and Andreassen, 2011) it is shown that for
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the closed cross-section, only the linear terms of pure twist exist, whereas for
the open channel section, the eigenvalue is very close to the classical result, and
in the example chosen, we cannot visually see the distortion in the associated
“torsional” mode with an exponential variation of twist.

To keep the matrix operations as simple as possible we introduce a new
vector v, and three new block matrices, K¢ 3. and K¢ _, given by

ee’ ue?
v
e _
Vo =
\%

g Kg KO'
] ng — [ 3€‘| — [[ 33 3u ]‘| (361)
Introducing the new vector and the three block matrices defined by equation

W

KZe [ ZS I_{Zu ]

g

(3.61) and in Table 3.5, the second order differential equations can be written

as
"
0 0 0 ’U\:j)v’(/) K§-3 gu - ge Ung 0
0K;, 0 ||viv|-|Kp K, K| |vie| =|o| (362
0 0 -Ko| |vey] |-K% -KI, 0 | |viu” 0

In the first equation we can isolate the pure rotational term resulting in the
following differential equation:

vy = K3, (KT, viy” — KS,ve") (3.63)

It can be seen that pure St. Venant torsion (with free warping), corresponding
to the solution vector, (v, v¥, ve ") = (c322 +c31, 0, 0), is a solution of the
second order differential equations in (3.62). We have thus shown that

Y3(z) = c31 + 322

— Wy (2)cy = [1 z} [031] (3.64)

€32
The remaining solutions to the differential equations in (3.62) are found by
seeking exponential solutions of the form 1)(z) = €. We insert the exponential
solution in equation (3.63) and find the following equation, which we will use
for back-substitution purposes:

v = —Kg " (K5, ve, — K5.(€2vy)) (3.65)
Using equation (3.63), we eliminate v3 from the differential equations in (3.62)

and find the final distortional differential equations of GBT that determine all
the distortional displacement modes as

— — "
K7S1u 0 VW/’ K;u _KZe VW/J 0
—| = _ = 3.66
[ 0 _ng‘| [VSVW/] [_Kgu _ng] lVf};w”] [O‘| ( )

The block matrices and the transformed stiffness matrices are given in Table
3.5. In the following section we will describe the solution of these differential
equations.
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Ki =[Kg K, | K7, =K% K3, 'K3,
KZe = [ KZS I_{Zu ] K'Ze = ng - K;3K§3_1ng
Ke,"=[Kg" K"] K, =Kj, - KK} 'KE,

Table 3.5: Transformation of stiffness matrices related to Step Il

3.5 The distortional eigenvalue problem and
homogeneous solution functions

Now we are finally able to seek solutions to the final condensed differential
matrix equation (3.66) in order to find the distortional eigenmodes, including
what are called local modes. We postulate that the solutions are exponential
solutions of the form

Y(z) = e%* (3.67)

where ¢ is an inverse length scale parameter which may be complex. Inserting
the postulated solution leads to the following generalized linear matrix eigen-
value problem, in which the eigenvalues are &2 and the eigenvectors are the
distortional modes that we seek:

Ki, O v K7, -K7. || v 0
. o 25,€ _62 _ua _Ze 20e | (368)
0 _Kee g Vw _Keu _Kee § Vw 0

Due to the differences in the order of magnitude of the different stiffness terms
in the matrices, we have improved the numerical accuracy of the eigenvalue
and eigenvector solution in our numerical implementation by introducing the
following Cholesky decomposition of the block matrices in the first matrix:

K;, =L.L; K7, =L.L! (3.69)

We utilize the decomposition by introducing the following new intermediate
vectors

vy =LV (€v5) = LT (&) (3.70)
where the superscript ~7 corresponds to the inverted transpose of the matrix.
After pre-multiplication of each block matrix equation by L' and L', the
eigenvalue problem then takes the following form:

I, O Vi _ g qull_{_;rmL;T 7L1:11:<Z€L;T Vi = 0 (3.71)
0 —L.) €%, —LO'KZLT LKL €

eu~"u ee—e
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3.6: Back substitution

In this equation I, and I.. are adequate size unit diagonal matrices. Some
general eigenvalue solution routines demand that at least one of the matrices
has to be symmetric as well as positive (semi-)definite. This can be achieved
by a change of sign in the second block matrix equation, however the second
matrix becomes asymmetric. Having found the eigenvectors, we use equation
(3.70) to find v¥ and (£2vY%), which can then be used for the remaining back-
transformation process.

Each distortional eigenvector corresponds to a solution t¢g4,(z) of the ho-
mogeneous coupled equations of distortion in equation (3.66). The solution
function corresponds to our postulated function in equation (3.67), and it has
now been determined by plus/minus the square root of the eigenvalues as +¢;.
In other words, for the i’th eigenvector we find the solution

¢d1(2) = Cd2iile§tz _;'_cdzie—fiz

\Ildi(z)cdi = [eﬁiz e—fiz:| [Cd2i—1‘| (372)
Cd o;

in which constants cq,, , and cq,, assembled in the vector ¢4, depend on the
boundary conditions of the problem at hand. All the distortional solution func-
tions are assembled in the distortional solution matrix ¥, and multiplied by the
assembled vector of distortional constants ¢, as follows:

‘I’d 1 (Z) 0 0 LR Cq,
0 ‘I’d (Z) 0 e Cyq
Wy(z)cg = ’ ’ (3.73)

0 0 ‘I’d3(Z) Cdg

This notation is used later to describe the total displacement solution.

3.6 Back substitution

Having found the distortional eigenvalues, eigenvectors and homogeneous solu-
tions for the reduced system (3.68), we now have to perform a backward substi-
tution through the previous steps in order to achieve the results in the original
displacement vector format including all the modes. Furthermore, we also have
to back-substitute all eliminated eigenvectors (multiple zero eigenvalues) and
review the related homogeneous solutions.

3.6.1 Back substitution of distortional modes

In the previous sections, the formulations are related to a single displacement
vector and the back substitution of the distortional modes found from solving
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the eigenvalue problem in equation (3.68) is performed sequentially through
equations (3.65), (3.58), (3.53), (3.39), and (3.31). In a typical modal approach,
all eigenvectors are assembled column-wise in the mode matrix and the related
eigenvalues £2 are placed sequentially in the diagonal of the matrix A. By intro-
ducing the capital letter V with related sub- and superscripts for the assembled
modes, we can find the back-substituted distortional mode matrices V¢ and
V¢ using the following sequence of substitutions corresponding to the sequence
of equations mentioned above:

Vi = —K3; (K3, Ve - KS.(VeA)) (3.74)
Ve = -KZ, 'K,V (3.75)
VL = TOVE + T3V + TUVe (3.76)

Vit = —(KEE) KR VY (8.77)
V?) _ vai+T5V?ia (3.78)

The superscript d has been introduced to distinguish the distortional modes
from the total assembly of modes introduced later. The term (VS A) is just one
matrix, which is never separated into the two product terms, but just found
directly as part of the eigenvectors of the reduced-order eigenvalue problem in
equation (3.68).

3.6.2 Back substitution of eliminated beam displacement modes

The back substitution of eliminated beam displacement modes involves back
substitution of the pure axial extension mode, the two transverse translational
modes, and the pure twist mode. Using the degree-of-freedom space introduced
in Step II, these modes are given by the following four transverse displacement
modal vectors:

vl 0 vl 1 vl 0 vl 0

v2 _ 0 v2 _ 0 v2 _ 1 v2 _ 0 (3.79)
v 0|’ v 0|’ vd 0|’ v 1 '

Vo 0 vy 0 vy 0 vy 0

The first vector becomes the extensional eigenvector in the degree-of-freedom
space introduced in Step I. The back substitution of these modes is all performed
using the equation (3.53). However, we have already introduced the eigenvectors
in the original transverse displacement space in the transformation matrices
related to this equation, T and T2 and the back transformation is obsolete
for these modes. These eigenvectors are assembled in a beam mode matrix V4
as follows:

V?N _ |:0 V%Vtrans V2 trans v3 rot] (380)

w w
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3.7: The full homogenous solution

The back substitution of the warping displacements remains. Of course the
pure axial extension warping vector is trivial and has allready been introduced
as Taxial = yaxial ‘bt we have to back-substitute the other modes. This is done
by first calculating the axial (adjustment) component using equation (3.39) as
follows:

Vgt =100 0] - (Kg5) T Kgg VY, (3.81)

The beam warping vectors related to the transverse beam displacement modes
can now be found using equation (3.31) as

b axial |,1 trans ,2 trans ,3 rot
Vg = [ vy vy v v

= T, V5 + TEVE (3.82)

The axial variation of the four modes has been identified in equations (3.38),
(3.57), and (3.64) and can be assembled in the beam solution function matrix
P, (z) and multiplied by the vector of beam displacement constants c¢; as

T.(2) O 0 Cq
\Ilb(z) Cp = 0 ‘Ila(z) 0 Cq (383)

0 0 P3(2)| [c3
in which we have introduced the integral of the axial solution as ¥, = {—z —%zﬂ .
This matrix function does not pertain to any solution, and we might as well have
set it to zero, since there are no transverse displacements, v3*al = 0, for the pure

axial deformation mode in beam theory. However, this choice allows us to use
the derivative of the W, (z) matrix, which is the axial solution ¥/ = {—1 —z}.

3.7 The full homogenous solution

The full homogenous solution can now be assembled from all the eigenmode
vectors and the solution functions. It turns out that some of the eigenvalues
and eigenvectors are complex. However, in the following we will perform a
direct formulation in which we acknowledge that we are also dealing with com-
plex quantities corresponding to related complex eigenvalues and complex axial
solution functions. A transformation of the complex quantities to pairwise cou-
pled real modes and real solution functions will be introduced in the second
subsection.

3.7.1 Direct formulation

Let us assemble all the eigenvectors column-wise in a modal matrix of transverse
displacement vectors V,, and a modal matrix of axial warping displacement
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vectors Vg by joining the modal matrices of the beam eigenvectors and the
distortional eigenvectors in the following sequence

Vi = [V v Vo =V}, Vi (3.84)

The solution function matrices and the displacement constant vectors can also
be assembled using the previously defined block matrices and vectors

| ®(2) O Cp
‘I’(Z)C—[ 0 ‘de(z)] Ld] (3.85)

The full homogeneous solution along the beam can be assembled in the nodal
solution vectors uy(z) and u,(z) as follows:

uy(z) = Vu¥(2)c
u,(z) = -Vo¥'(z) c (3.86)

The constants have to be determined by the boundary conditions of the pris-
matic thin-walled beam.

To be able to present and discuss unique complex eigenmodes, all the dis-
tortional vectors in V,, have been normalized after back substitution in such a
way that the largest absolute value of all components in each vector is one and
that this component is real. This has to be done to make them unique since
complex eigenvectors are determined except for an arbitrary complex constant.

Following the completion and solution of the final distortional differential
equations as well as the back substitution process the found mode shapes (eigen-
vectors) can be presented by two examples of transverse mode shapes as shown
in Figures 3.6 and 3.8 and the associated primary warping mode shapes shown in
Figure 3.7 and 3.9, respectively. The shown mode shapes correspond to a lipped
channel and a box section used in the example section in Paper I (Jonsson and
Andreassen, 2011). Note, that there is no primary warping for the local modes.
The modes are scaled in such a way that the greatest displacement, being either
in the horizontal or vertical direction, is equal to 10. For the complex modes
consisting of both a real and an imaginary mode shape, this means that the use
of a scale factor is necessary in order to be able to depict both mode shapes each
having the greatest displacement equal to 10. Note that the imaginary mode
shape is generally substantially smaller than the real mode shape. Also note
that the modes in the present approach are ordered according to the attenuation
length.

The numbers of the modes of a type (e.g., number of distortional modes) are
not given but Figure 3.6 and 3.8 suggests certain numbers of modes. It is to note
that e.g., the number of distortional modes of a lipped channel section seems
to be more than 2, whilst conventional GBT and cFSM define 2 modes. This
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3.7: The full homogenous solution
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(Im)x77.8
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Figure 3.6: Lipped channel — 13 in-plane deformation mode shapes.

difference is because the proposed method in fact finds the exact analytical so-
lution for the discretized cross section which involves twice as many modes (it is
not an orthogonal decomposition of the space). This mode space is only orthog-
onal in the state space and not in the transverse displacement space. However,
interesting enough, visual inspection, as in the other methods, show that we
do in fact find 2 sets of paired complex and complex conjugated eigenmodes,
which can be designated as non-local distortional (due to the length scale of the
solution function).

The total number of modes depends on the discretization and the geometry
of the cross section. This means that the number of different modes can only
be defined by the illustrative examples. At the beginning of this chapter the
number of dofs is four times the number of nodes. But through the steps we
are changing to a GBT space with a reduced number of dofs. Moreover, we
choose to solve the differential equation by reducing the differential order of the
coupled fourth-order differential equations. This is done by transforming the
fourth-order differential equation into twice as many second order differential
equations. This means that we obtain an eigenvalue problem of double size.
The number of dofs is hereby equal to the size of the eigenvalue problem but
reduced through the performance of the described steps.

3.7.2 Transformation to real modes and real solution functions

Some of the distortional displacement modes found and their related eigenval-
ues are complex. Mathematical formulation with the use of complex numbers
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Figure 3.7: Lipped channel — 13 warping deformation mode shapes.
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Figure 3.8: Rectangular box cross-section — 10 in-plane deformation mode shapes.
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Figure 3.9: Rectangular box cross-section — 10 warping deformation mode shapes.

simplify derivations and the use of compilers, which include complex numbers
with complex operations on matrices, will lead to simple algorithms. However,
it may be easier to grasp the form and meaning of the solution in real quantities.

Complex eigenvalues are always found as a pair of complex conjugated eigen-
values with eigenvectors which are also complex conjugated. For the j’th com-
plex eigenvalue, §J2», and its conjugated j + 1’th eigenvalue, f? 1= ?, let us
introduce the following notation for the positive square root values and the
related eigenvector columns v; and v;41 of Vy:

&G=XN+pi &= =X\ —pyi (3.87)

v;=a;+bji vjy1=v;=a; —bji (3.88)

in which we have introduced the real and imaginary parts of the eigenvalues and
eigenvectors. The complex eigenvectors in equation (3.88) may be conveniently

written as

1 —1

[Vj Vj+1} = [aj bg} [1 1‘] (3.89)

The constants of the related parts of the homogeneous solution are also complex
quantities. However we are able to assemble the two complex conjugated modal
solutions into two real (but pairwise coupled) solutions by introducing the real
constant vectors ¢; and ¢;; as follows:

Léﬂ =3 t ZZ] l;il] (3.90)

The j’th complex part of the full solution can now be rewritten using the trans-
formations in equations (3.89) and (3.90). After multiplication and identification
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of real and imaginary parts, we find the result:

[Vj Vj+1} [‘I’;j \I,Od] [ K ] = {aj bJ} rety,) Im(wdﬂ)] [ < ] (3.91)

Cjt1 Im(®,,) Re(Pyq,)]| |€jia

where the real and imaginary parts of the (in this case complex) matrix ¥gq,
introduced in (3.72) are

Re(¥y,) = Re(¥y,) = [e)‘jz cos pjz e~ Y% cos ,ujz}
Im(¥;,) = —Im(¥,,) = [eAJ'Z sinpjz —e % sin ,ujz} (3.92)

whereby the real formulation in the right-hand side of equation (3.91) becomes

Cja
eriFcospjz e NEcospjz eNFsinpujz —eNE sin gz Cjy
a; bj Az o -z o Ajz -z ~
—eTsIn pujz e VTS Uiz €777 CoS iz € 777 COS Uiz Cj+1,
Ci+1,
(3.93)

This allows us to rewrite the complex quantities into real quantities. Let us
modify the modal matrices V and Vq and introduce the modified modal ma-
trices iv/'w and \79 by substituting the complex pairs of eigenvectors with their
respective real and imaginary parts. Furthermore, let us also introduce the
modified solution matrix ¥ and its related modified vector of constants € by
substituting the solutions (and constants) of the complex pairs using equation
(3.91), i.e. equation (3.93). This allows us to write the full homogeneous solution
along the beam with real numbers as

uy(z) = Ve P(z)C
u.(z) = —Vo¥'(2) ¢ (3.94)

We may choose to work with this real formulation or work with complex numbers
using the full homogeneous solution formulated in equation (3.86).

Before elaborating on how to find the solution constants an example showing
the validity of the novel approach is given.

3.8 Example

In this section an example is given showing the two eigensolutions related to
the first complex distortional displacement mode of the chosen channel and box
cross sections. For more examples see Paper I (Jonsson and Andreassen, 2011).
We choose to illustrate the mode corresponding to the first complex distortional
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3.9: The degree of freedom space and related transformations

Figure 3.10: Two eigensolutions of the first complex distortional mode for a channel and

a box section.

displacement mode, which are mode j = 5 and j = 4 respectively for the channel
and box cross-sections. With the use of equation (3.93) in which the real part, a,
and the imaginary part, b, of the mode are multiplied by the solution functions.
We choose in Figure 3.10 to illustrate two of the four independent solution
functions: one in which only ¢;, is non-zero (shown as a. and b. in the figure),
and the other (shown as c. and d.) in which only ¢;41, is non zero. Thus sub

—)\jz

figure a. and b. correspond to the solution e COS 17 - aj + e~ Ni% sin wiz - by

and sub figure c. and d. corresponds to —e™*i%sin Wiz - a; + e Y% cos Wiz - bj.
The eigensolutions shown in the figure therefore involves a coupled behavior of

the real part and imaginary part of the mode.

3.9 The degree of freedom space and related
transformations

To apply the present approach and make use of the solutions found in a finite
element context, it is necessary to be able to relate to the different degree-of-
freedom spaces in use as well as to the constraints introduced. In Step I, the
introduction of shear constraints leads to a generalized beam theory (GBT) in
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which only shear flow around closed cells is taken into account while all other
shears are constrained. With the exception of pure axial extension, the axial
displacements are determined from the axial derivative of the transverse dis-
placements. From the boundary terms of the first variation of the potential en-
ergy given in equation (3.34), it is seen that the (virtual) generalized boundary
displacements are pure axial extension ((vd), transverse displacements (1vy,),
and the axial derivative of the transverse displacements (¢vy)’. However, the
transverse displacements are unconstrained, which is not compatible with clas-
sical Vlasov beam theory where the individual thin wall of the cross section is
assumed to maintain its length (width) within the cross section, i.e. no cross-
section centerline elongation. This is overcome in Step II where the walls are
constrained using a set of multipoint constraint equations which eliminate con-
strained transverse displacement degrees of freedom v¢,. The basic degrees of
freedom of the GBT formulation are the pure axial extension (¢vd), the remain-
ing transverse displacements (v ), and the axial derivative hereof (¢)v¥)’. To
be able to change degree-of-freedom space from GBT space, v¥,, to finite ele-
ment (FE) (original degree-of-freedom) space, vy, the following transformation
is introduced:

10 0]
010
Vi = | T, Ty V;V] where T4, = [Ti, T¢| and T, =|i01] (3.95)
vd, .
10

in which T¢, and T% have already been introduced in Step II, and T% is a matrix
corresponding to three supplementary columns, which pick out the degrees of
freedom of the first node related to v, v and v2.

3.9.1 From FE displacements to GBT displacements

If the transverse displacement vector vy, already fulfills the constraint equations,
then we can find the GBT transverse displacement vector by using TgvT, and
the pure axial extension by using T?ZT as follows:

[Viv [VW] (3.96)
Yo

Va
This is the important transformation from FE space to GBT space, which we

" 0
T
0 T

will need to be able to find the constants of the homogeneous solution.
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3.10: Displacement boundary conditions of the homogeneous solution

3.9.2 From GBT displacements to FE displacements

However, we may at some point also need the opposite transformation, which
involves the constraint equations introduced in equation (3.49). Let us prin-
cipally use the same method but introduce the transformation equation (3.95)
whereby the multi-point constraint equations take the form

CT: VS, + CTIvE =0 &  Cove +C,vl =0 (3.97)

in which C, = CTy, has previously been introduced and C, = CTY, is intro-
duced here. This allows us to express the constrained degrees of freedom by the
GBT transverse displacement vector as:

ve, =-C.'C,vY (3.98)

Introducing the equality (3.98) in the transformation equation (3.95), we find
that the total transformation condenses our problem as follows:

-C.'C,vy,

g
Vi

=TI vI (3.99)

w oW

Vi = | T, T

where ’I“gv =TI — TﬁVCC_lcg has been introduced as the condensed transfor-
mation. Using the transformation equation (3.31) that determines the warping
displacements from the amount of axial extension and the transverse displace-
ments we find

Vw ~
vo = [Th, To| | 7| = | T, T4 To]

LVa

Vﬂ (3.100)

v

Using equations (3.99) and (3.100) we find the following transformation

V| "I“gv 0
vo| |Th,TY T§

This transformation is used to transform from GBT space to FE space.

g9
Vw

(3.101)

a
Yo

3.10 Displacement boundary conditions of the
homogeneous solution

Having solved the eigenvalue problem and formulated solution modes in the
original FE degree-of-freedom space, we would like to set up a method for de-
termining the constants of the homogeneous solutions found. This is to be done
in the GBT space. As seen from the first variation of the potential energy,
the natural boundary displacements of the GBT at each boundary are the pure
axial displacement ug, of the beam, the transverse displacements uf,, and the

W
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Figure 3.11: Displacement field for boundary conditions in equation (3.106).

axial derivative of the transverse displacements uJ’. The generalized internal
displacements of the GBT beam can be expressed by using the full homoge-
neous solution in equation (3.86) or alternatively, as done in the following, by
the real formulation in equation (3.94) and the transformation from FE to GBT

displacements (3.96) as follows:

u(2) —TaTVoW'(2)
w(z)| = | TeTV,¥(z) | € (3.102)
ug/(2) T3V, ¥'(2)

To determine the constants using displacement boundary conditions as in finite
element or stiffness formulations, we need the boundary displacements at the
two ends of a finite length beam, i.e. at z = 0 and at z = L where L is the
length of the beam. The assembled boundary displacement vector is denoted by
up. This leads to the following equation for the determination of the solution

constants:
[uz(0) ] [T V@' (0)]
ug,(0) TV, ¥(0)
/(0 TITV, 8 (0) | . ~_
w = | O] vV 05~ &e (3.103)
us(L) —T8TVoW'(L)
ud, (L) T¢ TV, ¥(L)
ug/(L)| | TE V(L) ]
= ¢=A"lu, (3.104)

where we have introduced the matrix 11, which is an invertible positive definite
“square” matrix. However, to avoid numerical problems, the exponential solu-
tion functions in ¥(z) may have to be modified by replacing ¢;e** by )

so that the positive Az exponent is bounded.
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3.11: Concluding remarks

The two solutions plotted by using equation (3.94) with only ¢;, being non-
zero in the upper half of Figure 3.10 can also be found by using the relevant
boundary conditions in equation (3.104). To this end, we use the real and
imaginary vectorial parts, a, b, of the mode shape and the modal solution
functions and the derivative hereof. So in equation (3.104), we would use

0
a
—Xa — ub
w, = . a (3.105)
acosuL + bsinpl)

—e M {a()\ cospuL + psin pL) + b(Asin uL — pcos ,uL)}

efAL(

and we should then find only the second constant of the j'th complex mode ¢;,
to be non zero. The two lower solutions plotted in Figure 3.10 correspond to
boundary conditions in which only the fourth constant ¢;, of the complex mode
is non-zero.

It is also worth noting that just specifying the modal shape with a zero
derivative (otherwise built-in support) will lead to a coupling to the remaining
modes. For example, Figure 3.11 shows the displacements for the boundary
displacements corresponding to the real part of the first complex distortional
eigenmode at one end, but with zero axial displacements and zero displacements
and axial displacement derivatives at the other end, i.e. with the following
boundary condition:

T
uw =[0a” 000 0} (3.106)

With this boundary condition many modes are invoked and to achieve the zero
derivative of the displacements, local distortional plate modes have also been
invoked. The length scales of some of these modes are very small and will be
difficult to see in an overall plot of the deformation mode.

3.11 Concluding remarks

In this chapter we have presented a new systematic method leading to the
formulation of the homogeneous differential equations of a generalized beam
theory (GBT) and the establishment of the full analytical solution.

Relevant deformation modes have been found by formulating and solving
the distortional quadratic eigenvalue problem. Hereby it is shown that it is
possible to solve the distortional quadratic eigenvalue problem and find the nat-
ural distortional displacement modes using a method equivalent to that used
for non-proportionally damped (linear) dynamic modal analysis. The beam dis-
placement field has been separated into a sum of products of the cross-section
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displacement modes and their axial variation. The obtained GBT equations are
now solved analytically and the formulation is valid without special attention
also for closed single or multi-cell cross sections. To achieve a formulation re-
sembling a generalization of Vlasov beam theory we have implemented some
constraints and eliminations into the distortional differential equations, which
has condensed the problem considerably and reduced the number of possible
eigenmodes. The formulation above enables the formulation of an advanced
semi-discretized prismatic thin-walled beam element developed later in chap-
ter 6.

Having developed and solved the distortional differential equations as well
as having formulated the full analytical homogeneous solution along the beam,
we will in the next chapter continue with the particular solutions to the non-
homogeneous set of distortional differential equations.
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Chapter 4

Distortional non-homogeneous
differential equations and
solutions

This chapter deals with the particular solution to the non-homogeneous distor-
tional differential equations in order to add loads on the advanced distortional
beam element developed later in chapter 6. Thus, in this chapter which is re-
lated to Paper II (Andreassen and Jonsson, 2012b) and Paper VI (Andreassen
and Jonsson, 2011) the distortional differential equations and solutions includ-
ing distributed loads are formulated and solved. By transforming the non-
homogeneous distortional differential equations into an eigenmode space, by
using the distortional modal matrix found for the homogeneous system, we get
the diagonalized and thus uncoupled set of differential equations including the
distributed loads. Afterwards, the full solution of these uncoupled linear second-
order differential equations is given. The boundary conditions considered in the
example of this chapter are restricted to built in ends, which are needed for
a displacement formulation of an exact first-order distortional beam element
developed later in the thesis. This also means that the present approach are
not yet dealing with a beam element which is part of chapter 6. Instead we are
dealing with an analytical solution of the coupled differential equations. This
means that we focus on boundary conditions which are displacement based, i.e.
involve the displacement amplitude and the first derivative hereof. I have cho-
sen to keep the formulation as simple as possible by not having to introduce
the generalized forces and combinations of higher order derivatives. To keep the
example simple with illustrative distortional deformations I have also chosen
only to focus on a uniform load.

It is found necessary to follow the individual steps of the transformations and
eliminations in the previous chapter 3 in order to ensure a correct formulation
of the individual decoupled non-homogeneous differential equation, especially
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4.1: External energy potential for distributed loads

Pndh = Pn W M X

A [

n n

Figure 4.1: Load distribution.

for the distortional modes where we have utilized reduction of the order of
the differential equations. Having done this once we may use work or energy
principles to identify the individual load terms in a more direct manner.

4.1 External energy potential for distributed loads

In view of the distortional non-homogeneous differential equations and solutions,
let us first introduce three types of distributed loads ¢., g5, ¢, which act on the
mid plane of the individual walls in the z,s,n directions, respectively. The
external load potential for these distributed loads can then for a single mode be
found as

L pbe
eyt = — // |:q,zuz + qsus + quup |ds dz (41)
0J0

Using separation of variables for the distributed loads as for the displacements
in chapter 3, we introduce the following load variables gs = ps(s)o(2), ¢ =
pn(8)P(2), ¢ = p-(s)d(2). In this formulation ps, p,, p. represent the cross-
section load distribution, and the function ¢ represents the axial variation of
the loads. In the following formulation we operate with only one cross-section
load distribution, which may be modified by summation of various different
cross-section load distributions and axial load variation functions. The load
separation is illustrated in Figure 4.1 for a distributed load ¢, = p,(s)¢(z) on
the upper flange of a prismatic thin-walled beam. The local components of the
loads and force vectors for a cross-section wall element is shown in Figure 4.2.
Hereby the contribution to the external load potential of a single wall element
takes the following form

L pbe
Hewt,el = - // ¢|:psws'(/} +inn¢ —szW dS dz (42)
0J0
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which is suited for adequate interpolation in the following. Note that the two
first load terms perform work through the transverse displacements and the last
load term performs work through the axial warping displacements. Since the
formulation of distortion has much in common with torsion the first two terms
may be described as distortional moment loads and the last term as distortional
bimoment load (J6nsson, 1999a). For the classical torsional equilibrium equation
including warping of the cross section (Kollbrunner and Hajdin, 1972), these
loads correspond to torsional moment load and torsional bimoment load.

4.2 Load interpolations within cross-section
elements

The interpolations related to the cross section are the displacement interpola-
tions for wg, w,, and Q described in the previous chapter 3 or in Paper I (Jonsson
and Andreassen, 2011), and the interpolation of the cross-section loads ps, pn,
and p, introduced in the following. The distributed load shown in Figure 4.1 are
defined by a linear interpolation of the load on each cross-section wall element
multiplied by an axial shape function ¢(z), for which we introduce a specific
interpolation later. The load interpolation in a cross-section wall is given by

ps = N,p%, p,=N,p%, p.=N,pd (4.3)

in which N, (s) = [1 — s/be, $/b] is a linear interpolation matrix, and where the
nodal end values of a cross-section wall element are given as

Ds1 DPn1 DPz1
pl =", e =T, b= (4.4)
Ds2 Pn2 Dz2

Using the introduced interpolations for the displacements and the loads, the
external potential energy now takes the following form for a single wall element

Lrbe T T
Hewt,el = - /0/0 |:'(/)V$vl NSTNPPEZ + ¢V$vl NnTNppfll
v NGTN,p | ¢ ds dz (4.5)

This formulation allows us to write the element load vector in the same format
as the element stiffness contributions from chapter 3. This means that we in
addition to the straight-element stiffness contribution have the element load
contributions as given in Table 4.1, where we have also included the nodal
cross-section wall loads P¢ and P?zl corresponding to line loads also varying
along the beam with ¢. Hereby the walls of the prismatic thin-walled beam
can be loaded by line loads acting at the cross-section nodes, and by surface
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4.2: Load interpolations within cross-section elements

rd = [ NLN, ds p¢ + Pg

= [0 NTN, ds p¢ + [ NTN,, ds p! + P

Table 4.1: Load contributions.

loads acting on the mid-plane of a cross-section wall. Both of these loads are
distributed along the beam as given by the ¢-function. Now, we can rewrite the
external load potential of a single wall element as,

L T T
e = - [ [wvsf el — yvelTrl }dz (4.6)
0

where we have introduced the axial and transverse nodal load components of a
straight cross-section element as

T
rf = [r&ll 7’612:| (4.7)
el _ el el el el el el
ry = |:Tw1 Tw2 Tw3 Twa Tws TWG] (48)

These components are shown in Figure 4.2 along with the direction of the wall
element coordinates (n,s) as well as the positive direction of the load compo-
nents. We choose to assemble the single element components into two separate
global vectors containing the axial load and the transverse load, respectively.
These global vectors we will write as follows:

ro = [TQl rQ2 TQs ]T (4.9)
Tw = [Fwl Tw2 Tw3 Twd Tws Twe -+ 0 (4.10)
where the transformation from local to global components is performed using

a formal standard transformation of the components in the cross-section plane,

ie.

ro = ZT re! (4.11)
ZT Tyel (4.12)

To obtain an overview of the important transformations obtained in the previous
chapter 3 and which also have to be used in the following chapters Table 4.2
has been made.

Now, we can write the total potential energy by summation of each element

contribution as

Htot - Hint + Hemt 5 where Hext = Z He:ct,el (413)
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No.

Description

Transformations

10

Transformation from local to global axial
d.o.f.

Transformation from local to global
transverse d.o.f.

Transformation from pure axial exten-
sion and other axial d.o.f. to global axial
d.o.f.

Transformation from transverse d.o.f. to
the other axial d.o.f. (without pure axial
extension) based on the shear constrains.

Transformation from transverse d.o.f.
and pure axial extension d.o.f. to the
global axial d.o.f.

Transformation from pure transverse
translation d.o.f., pure rotation d.o.f.,
constant wall-width constrained d.o.f.
and unconstrained d.o.f. to global trans-
verse d.o.f. (wall-width constraints not

applied).

Transformation from pure transverse
translation d.o.f., pure rotation d.o.f.
and unconstrained d.o.f. to global trans-
verse d.o.f. (wall-width constraints ap-
plied).

Transformation from constrained trans-
verse d.o.f. and transverse GBT d.o.f.
to global transverse d.o.f.

Transformation from FE space to GBT
space.

Transformation from GBT space to FE
space.

— el
va = Tqvg

Vw = vale

v.ll
o 13 ] |1

Q= Towvw

vQ

I
A
jol]
B
H
Qe
1
<
8 €
—_
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€8 €0 gL €0
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Table 4.2: Transformations.
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4.3: Modal loads and modal solutions

> _—
Ps _ rel
e w4
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P ;'
el
r n
wl
el
rw5

Figure 4.2: Distributed loads and the resulting load vectors.

where IT;,; is the contribution to the potential energy from the internal prop-
erties found in chapter 3, and Il.,; is the contribution from the external loads.
Introducing the described interpolation and matrix calculation scheme allows
us to write the total potential energy as

L
My = My — / {(wvg)rw(ﬁ — (wvg)’rgcb}dz (4.14)
0

The first term corresponds to the distortional moment load which performs work
through the transverse displacements and the second term corresponds to the
distortional bimoment load which performs work through the axial displace-

ments.

4.3 Modal loads and modal solutions

To obtain a formulation resembling the generalization of Vlasov beam theory
including distortion, the following three main steps have to be performed again
as in the previous chapter. This allows us to properly identify modal load
components as well as the contributions to the individual modal differential
equations.
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a _maT = _mr T ora caa\—1,.a
rg =TH ra ro = Tg, ro — K&G (K3G") ™ rd

Table 4.3: Transformation of load vectors related to Step I.

4.3.1 Step I: Pure axial load and shear constraints

Following the procedure which is used to identify pure axial extension as an
eigenmode and to introduce shear constraints, we will identify the axial load
components and separate these from the remaining equations. The potential
energy formulation including the load terms in equation (4.14) have to be mod-
ified, so that the pure axial extension is described by the separate degree of
freedom vg, and so that the shear constraint equations are enforced. This mod-
ification is performed using the following transformation (No. 5 described in
Table 4.2):

v = TOwvw + THVS (4.15)

To clarify the variational treatment of pure axial extension, we also tempo-
rally rewrite the terms pertaining to axial extension using (vd = —¢’v%. The
modified elastic potential energy for a single mode takes the following form:

L
ior = ine —/0 {Wvg)rwqﬁ — (¥vy) T, Tad + (C%)T‘é(ﬁ} dz (4.16)

in which the pure axial loading is identified as rg. It is as given in Table 4.3
identified as the product of the transpose of the pure axial deformation mode
and the global axial load vector .

To obtain the differential equations of GBT, the first variation of the elastic
potential energy is investigated by taking variations in the complete displace-
ment field. This gives

L
0ior = 00 — / {5(wv£)rw¢ - 5(1/)V£), &T—ZWTI'QQS + 5(§v‘é)r8q§} dz
0
(4.17)

After performing partial integrations on the terms that involve axial derivatives
of the (virtual) varied displacement field, 6( )’, the first variation of the elastic
potential energy takes the form

L
6Htot = 6Hint — / {5(¢Vg) |:I'W¢ + TTQWTrQ¢/:| + 5(<Ug2)7’&¢} dZ
0
L

6<wv£>[Tame¢H (4.18)

0

+

- 73



74

4.3: Modal loads and modal solutions

For internal variation in the displacement fields 6(¢v,) and §(¢vd), the elastic
potential energy should be stationary and therefore its first variation must be
equal to zero. Here the terms in the squared bracket correspond to the boundary
loads and boundary conditions. Substituting 611;,; from chapter 3 leads to the
following coupled non-homogeneous differential equations of GBT in which we
note that ( = —':

ngww/m o 631054/// o KTVW¢// + stww _ rw¢ + T?leer)/ (4.19)

o0 v — KGG e = rhe (4.20)

Here the left hand side of the equations corresponds to the homogeneous equa-
tions, and the right hand side are the non-homogeneous load terms.

These equations establish a coupled set of non-homogeneous GBT differential
equations, that determine the displacements of a prismatic thin-walled beam for
a given set of boundary conditions. The homogeneous parts of the solution have
been found, and now we seek particular solutions to the modal equations. Let
us start out by isolating the term v3¢” in equation (4.20) as

vl = (K T K vt — ] (4.21)

Let us then first consider the pure axial extension mode, which has been iden-
tified as (vy,vd) = (0,1), where we introduce the notation bold zero 0 for a
suitable size matrix or vector of zeroes. Introducing this mode in equation (4.21)
uncouples the equation (since vy, = 0). Integrating the particular solution for
the axial mode, the complete solution for the axial variation is then given by
adding the homogeneous part of the solution and the particular part as follows:

Ca?2

¢(z) = [1 Z] [%11 — (nggza)*lrg)/ ¢ dzdz (4.22)

where c,1 and c4o are constants determined by the boundary conditions of axial
extension.

In the context of the current work we will interpolate the cross-section load
using a single distribution function ¢(z), which varies linearly between two end
values (¢1 and ¢2) representing the values of the multiplicative function at the
ends of the profile. Thus we introduce ¢ as

¢ = [1 - £ %} ¢ where ¢ = lm] (4.23)

Using this linear interpolation the full integrated solution of equation (4.22)
takes the form
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C(2) = —Wu (2) co — \Ilap'(z) o) (4.24)

where

Vo' == [14]. :H W = ol 307~ (1 (1)

Ca2

(4.25)

The introduced subscripts h and p denote the homogeneous and the particular
parts of the solution, respectively.

Let us next consider the formulation of the remaining transverse displace-
ment modes. Inserting equation (4.21) differentiated once into equation (4.19)
we eliminate pure axial extension. Introducing K7 as in chapter 3, we obtain
the following non-homogeneous fourth order differential equations for determina-
tion of the transverse (global, distortional, and local) distortional displacement
modes of GBT:

K7vi )" = K'vu " + K*vyth = ry¢ + (T, To — Ko (K85) ')/
(4.26)
which we choose to abbreviate and write as
Kovy " —K'vy)" + KVt = 1y + tad’ (4.27)

where Tq is given in Table 4.3.

4.3.2 Step ll: Flexural loading and constant wall width

In this step we treat two modes corresponding to transverse translations of the
cross section, and one mode corresponding to pure rotation. We also constrain
the transverse displacement field so that the wall widths remain constant, i.e.

we enforce w, s = 0.

Let us do this by first introducing transformation No. 7 from Table 4.2 into
the differential equations in (4.27), and also introduce the null terms corre-
sponding to the rigid-body modes and zero shear strain for translational and
flexural modes. Hereby the differential equations including the load terms take
the following form:
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4.3: Modal loads and modal solutions

re =T r, rd = T%VTI‘W
ry = TuTr, rue =i — K, " (KZ,) 7'
o = T rq 73 =13 "5
£y =Ty rq ryt =1~ K, (KZ,) 7'

Table 4.4: Transformation of load vectors related to Step Il.

o o «a B
K7, 0 Ko, [ve 00 o01]]v
o o 3 " _ T T 3 /!
0 Kg3 K, | |vi|? 0 K33 Ki, | |vg| ¢
u
w

(e o g T T
Kua u3 Kuu v 0 Ku3 Kuu v

00 0] [vo re £
+ (00 O vi = [rd| o+ |75 ¢ (4.28)
00K;,| |ve [T | re

where the transformed stiffness matrices are found and described in chapter 3
and the load vectors are given in Table 4.4. The two-dimensional upper block
matrix equation yields the translation displacements as

VU =K, T e + 10— K, vy (4:29)
where @ = 1 or @ = 2. We can identify the two orthogonal pure translational
modes, (vi,v2,v3,v¥%) = (1,0,0,0) and (0,1,0,0), as eigenmodes or full so-
lutions to the homogeneous part of equation (4.28). A particular solution for
the axial variation of the pure translational modes is determined by quadruple
integration of the non-homogeneous load terms (since v¥ = 0). The complete
solution is then given by summation of the full homogeneous solution and the
particular solution, which we can express as

VYa(2) = Ca1 + Canz + Ca32® + Cau® + ////(Kga)*l(r;)‘vqﬁ +712¢') dz dz dz dz

(4.30)

Remembering that we in the present context introduce ¢ as one linear function
as given in equation (4.23), we can perform the quadruple integration and get

Va(2) = Yan(2) ca + Pap(2) ¢ (4.31)
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Here c,, is a vector containing four constants of the homogeneous part of the
solution, and

Wop(2) = W, (2) + W0, (2) (432)

W,p(z) = [1 z 22 23} (4.33)
L4

W2(2) = 15 (Kaa) v [5(2)" - (3)° (3)7] (4.34)
3

B2,(2) = o (KL [45)° - (0 ()] (4.35)

Having identified the solutions related to the two pure translational modes we
return to the remaining block equations of equation (4.28). Eliminating the two
pure flexural degrees of freedom using equation (4.29) we obtain the condensed

0 0 v
u|
0K, | [vy

3 =3
- [Z;]¢-+lfﬁl o (4.36)
Iy rQ

The stiffness matrix K2, is found in chapter 3 and the vectors r*®* and re®

uu w

version of the differential equation (4.28) as

KgB Kgu 1}3, w//// _ K§3 K‘é—u 'Ugv
K'Z?} I_(Zu Vi K;S KZu Vi

w w

w/l +

are given in Table 4.4. This equation constitutes the GBT differential equa-
tions constrained by shear flow constraints and wall-width constraints after the
elimination of the classical axial and two translational (flexural beam) modes.

4.3.3 Step lll: Reduction of order and torsional load

The fourth order differential equation (4.36) can be transformed into twice as
many second order differential equations by introducing a so-called state vector.
There are a number of different possible formulations, however we choose the use
of the state vector (v31), viy, v3 " viy”)T. By introducing this state vector
we obtain a reformulation of equation (4.36), leading to a formal second order
matrix differential equation of double size, which takes the form

"

00 0 0 vy K3y Kj, —Kg —K3,| | vgv
0K, © 0 vyt K, K, -KJ; K7, | |viy
0 0 —Kg —Kg,| [vy” -K3 -K3, 0 0 vy
0 0 —Kg; —K7,| [viy” -K7; -K7, 0 0 vy
T;‘}V 17%
rie el
= + 4.37
0 ) 0 @' (4.37)
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4.3: Modal loads and modal solutions

To keep the matrix operations as simple as possible we introduce a new vector

o
ee’

] Ke - [K(;] _ [[ Kg, K3, ]1 138)

v¢,, three new block matrices, K¢, K9,, and K¢_ given by

KZ@ [ KZ& I_{Zu ]

and the force vectors are given by

ry = m , TH = m (4.39)

Introducing the new vectors and block matrices defined by equation (4.38) and
(4.39), and the transformed loads given in Table 4.5, the second order differential
equations (4.37) can be rewritten as

0.0 0 |fwy K K3, —Kg | w¢ e 0
0Ky, 0 ||viv|—| Ky K, —Ki |l vig|=|ry| o+ |rgr| ¢
0 0 -KZ]lviv"] [-K& -KZ, 0 Jlvi¢” IS ro

(4.40)

From the first equation we can isolate the pure rotational term resulting in the
following differential equation:

va” = —(K33) 7 (KG,va)” — KE v + 1 + 75¢) (4.41)

It can be seen that pure torsion (with free warping), corresponding to the so-
lution vector, (v31),v¥&i, ve") = (322 + ¢31,0,0), is a solution of the ho-
mogeneous second-order differential equations in (4.40). Hereby the particular
solution for the axial variation of the pure torsion mode is determined by double
integration of the particular part, and the full solution is found by addition of
the homogeneous solution. This results in

3(2) = c31 + c322 —//(Kgg)*l(ﬁ?;,(b +75¢) dz dz (4.42)

Inserting the linear function ¢ from equation (4.23) we can evaluate the integrals
in (4.42) and find the full solution of pure St. Venant torsion as

¢3(2) = ‘I’gh(z) c3 + ‘I’gp(z) ) (443)
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Here c3 is a vector containing two constants of the homogeneous part of the
solution, and

Wy, (z) = WY (2) + U5, (2) (4.44)
W (z) = [1 z} (4.45)
L2T3
BE) = —gr PGP -G ()] (4.46)
Q _ Lf?l z z\2 (z2)\2
V() = g [20) - (3)* (2)7) (4.47)

Using equation (4.41) we eliminate v3, from the differential equations in (4.40)
and find the final distortional non-homogeneous differential equations of GBT
that determine all the distortional displacement modes as

_ _ " p e
K, 0 va]_[K_zu Igzeva] _ [Vﬁ] ot [r?;“] S (148)
0 7ng std)/, 7Kgu 7ng Vﬁﬂ/}” rsvd r?lj

The block matrices and the transformed stiffness matrices are found in chapter

3 and the load vectors are given in Table 4.5.

auld _ nua T T —1.3 e3 _ ne o T —1.3
ry ™ =Ty — Ku3K33 Tw ry =TIy + K€3K33 Tw
waud _ nua T T —1-3 e3 _ e o T —123
ro =gt — Kig K3y 7o, rg =rG + K&K 7

Table 4.5: Transformation of load vectors related to Step IlI.

4.4 Solution of distortional equations

The distortional eigenvalue problem for the homogeneous system of equations
(4.48) was solved in chapter 3. Here the eigenvalues, \; = £?, and the corre-
sponding eigenvectors was given by

[V‘e"gz] = L’VW&Q] (4.49)

In the present context these eigenvectors can be used to decouple the system
of equations in (4.48). The ’th decoupled equation which determines the axial
variation g4,;(z) of the distortional eigenvector is found by inserting the i’th
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eigenvector and pre-multiplying with it, which results in the following equation:

T T _ _
vvuv Kiu 0 ng Vvuv K;Cu 7KZ€ V& "
2 2| Vi~ 2 7 % 2| Vi
V\c;vg . 0 7ng stf i V$V§ 7Kgu 7ng stg i

% 7

vi T rauS v T f.guﬂ ,
- lv:zs?L LSS’]“ lvw]i l] v

Kfpa; — Kiba," = 1,0 + 180" (4.51)

which we abbreviate as

d

wi

For the ¢'th distortional equation, rff,i can alternatively be determined as r
V1 .r, which means the cross-section deformation mode (equation (3.84)) mul-
tiplied by the load vector r,, (equation (4.10)) in the initial degrees of freedom.
Equivalent we can write rsdzi = Vgirg which means the cross-section warping
mode (equation (3.84)) multiplied by the load vector r,, (equation (4.9)) in the
initial degrees of freedom. This gives exactly the same values and signs as found
from the transformations. This also applies to the eliminated modes. The loads
in the orthogonal equations for all the modes can be determined in the same
way.

Normalizing equation (4.51) and introducing that the eigenvalue &2 is equal
to K/ K¢, it takes the following standard form

i — €200y = —— (6 + 1) (4.52)

The above introduced distortional stiffness and load terms are given in Table
4.6. Note that rff,iw is the distortional moment load and rgid)’ is the distortional

bimoment load.

T K K T
d _ V& Zu - Ze V& d _ V::/
Kii - e ¢2 _ WO _ WO e ¢2 Twi = e ¢2
VWE Keu Kee ng i ng .

i

T T ;
Ko _eapa _ | Ve | K 0 [ [ ] e
" CT e | o Ko |vee] e |

Table 4.6: Modal distortional stiffness and load terms.

We find that the full solution of each of these uncoupled non-homogeneous



Chapter 4: Distortional non-homogeneous differential equations and solutions

linear second-order differential equations is given by
Vai(2) = c1€5% + cpe™ 82 (4.53)
1
- 55 [ to T ) ds

1 .1
+T€€ . /ea ﬁ(riﬂ‘*‘réﬁl) dz

Using that ¢ is a linear function as given in equation (4.23) and performing
integration or by guessing the solution we get

wd1(z) = \I’dhi(z) Cq; + ‘I’dpi(z) o} (454)

Here c4; is a vector containing the two constants cq,, , and cq,, of the homo-
geneous part of the solution, and

Wy, (2) = WY, (2) + PG, . (2) (4.55)
. (2) = [e&z eféiz} (4.56)
d
re.
vy = W11 -2 2 4.57
dp fiQKidi { L L} ( )
d
TA -
v, = 5 |F L 4.58
dp ; szKZ |:L L:| ( )

This concludes the determination of all the solutions for all the displacement
modes of GBT.

4.5 Assembly of the full solution

The axial variation of the four beam modes have been identified in equations
(4.24), (4.30) and (4.43) and can be assembled in the beam solution function
matrices Wy, (z) and Wy, (z) which are multiplied by the vector of beam dis-
placement constants c; and the load vector ¢, respectively. This results in

W.n(2) 0 0 Ca W, (2)
Win(2) cp + Tpp(2) O 0 Wuu(z) O Col + [ Tap(2)| ¢ (4.59)
0 0 \I’gh(Z) C3 \Ilgp(z)

where

(4.60)

Uop(2) = l%”(z)l (4.61)
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4.5: Assembly of the full solution

Furthermore, the distortional solution functions can be assembled and described

as
Uy (z) 0 0 lledy| [Pap,(2)
0 l;[ldh2(z) 0 | | Cdy ‘I’dpz(z)
‘Ildh(Z)Cd + ‘I’dp(z)q) - 0 0 \Ilth(Z> | |Cds + ‘I’dps(z)
(4.62)

Now, all the solution functions are obtained and can be assembled using the
previously defined block matrices and vectors as

W, (z)c+ ¥,(2)0 (4.63)
in which
B \Ilbh(z) 0 Cp
Y(z)c= l 0 ‘Ildh(z)] Ld] (4.64)
and
U,(2) ¢ = [\‘II:ZPZ;] ¢ (4.65)

As we are using the in-plane modes found in chapter 3, the back-substitution
process of distortional and eliminated beam displacement in-plane modes is
identical to the process performed in that chapter. Hereby all the in-plane
modes are assembled column-wise in a modal matrix of transverse displacement
vectors Vy, and a modal matrix of axial warping displacement vectors Vg,
by joining the modal matrices of the beam eigenvectors and the distortional
eigenvectors as

vl = [ Vi v Vo = |V}, Vi (4.66)

Having obtained and assembled all the full solution functions and in-plane
modes, the full solution along the beam can be presented in the nodal solution
vectors uy(z) and ug(z) as follows:

uy(2) = Vi [Pn(z) c+ ¥, (2) 0]
u.(z) = —Vo[¥,(2) c+ \Il;,(z)c[)] (4.67)

The constants, ¢, have to be determined by the boundary conditions of the
prismatic thin-walled beam.
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4.5.1 Transformation to real modes and real solution functions

Also from the non-homogeneous equations some of the distortional solution
functions found are complex. Because these complex numbers are awkward to
handle it is a matter of considerable importance to construct a more convenient
complete solution when we have complex numbers. In subsection 3.7.2 we intro-
duced the following notation for the positive square root values and the related

eigenvector columns v; and v;4q:

& =N+ i & =& =N — pyi (4.68)

Vj = aj + b]’L Vj+1 = \7]' = aj — b]’L (469)

in which we have introduced the real and imaginary parts of the eigenvalues and
eigenvectors. The complex eigenvectors in equation (4.69) may be conveniently
written as

{Vj Vj+1} = [aj b]} [1 1‘] (4.70)

1 —1

The constants of the related parts of the homogeneous solution are also complex
quantities. However, we are able to assemble the two complex conjugated modal
solutions into two real (but pairwise coupled) solutions by introducing the real
constant vectors ¢; and ¢;; as follows:

L(j =3 t ﬂ Fil] (4.71)

The j’th complex part of the full solution in equation (4.67) can now be rewritten
using the transformations in equations (4.70) and (4.71). After multiplication
and identification of real and imaginary parts we find the following result:

{v- V. } Wan, 0 S| Wiy, | |1

J vVi+1 0 ﬁdhj Cjt+1 ﬁdp]- ¢2
_ [a, b} Re(Wan ;) Im(®an ;)| | € N 2Re(¥qp,) | |01 @)
e 2l (Ty,)] 2]

Im(ﬁdh J ) R‘e(@dh J ) c
Hereby it is possible to rewrite the complex quantities into real quantities. Now

Cj+1

the modal matrices V, and Vg are modified as \wa and {79 by substituting
the complex pairs of eigenvectors with their respective real and imaginary parts.
Furthermore, we also introduce the modified solution matrices \ildh and 'i[vldp and
the related modified vector of constants € by substituting the solutions (and
constants) of the complex pairs using equation (4.72). Now the full solution

. 83



84 :

4.6: Displacement boundary conditions

along the beam can be written using real numbers as

u.(z) = Vi [\flh(z)5+ U, (2) q)}

u.(z) = —Vgq {{I};l(z) ¢+ il;(z) ¢} (4.73)

It is possible now to work with this real formulation or continue working with
complex numbers using the full solution formulated in equation (4.67). In the
following context we will use the real formulation in equation (4.73).

4.6 Displacement boundary conditions

In this section we will introduce a method for determining the constants of
the non-homogeneous solutions found. This is to be done in the GBT space,
which has been constrained by the relevant assumptions of the beam theory.
As seen from the first variation of the potential energy, the natural boundary
displacements of the GBT at each boundary are the pure axial displacement ug,
of the beam, the transverse displacements ud,, and the axial derivative of the
transverse displacements ug,’. In the following the generalized internal displace-
ments of the GBT beam will be expressed by using the transformation from FE

to GBT displacements as follows:

ug(2) ~T4 Vo, (2) —T4 Vo(2)
uwl(2) | = | TEIVLO,(2) | €+ | TITV, W, (2) | ¢ (4.74)
ud/(2) TY"V, ), (2) TY"V, ), (2)

To determine the constants using displacement boundary conditions as in finite
element or stiffness formulations, the boundary displacements at the two ends
of a finite length beam are needed , i.e. at z =0 and at z = L, where L is the
length of the beam. The assembled boundary displacement vector is denoted by
up. This leads to the following equation for the determination of the solution

constants:

[u2(0) ] [-T8"Va®,(0)] [T "Va®!(0)]

uy,(0) Ty V. ¥,(0) T4V, (0)

9’(0 TITV, ¥ (0) | _ TV ¥ (0 ~ o~

up = uvaV() _ ‘:va iL() ¢ + \()LVT~ ~/() q):AC—f—Bq)

u®(L) ~T3 VoW, (L) ~Ta " VoW (L)

ud (L) TV, ¥, (L) TV, ¥, (L)

ug (L)) | T%TVW‘I'L(L)_ i T%TVW@;(L)_

= ¢=A"(u,—-B9) (4.75)
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where we have introduced the matrix A and ]§, where A is an invertible positive
definite “square” matrix. To avoid numerical problems the exponential solution
functions in \Tlh(z) may have to be modified by replacing ¢;efi? by ¢;e% = L) so
that the positive &;z exponent is bounded.

To see the effect of the load as it would be in a finite element context with
built in edges, we choose to plot the solution by using equation (4.73), with all
boundary displacements being zero (built in) as

T
ul = 00000 0] (4.76)

This is done in the following example.

4.7 Example

In this section an example is given and nodal displacement results as well as
stress distribution results of GBT are compared to those found using the com-
mercial FE program Abaqus. In this example a lipped channel cross section
is loaded by a distortional load as shown in Figure 4.3 and fixed at both ends.
The load are uniformly distributed and thus given by a cross-section load dis-
tribution multiplied by ¢(z) = 1. The beam has a length of L = 2000 mm, an
elasticity modulus E = 2.1 - 10> MPa and a Poisson ratio of v = 0.3. For more
examples see the related Paper IT (Andreassen and Jonsson, 2012b).

The results found using Abaqus are based on isotropic material and the
S4 shell element with full 4 point integration. The linear elastic finite element
calculations are based on a structured rectangular mesh with a side length seed

of 5 mm.
Ps <— < —> —PDs

h =50
w = 100

h t c=25
t=2.0
ps = 0.1 N/mm?

T T O Node

Figure 4.3: Geometry, parameter values and distributed distortional load for the lipped
channel.

Solving the equations leads to the GBT deformation solution shown in Figure
4.4, which has displacements of the lips in both transverse coordinate directions
with the maximum value at mid-span. It is seen that the distortional deforma-
tion dominates and that the boundary conditions give raise to relatively local
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end effects, whereas the deformations around mid-span are relatively constant.
Comparing the nodal displacements of the node marked in Figure 4.4 to the dis-

Figure 4.4: GBT plot of the lipped channel with a distortional load.

placements found using a model in the commercial FE program Abaqus gives
the displacement values and the corresponding deviations shown in Table 4.7.
Here the deviation according to the maximum displacement in the horizontal
direction, ug, is 0.2% and the deviation for the vertical direction, w,, is 0.4%.
We also want a comparison between the stress distributions obtained with GBT

GBT [mm] Abagqus [mm] Difference [%]

Ug —2.847 —2.841 0.2
Uy 2.093 2.084 0.4

Table 4.7: Nodal displacements of GBT and FE analysis.

and Abaqus. In order to have comparable values different from zero the re-
sults concerning the axial normal stresses are obtained from the end section.
A comparison of the axial membrane stresses in the z direction are shown in

Figure 4.5 and shows a maximum deviation of 7.9% as given in Table 4.8. This

-127.8 -127.8 -138.7 -138.7
287.8 287.8 303.0 303.0
GBT Abaqus
15.9 15.9 15.6 15.6

Figure 4.5: Comparison between the axial normal stress distributions obtained with GBT
and Abaqus at the end of the beam. All values are in MPa.
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GBT [MPa] abaqus [MPa]  Difference [%]

o 127.7 138.7 7.9
Os 197.2 196.9 0.2

Table 4.8: Stress distributions of GBT and FE analysis.

deviation can be explained by shear lag as the results are here from the end
section. The transverse bending stresses at mid-span are shown in Figure 4.6.
Here the maximum deviation is 0.2 % and obtained at the corner in the bottom.

The chosen examples given here and in Paper II (Andreassen and Jonsson,
2012b) show solutions which are applicable to finite element formulation of a
future distortional beam element with applied loads, i.e. with fixed boundary
conditions. The examples also show that shear deformation is only included
for “Bredt’s shear flow” around closed cells and the presented theory does not
include shear lag effects. However, these and other effects may be included as
extensions in approximate energy based finite element formulations which may

be used to extend the capabilities of beam elements.

-0.3 0.0 0.0 -0.3 -0.2 0.0 0.0 -0.2

GBT Abaqus

INNNERERENNNEEE
7.2 1

Figure 4.6: Comparison between the transverse bending stress distributions obtained with

HININRRRRNNNNEEE
19 97.2 196.9 196.9

GBT and Abaqus at mid-span. All values are in MPa.

4.8 Concluding remarks

In this chapter the homogeneous differential equations as well as the full analyt-
ical solution along the beam have been extended to also hold the particular part
which means that loads can be taken into account in the context of the non-
homogeneous differential equations and associated full solution along the beam.
By using the distortional modal matrix found for the homogeneous system we
have transformed the non-homogeneous distortional differential equations into
the eigenmode space, and then obtained the uncoupled set of differential equa-
tions including the distributed loads. The novel approach now gives the full
analytical solution of the GBT equations with distributed loads for a given
discretization of the cross section.
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4.8: Concluding remarks

Having developed and solved the distortional homogeneous and non-homoge-
neous differential equations as well as the associated full analytical solution along
the beam we will in the next chapter continue with initial stress contributions
to perform linear distortional buckling analyzes.



Chapter 5

Distortional stability
differential equations and
solutions

An assessment of the structural performance of thin-walled beams includes lin-
ear static analyzes and linear buckling analyzes of the behavior. Linear buckling
analysis is used to achieve an estimate of the load level at which certain types
of structures exhibit a loss of stability through large non-linear deformations.
Typically for these structures membrane strain energy is converted into flexu-
ral strain energy with very little change in externally applied load. In slender
columns and thin plates or shells, the membrane stiffness is much greater than
the bending stiffness, and large strain energy can be stored with very small
membrane deformations. Therefore the deformations of the fundamental state
are neglected and the displacements are measured from the initial perfect con-
figuration. As the membrane stiffness is much greater than bending stiffness,
comparatively large bending deformations are needed to absorb the membrane
strain energy released when buckling occurs. In most buckling cases of practical
interest this means that the geometric stiffness term (for compressional loading)
gives a negative contribution to the total stiffness. In other words, instability
may be considered at the load level at which added elastic stiffness terms are
fully neutralized by a change in added negative geometric stiffness terms in the
potential energy. In this chapter we therefore include initial stress contributions
to the potential energy which allow us to perform linear distortional buckling
analysis of semi-discretized prismatic thin-walled members.

The classical stability analysis of thin-walled columns is based on a combi-
nation of the “in-plane rigid” cross-section displacement modes (Vlasov modes,
Vlasov (1961)) corresponding to: uniform axial extension, major axis bending,
minor axis bending and torsion with related warping. An important feature
missing here is the deformation of the cross section, which undergoes in-plane
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5.1: Energy assumptions and initial stress

deformations by local and distortional modes.

This chapter which is related to Paper III (Andreassen and Jénsson, 2012a)
deals with the novel method based on solution of the differential initial stress
equations of GBT obtained through semi-discretization and application of beam
constraints. Thus, in order to take stability into account, this chapter deals
with the extension of the homogeneous differential equations to also hold the
geometrical stiffness (stability) terms based on the initial stress approach.

As in the previous chapters the potential energy of a single deformation
mode is formulated based on the discretization of the cross section. However,
through variations in the potential energy and the introduction of the well known
constraints related to beam theory this leads to a modified set of coupled ho-
mogeneous differential equations of GBT with initial stress for identification of
distortional buckling modes.

In this chapter we seek “simple” instability solutions using GBT initial stress
equations for the classical simply supported columns with constrained transverse
displacements at the end sections and a constant axial initial stress. Based on
the known boundary conditions the reduced order differential equations are
solved by introducing the relevant trigonometric solution function and solving
the related eigenvalue problem. This directly gives us the cross-section buckling
mode shape and the eigenvalue corresponding to the bifurcation load factor.
It is done as in conventional FSM without the use of modal decomposition as
conventionally performed in GBT.

From the previous chapters it is seen that distortional displacements can be
of a local character in which the length scale is typically equal to or less than
the cross-section dimension or it can be non-local in which case the length scale
is typically several times the cross-section dimension or even longer. In recent
buckling literature and especially in codes there is a tendency, with respect to
buckling, to distinguish between these two behaviors as distortional buckling and
local buckling. In chapter 3 and 4 as well as Paper V (Andreassen and Jonsson,
2009) and Paper VI (Andreassen and Jonsson, 2011) we are operating with
global, distortional non-local and distortional local modes when we define first-
order displacement modes. However in this chapter which concerns buckling we
have chosen to distinguish between distortional buckling and local buckling as
in the recent codes and literature.

5.1 Energy assumptions and initial stress

First, the internal energy potential introduced in section 3 as well as section 4
are used in this section. This is besides the new contribution to the potential
energy of the initial stress terms, which are adequate for distortional buckling
analysis of prismatic thin-walled members.
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The elastic energy potential is given in equation (3.13) as
m,,, = / (%Esi +ley + %Esai)dv (5.1)
v

Next let us introduce the contribution to the potential energy of a constant

uniform initial stress ¢® which is adequate for column buckling analysis. Fol-

lowing conventional methods the initial stress ¢ will be scaled by a factor \.

After having utilized linear equilibrium of the pre-buckling state and neglected
1

contribution corresponding to the squared strain term %)\Uougyz = 5)\0052 the

potential energy contribution of the factored initial stress is given by
I, = /V (%)\O’Ouiz + %)\oouiJ)dV = /V (%/\Jo(us’)2 + %)\Uo(un’)2>dv (5.2)

Let us introduce a thin-walled cross section assembled by using straight
cross-sectional elements. This allows us to integrate the internal energy across
the volume of the prismatic thin-walled beam. The elastic potential energy of
a single mode takes the form as given in equation (3.14) after the introduction
of the strains expressed by the separated displacement functions.

The factored initial stress contribution of a single mode to the potential
energy takes the following form after introduction of straight cross-sectional
wall elements, displacement derivatives and integration through the thickness:

L
0

bet
My =1 / lzl: /0 Aao{t(wn¢’)2+t(wsw’)2+gtS(wn,sqp')?}ds] dz (5.3)

Introducing the displacement interpolation functions into the internal elastic
potential energy leads to the definition of several stiffness sub-matrices as given
in chapter 3, Table 3.1. After transformation of the individual wall elements
to global degrees of freedom vy and vy and assembly, the cross-section elastic
potential takes the form as given in equation (3.24).

Let us also perform the same operations with the initial stress contribution
to the potential energy. The introduction of the displacement interpolations
leads to the definition of the geometric stiffness matrix for a single wall element
as follows:

K0 — / " {tcro [NIN,] + to” [NSTNS} + Ht30° {Nn,sTNn,s] } ds (5.4)
0
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5.2: GBT differential equations with initial stress

which written out in full takes the following form:

0 0 0 O 0
54 13L 0 156 —22L
0 —13L —3L% 0 —22L 4L2 ]

0 0 0 0 O 0
0 156 22L 0 54 —13L
0 oo |0 22L 412 0 13L -3L2
k' = %53
0
0

(1201 0 0 60L O 0

0 32 0 -3 g
o, | 0 3t? 4ALt* 0 =3t —Lt?
60L 0 0 120L 0 0

0 -3 _32 o 362 _3p2

0 3t —Lt* 0 —3t* 4Lt*

Transforming from local, v&, to global, v,,, components using a standard formal
finite element transformation and assembly matrix Ty, we get the following
global geometrical stiffness matrix:

K’ =) TIKkT, (5.6)
el

Hereby equation (5.3) in reduced form can be rewritten as

et [ ot o Y[ N o

which is the contribution to the potential energy from the factored initial stress.

5.2 GBT differential equations with initial stress

To obtain a formulation resembling a generalization of Vlasov beam theory
including distortion, we have to perform the following three main steps again:

5.2.1 Step I: Pure axial extension and influence of shear
constraints

In this step, we introduce the shear constraint equations that bind axial and
transverse modes together and at the same time simplify or condense equation
(3.24). In this process we need to eliminate the singularity in the shear stiffness
matrix related to pure axial extension. Performing step I as in section 3.4.2
the differential equations governing the stability problem can be derived by
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considering the first variation of the initial stress contributions to the potential
energy in the same way as the first variation of the traditional elastic potential
energy provided the differential equations in chapter 3 and 4.

L
5Tl = /0 {5(¢v£)’AK°(¢vW)' } i (5.8)

After performing partial integration the variation of the initial stress contribu-
tions to the potential energy takes the form:

L
6l = /OL {5(¢vg) [ - (AKOVwi//)'}} ds+ | 6(yvl) [AKO(va)’” (5.9)
0

where the term in the square bracket correspond to the boundary loads and
boundary conditions. As in chapter 3 the pure axial displacement mode is
identified and denoted by superscript a and the remaining axial displacement
modes by superscript r. Substituting 6I1;,; from chapter 3, equation (3.34) leads
to the following coupled homogeneous differential equations of GBT including
initial stresses in which we note that ( = —':

(Kovud”)" = (K5 = ([KTva + XK vy ] 0) + Kov = 0 (5.10)

(Kag vwd”) = (Kagvg() =0 (5.11)

These equations establish a coupled set of homogeneous GBT differential equa-
tions, that determine the displacements of a prismatic thin-walled beam for a
given set of boundary conditions. Note that v@ is one component that corre-
sponds to the amount of pure axial extension.

Now we seek solutions to the equations. As in chapter 3 we can identify pure
axial extension as a solution which takes the form as given in equation (3.38).

Having identified the “trivial” displacement mode (pure axial extension) we
turn to the solution of the transverse displacement modes. Eliminating ¢” by
using the fact that ¢’/ = —¢"” and assuming that ¥’ # 0, we find:

v = —(KaG) T KEG v (5.12)

Using this equation or equation (5.11), we eliminate the second term in equa-
tion (5.10). This results in the following homogeneous fourth-order differential
equations for determination of the transverse (global, distortional, and local)
distortional displacement modes of GBT:

Kov 9" — ([KT + AK°] vyt)') + K*vyth = 0 (5.13)

where K7, K7™ and K® which are constants are given in Table 3.2 and 3.3. In
general K is a function of the axial coordinate z corresponding to the longi-
tudinal contribution of the initial stress. However, in the present context the
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5.2: GBT differential equations with initial stress

initial stress will be assumed uniformly distributed and constant whereby K° is
also independent of the axial coordinate z and the equation simplifies to

Kov )" — [K7 4+ AK?] vy 0" + K*vy ) = 0 (5.14)

This set of GBT column stability equations resemble the conventional equation
for classic column stability. Now the number of degrees of freedom is ng4or =
3Nno, since all (n,,) axial dofs v have been eliminated by the shear constraint
equation and the pure axial deformation mode.

5.2.2 Step ll: Translations and constant wall width

In this step we treat two modes corresponding to transverse translations of the
cross section and one mode corresponding to pure rotation. We also constrain
the transverse displacement field so that the wall widths remain constant, i.e.
we enforce w, s = 0.

Let us do this by first using the transformation given in equation (3.53).

Using this transformation to transform the differential equations in (5.14),
and introducing the null terms corresponding to the rigid-body modes and zero
shear strain for translational and flexural modes, the differential equations take
the following form:

K, 0 K7 ||ve 00 O K%, K% K9, ve
0 K33 K, U\?V "'~ |0 K33 KI, [+ A Kga K??S Kgu vi’v "
K7, Kz K7, ] vy 0 K73 Kj, K., Kis Ki, Vi
00 0 |[v® 0
+100 0 [|[v3|v=1]0 (5.15)
00K:, ||v 0

Here the transformed stiffness matrices are given in Table 3.4 and the K°-
matrices are given in Table 5.1. Now the number of degrees of freedom depends
on the geometry of the cross section. We have constrained the transverse dis-
placement field so that the wall widths remain constant, i.e. we enforce ws o = 0.
This means that a single ws—dof is eliminated for each element in the cross sec-
tion. For a lipped channel cross section with ne; = n,, — 1 elements this means
that ngof = 3npo — Net = 2npo + 1. For a box cross section with neg = np,
elements it means that ngor = 3npo — Ner = 2Npo.-

5.2.3 Step lll: Reduction of order

To solve this differential equation we choose again to reduce the differential
order of the coupled fourth-order differential equations and the related quadratic
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K{. = T3 KTy K{3 = T3 KT}, K§, = T¢ KTy,
Kj, = T3, KTy, K = T3 KT, K}, = T3 KT},
K, = To KT, K = Ty "K TS, K, = Ty KT},

Table 5.1: Transformation of K°-stiffness matrices related to Step II.

eigenvalue problem to twice as many coupled second-order differential equations
with a related linear eigenvalue problem of double size.

The fourth-order differential equation (5.15) can be transformed into twice
as many second order differential equations by introducing what is called a
state vector. There are a number of different possible formulations, but we have
chosen the use of the state vector ug = [V, v3 1, vie, v w3 " viy"|T.
Introducing this state vector (and using related equality block equations) yields
a reformulation of equation (5.15) as a formal second order matrix differential
equation of double size which takes the form:

00 O 0 0 0 [ vae ]
00 0 0 0 0 v
0 0K:, | O 0 0 Vi)
00 0 |[-K?%, 0 -—KZ ||vey
00 0 0 K% —Kg, | |vy”
L0 0 0 |-KJ, -KJ; -KJ, | [viy"]

0 0 o0 |-K7, 0 -KI,
0 K Kji | 0 -—Kj -Kj,
0 K3 K, |-Kj, -Kj; -KJ,

+
-K2, 0 -KZ.| O 0 0
0 -Kg% —-Ki,| O 0 0
| K. Koz —K7,| 0 0 0 |
(K, K0 K2, [000]\ [vie ] [0]
K3, Ki; K35,/000 v 0
Kga KgB K?Lu 000 VW/J 0
A =|—1 (5.16)
0O 0O 0 (000 Ve 0
0O 0 0000 v3 " 0
| 0 0 0 000]/) |viy"] | O |
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5.3: The distortional initial stress eigenvalue problem

which we choose to abbreviate as follows using the block structure shown in
equation (5.16):

R v (Sl ERY o | R N
0 —K7| vy ~K° 0 0 0|/ |vu 0

This is the set of differential equations to which we want to find solutions.

5.3 The distortional initial stress eigenvalue problem

In the reduced order differential equations in (5.17) we substitute A, B, C and
ug for the respective matrices and vector in the equation. This means that A
and B are linear stiffness matrices, C a geometrical stiffness matrix, and ug
a vector containing the longitudinal amplitude functions. Thus, it takes the
following form:

Aug — [B + )\C] ug/' =0 (518)

This set of differential equations are homogeneous with constant coefficients and
therefore lead to solution functions of exponential type.

By postulating exponential solutions of the form ugs = vg(z), where the
state space vector vg is independent of the axial coordinate z and 1)(z) = e?,
and inserting the solution, the following special eigenvalue problem is obtained:

Avs — B+ AC]vs =0 (5.19)

In the classical stability theory the solution function (z) is normally as-
sumed to be a trigonometric function in order to satisfy suitable simple bound-
ary conditions (Timoschenko and Gere, 1963). This means that £ = ui is a
known (complex) parameter and that A can be determined as the eigenvalue
equivalent to the instability load factor, which determines the level of stress at
which the structure becomes unstable. The eigenvalues and the corresponding
eigenvectors vg can be found by solving the eigenvalue problem.

In order to satisfy suitable simple boundary conditions let us therefore as-
sume that the solution is of a simple trigonometric form here chosen as

P(z) = sinpz (5.20)

where 4 = nn/L in which n is equal to the number of buckles, i.e. half-
wavelengths. This solution satisfies boundary conditions corresponding to sim-
ple supports with restrained transverse cross-section displacements at z = 0 and
z = L. Inserting this postulated solution in equation (5.18) and remembering
the change of sign related to double differentiation of the sine function leads to
the following generalized linear symmetric matrix eigenvalue problem, in which
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K =K? + M2f<r + M4I~<a G = NQKO

Table 5.2: Definition of K and G.

the eigenvalues, A, correspond to the buckling factor and the eigenvectors are
the distortional state space buckling modes:

2 2

A+ (Z5) Blvs+A(5F) cvs =0 (5.21)
L L

Eliminating the second half of vector vg corresponding to V4" in equation

(5.17) leads to the following final generalized linear symmetric matrix eigenvalue

problem:

K +\G]vy, =0 (5.22)

in which K and G are given in Table 5.2 as functions of the inverse length scale
parameter y. From the results of this eigenvalue problem we know at which load
(M) the corresponding mode has a homogeneous solution function which is sinu-
soidal with a number of half-waves corresponding to n, leading to conventional
half wavelength buckling curves or so called cross-section signature curves. Such
a signature curve is depicted in the upper left part of Figure 5.1 obtained from
the example given in the following section 5.4. The signature curve is similar
to the finite strip buckling curve obtained by Hancock (1985). In chapter 3
as well as in Paper I (Jonsson and Andreassen, 2011) a full decomposition of
the displacement field is demonstrated (though with some complex solutions).
Hereby we establish the natural analytical solution modes of the GBT differen-
tial equations for first-order analysis, while we in the present chapter establish
a special set of solutions of the GBT-stability differential equations for buckling
of simply supported columns. This means that we are not able to do the same
full modal decomposition while the modes are not as pure as for the natural
modes but a combination of several modes. The indication of the combination
of natural modes for a given buckling mode is also a feature in GBTUL and a
topic in its related papers.

The number of modes depends on the discretization and the geometry of
the cross section. This means that the number of different modes can only be
defined by the illustrative examples. But as mentioned we are not dealing with
a modal decomposition, but with a set of buckling modes (which in conventional
GBT means a combination of several first-order modes). For example, a global
buckling mode is a combination of a rigid translation and some distortional local
and/or non-local transverse displacement. Therefore we are not able to classify
all the buckling modes in pure global, distortional, and local modes. (This also
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5.4: Example

happens in classic theory involving interaction of flexural and torsional buckling
as well as in conventional GBT). At the present level the number of degrees of
freedom for a lipped channel cross section is ngof = 2n,, + 1, while the number
of degrees of freedom for a box cross section is ngor = 2ny,,. The number of
dofs is equal to the number of eigenvalues.

In contrast to the assumed solution function given in equations (5.20) which
lead to the eigenvalue problem in equation (5.22) we could instead seek general
solutions to the differential equations, see Paper VII (Jénsson and Andreassen,
2012). Thus, it is necessary to fix the initial stress level and thus perform
calculations with fixed values of A\. Furthermore, it is necessary to reduce the
order of the differential equations and introduce a state vector with twice the
number of dofs. Through solution of the related linear eigenvalue problem of
double size the state space displacement solutions are identified. The eigenvalues
& are functions of the initial stress level and correspond to complex solution
length scales (7/¢) as plotted in the upper right part of Figure 5.1. From this
part of the figure we can recognize the cross-section signature curves identical to
the upper left part of the figure. Separating the cross-section signature curves
the changes in the distortional solution modes and length scales are seen in the
lower part of the figure.

Although we have several opportunities for investigating the problem we will
here continue with the assumed trigonometric solution function and the related
eigenvalue problem given in equation (5.22) leading to the following example.

5.4 Example

In this section the developed GBT approach is used to give an illustrative exam-
ple of the trigonometric buckling solutions of the differential GBT equations with
initial stress. The ability of the GBT approach to produce buckling curves and
predict buckling is shown. The buckling of a simply supported lipped channel
column in pure compression is analyzed. The chosen in-plane geometry and the
discretization is shown in Figure 5.2. The end sections are constrained against
transverse displacements, but otherwise free to warp (and thus also rotate).
The buckling signature curves of the cross section are developed correspond-
ing to the buckling stress versus the buckling half-wavelength for the four lowest
buckling modes. This is done by solving the GBT eigenvalue problem for con-
secutive values of the half-wavelength. For each buckling curve it is shown that
the transverse buckling mode shape varies with the buckle half-wavelength. The
buckling signature curve is used to develop the overall buckling curve including
multiple buckling waves by shifting the signature curve sides ways correspond-
ing to a number of half-wavelengths. Chosen buckling modes for given column
lengths are used to illustrate local, distortional and global buckling modes. The
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Figure 5.1: Signature curves, solution length scale curves and solution mode development.

accuracy of the results are assessed by comparison to results obtained by the
use of the commercial FE program Abaqus.
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5.4: Example

The results found using Abaqus are based on isotropic material and the
4 node S4 shell element with full 4 point integration. The linear elastic finite
element calculations are based on a structured rectangular mesh with a side
length seed of 5 mm. The cross section is fixed in the transverse directions at
both ends. All supports are continuous line supports. Two identical normal
forces are applied as a uniform distributed shell edge load; one at each end.
For further and more detailed explanations see also Abaqus (2008). This finite
element model results in local transverse stress near the end supports due to
the Poisson effect. These end stresses have an influence on the buckling, which
is not included in the FSM or GBT models.

h =50
w = 100
h c=25
t t=20
E=21x10°
G =8.077 x 104
}T{ }T{ V=03
w f o Node

Figure 5.2: Geometry, discretization and parameter values of a lipped channel column.

For more examples see Paper III (Andreassen and Jonsson, 2012a). Solving
the GBT initial stress eigenvalue problem given in equation (5.21) with n =1
for half-wavelengths L varying from 10 mm to 3000 mm (logarithmical spaced)
allows the development of the signature curve (buckling stress versus the buckle
half wavelength) as shown in Figure 5.3. Thus the buckling curves shown in the
figure correspond to the four lowest buckling modes with one half-wave buckle,
n=1.

For three different half-wavelengths the transverse buckling mode shape has
been included in the figure. It is clear that the mode shape of each curve changes
gradually as a function of the length. The chosen half-wavelengths correspond
to the dashed lines at 70 mm, 500 mm and 2000 mm, respectively. To illuminate
the changes in the deformation modes for increasing length we have chosen also
to show the buckling mode shapes in 3D in Figure 5.4. The mode shapes are
shown as a 3D representation even though the results are provided by a one-
dimensional beam formulation.

From the figures it is seen that each developing mode represents its own
curve placed in a hierarchical order according to the stress level. However, the
curves are able to change place in the hierarchy at a certain column length.
This phenomenon can for example be seen for buckling mode 1 and 2 (two
lowest ranking graphs) at a column length of approximately 1000 mm. The
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Figure 5.3: Buckling signature curve corresponding to the lowest four modes with a single
half-wave buckle, n = 1.

signature curve, shown bold, is achieved as the very lowest of the buckling
curves. For this curve short column lengths correspond to local buckling, while
for increasing column lengths it corresponds to distortional buckling and finally
for large column lengths it corresponds to global buckling. The signature curve
is similar to the finite strip buckling curve obtained by Hancock (1985).

As mentioned Figure 5.3 is for a half-wave number n = 1. As the buckling
loads also depend on the number of n half waves in the buckled shapes, this
means that points lower than the signature curve can exist for a greater number
of buckles, n > 1. To show this phenomenon the signature curve has been
created for a varying number of n as shown in Figure 5.5. This means that
the bold curve shown in Figure 5.5 represents the absolute lowest curve for
the buckling stress versus column length. However, to illustrate the multitude
of buckling modes for each column length, let us look at a column length of
L = 1000 mm. In Figure 5.5 this length is represented by the vertical dashed
line. For this length we can find the buckling modes m = 1,2, 3.. ordered from
lowest to highest critical stress, each having a different number of half waves n.
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Figure 5.4: Column buckling modes associated with Figure 5.3 for single (n = 1) half

wavelengths of 70 mm, 500 mm, and 2000 mm

In Table A.3 the buckling stresses of FE analysis using Abaqus (2008) versus
the presented GBT method, conventional GBT using GBTUL (Bebiano et al.,
2008a) and FSM using CUFSM (Li and Schafer, 2010) are compared. The com-
parison is performed for suitable mode numbers (m-values) and the associated
relevant buckling modes are depicted in Figure 5.6. It shows the local buckling
mode corresponding to the lowest critical stress (m = 1), the global beam buck-
ling mode (m = 20), and a distortional mode shape (m = 24), respectively. The
three values of m have been chosen to show the spectrum of modes represented
at the given beam length.

From Table A.3 it is seen that for a column length of 1000 mm buckling
will occur as local buckling consisting of thirteen sine half waves and have an
associated buckling stress of 350 MPa. Furthermore, it is seen that the buckling
mode shape for mode m = 20 is global column buckling with one buckle, n = 1,
at a stress level of 590 MPa and finally for m = 24 distortional column buckling
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Figure 5.5: Buckling stress versus column length for the lipped channel section in com-

pression.
Nr. of half  Abaqus GBT Diff. 6BTUL Diff. CcUFsM  Diff.
m waves n [MPa] [MPa] % [MPa] % [MPa] %
1 13 404 350 13.4 412 2.0 412 2.0
20 1 580 590 1.7 589 1.6 581 0.2
24 3 903 918 1.7 933 3.3 906 0.3

Table 5.3: Comparison of buckling stresses for FE analysis versus the presented GBT
method, GBTUL and CUFSYV, respectively. The comparisons are related to the vertical
dashed m-line in Figure 5.5.

occurs at a stress level of 918 MPa.

Comparing the GBT buckling stresses with Abaqus we obtain a deviation
of 13.4% for local plate buckling, 1.7% for global buckling and 1.7% for dis-
tortional buckling. Hereby it is seen that good results are obtained for global
and distortional buckling, while a rather large deviation is obtained for local
buckling. The GBTUL results which are based on the conventional GBT theory
shows a deviation of 2.0% for local plate buckling, 1.6% for global buckling and
3.3% for distortional buckling. In contrast to these beam theory results, Table
A.3 also shows results obtained from the CUFSM program which is based on
a plate theory. Here we obtain a deviation of 2.0% for local plate buckling,
0.2% for global buckling and 0.3% for distortional buckling, showing that good
results are obtained in all cases. From the deviations it is obvious that GBT
and GBTUL are based on beam theories while CUFSM is based on plate theory.
The rather large deviation of 13.4% for the GBT results can to a certain extent
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Figure 5.6: GBT column buckling mode shapes of a lipped channel column in pure

compression.
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be explained by the very simple constitutive relations used in the current GBT
formulation where Poisson effects are not taking into account. Making a calcu-
lation in Abaqus with similar very simple non-coupling constitutive relations
the deviations obtained now corresponds to (350 MPa) 0.0%, (582 MPa) 1.4%
and (888 MPa) 3.4%, respectively. Hereby good matches between the two ap-
proaches are obtained, however also difference in the modeling of the boundary
conditions can affect the results. Thus demonstrating that this new developed
GBT approach provides reasonably accurate results with a very small compu-
tational cost, making it an alternative to the traditional and time consuming
FE calculations and the other available methods. However, the constitutive re-
lations should be modified to achieve a higher accuracy for local plate buckling.

5.5 Concluding remarks

In this chapter we have presented the extension of the novel GBT approach to
include the geometrical stiffness terms which are needed for column buckling
analysis. The distortional differential equations in chapter 3 are extended to
a formulation including geometrical stiffness terms by using the initial stress
approach to formulate the instability problem. The derived GBT differential
equations with initial stress have been solved as an eigenvalue problem leading
to a number of buckling modes and associated buckling stresses for simply sup-
ported columns in compression. As opposed to conventional GBT this means
that we are not using a modal decomposition from a pseudo first-order analysis
to establish the buckling modes as a sum of these first-order modes; we are
solving the differential buckling equations of GBT directly.

Having developed and solved the distortional homogeneous and non-homo-
geneous differential equations and solutions along the beam as well as included
the geometrical stiffness terms, we will in the next chapter finally deal with the
development of an advanced distortional semi-discretized prismatic thin-walled
beam element.
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Chapter 6

A distortional semi-discretized
prismatic thin-walled beam
element

The previous chapters adhere to the solution of the developed and formulated
set of distortional differential equations. Thus these chapters are not dealing
with a finite element but dealing with an analytical solution of the coupled
differential equations. To handle arbitrary boundary conditions as well as the
possibility of adding concentrated loads as nodal loads the formulation of a finite
element is needed. This chapter deals with the formulation of such a generalized
one-dimensional semi-discretized prismatic thin-walled beam element including
distortional contributions. It should be noticed that we are dealing with a basic
generalized beam theory and not an extended finite element formulation of an
approximate beam element. Furthermore, it should be noticed that the beam
element developed in the present chapter do not include the geometrical stiffness
terms and thus do not deal with column buckling analyzes.

6.1 Element stiffness matrix and load vector

In this section the global beam element stiffness matrix and load vector needed
for the determination of the nodal element solution are found. As the load has no
influence on the stiffness contributions we use the full assembled homogeneous
solution along the beam found in chapter 3. We also use the homogeneous dis-
placement modes to generate the nodal load vector. Some of the distortional
displacement modes found and their related eigenvalues are complex. In con-
trast to the previous chapters where a transformation to real modes and real
solutions are performed we will here continue working with complex numbers.
This means that the use of compilers which include complex numbers with com-
plex operations on matrices will lead to simple algorithms based directly on the
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6.1: Element stiffness matrix and load vector

following formulations.
The homogeneous solution vectors along the beam are given by the full
solution in equation (3.86) as

uy(z) = Vu¥h(z)c
u,(z) = -Vq¥,(2)c (6.1)

where the given constants have to be determined by the GBT-space boundary
conditions of the prismatic thin-walled beam. This means that we are now con-
sidering not just a single mode but all solution modes. To establish the stiffness
matrix and load vector for a single beam element the constants are viewed as
temporary element degrees of freedom. The transformation between these con-
stants and the final end displacements of the beam element will be determined
by setting up the necessary GBT boundary conditions. Using the homogeneous
solution vectors given in equation (6.1) the potential energy including all the
homogeneous modes in equation (4.14) can be written as

I " 7
K%, 0 ][v,®

m=1 / c’ {wgvg \szvg} o "l e
0 0 Koo |[Va®s

’ !/

K7, Kio| [V.®
+cT[\If{VVTV xpgvg] v S "l e

Ky, Koo | [Va®y,

K* 0] [V, ¥,
+CT[\1:£VVTV \y{vg} "le
0 0| |Vau,

— T (OIVIDr,¢— cT(\Ilgvg)’rmﬁ}dz (6.2)

or in integrated form as

In= %CT(RC -T) (6.3)

where K is the stiffness matrix and T the load vector related to the modal
displacement constants ¢. The stiffness matrix and the load vector are found by
integration and addition of the individual sub matrix products in the potential
energy equation (6.2) as

K=K, +K% + KL, +Kio+Kg, + K +K°

W

and
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Ko, = [y U/ TVIKS V¥ dz Koo = i O VIKS,Vo®) dz
Vel L 1TxrTyeT / T L 1TxrTyeT /
K7, :fo v,/ VoKL V¥, dz K7, :fo U,/ "VIKE V¥, dz
Koo = Jy W/ VIK VoW dz Koo = J W/ "VEKL, Vo ¥y dz

K* = [ 9,TVIK'V, ¥, dz

Table 6.1: Beam element stiffness contributions.

Fo = i 9, ¢dz Vir, fo= [ W  ¢dz Virg

Table 6.2: Beam element load vector contributions.

The stiffness matrix contributions are given i Table 6.1 and the two load vector
contributions are given in Table 6.2. Let us now turn to a reformulation of
eigenvectors and solution functions which enables clearer analytical integration.

6.1.1 Formulation enabling analytical integration

In the potential energy formulation in equation (6.2) the modal matrix of trans-
verse displacement vectors V, and the modal matrix of axial warping displace-
ment vectors Vg contain all the found eigenmode vectors assembled column-
wise. However, each eigenvector is only represented once. To ease the integra-
tion of the products of the longitudinal amplitude functions ¥; we will here
introduce a matrix format ¥, corresponding to a diagonal representation of
the solution functions. This can only be done if we also introduce an expanded
representation of the eigenvectors V,, and Vq. By doing this each eigenvector
is represented twice for double roots and four times for quadruple roots. To
obtain this format we will use a transformation matrix H to expand the trans-
verse displacement vectors V, and the axial warping displacement vectors Vg
into the full space by

V, =V, H (6.6)
Vo =VoH (6.7)

The transformation matrix also gives a transformation from the diagonalized
solution function matrix to the original format by

v, = HT, (6.8)

: 109



110 :

6.1: Element stiffness matrix and load vector

The transformation matrix can be subdivided into a part Hp related to the
transformation of the classic beam modes and a part Hy related to the trans-
formation of the distortional modes by

B, 0
H= lo Hd] (6.9)

Concerning the conventional beam displacements as given in equation (3.80)
and (3.82) the expanding transformation matrix H; takes the following form:

110000000000
001111000000
000000111100
000000000011

H, (6.10)

and for the distortional displacements the expanding transformation takes the
form

110000 ---
001100 ---

Ha= 1000011 .-

(6.11)

To be clear let us repeat the formulation of the solution functions in the new
diagonalized formulation. The integral of the pure axial solution in diagonalized
form takes the form

T, (2) cq = [_OZ —?221 ["“11 (6.12)
2

while the axial variation of the pure translational modes determined by quadru-
ple integration as described in Paper I (Jonsson and Andreassen, 2011) is rep-
resented in diagonalized form as

100 O C11 100 0 C21
— 0z 0 O C12 —_ 0z 0 O C22
W(z)cy = , Wy(z) cy = 6.13
B e= 10022 0 c13 22)e2= 042 o Ca3 (6.13)
000 22| |cwa 00 0 23| |cog

The axial variation of the pure twist mode (St. Venant torsion) is represented
by

@3(Z)C3 = ll O‘| [631] (614)
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Substituting these full diagonalized solution matrices into a diagonal block ma-
trix formulation the assembled full diagonalized axial classical beam solution
functions ¥, are obtained.

Concerning the distortional analytical solution functions the ¢’th eigenvalue
results in the following diagonal solution matrix representation:

_ S .
wdxz)cdi:[e E] [d] (6.15)

0 Cd 5;

The full diagonalized distortional solution functions are assembled in the (di-
agonal block) distortional solution matrix ¥4 and multiplied by the assem-
bled vector of distortional constants cg. Finally, the longitudinal classic beam
amplitude solution functions as well as the longitudinal distortional amplitude
solution functions are assembled using diagonal block matrices as

— N W[,(Z) 0
‘I'(Z)C[ 0 \Ild(z)]

C”] (6.16)

Cd

where ¢ are the original displacement constants. Using the transformation ma-
trix H as given in equation (6.9) we can obtain the original formulation of the
solution function matrix by using the transformation as shown in equation (6.8).

Introducing the transformation given in equation (6.8) of the longitudinally
varying amplitude solution functions in the integrals given in Table 6.1, followed
by the use of equations (6.6) and (6.7) and noting that only the diagonal am-
plitude solution functions are dependent on z allows us to see that the product
terms become simple. Thus, the individual components of the stiffness matrix
only contain integrals of one product term. For example the transverse stiffness
contribution is reformulated as follows:

L
_ / T, HIVIK*V, HT, dz
/ T, VIKV, ), dx
- VIK*V, o/ TIT d- (6.17)

in which J is a matrix of unit components (i.e. all components are equal to
one) and the mathematical symbol o represents the Hadamard product also
known as the “entry-wise product” or the “Schur product”. It is seen that only
the diagonal matrix W is a function of z and that the integral of the product
terms are easily solved analytically due to the simple longitudinal ¢(z) solution
functions. This means that the formulation of the respective beam element
stiffness contributions in Table 6.1 can be reformulated as given in Table 6.3.
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K7, = ViKo Vo [FT'T8" dz K&, = VoKgo Voo [F 818" dz
KT, = VoK. Vo [T IT dz Kf, = VoK5, Vi o [L T'IT dz
I~<vTvQ = VvTquvaQ °© foL IV dz IN{?ZQ = VgK?)QVQ ° foL TIT de

—ViKV, o0 [FBIT dz

Table 6.3: Beam element stiffness contributions enabling analytical integration.

6.1.2 Generalized displacements

The generalized displacements of the present GBT formulation are determined
by the first variation of the potential energy, shear constraints and the multi
point constraint equations, as described in chapter 3. This degree of freedom
space is what we refer to as the GBT-space. In this space the degrees of freedom
are determined as the value of the pure axial extension u%(z), the values of
the remaining unconstrained transverse displacements u%(z), and their axial
derivatives ud’(z) as given by the expressions involving the eigenmode vectors,

solution functions and solution constants:

uz(2) —T4" Vol (2)
w (z)| = | T9TV,¥,(2) | c (6.18)
uy/(2) T4 VW) (2)

Here the transformations are taken directly from chapter 3. As in a basic beam
element formulation we will specify the boundary displacements at the two ends
of the beam, i.e. at z =0 and at z = L where L is the beam length. Denoting
the assembled boundary displacement vector by u;, we can write the following
equation for the determination of the solution constants:

u?(0) [—Ta VoW, (0)
u? (0) TV, ¥,(0)
a0 | TLIVLEL0) |
u, = (L) = T TV (L) c=Ac (6.19)
ug, (L) T4V, ¥, (L)
(L) | T VL (L) ]

This equation defines the “square” invertible matrix A and allows the determi-
nation of the solution constants by the beam end displacements as

c=A"lu, (6.20)
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The first variation of the elastic potential energy in equation (6.3) then takes
the form

oI = 6’ (Ke — 1) (6.21)

Substituting beam boundary displacements for the solution constants using
equation (6.20) we redefine the formulation to include the end displacements
in GBT-space as follows:

oI = ou,"A"TKA 'uy — 6u,"A T = 6u, T (Keu, —R.)  (6.22)
where we have introduced the beam element stiffness matrix in GBT-space as
K.=ATKA™! (6.23)

and the beam element load vector in GBT-space as
R.=ATx (6.24)

For stationarity the first variation of the potential energy must be equal to zero
whereby we can write the single element equations as

K.u, = R, (6.25)

Having a prismatic structure of multiple beam elements we have to setup a
global system in which the end boundary displacements (in GBT-space) are
assembled. Using a standard finite element procedure to assemble the global
system we obtain

Ku=R < u=K 'R (6.26)

where K has to be a positive definite “square” matrix and R is the load vector
corresponding to the chosen load. However, in order to achieve a positive definite
matrix it is necessary to apply boundary conditions, for example as described
in the next section. In a conventional finite element formulation the displace-
ment field between the nodes is usually interpolated using approximated shape
functions. In the present formulation we do not use approximated interpola-
tion functions as we have found the exact shape functions as given in equation
(6.18). Furthermore, we can adjust the internal displacement field to the dis-
tributed loads on the individual beam element using the particular solutions
with adequate boundary conditions as described after the next section.

6.2 Boundary conditions and nodal loads

In the present formulation the global stiffness matrix K is related to sets of
beam end degrees of freedom ugpt in the GBT-space and after assembling the

: 113



114 :

6.3: Internal element displacements

individual element matrices this global matrix will be singular corresponding to
the rigid body movements. Thus we have to specify at least six conditions to
keep the beam fixed in space in order to solve the equations.

Of the methods used to introduce boundary conditions in the finite element
equations (6.26) I have chosen the simple method of adding stiff springs. As the
present formulation is in the constrained, eliminated and transformed GBT-
space it is rather difficult directly to apply the desired boundary conditions.
Therefore the boundary stiffness contributions AKgg are formulated in the
unconstrained FE-space, upg, corresponding to all nodal degrees of freedom
shown in Figure 3.5 and the axial derivatives of transverse components of these.
For more clarity let us show the GBT and FE-space displacement vectors and
their transformation as deduced from chapter 3:

u® Te" 0 0 u,
uger= |[ug | =] 0 TYT o0 uy | = Tupg (6.27)
T
ud,’ 0 0 TY u,,’

Thus the beam end spring stiffness contributions AKpg are transformed into
GBT space by

AKgpr = TTAKppT (6.28)

and the nodal loads (at beam element ends and intersections) are transformed
from FE-space to GBT-space by the transformation

ARgpr = TTARpg (6.29)

Using this method a wide range of situations may be analyzed. However, other
methods involving coupling with traditional finite plate elements is envisioned
to be possible and should be further investigated in the future.

6.3 Internal element displacements

The internal beam displacements are represented by the cross-section node dis-
placement vectors u,(z) and uy(z) as a function of the axial coordinate z. In
the beam element these internal displacements are found by superposition of
() the internal displacements induced by the nodal displacements without dis-
tributed loading and @ the displacements induced by the loading on the beam
with zero nodal displacements.

6.3.1 Nodal displacements
Adhering to this concept equation (6.30) gives us the first contribution as

u®@(z) = Vo 0,(2) c

W

u®@(z) = —VoW,(2) c (6.30)
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where the constants ¢ = A~'u, are determined by the nodal displacements, uy,
of the element.

6.3.2 Loading induced displacements

The second contribution involves the solution of the differential equations with
boundary conditions corresponding to zero nodal displacements. As the partic-
ular solution does not abide to zero displacements at the nodes, this has to be
achieved by addition of a homogeneous solution. The boundary conditions for
the GBT equations are formulated in chapter 4, which in the present complex
formulation corresponds to:

[—Ta V@ (0) ] T8V (0) ]
TgTV «5(0) TV, ¥,(0)
T / T /
V., (0) TV, ¥,(0)
u, = c, + =Ac,+B 6.31
L B\ TVQxIﬂ ()| * —T“TVQ\II’ (L) ¢ »HBe (6:31)
TV, ¥, (L) TV, ¥, (L)
Ty "V, ¥, (L) | TgTV W (L) |

which also defines the particular solution matrix B that gives the displacement
values of the particular solutions at the beam boundaries when multiplied by
the two end load intensity values in ¢. Inserting that the nodal displacements
are zero we find the constants c,, which determine the homogeneous solutions
to add to the particular solution in order to abide the boundary conditions:

w,=0=c,=—-A"'Bo (6.32)
With this knowledge the second contribution is given by equation (4.67) as

u®(z) = Vi [Th(2) cp + T, (2)9)]
u®(2) = ~Vo[¥)(2) c, + . (2)0] (6.33)

z

6.3.3 Superpositioned displacements

Finally, we can superimpose the two solutions @ and @ and find the semi-
analytically determined internal displacement vectors as

uy(2) = Vo [Ph(2) (c+¢p) + ¥, (2)¢]
u,(z) = —Vgq [‘I’,{(z) (c+cp) + ‘I’p’(z)q)] (6.34)

where ¢ = A~ 'y, and ¢, = —A~'B¢.
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6.4 Example

In this illustrative example nodal displacement results as well as stress distri-
bution results of GBT are compared to those found using the commercial FE
program Abaqus. We consider a simple supported lipped channel beam loaded
by two point loads symmetrically placed in the same cross section as shown in
Figure 6.1. The beam have a length of 1500 mm consisting of and assembled
by three single beam elements of 500 mm. The end sections are constrained
against transverse displacements, but otherwise free to warp (and thus also ro-
tate). Further, one of the ends is fixed at a single node against longitudinal
translation. An elasticity modulus £ = 2.1 - 10° MPa and a Poisson ratio of
v = 0.3 have been used. For more examples see Paper IV (Andreassen and
Jonsson, 2013).

The results found using Abaqus are based on isotropic material and the
S4 shell element with full 4 point integration. The linear elastic finite element
calculations are based on a structured rectangular mesh with a side length seed
of 5 mm. The cross section is fixed in the transverse directions at both ends
and fixed at a single node against longitudinal translation.

All stress comparisons between the present novel approach and the commer-
cial FE program Abaqus are performed in relation to the given maximum stress
at the cross section.

Py Py
h =50
w = 100

h " c=25
t=2.0
P,=1kN
—_ —_
C

O  Node
c

w
Figure 6.1: Geometry, in-plane discretization, parameter values and load for the lipped

channel beam.

Using the parameters as given in Figure 6.1 and 6.2 and the full solution in
equation (6.34) leads to the deformed configuration shown in Figure 6.3. Here
it is seen that the global deformation is related to flexure of the beam, non-local
distortional deformation of the cross section and a very local plate deformation
of the lips related to the location of the point loads. Thus three length scales
are represented, the global flexural beam mode as seen in Figure 6.3, the non-
local distortional deformation of the lips as shown in Figure 6.4, and the local
distortional plate deformation of the lip as shown in close-up in Figure 6.5. This
example points out the importance of taking distortion into account in order to
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5 T

¢

Figure 6.2: Geometry and discretization for a lipped channel beam consisting of 3 ele-
ments.

Figure 6.3: GBT plot of the lipped channel with point loads.

obtain a good approximation of the deformation shape. From Figure 6.5 it is
seen that the deflection in the longitudinal z-direction decreases exponentially
in the y-z-plane. It should also be noted that the deformation is so local that
it is difficult to see that the surface is C'! continuous. The decreasing non-local
distortion is clear in the z-z-plot shown in Figure 6.4, which represents a part
of the beam that is symmetrical about the loaded cross section. Comparing the
nodal displacements of the marked node in Figure 6.3 to the displacement found
using a model in the commercial FE program Abaqus gives the displacement
values and the corresponding deviations shown in Table 6.4. From Table 6.4

Figure 6.4: GBT plot of the lipped channel to show the exponential decrease in the
x-z-plane.
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/7777

77777771/ [7
[11]

IR

Figure 6.5: GBT plot of the lipped channel to show the exponential decrease in the
y-z-plane.

GBT [mm] Abaqus [mm] Difference [%]

Uy —1.424 —1.415 0.6
uy 4.697 4.772 1.6

Table 6.4: Nodal displacements of GBT and FE analysis.

the deviation from Abaqus results of the displacement, u;, in the horizontal
direction is 0.6% while the deviation for the vertical displacement, u,, is 1.6%.
Due to the poor discretization of the cross section and the present approach
which is based on a beam theory these deviations may be expected.

Having compared the nodal displacement obtained with GBT and Abaqus
we take a look at the stress distributions. A comparison of the membrane
stresses in the z direction is shown in Figure 6.6. Comparing the stresses in
relation to the maximum stress at the cross section a maximum deviation of
4.8% is obtained as shown in Table 6.5. This deviation level is expected as

-31.2 -31.2 -38, -38.
146.7 1 2 1467 1536 386 386 1536
GBT Abaqus
-68.2 -68.2 -72.3 -72.3

Figure 6.6: Comparison between the axial normal stress distributions obtained with GBT
and Abaqus. All values are in MPa.

the chosen point is subjected to very local complex phenomena. The transverse
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GBT [MPa] abaqus [MPa]  Difference [%]

[ —-31.2 —38.6 4.8
Os 492.3 481.9 2.1

Table 6.5: Stress distributions of GBT and FE analysis.

bending stresses are shown in Figure 6.7. In this case a maximum deviation of

4923 1267 126.7 4923 4819 131.0 131.0  481.9
GBT Abaqus ?
38.1 703 38.1 39.9 674 39.9

Figure 6.7: Comparison between the transverse bending stress distributions obtained with
GBT and Abaqus. All values are in MPa.

2.1% is obtained.
The chosen example here and in Paper IV (Andreassen and Jonsson, 2013)
show solutions which are applicable to the finite element formulation.

6.5 Concluding remarks

In this chapter the formulation of a distortional semi-discretized thin-walled
beam element has been presented. Using the full assembled homogenous so-
lution along the beam, the beam element stiffness matrices have been found.
From the full assembled homogenous solution as well as the full assembled
non-homogeneous solution the displacements of the full semi-analytical solution
along the beam have been found in the context of a beam element.

Having finally developed a distortional semi-discretized prismatic thin-walled
beam element in continuation of the distortional homogeneous and non-homoge-
neous differential equations and solutions, the next chapter deals with a general
discussion regarding this and the previous chapters as well as a comparison of
the novel approach to GBT and the conventional GBT.
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Chapter 7

Discussion and comparison

Now we have developed a novel mode-based approach by extending the existing
thin-walled beam theory to include transverse distortion for open and closed
cross sections in a new and theoretical improved context. At the same time we
have developed an approach which model distortion by a limited number of de-
grees of freedom. In this context also an advanced distortional semi-discretized
prismatic thin-walled beam element has been developed. Based on these devel-
opments this chapter deals with a general discussion as well as a comparison of
the novel approach to GBT and conventional GBT.

It should be noted that the present novel approach to generalized beam
theory is neither similar to conventional GBT nor an extension of the theory.

7.1 Newsworthy

Within the area of thin-walled structures and with respect to generalized beam
theory it is new and interesting that:

o A novel approach to Generalized Beam Theory (GBT) is formulated and
involves a new cross-section semi-discretization process as suggested by
Zienkiewicz and Taylor (2000Db).

o The novel approach involves a new determination of the natural cross-
section eigenmodes and related axial solution functions by exact analytical
solution of the related first-order GBT equations.

o Furthermore, this thesis adheres to the definition of the warping function
given in (Kollbrunner and Hajdin, 1972) which is in contrast to conven-
tional GBT formulation that is developed as a generalization of the classic
Vlasov beam theory by including the warping deformation associated with
the "Bredt’s shear flow” around each cell.
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o In contrast to the available methods for identification of cross-section de-
formations modes developed for open cross sections, the present method is
able to handle open cross sections as well as closed cross sections without
special attention.

o Finding the analytical homogeneous solution to the differential GBT equa-
tions which (through the magnitude of the eigenvalues) gives a much better
knowledge of the length scales of the modes.

o Discretization into finite GBT beam elements can be performed with prior
knowledge of the problem length scales of the individual modes.

o The novel approach has in contrast to conventional GBT been based on
the calculus of variations and energy formulations, and formulations for
the numerical analysis has been performed based on the finite element
method formulations.

o The novel present approach and the developed advanced one-dimensional
beam element is based on and is intended to be integrated with standard
FEM programs.

o The use of a displacement based finite element method is in contrast to the
force method used in conventional GBT, which makes problems according
to cross sections containing cells.

As mentioned in section 1.2 the conventional generalized beam theory has
been subject to extensive research and is a good alternative to the classical
shell finite element method which is often extravagant and unnecessary for
many structures having regular geometric plans and simple boundary condi-
tions. However, we have in this thesis and due to the arguments described in
section 1.2 requested a new and improved formulation to GBT. In this con-
text some differences between using the conventional GBT and the generalized
beam formulation developed in this project are listed above, making the new
formulation to an innovative theoretical development.

In the following sections the novel GBT approach and the conventional GBT
theory are briefly compared. Also including accompanying illustrative examples.
Even though a full comparison of the two formulations is devoted to a future
publication, some of the most important differences are pointed out in the com-
parison.

First of all, the modes found in the present novel approach seem to be sim-
ilar to the modes found in conventional GBT, see e.g. Silvestre and Camotim
(2002a), as well as to the modes found by the modified GBT formulation for
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closed cross sections in Gongalves and Camotim (2004b). In this relation a com-
parison of the found distortional modes and the modes found by the conventional
GBT formulation forms part of the following comparison.

7.2 Comparison of the novel GBT approach and
conventional GBT

As mentioned in chapter 2 the novel GBT approach is, among the available
distortional theories, most related to the conventional GBT. In this context,
this section is devoted to a comparison of the novel GBT approach and the
conventional GBT in order to define and place the novel GBT approach among
the existing theories. As mentioned in chapter 2 the conventional GBT has
also been compared with the cFSM modal approach in relation to the buckling
analysis of un-branched thin-walled members (Adany et al., 2009).

The present novel approach to Generalized Beam Theory (GBT) involves
a cross-section semi-discretization process as well as a determination of the
natural cross-section eigenmodes and related axial solution functions by exact
analytical solution of the related first-order GBT differential equations of fourth
order. This is done by first postulating a solution function ¢ (z) = e®* to
the differential equations and afterwards solving the equations as an eigenvalue
problem. Consequently, the link between the in-plane modes and the axial
variational function is exact. By formulating the eigenvalue problem so that
the & parameter (which is also an inverse length scale parameter) become the
eigenvalue, it is possible to use the eigenvalue as a length scale parameter.
Thus the novel approach is different from the conventional GBT formulation
developed in Schardt (1966) and Schardt (1989) which solves the equations
using the approximate engineering methods, in which the shear coupling terms
are neglected, producing orthogonal axial and transverse normal stress modes.
In such a case the differential equations are not solved but a weak solution may
be found through introduction of the established approximate mode shapes and
use of approximate modal amplitude functions. Thus the conventional GBT
formulations uses the produced approximated modes as shape functions in a
virtual work or potential energy formulation leading to approximated finite GBT
beam elements and the discretization has to be performed without proper prior
knowledge of the problem length scales of the individual modes.

Regarding the analytical solution of the shear coupled conventional GBT
equations published only by (Hanf, 1989) as well as the numerical solution based
on power series published by Haakh (2004), it mentioned that both Hanf (1989)
and Haakh (2004) use the original orthogonalization procedure of Schardt to
establish the GBT equations. Note that these equations are still coupled with
respect to shear terms and perhaps transverse strains. Hanf (1989) uses the
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reduction of order of the differential equations as in the present thesis, however
the description of solution modes, relations to conventional modes and treat-
ment of complex modes is limited. In relation to this the present thesis does
not rely on the pre-orthogonalization into orthogonal normal stress modes. In
relations to Haakh (2004) who solves the equations numerically using approx-
imating power series, the solutions in the present thesis are found analytically
based on the numerical solution of the characteristic eigenvalue problem related
to the reduced order differential equations. Note that the exponential solution
functions span such a large numerical range that it is evident that the use of
power series could lead to inaccuracies for the very short problem length scales
of some of the local modes. Furthermore, it is interesting that Haakh (2004)
formulates the GBT equations based on a two-dimensional membrane and a
plate displacement field, which is independent of the formulation by Schardt
(with independent notation) and not directly related to the original beam mode
formulations of Schardt. Moreover, his choice of displacement field is specifi-
cally related to his choice of interpolation and does not seem consistent and he
neglects some higher order (differential) terms and ends up having to use the
static procedure, i.e. Grashof’s method, for the final shear stress and transverse
stress distribution. The work of the present thesis has been formulated as an
extension of beam theory with the related shear only in closed cells, and hereby
it only includes shear related to torsion and shear flow in closed cells. The
beauty of the weak formulation used to allow for shear flow only around cells
and to link warping and transverse displacements is profound and leads to a
formulation and programming completely independent of the number of cells.

Regarding the energy formulation the novel GBT approach does not include
generalized flexural Poisson’s effect in contrast to conventional GBT which in-
cludes it during the linear stiffness matrix, D{kl , associated with wall torsion.

The novel GBT approach includes rotations as part of the degrees of freedom
which is in contrast to conventional GBT which do not.

The novel GBT approach defines a mode as a combination of an in-plane
deformation mode and an axial varying amplitude function which is in contrast
to conventional GBT which defines a mode only as an in-plane deformation
mode (found during a cross-section configuration analysis). The axial varying
amplitude function is approximated with a cubic function and solved during a
member analysis.

The novel GBT approach is using a FE-formulation and setting up stiffness
matrices by using FE-components while the conventional GBT is using the force-
method and setting up stiffness matrices by using force-method components.

Even though both methods flow into the same solution, the novel GBT
approach then seems to be more elegant and a more academic approach.

Regarding the extensions with other modes as mentioned in section 2.2,
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these modes are not considered in the comparison between the two approaches
since they are not part of a first generation GBT and may be viewed as patches
towards expanded use of a generalized beam theory.

In addition to the previous mentioned differences between the two approaches,
it is also important to note that the novel GBT approach uses all the modes in
the full solution, which is in contrast to conventional GBT which make a GBT
mode selection and thereby only use the modes which in a visual perspective
seems to be the most important.

Even though both approaches are operating with very few degrees of freedom
in relation to traditional FE formulations, it should be noticed that they are
also operating with rather complex and time consuming differential equations
and algorithms that are difficult to devise and to implement computationally.

7.2.1 Direct comparison of results

In this subsection we will visually compare the two methods through some ex-
amples. The results obtained by the novel approach are based on the associated
developed MATLAB code while the results obtained by the conventional GBT
approach are based on the freely available software package GBTUL.

Like other discretized calculation methods, the results depend on the dis-
cretization of the calculated part. In the examples we will then use an identical
discretization of the cross section in the two approaches. Only open cross sec-
tions are compared as GBTUL can not yet handle closed cross sections.

Example

As an illustrative example we compare a lipped channel cross section with the
geometric parameters, discretization, and values as given i Figure 7.1.

Parameter Value
h t
50
100
25
i [ —
C C

2.0
Node

o <+ o g >

I y
L 1

w
Figure 7.1: Geometric parameters and values.

As the local modes are not calculated in the same order, the comparison
have to be done between the modes that visually seems to be similar, and
not between the modes with the same hierarchical mode number. The visual
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Figure 7.2: Comparison of lipped channel deformation mode in-plane shapes obtained
from the novel GBT approach and conventional GBT.

Figure 7.3: Mode shape plot to clearly show the difference between the compared in-plane
mode shapes.

comparison is made by calculating the respective modes by the novel GBT
approach and conventional GBT respectively, and then showing them on the
same plot. All the modes are normalized in accordance with the largest node
displacement in either the vertical direction or the horizontal direction. When
comparing the first-order mode shapes obtained by the two approaches it is seen
from Figure 7.2 and 7.3 that they are all very similar. However, the deviation
for the local modes of higher order seems to increase according to an increasing
mode number. On the figures, the mode shapes from the two methods are
depicted in the same plot, even though they can overlap when having nearly
similar mode shapes. The mode shapes obtained from the novel GBT approach
are depicted by a complete solid line (—) whilst the mode shapes obtained from
the conventional GBT are depicted by a dash-dotted line (—-—). As seen from
Figure 7.2 and 7.3 the modes are not exactly identical. In this context we choose
to modify the novel GBT approach to be more consistent with the conventional
GBT approach. Two significant differences which are easy to standardize are
(i) the novel GBT approach in contrast to conventional GBT includes rotations
in the degrees of freedom and (ii) the novel GBT approach does not include
Poisson’s effects. To show the effect on the results of these two inconsistencies
we will here make another comparison when (i) making a static elimination of
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the rotations in the novel GBT approach and (ii) setting the Poisson’s ratio
equal to 0 in both of the approaches.

7.2.2 Modified comparison of results

In this second comparison we easily set the Poisson’s ratio equal to zero in the
two approaches, however with respect to the rotational degrees of freedom we
have to make a static elimination of the rotations in the novel GBT approach
as given in the following:

Static elimination of rotations

In conventional GBT the rotational degrees of freedom are found by solving a
statically indeterminate folded-plate problem by means of the force method. In
the present formulation this static subproblem is not elementary but involves a
reduction of the overall order of interpolation of the transverse displacements
using static elimination of the rotations in the transverse stiffness matrix K3 ,.
In chapter 3 we have in step II identified the unconstrained degrees of freedom
as v using the transformation matrix T}, as

v = |Tg T T Ty (7.1)

28 20 £ 0
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However to obtain the same degrees of freedom space as in conventional GBT
we have to statically eliminate the rotations at all nodes except the one (first),
which has been related to pure twist. To do this we identify the unconstrained
transverse displacements v and the unconstrained rotations v% in the FE de-
gree of freedom space vy, by introducing the related transformations, which
pick out the relevant degrees of freedom T? and T¢. This allows us to perform
the following introduction of related transformation matrices and new degree of
freedom:

Vi = T8y = TUT (T + ThvE) = Tovh + Thve (7.2)

in which we have introduced the transformations T? = T“’T? and T¢ =
TuTT¢. Using the transformation on the transverse stiffness term in the fol-
lowing equation (7.3) from chapter 3:
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and neglecting contributions from shear stiffness as well as warping stiffness
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related to the rotational degrees of freedom we find

V£ = —KZ¢71 ?;UVU = Ti,”vgv Where T?i,v - _Kz(ﬁil ZU (74)
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7.2: Comparison of the novel GBT approach and conventional GBT

Ko — muvT o uv T — muuvTygT uv s — muvTEes uv

sz =Ty KuuTw sz =Ty KuuTw Kuv =Ty KuuTw
[eg — o uv T — T uv

KSU - KSuTW KSU - KSuTW

Table 7.1: Statically reduced stiffness matrices.

— T —
Here we have introduced the transformed matrices Kj, = T¢ K:,T¢ and
~b6 T yrs rr - .
K, = T¢ K;,Ty. Combining the two transformations (7.2) and (7.4) we
find the following transformation from the unconstrained transverse translation
d.o.f. vy, to the unconstrained d.o.f. vi:

v = (TY, — T@Tfﬁ”) vy, = TW'vy, where TW =T — TST? (7.5)

w =

Let us use this transformation to reduce the number of equations in (7.1) to the
following:

Kg3 gv U\?v "//W_ K§3 gv US’V w//_'_ 0 70 ’Ugv ¢: 0 (76)
gS ng ng ;3 K;v V:;, 0 Kf}v ng 0

where the new matrices have been introduced in Table 7.1. Solving this equation
and using equation (7.5) for back substitution leads to a method which is more
similar to conventional GBT.

The methods developed by Schardt, Silvestre, Camotim and co-workers will
therefore be applicable for the presented modified (elimination of rotations)
formulation.

Example

Having modified the novel GBT approach by setting Poisson’s ratio equal to
zero and using the presented modified (elimination of rotations) formulation
we get results as shown in Figure 7.4 and 7.5 where a comparison of some
relevant in-plane deformation mode shapes is depicted. Also in this example
only open cross sections are compared as GRTUL cannot currently handle closed
cross sections. In Figure 7.4 the mode shapes obtained from the modified novel
GBT approach are depicted by a complete solid line (—) whilst the mode shapes
obtained from the conventional GBT are depicted by a dash-dotted line (—-—).
The presence of the two mode shapes, obtained from the two methods and
depicted in the same plot in Figure 7.4, are found to be close to identical. As
a conclusion from Figure 7.4 it is clear that using the given discretization and
modifications very similar results are obtained from the two methods.

Many of the topics given in the previous chapters point to a need for fur-
ther investigations and suggestions for these are made in chapter 9 concerning
recommendations for future work following after a recap with conclusions.



Figure 7.4: Comparison of lipped channel deformation mode in-plane shapes obtained
from the novel GBT approach (Poisson’s ratio equal to 0 and rotations eliminated) and
conventional GBT.

Figure 7.5: Mode shape plot to clearly show the similarity between the compared modified
in-plane mode shapes.
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Chapter 8
Conclusion

During this thesis we have described the importance of taking distortion of
the cross section into account as well as the importance of developing a novel
approach which model distortion by a limited number of degrees of freedom.
Furthermore, we have presented current available analysis techniques taking
in-plane distortion into account as well as presented an overview based on a
literature review.

We have presented a novel GBT approach including a new systematic method
accompanied by a detailed description for the full semi-discretization process
from kinematic assumptions, potential energy, potential energy variation lead-
ing to the formulation of the homogeneous differential equations of a generalized
beam theory (GBT) and the establishment of the full solution through identifi-
cation of all eigenvalues and eigenmodes.

The beam displacement field has been separated into a sum of products of the
cross-section displacement modes and their axial variation. This displacement
field has been constrained to follow the shear assumptions made in Vlasov beam
theory by a weak formulation of the constant shear flow assumption. Thus
allowing the identical treatment of both open and closed cross sections.

The coupled homogeneous fourth-order differential equations of GBT have
not been solved approximately, but by a reduction of order accompanied by a
doubling of the number of equations and the introduction of a state vector, as
in non-proportionally damped dynamic analysis.

It is clear that the eigenvalues of the distortional modes found are inverse
length scale parameters or attenuation parameters which define the axial solu-
tion functions and allow us to predict the length of the distortional displacement
field. This may be used to determine the degree of discretization in the devel-
oped distortional beam element.

We have included distributed loads in the novel semi-discretized formulation
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of the distortional differential equations. By using the distortional modal matrix
found for the homogeneous system we have transformed the non-homogeneous
distortional differential equations into the eigenmode space, and then obtained
the uncoupled set of differential equations including the distributed loads. This
uncoupling is very important in GBT, since the shear stiffness contribution
cannot be neglected nor approximated by the combination of axial stiffness
and transverse stiffness, especially for closed cross sections. This means that
conventional modal analysis (corresponding to orthogonal damping) cannot be
used to solve the equations and analytical solutions must therefore be based on
the eigenmodes found for the reduced order distortional differential equations.

We have presented the extension of the novel GBT approach to include the
geometrical stiffness terms which are needed for column buckling analysis. The
distortional differential equations are extended to a formulation including ge-
ometrical stiffness terms by using the initial stress approach to formulate the
instability problem. The derived GBT differential equations with initial stress
have been solved as an eigenvalue problem leading to a number of buckling
modes and associated buckling stresses for simply supported columns in com-
pression. The changes in solution modes and length scales are investigated.

We have presented the formulation of an advanced generalized one-dimensio-
nal semi-discretized prismatic thin-walled beam element including distortional
contributions. Using the full assembled homogenous solution along the beam the
finite beam element stiffness matrices have been found. From the full assembled
homogenous solution as well as the full assembled non-homogeneous solution
the generalized displacements of the exact full solution along the beam have
been found.

Based on the novel approach a general discussion has been given. Further-
more, the modes found seem to be similar to the modes found in conventional
GBT, see e.g. Silvestre and Camotim (2002a), as well as to the modes found by
the modified GBT formulation for closed cross sections (Gongalves and Camo-
tim, 2004b). In this relation a comparison of the found distortional modes and
the modes found by the conventional GBT formulation has been made and
associated illustrative examples given.

The novel approach presented is a considerable theoretical and practical
achievement, since it without approximation gives the full analytical solution
along the loaded beam for a given discretization of the cross section. Further-
more, the approach is valid without special attention also for closed single or
multi cell cross sections. Reasonable matches are obtained in all example cases
confirming that this new developed GBT approach provides reasonable results
with a very small computational cost making it an alternative to the traditional
and time consuming FE calculations and the other available methods.

After having given final concluding remarks the next chapter deals with
recommendations for future works.



Chapter 9
Recommendations for

Future Work

There are several recommendations for future work within the presented areas
of research. Directions for these are:

Extend the developed beam element also to include stability contributions.
At the present state the beam element do not include the geometrical stiffness
terms and thus do not deal with column buckling analyzes. The geometrical
stiffness terms are only dealt with within the analytical solution of the coupled
differential equations.

The GBT software developed and related to the present novel approach
should be designed in a format to be released for public use. At the present
state the program code is made in MATLAB, however it could be appropriate to
do the code in traditional programming languages, such as C/C++ or Java to
make it more accessible to the public.

The presented theory may be extended also to include dynamical contribu-
tions and thus the possibility to perform dynamic analysis. This could lead to
the determination of distortional modes of vibration and the formulation of a
finite element model able to cope with dynamic problems. This will allow the
development of simple solutions for many distortional problems of practical in-
terest.

An important task such as a modeling of connections between the present
advanced beam elements would be interesting. Different thin-walled structural
elements are often connected using mechanical fasteners, which constrain the
displacements of certain points in the structural elements. The connections
must be able to handle or obtain compatible displacements of the connected
elements at the points of connection. The investigation could also include the
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behaviors of practical connections thus including experimental investigations.

Finally, investigation could be done in the context of performing a more
elaborate comparison between the present approach and the conventional GBT
approach. The objectives of such a comparison is to clarify the fundamental
differences between the two methods and to provide an extensive mode-based
comparison including e.g. displacement- and energy based comparisons.
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Appendix A
Errata

List of known errors in the appended papers:

o

In Paper I, the referred page number in reference [20] should be 207 instead
of 308.

Due to an error in the programmed MATLAB code in the form of dividing
the straight-element stiffness contribution k7, by the length, b., the fol-
lowing tables and figures have to be corrected: In Paper I, Table 6 and the
associated Figures 6 and 7 should be corrected as given in the following
as respectively Table A.1 with the associated Figures A.1 and A.2.

In Paper I, Table 7 and the associated Figures 9 and 10 should be corrected
as given in the following as respectively Table A.2 with the associated
Figures A.3 and A 4.

In Paper III, Table 4 should be corrected as given in the following as Table
A3.

In Paper II, Figure 5, 9, 13 and 17 the unit of the distributed loads should
be in N/mm? instead of N/mm.
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Mode ‘ Eigenvalues Axial solution
Type No. £2 x 106 & x 103 Y(2)
0 0 0 —Ca1% — Cq22?
% _Tg 1 0 0 C11 + C122 + c132% + 1428
pg T:'oo 2 0 0 Co1 + Co2z + ca32? + a2
3 0 0 €31 + C32%
4 0.37 0.61 ca1€%? 4 cqpe ™8
78" 5 3.35 — 26.47i +(3.87 — 3.424) caze®® + cque ¢
- L6 3.35 + 26.47i +(3.87 + 3.427) cas€®® + cqpe ¢
g 2 7 4.22 — 49.98i +(5.21 — 4.79) care® + case S
'g 8 4.22 + 49.98i £(5.21 + 4.794) Cane’® + caroe ¢
7 9 1003.43 31.68 car1e%® + cqrae
R 3 w0 1088.79 33.00 ca13€s + carae€
= 11 | 945.87 —1390.34i | +(36.25 — 19.184) ca15€5% + carge” ¢
12 | 945.87 + 1390.34i | £(36.25 + 19.181) ca17€5® + cqige ¢

Table A.1: Eigenvalues £2, the ¢ value, and the related axial solutions for the lipped
channel cross-section.
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Figure A.1: Lipped channel — 13 in-plane deformation mode shapes.
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Figure A.2: Lipped channel — 13 warping deformation mode shapes.
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Mode Eigenvalues Axial solution
Type No. €2 x 106 £ x 103 U(2)
0 0 0 —Ca1Z — Cq22?
% E 1 0 0 c11 + c122z + c132% + claz
pg 'E‘OD 2 0 0 Cco1 + cooz + 02322 + coyz
3 0 0 €31 + C322
i
- S 4 0.72 — 36.93 +(4.34 — 4.261) ca1€ + cane—6?
5 5§ 5 | 07243693 | *(4.34+ 4.260) CazeS” + case™E
£ =]
S
é 6 | 891.43 —1127.00i | +(34.12 — 16.523) ca5es® + cage 6"
§ T | 89143+ 1127.00 | £(34.12 + 16.52i) care® + cqge
2 8 849.60 — 1569.79¢ | £+(36.29 — 21.631) ca9es? + cqipe” ¢
9 849.60 + 1569.79¢ | £(36.29 + 21.631) Cg11€5% + cqioe 82

Table A.2: Eigenvalues &2
box cross-section.

, the & value, and the related axial solutions for the rectangular
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Figure A.3: Rectangular box cross-section — 10 in-plane deformation mode shapes.
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Figure A.4: Rectangular box cross-section — 10 warping deformation mode shapes.

Nr. of half  Abaqus GBT Diff. GBTUL Diff. CcUFsM Diff.
m waves n [MPa] [MPa] % [MPa] % [MPa] %
1 13 404 350 13.4 412 2.0 412 2.0
20 1 580 590 1.7 589 1.6 581 0.2
24 3 903 918 1.7 933 3.3 906 0.3

Table A.3: Comparison of buckling stresses for FE analysis versus the presented GBT
method, GBTUL and CUFSV, respectively.
dashed m-line in Figure 5.5.

The comparisons are related to the vertical
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The classical Vlasov theory for torsional analysis of thin-walled beams with open and closed cross-
sections can be generalized by including distortional displacement fields. We show that the
determination of adequate distortional displacement fields for generalized beam theory (GBT) can be
found as part of a semi-discretization process. In this process the cross-section is discretized into finite
cross-section elements and the axial variation of the displacement functions are solutions to the
established coupled fourth order differential equations of GBT. We use a novel finite-element-based
displacement approach in combination with a weak formulation of the shear constraints and
constrained wall widths. The weak formulation of the shear constraints enables analysis of both open
and closed cell cross-sections by allowing constant shear flow. We use variational analysis to establish
and clearly identify the homogeneous differential equations, the eigenmodes, and the related
homogeneous solutions. The distortional equations are solved by reduction of order and solution of
the related eigenvalue problem of double size as in non-proportionally damped structural dynamic
analysis. The full homogeneous solution is given as well as transformations between different degree of
freedom spaces. This new approach is a considerable theoretical improvement, since the obtained GBT
equations found by discretization of the cross-section are now solved analytically and the formulation
is valid without special attention also for closed single or multi-cell cross-sections. Further more the
found eigenvalues have clear mechanical meaning, since they represent the attenuation of the
distortional eigenmodes and may be used in the automatic meshing of approximate distortional beam
elements. The magnitude of the eigenvalues thus also gives the natural ordering of the modes.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

along the center lines of the cross-section walls. This formulation
is known as GBT (generalized beam theory) and it was initially

Thin-walled structural elements are extremely efficient due to
the minimization of the thickness-to-width ratio of the cross-
section walls, and the thin walls are a primary aspect in the
behavior and design. The increasing slenderness leads to the
insufficiency of both ordinary Euler-Bernoulli beam theory with
St. Venant torsion and Vlasov beam theory for thin-walled beams
[1]. An important feature missing in these theories is the distor-
tion of the cross-sections, which do not maintain their shape, but
distort and buckle. Several formulations including transverse
distortional displacements have been proposed for analysis of
both open and closed cross-sections. One formulation which has
been very successful is the generalization of classic Vlasov beam
theory for open cross-sections to include distortion. It has been
based on the kinematic assumption of negligible shear strain
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proposed by Schardt [2] in 1966 as a generalization of the theory
of bending (Verallgemeinerte Technisch Biegetheorie, VIB in
German). For closed (single or multi-celled hollow) thin-walled
cross-sections, Schardt shows in his presentation of GBT in [3]
that the theory needs a relaxation of the Vlasov assumption of
negligible shear strain in order to include the warping deforma-
tion associated with the “Bredt’s shear flow” around each cell.
However it complicates the solution of the GBT equations by
introducing non negligible shear coupling terms (off diagonal) in
the GBT equations as can be seen in recent GBT formulations for
closed thin-walled cross-sections, e.g. [4-6]. In this paper we will
therefore adhere to the definition of the warping function given
by Kollbrunner and Hajdin, [7], which adds the integral of the
shear flow strains, see also [8,9]. Since GBT is developed as a
generalization of beam bending it leads to orthogonal warping
modes. Thus the final GBT equations are decoupled with respect
to normal stresses and transverse stresses, however the shear
coupling terms are neglected or in case of closed cells given
special attention. The basic cross-section deformation modes of
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GBT are obtained by separately identifying conventional beam
deformation modes and solving the eigenvalue problem defined
by the warping stiffness matrix and the transverse deformation
stiffness matrix. When solving the GBT equations the shear
coupling stiffness terms are neglected. This corresponds to modal
analysis with orthogonal (Rayleigh) damping in dynamic struc-
tural analysis. The solution of the shear coupled GBT equations for
closed cross-sections was published by Hanf only in his thesis
[10]. GBT was generally not so known in the international
research community until Davies, see [11], presented first-order
GBT analysis. A distortional theory which generalizes Vlasov
beam theory by including the modified definition of the warping
function and one distortional mode was presented by Jénsson
[12]. In that work the analytical solution of coupled torsional and
distortional equations was found by reduction of order and
solution of the related eigenvalue problem as in the present work.
GBT is devoted to (first order) distortional displacement analysis
including the identification of distortional modes, as well as
(second order) linear buckling of thin-walled members, and it
has fostered a lot of research. Silvestre and Camotim extended the
theory to include orthotropic materials, see [13,14]. Experimental
verifications have also been presented, see for example Rendek
and Balaz [15]. Silvestre [16] presents buckling solutions as well
as non-linear post-buckling solutions. However in order to per-
form post-buckling analysis with GBT, which is essentially a beam
theory and not a plate theory, Silvestre finds it is necessary to
include additional transverse extension modes and shear modes,
as well as modified constitutive relations. In the following we will
refer to these kinds of modes as other modes and the related
method as extended GBT. For an overview and information about
the research and development of GBT see Camotim et al. [17,18].

The innovative theoretical developments performed in this
paper by introducing semi-discretization lead towards a modified
formulation of GBT, in which the rotational degrees of freedom
are included, thus including local plate modes in the formulation
even for the simplest discretization. The elimination of these
rotations could perhaps be advantageous if one wants to perform
a modal decomposition of buckling displacements into distor-
tional buckling mode and local plate buckling mode, however we
then rely on a coarse discretization. The methods developed by
Schardt, Silvestre, Camotim and co-workers will therefore be
applicable for the presented modified formulation. The presented
modified GBT formulation for thin-walled beams with both open
and closed (single or multi-cell) cross-sections can be regarded as
an extension of classical Vlasov thin-walled beam theory to
include distortional deformation modes as well as constant shear
flows in the walls of the cross-section, see [1,7,19]. It makes it
possible to analyze thin-walled members with cross-section
distortion and local plate behavior in a one-dimensional formula-
tion through the linear combination of pre-established modes of
deformation. However in this paper we find the analytical homo-
geneous solution to the differential GBT equations (obtained by
semi-discretization), using methods similar to Hanf [10] and
Jonsson [12], this also (through the magnitude of the eigenvalues)
gives a much better knowledge of the length scales of the modes.
Alternatively the GBT equations may just as well have been
solved using the approximate engineering methods (in which
the shear coupling terms are neglected) producing orthogonal
axial and transverse normal stress modes. In conventional GBT
these modes are used as shape functions in a virtual work or
potential energy formulation leading to finite GBT beam ele-
ments. However the discretization has to be performed without
prior knowledge of the problem length scales of the individual
modes. Buckling analysis using GBT beam elements is an alter-
native to the use of finite-strip methods (FSM), see [20]. However
GBT is as its name states essentially a beam theory, whereas FSM

essentially is based on plate theory. Therefore FSM does not contain
a natural decomposition into basic beam, distortional, local and
other modes. Further more conventional GBT does not contain other
modes as mentioned above. Since the modal decomposition may
lead to advantages in design of thin-walled structures using FSM a
great deal of work has been performed by Adany and Schafer to
develop a constrained finite-strip method (cFSM) and modal decom-
position methods for open (single-branched) cross-sections, see
[21-23]. The modal approaches of extended GBT and cFSM for-
mulations have recently been compared in [24]. The formulations in
this paper only consider the (first order) homogeneous linear
displacements of GBT, since the main goal has been to identify a
theoretically sound formulation of the end effects or in other words
find the eigensolutions for the full displacement field including the
variation in the axial member direction, see the treatment of end
effects by Timoshenko [25].

Let us briefly describe the contents of the following sections
and illuminate the process. In the theories of beams, the displace-
ments assumed are typically separated into a sum of (orthogonal)
displacement fields. In the following sections, only one of these
displacement fields is considered in the variational formulation.
The basic kinematic assumptions of these displacement fields are
introduced in Section 2. The displacements are separated into the
product of cross-section displacement functions and the axial
variation functions. The strain fields are derived, and a weak
formulation of the shear constraints is described for later use.
Simple constitutive energy assumptions in Section 3 lead to the
formulation of the elastic energy potential. In Section 4, the cross-
section is discretized by straight finite elements in which the local
transverse displacements and the warping displacements are
interpolated. The element interpolation functions are introduced
and the elastic potential energy is formulated in a semi-discre-
tized form. At this stage, the interpolated displacements have not
yet been constrained by assumptions about shear and constant
width of wall elements. Section 5 is split into three main steps
leading to the final distortional differential equations in which
all conventional beam modes have been eliminated and all con-
straints introduced. In Step I, the weak form of the shear constraint
equations is introduced, and by taking adequate variations in the
potential energy, the pure axial extension mode and its homoge-
neous solution is identified and eliminated. In Step II, the constraint
equations relating to the assumption of a constant wall width are
introduced, and the rigid translations and the rotational cross-section
displacement eigenmodes are identified and orthogonalized. The
constrained degrees of freedom and the two degrees of freedom rela-
ted to the rigid translations are eliminated, leading to a condensed
set of coupled fourth order differential equations. In Step III, the order
of the differential equations is reduced by doubling the number of
equations through the introduction of a state vector with compo-
nents of different differentiation levels. The pure St. Venant torsional
mode is identified as an eigenmode with its linear axial solution,
St. Venant torsion is eliminated, and the final coupled differential
equations are revealed. In Section 6, the distortional eigenvalue
problem is solved and the solution functions are ordered in a matrix
format. In Section 7, the eigenmodes and solutions are assembled in
modal vectors and the back-substitution steps for the eliminated
degrees of freedom are recapitulated in a matrix format. The full
homogeneous solution of the GBT differential equations is formu-
lated in Section 8 and the handling of complex eigenvectors and
eigenvalues is described. Examples are given in Section 9, and in
Section 10, the degree-of-freedom spaces of the finite-element for-
mulation and the GBT formulation are treated and transformations
between these are given. Finally Section 11 is devoted to the deter-
mination of solution constants using displacement boundary condi-
tions which are relevant for the finite-element formulation of an
analytical GBT beam element.
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The present paper does not take distributed loads into account,
but they can be incorporated in the formulation leading to the
addition of inhomogeneous solution functions. In a following
companion paper we will address the solution of the inhomoge-
neous GBT equations, since we in the development stage of the
present formulation know that the eigenmodes are needed in
order to decouple the reduced-order non-homogeneous differen-
tial equations as well as the conventional beam equations.

2. Basic kinematic assumptions

The prismatic thin-walled beam is described in a global
Cartesian (x, y, z) coordinate system where the z-axis is in the
longitudinal direction of the beam, see Fig. 1. A cross-section
coordinate s is introduced as a curve parameter which runs
through the section along the center line and n is the coordinate
along the local normal. Subscripts n and s are used for the
components in the local coordinate system corresponding to the
normal and tangential directions. Subscripts following a comma
are used for derivatives, for example up s = clzur,(s)/ds2 or Uy =
ous(s,n)/on. A prime, ’, is used for the axial derivative, d/dz.

The theories of beams are derived on the basis of assumed
displacement fields which correspond to extension, flexure, tor-
sion, warping and distortional displacements. This corresponds to
a modal separation in which each mode has a set of transverse
and axial displacement fields that may be coupled. Each of these

Fig. 1. Global and local Cartesian reference frames.
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cross-section displacement fields is factorized in a displacement
mode which is a function of the in-plane coordinates, multiplied
by a function of the axial coordinate, which describes the axial
variation of the mode. In the following, we propose a method for
finding these displacement modes, including global, distortional
and local modes, as the eigenmodes of the corresponding homo-
geneous set of equilibrium equations and axial variation functions
corresponding to the eigenvalues.

In the definition of the displacements and strains, the influ-
ence of curved cross-section walls is neglected and it is assumed
that the radius of curvature is sufficiently large, so that curvature
effects vanish. The local effects at corners and joints are also
neglected. Only shear contributions from torsion and shear flow
around cells will be allowed. For one displacement mode, the
components u, and u; of the in-plane cross-section displacements
in the local coordinate system at a point (n, s) in the cross-section,
are introduced as

Un(S,2) = Wniy (1)

us(n,s,z) = (Ws—an,s)'I/ (2)

Here wy(s) and wy(s) are the local displacements of the centerline
as shown in Fig. 2, and ¥/(z) is the function which describes the
axial variation of the in-plane distortional displacements. The
axial displacements u,(n,s,z) generated by the in-plane distor-
tional displacements are introduced as

uy(n,s,z) = —(Q+nwy)y’ A3)

Here the axial (warping) displacement mode Q(s) has been
included with a variation corresponding to the negative axial
derivative of the axial variation factor, —’, and due consideration
of local transverse variation through the term nw,. Thus neglect-
ing shear deformation contributions which are not related to St.
Venant torsion and torsional shear flow around closed cells.

It is convenient at this stage to note that pure axial extension
(where Q=1 and ws=w, = w,; = 0) is embedded in this for-
mulation. However pure extension in the present formulation, does
not involve transverse displacements, the axial variation —i/'(z)
need not be taken as the derivative of a function, but just a function
which we will be introducing as {(z) = —//'(z) at a later stage.

Fig. 2. Local components of displacements and assumed shear stresses.
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The axial strains corresponding to the given displacements are
e=u; = —(Q+nwp)y” 4)
The cross-section distortional strains are
& = (Wss—NWn,s )Y (5)

The engineering shear strain in the walls of the cross-section
becomes

V=75 = Uzs+Usz = (Ws—Q,s—=2nWp )Y’ 6)

To cope with the shear flow around closed cells, we introduce the
shear strain in the middle of the wall as

V¥ = (wWs— Q' 7

Bernoulli beam theory is based on the assumption of negligible
shear strain and sets the shear strain equal to zero and thus
determines the warping displacements (flexural modes) by the
differential equation Q,; = ws. This means that the formulation of
Bernoulli beam theory does not include shear contributions and the
axial equilibrium equation of a section cut-out is not fulfilled, which
leads to the use of Grashof's method for the determination of the
shear stresses. However, if we are to analyze closed cross-sections as
in Vlasov beam theory, see [7], we have to allow for a constant shear
flow around the cells and the warping of the cross-section then has
to be determined by the differential equation ,s =ws—7, as

Q(s):/ Ws dsf/ Vads+Qo 8)
0 0

In the current context, the warping function will be determined
from a weak formulation of the assumption of a constant shear flow
T4 in the walls of the cross-section (where T4 = Gt7,). The strong
formulation of the constraining assumption is that the contribution
of the shear flow to the axial equilibrium equation, see Fig. 3, of a
section cut-out is zero, i.e.

Tus=0 ©

Multiplying by a virtual centerline axial displacement, ot,, and
integrating over the cross-section we find the virtual work of the
shear stresses in a cross-section as

/ T 50 ds =0 (10)
C

Performing a partial integration and noting that the shear stress flow
is zero at all free edges, we find the weak formulation that will be
used to determine the warping function:

[T 46U ]free edgesf/CTd(Sﬁz.s ds=0 |

/ Ty ds =0 an
JC

This is the constraint equation that we will use to enforce the
assumption of zero axial work performed by the shear flow around
the cells.

o0
QT

Td + Td,st

Fig. 3. Work of shear flow through axial virtual displacement.

3. Strain energy assumptions

In the following we will adhere to simple constitutive relations,
i.e. the material is assumed to be linear elastic with a modulus of
elasticity E and a shear modulus G. In the transverse direction we will
assume a plate type elasticity modulus Es = E/ (1—v?), in which v
represents the Poisson ratio. The axial stress is determined as ¢ = Eg,
the shear stress as T = Gy and the transverse stress as o = Es¢;. Thus
the coupling of axial strain ¢ and transverse strain & is neglected.
Note that this means that we also neglect the equivalent coupling
between axial and transverse curvatures in the constitutive relations
for the plate moments, but with some changes it is possible to
include the coupling of the curvatures. With the simple constitutive
relations assumed, the elastic energy potential becomes

H:[/(%Eser%GyZJr%Esssz) av 12)

Let us introduce a thin-walled cross-section assembled using
straight cross-sectional elements, see Fig. 4, and let us integrate
through the thickness, t, across the widths, b, of the elements,
and over the length, L, of the thin-walled beam. The elastic
potential energy takes the following form after the introduction
of the strains expressed by the displacement in separated form

1/t b 2, s "2

=5 {ZI/O Hm(w Y+ 2 P }
G+ GEQ. Y~ 26w X Qs+ 5 GE W]
+[Btomsa? + B w2 |} ds} dz (3

In Eq. (13) the elastic energy terms have been grouped in axial
strain energy, shear energy, and transverse strain energy. In con-
ventional beam theory, we usually introduce rigid cross-sectional
displacement modes and the elastic energy is described by a
summation of the energy stored in all displacement modes. How-
ever we have to remember the shear constraints associated with
our assumption of constant shear flow, which have to be introduced
later. In the current work we wish to establish a set of displacement
modes by using semi-discretization. To achieve this, the cross-
section will be divided into discrete straight-line elements, in which
we interpolate the transverse and axial displacements.

4. Interpolation within cross-section elements

Within each straight finite cross-section element, the axial
displacements, 2, will be interpolated linearly corresponding to a
linear variation of the warping functions and the transverse
displacement of the elements will be interpolated linearly in the
direction of the element and cubically (corresponding to beam
elements) in the transverse direction of the element. The dis-
placements in a straight cross-section finite element are thus

Vw6
el \ ‘\
U2 /V
/UEZ ® .
‘w3 ’ 15{,1
46 “
5 Vo2
& ¢ °
/ el n
pet va

wl

Fig. 4. Components of the displacements vectors of a straight cross-section
element.
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interpolated as follows:

QY =Novgy’
sty = Nsve
Wity = Nyve (14)

in which Ng(s) and N(s) are linear interpolation matrices and

N,,(s) is a cubic (beam) interpolation matrix. Furthermore we have

introduced the axial and transverse nodal displacement compo-

nents of a straight cross-section element as

Vi =DV Vil =[R0) Qbe)"

Vi =V Vi Vi Vi Vis Vi
=[ws(0) —wp(0) —wp,s(0) ws(be) —wp(be) —Wn,s(be)]T (15)

]T

Here b, is the width of the flat element. Nodal components and
the direction of the section coordinates (n,s) are shown in Fig. 4.
The element stiffness contributions to the axial strain, shear
strain, and transverse strain energy can now be found using the
displacement interpolations. The stiffness contributions found are
shown in Table 1, in which the first two are the axial stiffness
contributions, the third is the transverse distortional stiffness
term, while the last three are the shear strain stiffness contribu-
tions. These stiffness contributions can be found explicitly. Let us
prepare for the formulation of the total cross-section elastic
energy by introducing global displacement vectors as an assembly
of the local element degrees of freedom. The axial displacements
and the transverse displacements are separated into two vectors
as follows:

T
Vo=[Var Vo2 Vo3 ...]

Vw=[Vx1 Vy1 ¢y Vi Vy2 by T (16)

In Eq. (16), v, holds the local axial element degrees of freedom,
and v, holds the local element degrees of freedom, corresponding
to two displacements and one rotation for each node. The
transformation from local to global components is performed
using a formal standard transformation of the components in the
cross-section plane, ie. vo=Tové and v, =T,v¢. The global
assembly of stiffness matrices is found by summation of the
contribution from each element, as illustrated in Table 2. Intro-
ducing the described interpolation and matrix calculation
scheme, the elastic potential energy in Eq. (13) now takes the
following form:

1 LK, 0 Yvy !
Hzi/g {[1//V€V Wvp) { 0 1(59} I:l//VQ}

T, Kool vve]
T T ww wQ w
+ [l/jvw l//vg] {KEW sz} |:¢V52:|

+ [yl Yvh] {'f, g} wm } dz (17)

Table 1
Straight-element stiffness contributions.

koo = fgb EtNONo ds
EE

= b ﬁN,T,N,, ds

1= (Eer;st,s+

Iy
Et?
12
o,
3
koo = ﬁ?t GtNgTz,stz.s ds
K, = (K, I = — [2 GtNINg,s ds

N;‘SSN,,,SS> ds

o i (G SN )

Table 2
Assembly into total cross-section stiffness contributions.

T

Kl = X Tk T
T

KEZQ = EEITSJ kfzsszz
T

K\EVSI = Zelka\T/VQTQ

K;’JQ = ZelTZJ kg)szTu
KS,, = ST K, T
K =3, THKT,

In Eq. (17) and in the following, a bold zero 0 denotes a suitable
size matrix or vector of zeroes. The axial stiffness from transverse
displacements sub-matrix K, has a rank deficiency equal to the
number of free end nodes plus the number of “internal” nodes
between corner points of the cross-section. The in-plane cross-
section distortional stiffness sub-matrix K* has a rank deficiency
of 3, corresponding to three in-plane “rigid body” or rather non-
distortional displacements of the cross-section. Finally the whole
shear stiffness matrix has a rank deficiency of 3, corresponding to
the existence of pure axial extension and two pure flexural modes
without shear. It turns out that since the pure axial displacement
only involves the sub-matrix K, this matrix has a rank defi-
ciency of one.

5. Constraints, eliminations, transformations and reduction
of order

To achieve a formulation resembling a generalization of Vlasov
beam theory including distortion, the following three main steps
need to be performed, before we can solve the eigenvalue
problem related to distortional displacements, including local
plate type modes. In this process, we introduce constraints, and
we identify and eliminate the basic solutions related to the
conventional beam displacement modes.

5.1. Step I: Pure axial extension and shear constraints

In this step, we introduce the shear constraint equations that
bind axial and transverse modes together and at the same time
simplify or condense Eq. (17). In this process we need to eliminate
the singularity in the shear stiffness matrix related to pure axial
extension. The first eigenmode that we identify is the pure axial
extension; it produces no shear energy and no transverse dis-
placement energy (due to the simple constitutive relations
assumed, corresponding to beam theory and the mentioned rank
deficiency).

Let us introduce the shear constraint equations using Eq. (11)
as follows:

/'Td(sﬂz,s ds=0 |

C

- / Gtws—Q,5)0Q,s ds=0 |
C

/ GtQ,s5Q,s ds = / GtwsdQ,, ds 18)
Je c

Introducing the interpolation, see Eq. (14), Tables 1 and 2, and
taking variations gives us the constraint equations:

KHove = — K5, Vw (19)
This matrix equation is singular because pure axial extension

does not produce shear. Therefore we introduce the following
transformation, using superscripts a for axial and o for other:

vh
vo=[T) Ty 20)

0
Vo
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in which T§, = vl is the pure axial deformation mode (with unit
value for all components). The other remaining modes are picked
out by

._[07
To= 1. |

Here I, is a unit diagonal matrix of dimension n,=n,,— 1, where
Ny 1S the number of nodes. Furthermore, it is worth noting that
v{, is one component that corresponds to the amount of pure axial
extension, while v{, corresponds to all the other axial displacement
degrees of freedom. Introducing the transformation in Eq. (20) into
the constraint Eq. (19), we get the following by pre- and post-
multiplication:

o 0 ve 0
0 TIKLTS | [vo |~ | -TIKG v | ¥

v = —(KE9) K3, Vi @2)

1 d.o.f. related to the first node

Unit diagonal matrix 2D

where the matrices K53 and K¢y, are given in Table 3. With Eq. (22)
we have introduced a transformation from in-plane cross-section
displacement modes to the axial displacement modes without pure
axial extension as follows:

vy =TowVy where To, = —(K53) 'K, (23)
Combining Eqs. (20) and (22) gives

Vi Vi
Vo = [ToTow Tol {v‘é } =[Tow Tl {vg } =ToVw+Tovh (24)

where Tp,, = Ty Toy.

The potential energy formulation (17) can now be modified so
that the amount of axial extension is described by the separate
degree of freedom v§, and the shear constraint equations are
enforced. The modification of (17) is performed using the trans-
formation in Eq. (24) and, to clarify the variational treatment of
pure axial extension, we also temporally rewrite the terms
pertaining to axial extension using (v{,=—y/'v{,. Introducing
transformed stiffness matrices, see Table 3, the elastic potential
energy (for one mode) takes the following form

1t ror et K KIS (v
=5 {[“’"’W ()] {—K'{;}; Kggs } {(Cvz)’

+(l//v§v)’l(’(1//vw)’+(1//v5v)l(5(x//vw)} dz (25)

To find the homogeneous distortional differential equations of
GBT, the first variation of the elastic potential energy is investi-
gated by taking variations in the complete displacement field.
The virtual variation of a property is denoted by a ¢ in front of the
varied field property (displacement field), as in d(vy¥), as the
virtual variation of the first derivative of the transverse displace-
ment field expressed by the product of the transverse displace-
ment shape v,, and the axial variation /. This gives us

L
ont= | {5«M)"[K”<wvww'—K&”m)'J

Table 3
Transformation of stiffness matrices related to Step L.

K =To, Koo Toy

Kilo = K0 Th, = K3,

K58 =T5 Ky Ty,

Kip, =To K,

K =K., + Ko + K5, + Ko

Kg& = T‘;JTK?zQT?z

Kty =T4 Koo Th,

KGh =To, Koo Th,

K =K, +K&%

K7 =K -KG(Kg) K

+SWVEYK (Yvy) +SWVEKE vy
+5<cvz>'[—1<5$<wvw)~+1<_g‘;f(cvfan} dz 26)

After performing up to two partial integrations on the terms and
derived terms that involve axial derivatives of the (virtual) varied
displacement field, o()' or 6()”, the first variation of the elastic
potential energy takes the form:

Sl = /0 ' { Sl [Kﬂvwl//””—Kg’}}vg(”’—KIle//” +K5le/l}
oLV KT KL oz
+ [V R v —KES(CVE)]
UV -K (Yv)” + KISV + K (V)]
VK v K Y] @)

For internal variation in the displacement fields o(}vy,) and
o((vy), the elastic potential energy should be stationary and
therefore its first variation must be equal to zero. Here the terms
in the squared bracket correspond to the boundary loads and
boundary conditions. Taking internal variations reveals the fol-
lowing coupled homogeneous differential equations of GBT in
which we note that { = -

KOv ) —KZ8vaL " —K v + Kty = 0 (28)

Koovwy —KZEvHL =0 (29)

These equations establish a coupled set of homogeneous GBT
differential equations that determine the displacements of a thin-
walled beam for a given set of boundary conditions. To solve the
boundary value problem, it is necessary to solve the related
eigenvalue problem by establishing the eigenmodes/vectors and
the related axial variation through the related eigenvalues. In the
following, we will first consider the case where the displacement
vectors do not contain transverse displacements, and then we will
consider one in which they do. We start out by isolating the term
vh{” in Eq. (29) as follows:

VHL = (KgE) ' KEgvwy” (30
We can identify pure axial extension as an eigenmode solution.
For the above Egs. (28) and (29), it corresponds to (Vy,v$) =(0,1),
which we can see leads to a solution. In the original “global”
space, the axial eigenmode is given by (vy,Vo) = (0,T5). It is also
clear that the axial variation of pure axial extension can be
determined by double integration of Eq. (30) with v,, =0, which
results in

Ca
{(@=—Y@=ca+cnz=-Yi/@Ca=[1 Z] [ Ca;:| (31)

where ¢,; and ¢y, are constants determined by the boundary
conditions of axial extension.

Having identified the “trivial” eigenmode, pure axial exten-
sion, we finally turn to the solution of the transverse displace-
ment modes. In this case, Eq. (30) determines the correction term
that eliminates pure axial extension in the back-substitution

process. Eliminating {” by using the fact that {"=—y"” and
assuming that " # 0, we find
Ve = —(Kg&) K8 vy (32)

Using this equation or Eq. (29), we eliminate the second term in
Eq. (28) and introduce K, as given in Table 3. This results in the
following homogeneous fourth order differential equations for
determination of the transverse (global, distortional and local)
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distortional displacement modes of GBT:
KOV " =KV ) + Ky tp = 0 (33)

To solve this set of equations we have to solve the related
eigenvalue problem, which is of fourth order, but since only an
even number of axial derivatives is involved, this reduces to a
quadratic eigenvalue problem. With solutions, v, to Eq. (33), we
can find v§ using Eq. (23), v§, using Eq. (32), and finally v, using
Eq. (20), thus revealing the full solution (in global space).

5.2. Step II: Rigid cross-section displacements and constant
wall-width constraint

In this step, we will identify and eliminate two eigenmodes
corresponding to transverse translation of the cross-section, and
we will identify a pure rotational eigenmode for later elimination
in the next step. Furthermore, we will also constrain the trans-
verse displacement field, so that the wall widths remain constant,
i.e. we will enforce wss =0, see Eq. (5).

With the introduction of the shear constraints in the previous
step, the flexural modes do not have shear energy and the shear
stiffness matrix K* is therefore singular for these modes. Since
neither the pure translational modes nor the rotational mode
involve any distortion of the cross-section, the transverse stiffness
matrix K° will be singular for these modes. It turns out that the
translational modes correspond to two quadruple zero eigenva-
lues or roots of the related characteristic equation. To orthogo-
nalize these modes with respect to the non-singular axial stiffness
matrix K?, we will form the subspace spanned by the modes and
orthogonalize in this subspace.

Let us first introduce two not necessarily orthogonal transla-
tional modes corresponding to a unit translation in each trans-
verse coordinate direction, ordered in columns in the matrix
TY = [v& wans ¥ "] and a rotational mode corresponding to
rotation about the origin of the (initial) transverse coordinate
axes T;, = [vZ,"'].

In the subspace spanned by the two non-orthogonal transla-
tional modes introduced, we can find the principle flexural
directions by an equivalent conventional method or by finding
the eigenvectors of the following two-dimensional eigenvalue
problem:

K7, —2DVy =0 = vy=vy or v

(34)
where I is a 2 x 2 diagonal unit matrix and Kg, =TY"KTY. The
two orthogonal eigenvectors corresponding to the principle axis

directions are ordered in columns in the transformation matrix
o 1 2
Txy = [vxy ny] (35)

Finally we can determine the two orthogonal translational eigen-
modes in the full v,, space, ordered in columns in a transforma-
tion matrix as T, =[v}, ™" v2Us] by the simple matrix
multiplication

T, =TT} (36)

w txy

Next we turn to the non-orthogonal rotational mode, and we
subtract the translational part, so that the coupling term in the
axial stiffness vanishes. Thus the orthogonal pure rotational mode
is given by

3 rot __ gz rot 1 trans ;2 trans
Vi =Vy _[vw o ]dx 0

T, =T;,-Td, 37
where we have introduced the transformation “matrix” T, = [v3, %]
and d, as a two-dimensional vector giving the amount of each

translational eigenmode to be subtracted. Note that d, is related to
the coordinate vector of the shear center, see [12]. The coupling

terms in the axial stiffness between translations and rotation are
found as follows (in the subspace):

K%, =T4TKTS, = T TK*(T%, - T%d,,) = K3, K%, d, (38)

By requiring that the coupling terms in the axial stiffness vanish
KJ; =0, we find

d, =K, 'KS, (39)

Now we can completely identify the orthogonal pure rotational
eigenmode by inserting Eq. (39) in Eq. (37) as

T, =T, ~TiK, 'K, (40)

Here the matrix transformations are given in Table 4.

Before performing eliminations and finding the solutions
pertaining to the translational modes, we will constrain the
transverse normal strains in the middle surface of the cross-
section walls, i.e. we will enforce wss=0 or, say, enforce a
constant wall-width constraint. For each wall element, this leads
to a multi-point constraint equation in local degrees of freedom,
v¢, corresponding to no centerline elongation. It takes the
following form:

[100-100Nv=0 (41)

Each element constraint equation is reformulated into global
degrees of freedom by a formal transformation of the form
vel =Th v, which allows us to write n. independent constraint
equations (where n. can be less than the number of elements due
to over-constraining). The equations take the following form in
the full v,,-space:

Cv, =0 (42)

The transformation method described by Cook et al. [26] will be
used to enforce the multi-point constraint equations and elim-
inate the related degrees of freedom. However, we must also
incorporate the elimination of the translational eigenmodes and
prepare for the elimination of the rotational modes.

Before any elimination of eigenmodes or constrained degrees of
freedom can be performed, we must first transform the equations to
a new space (with redefined degrees of freedom) in such a way that
the degrees of freedom to be eliminated are clearly identified. Thus
we need to choose exactly which of the constrained degrees of
freedom (in each constraint equation) and which degrees of freedom
related to the translational and rotational modes are to be elimi-
nated. In our implementation, we choose to eliminate the transla-
tions and rotation of the first node, and we implement a strategic
routine which chooses which of the other translational degrees of
freedom related to the constraint equations are to be eliminated. The
identification of the constrained degrees of freedom to be eliminated
is performed by a transformation matrix Ty, in which each column
belongs to a constraint equation and identifies the degree of freedom
to be eliminated by a unit value in the corresponding row. The
remaining degrees of freedom, which are not going to be separately
identified (eliminated), are identified in the transformation matrix Ty,
in which each column identifies a remaining (u for unconstrained)
degree of freedom by a unit value in the corresponding row.

We are now ready to introduce the transformation to v,-space
from the new space. In the new space, we introduce the degrees

Table 4
Transformation of stiffness matrices related to Step II.

K3 =T3'KTS)

K, =T KT,
S

K, =T, KT,

a T o T
KJ, =T, K°T;, Kg =T, KT,
T T ~u
K, =T, 'K°T;, K3, =T, K°T,,
u T~
KJ, = T4 KT, Ko, =T, KT,
o

o
~uT_ ~u o o ko — 1o
K, =T, KT, Ky = KK, — K, G, K,

uu
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of freedom as, v% =[v},v2]" for the magnitudes of the two
translational eigenmodes, v3, for the magnitude of the rotational
eigenmode, vy, for the degrees of freedom to be constrained, and
vy, for the remaining unconstrained degrees of freedom. The
transformation may be written as:

%
Vi
3
Vi
C
Vi

u
Vi

vy =[T% T, T, T.] (43)

Since we have strategically chosen the constrained degrees of
freedom not to be equal to the degrees of freedom related to the
translational and rotational eigenmodes, we have a situation
where CT;, =0 and CT>, = 0. So the constrain equations in (42)
can be rewritten using Eq. (43) as

CT;, V5, +CTi v, =0 (44)

This allows us to express the constrained degrees of freedom by
the unconstrained as

Vo, =—CICuvY, (45)
in which C. = CTy, and C, = CT,,. Introducing (45) in the transfor-

mation Eq. (43), we find that the total transformation is con-
densed as follows:

v
3 Vi
w ~u
VW:[T% T\%v Ta/ Tsv] _Cflcuvu :[Tzl Tav T, v‘%\/ (46)
c w u
vl Y

where T,, =T%,—TS,C.'C, has been introduced as the condensed
transformation by using a tilde.

Introducing the transformation in (46) in the differential equa-
tions in (33) transforms these equations into the new space. The
differential equations thereby take the following form in which we
have also introduced the null terms corresponding to the rigid-body
modes and zero shear strain for translational and flexural modes:

KJ, 0 KJ,7[V% 0 0 07V

0 Kg KI ||vi|y"—|0 Ki; K5, ||vi |y~

K9, K3 K7, ||v% 0 K5 K, ||vy
0 0 017V 0

+(00 0 ||vyly=]|0 (47)
00 K, ||V, 0

The transformed stiffness matrices introduced in this equation are
given in Table 4. The two-dimensional upper block matrix equation
yields the translation displacements as

m -1 m
Vi ==K, K v 43)

We can identify the two orthogonal pure translational modes, (v),
v2, v3, Vi) = (1,0,0,0) and (0, 1, 0, 0), as eigenmodes or solutions
to Eq. (47). For these pure translational modes, we find that the
right-hand side of Eq. (48) vanishes and that the axial variation of
the pure translational modes is therefore determined by quadruple
integration, which gives:

V1(2) = c11 +Cpz+ e + oz = Y1(0)g
1

V() = C1 + oz + 2% + 02> = Y2 (2)C2 (49)

We will make use of the following block notation:

n 21
Y, 0 (S C12 (&7]
Y,c, = , €= , €= 50
e 0 Y|l ! C13 2 €23 0
Cia C24

in which ¥; =W, =[1 z z? Z3]. The constants in the vectors ¢; and
¢, are determined by the boundary conditions for pure transverse
translational displacement in the two directions.

Having identified the two pure translational modes, we turn to
the remaining solutions to the differential Eq. (47). In this case,
Eq. (48) determines the correction term that eliminates pure
transverse displacements in the back-substitution process. By

mr

dividing both sides of the equation by /" # 0 we find
vy = _Kga;l Kguvsv (1)
Using this equation or Eq. (48), we eliminate the two pure flexural

degrees of freedom and find the condensed version of the
differential Eq. (47), which takes the following form:

K$y K& Q[ve] . [K5s KG.][ve 0 01w, 0
K% K[, ||v4 V- K5 Ko, ||vy 0 K, ||vy V= [o]

(52)

The introduced stiffness matrix K;,, is given in Table 4. This equation
constitutes the GBT differential equations constrained by shear flow
constraints and wall-width constraints after the elimination of the
classical axial and two translational (flexural beam) modes.

v+

5.3. Step III: Reduction of order and pure st. venant torsion

In the following, we will reduce the differential order of the
coupled fourth order differential equations and the related quad-
ratic eigenvalue problem to twice as many coupled second order
differential equations with a related linear eigenvalue problem of
double size. This method is equivalent to the one used for the
solution of the coupled homogeneous problem of one-mode
distortion and torsion analyzed in [12]. After we have changed
the order of the equations, we can recognize that the pure
torsional St. Venant displacement modes with a constant or a
linear variation of the angle of twist are eigensolutions.

The fourth order differential Eq. (52) can be transformed into
twice as many second order differential equations by introducing
what is called a state vector. There are a number of different
possible formulations, but we have chosen the use of the state
vector Vs = [v3,y,viy,v3y" vy 1", Introducing this state vector
(and using related equality block equations) yields a reformula-
tion of Eq. (52) as a formal second order matrix differential
equation of double size, which takes the form:

00 o0 0 vy

0 Kiu 0 0 V\L,‘Vl//
0 0 Ky K%, || vy
0 0 K K| |[viy”
T 2
K3z K3, K3 *Eiu vy 0
K, K, K K| [viw| o o
-Kg, K%, 0 0o ||viy 0 ©3)
K}, -K;, © 0 vy 0

Seeking solutions of exponential form, y/(z) = e, with an eigen-
vector in which v3,=1 and v¥,=0, we see that the first equation
will lead to an eigenvalue, 52 =0, or a double zero root (in the
characteristic equation), thus giving us not exponential solutions
but two linear solution terms. This corresponds to a constant or a
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Table 5
Transformation of stiffness matrices related to Step III.

K3, = [Kg; K3, Kf, =[K]; K]
K7, =K3K3, 'K, Ky = Ki—K(5K5; 'K,

T o T o T
KE =K, K]
K, = K5, ~K(K3, 'K,

linear variation of the first degree of freedom, which is pure twist.
However if we “persistently” seek the two classical exponential
solutions for a pure twist mode with (eigen)vectors, (1,0,&2,0)7,
we are not able to show that this is in general a solution. In the
examples section, we will see that for the closed cross-section,
only the linear terms of pure twist exist, whereas for the open
channel section, the eigenvalue is very close to the classical result,
and in the example chosen, we cannot visually see the distortion
in the associated “torsional” mode with an exponential variation
of twist.

To keep the matrix operations as simple as possible we
introduce a new vector vy, and three new block matrices, K,
K3, and K{,, given by

3 KS [Kg; K3,

o A L I

Vi Kie Kis Kyl
When we introduce the new vector and the three block matrices

defined by Eq. (54) and in Table 5, the second order differential
equations can be written as

(54)

00 o0 vy K, Ky, -KLrviw] T[o
0K, 0 vy | —| Ky K, —KG || viy | =0
0 0 K% || vy -Ki K, 0 Vi 0

(55)

In the first equation we can isolate the pure rotational term
resulting in the following differential equation:

Ve = —Kiy (K5, Vi —KS Ve ) (56)

It can be seen that pure St. Venant torsion (with free warping),
corresponding to the solution vector, (V2y/, Vi, vey") = (C322+
c31,0,0), is a solution of the second order differential equations in
(55). We have thus shown that

C:
Ws(2) = C31 + C32z2 = W3 (2)es = [1 2] [c; } (57)

The remaining solutions to the differential equations in (55) are
found by seeking exponential solutions of the form y(z) = e%. We
insert the exponential solution in Eq. (56) and find the following
equation, which we will use for back-substitution purposes:

V3 = KN KE, v — K (E2VE) (58)

Using Eq. (56), we eliminate v3, from the differential equations in
(55) and find the final distortional differential equations of GBT that
determine all the distortional displacement modes as

K 0 J[viw] | K K |[viy 7[0] 59
0o kI ||vew | 7| k%, K ||vev | T lo
The block matrices and the transformed stiffness matrices are given

in Table 5. In the following section we will describe the solution of
these differential equations.

6. The distortional eigenvalue problem and homogeneous
solution functions

To find the distortional eigenmodes, including what are called
local modes, we are finally able to seek solutions to the final
condensed differential matrix Eq. (59). We postulate that the

solutions are exponential solutions of the form
Y(z)=e* (60)

where ¢ is an inverse length scale parameter which may be
complex. Inserting the postulated solution leads to the following
generalized linear matrix eigenvalue problem, in which the eigen-
values are ¢2 and the eigenvectors are the distortional modes that
we seek:

Kftu 0 Ve" _52 K‘l[m 7KZ€ Vﬁ’ _ {0] (61)
0 K ||&v, | °|-K, -K,||&v| o

Due to the differences in the order of magnitude of the different
stiffness terms in the matrices, we have chosen to improve the
numerical accuracy of the eigenvalue and eigenvector solution in
our numerical implementation by introducing the following
Cholesky decomposition of the block matrices in the first matrix:

K, =L,L, K =LL' (62)

We utilize the decomposition by introducing the following new
intermediate vectors

v =LV (@) =L@V (63)

where the superscript ~T corresponds to the inverted transpose of
the matrix. After pre-multiplication of each block matrix equation
by L; ! and L; !, the eigenvalue problem then takes the following
form:

Lu 0 ][ Vi, 2 LK, LT LK LT[ [ v, 7{0]
0 e ||V, | ° | -L'KLLT —LI'KLLT ||V | Lo
(64)

In this equation I,, and I, are adequate size unit diagonal
matrices. Some general eigenvalue solution routines demand that
at least one of the matrices has to be symmetric as well as
positive (semi-)definite. This can be achieved by a change of sign
in the second block matrix equation, however the second matrix
becomes asymmetric. Having found the eigenvectors, we use
Eq. (63) to find vy, and (ézv“jv), which can then be used for the
remaining back-transformation process.

Each distortional eigenvector corresponds to a solution 4 (2)
of the homogeneous coupled equations of distortion in Eq. (59).
The solution function corresponds to our trial function in Eq. (60),
and it has now been determined by plus/minus the square root of
the eigenvalues as + &;. In other words, for the ith eigenvector we
find the solution

V4 (2) = Cg,y €5 +Cq, 07 = Wy, (2)Cq, =[eF e ] {ng"' } (65)
2i

in which constants cg4, , and c4, assembled in the vector ¢y

depend on the boundary conditions of the problem at hand. All

the distortional solution functions are assembled in the distor-

tional solution matrix ¥4 and multiplied by the assembled vector

of distortional constants ¢y as follows:

‘Pdl (Z) 0 0 s Cd1
Yy (2) 0 || Cay
Yioeu=| o o (66)

3

WYy, (2) -+ || Ca

This notation is used later to describe the total displacement
solution.
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7. Back substitution

Having found the distortional eigenvalues, eigenvectors and
homogeneous solutions for the reduced system (61), we now
have to perform a backward substitution through the previous
steps in order to achieve the results in the original displacement
vector format. Furthermore, we also have to back-substitute all
eliminated eigenvectors (multiple zero eigenvalues) and review
the related homogeneous solutions.

7.1. Back substitution of distortional modes

In the previous sections, the formulations are related to a
single displacement vector and the back substitution of the
distortional modes found from solving the eigenvalue problem
in Eq. (61) is performed sequentially through Egs. (58), (51), (46),
(32) and (24). In a typical modal approach, all eigenvectors are
assembled column-wise in the mode matrix and the related
eigenvalues & are placed sequentially in the diagonal of the
matrix A. By introducing the capital letter V with related sub- and
superscripts for the assembled modes, we can find the back-
substituted distortional mode matrices V¢ and V¢ using the
following sequence of substitutions corresponding to the
sequence of equations mentioned above:

V3, = — K5, 7 (K5, VY —KS, (VE,A)) (67)
V4 = K, 'K, VY (68)
V=TV + T3 V3 4T,V (69)
V§ = —(KgE) ' KGVY, (70)
V4 =T, V4 + TEVEE 71

The superscript d has been introduced to distinguish the distor-
tional modes from the total assembly of modes introduced later.
The term (V;,A) is just one matrix, which is never separated into
the two product terms, but just found directly as part of the
eigenvectors of the reduced-order eigenvalue problem in Eq. (61).

7.2. Back substitution of eliminated beam displacement modes

The back substitution of eliminated beam displacement modes
involves back substitution of the pure axial extension mode, the
two transverse translational modes, and the pure twist mode.
Using the degree-of-freedom space introduced in Step II, these
modes are given by the following four transverse displacement
modal vectors:

Vi 0 Vi 1 Vi 0 Vi 0
v, 0 v, 0 V2, 1 v, 0
vi | o |ve| T |or Ve (ol |vi| |1
Vi, 0 Vi, 0 A 0 A 0

(72)

The first vector becomes the extensional eigenvector in the
degree-of-freedom space introduced in Step I. The back substitu-
tion of these modes is all performed using Eq. (46). However, we
have already introduced the eigenvectors in the original trans-
verse displacement space in the transformation matrices related
to this equation, T}, and T;, and the back transformation is
obsolete for these modes. These eigenvectors are assembled in a
beam mode matrix V&, as follows:

veV:[o v‘lmtrans vavtrans V‘?;th] (73)

The back substitution of the warping displacements remains. Of
course the pure axial extension warping vector is trivial and has
already been introduced as T_?j“al =vZ®, but we have to back-
substitute the other modes. This is done by first calculating the
axial (adjustment) component using Eq. (32) as follows:

Vi =[1 0 0 0]-(Kge§) "KZ5 VS, (74)
The beam warping vectors related to the transverse beam
displacement modes can now be found using Eq. (24) as

b axial ,1 trans 2 trans 3 rot T b a yyb,a
Vo =[vg™ vq \[) Vo =TV, +ToVg (75)

The axial variation of the four modes has been identified in Eqs.
(31), (50) and (57) and can be assembled in the beam solution
function matrix ¥,(z) and multiplied by the vector of beam
displacement constants ¢, as

Y.(2) 0 0 Cq
Y,2c,=| 0 Wu2 O Cy (76)
0 0 ‘P3 (2) C3

in which we have introduced the integral of the axial solution as
W.=[-z —17%. This matrix function does not pertain to any
solution, and we might as well have set it to zero, since there are
no transverse displacements, viX12'=0, for the pure axial deforma-
tion mode in beam theory. However, this choice allows us to use
the derivative of the W,(z) matrix, which is the axial solution
Y.=[-1 —-2].

8. The full homogenous solution

The full homogenous solution can now be assembled from all
the eigenmode vectors and the solution functions. It turns out
that some of the eigenvalues and eigenvectors are complex.
However in the following we will just perform a direct formula-
tion in which we acknowledge that we are also dealing with
complex quantities corresponding to related complex eigenvalues
and complex axial solution functions. A transformation of the
complex quantities to pairwise coupled real modes and real
solution functions will be introduced in the second subsection.

8.1. Direct formulation

Let us assemble all the eigenvectors column-wise in a modal
matrix of transverse displacement vectors V,, and a modal matrix
of axial warping displacement vectors V, by joining the modal
matrices of the beam eigenvectors and the distortional eigenvec-
tors in the following sequence:

Vi =[Vi, Vil Vo=[V} Vi (77)

The solution function matrices and the displacement constant
vectors can also be assembled using the previously defined block
matrices and vectors

Y¥y(2) 0 cp
Y(2)c= { 0 ‘l’d(z)} {Cd} (78)

The full homogeneous solution along the beam can be assembled
in the nodal solution vectors u,,(z) and u,(z) as follows:

uy,(2) =V, ¥(2)c
u,(2)=-VoW(2)c (79)

The constants have to be determined by the boundary conditions
of the thin-walled beam.

To be able to present and discuss unique complex eigenmodes,
all the distortional vectors in V,, have been normalized after back
substitution in such a way that the largest absolute value of all
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components in each vector is one and that this component is real.
This has to be done to make them unique since complex eigenvec-
tors are determined except for an arbitrary complex constant.

8.2. Transformation to real modes and real solution functions

Some of the distortional displacement modes found and their
related eigenvalues are complex. Mathematical formulation with
the use of complex numbers simplify derivations and the use of
compilers, which include complex numbers with complex opera-
tions on matrices, will lead to simple algorithms. However it may
be easier to grasp the form and meaning of the solution in real
quantities.

Complex eigenvalues are always found as a pair of complex
conjugated eigenvalues with eigenvectors which are also complex
conjugated. For the jth complex eigenvalue, éjz, and its conjugated
j+1th eigenvalue, szﬂ = EJZ let us introduce the following nota-
tion for the positive square root values and the related eigenvec-
tor columns v; and v;j.; of V,:

&=li+mi, =& =A—i 80
vj:aj—o—bji, Vi1 :Vj:aj—bji (81)

in which we have introduced the real and imaginary parts of the
eigenvalues and eigenvectors. The complex eigenvectors in Eq.
(81) may be conveniently written as

1 1
vi vjil=I[a; bj][i 71-] (82)

The constants of the related parts of the homogeneous solution
are also complex quantities. However we are able to assemble the
two complex conjugated modal solutions into two real (but
pairwise coupled) solutions by introducing the real constant
vectors ¢; and ¢;, ¢ as follows:

G 171 —i1[ €
MEBIHNIN

The jth complex part of the full solution can now be rewritten
using the transformations in Eqs. (82) and (83). After multi-
plication and identification of real and imaginary parts, we find

the following result:
lde 0 G b Ej
Cj1 =3 b] i
(84)

0 de
where the real and imaginary parts of the (in this case complex)
matrix Wy, introduced in (65) are

Re(Wy) Im(¥y)

V; Vi1l Im(¥y) Re(¥y)

Re(Wy) =Re(Wy) = [e"“cosiz e **cosy;z]

Im(Wy) = —Im(¥y) = [esingz  —e " siny;z] (85)

whereby the real formulation in the right-hand side of Eq. (84)
becomes

Ciy

Az —4iz, AiZgi —AiZgi =
4 b efFcospz e Hicosyz  ettsingz —eiFsinz | |G,
T —ettsinz  e~tEsingz - efFcospiz e HEcospz | | G,
Ci+1,
(86)

This allows us to rewrite the complex quantities into real
quantities. Let us modify the modal matrices V,, and V, and
introduce the modified modal matrices V,, and V, by substituting
the complex pairs of eigenvectors with their respective real and

imaginary parts. Further more let us also introduce the modified
solution matrix ¥ and its related modified vector of constants ¢
by substituting the solutions (and constants) of the complex pairs
using Eq. (84), i.e. Eq. (86). This allows us to write the full homo-
geneous solution along the beam with real numbers as

uy(2) =V, P (2)¢

u,(2) = -VoWV'(2)¢ 87)

We may choose to work with this real formulation or continue
working with complex numbers using the full homogeneous solu-
tion formulated in Eq. (79). Before elaborating on how to find the
solution constants, we will look at a couple of examples, showing
the different modes and eigenvalues.

9. Examples of transverse and axial displacement modes

Using the approach described, it is possible to identify all the
eigenvectors of the current GBT formulation, which is based on
simple constitutive relations, discretization of the cross-section
displacements in combination with a weak formulation of the
shear constraints and constrained wall width. The approach
allows direct analysis of both open and closed thin-walled
cross-sections without special considerations. Furthermore, the
mathematical solution of the problem is not approximate, but
performed as in non-proportionally damped modal analysis.

The following three examples illustrate the eigenmodes
related to the lowest eigenvalues of the formulated eigenvalue
problem for generalized thin-walled beams. The first example
relates to an open channel cross-section and the second relates to
a closed rectangular box cross-section. The third example illus-
trates the 3D behavior of distortional eigensolutions. The exam-
ples show that some of the important distortional modes and
related eigenvalues are complex. We have chosen to show both
real and imaginary parts of all the eigenmodes in order to
illustrate that they come in pairs and that the imaginary part of
the conjugated mode changes sign. However as we have seen in
Section 8.2 the conjugated pair can be replaced by two real modes
corresponding to the real and the imaginary part of one of the pair
bearing in mind that these two are then coupled and interact
along the beam. Even though we in our examples only show
results for real local distortional modes we have to state that a
few of the higher modes become complex, therefor we are not, on
the basis of these examples, able to draw conclusions on this.

The examples also illustrate that the pure St. Venant twist mode
is included with a linear axial solution for both closed and open
sections, while the exponential solution with pure rigid cross-
section twist does not seem to exist for the closed rectangular
cross-section, and an investigation of the mode found for the open
cross-section shows that it contains very small distortions.

9.1. Example 1: Eigenmodes of a lipped channel cross-section

Solving the generalized eigenvalue problem in Eq. (61) using
geometric parameters and values as given in Fig. 5 leads to a number
of modes corresponding to the number of degrees of freedom. The
first 13 eigenvalues are shown in Table 6. For this lipped channel
cross-section, modes 0, 1, 2, 3 are beam modes, modes 4, 5, 6, 7, 8 are
non-local distortional, and the remaining modes 9-84 are local
distortional modes. The designation of local and non-local distor-
tional modes is made on the basis of the difference in the attenuation
of the modes (difference in problem length scales) seen in relation to
the typical dimensions of the cross-section. Mode 4 is the exponen-
tially varying counterpart to pure St. Venant twist, but it also
contains wall distortions, which in this example are in the order of
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magnitude 10> of the twist displacements, and in this formulation
it is therefore an independent mode. The in-plane mode shapes
corresponding to the eigenvalues in Table 6 are shown in Fig. 6,
while the corresponding warping mode shapes are shown in Fig. 7.
Note that the imaginary part of the mode vector is about 10-100
times smaller than the real counterpart. The modes found seem very
similar to the most important modes found by Silvestre in [13]. Note
that Silvestre does not comment on the choice of numbering order,
where the modes in this paper are ordered according to the attenua-
tion length.

h=50

w =100
h c=25
t=2.0
E=2.1x10°
G=8.077 x 10*
v=0.3
O Node

w

Fig. 5. Geometry and parameter values of a lipped channel.

Table 6
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9.2. Example 3: Eigenmodes of a rectangular box cross-section

Using the geometric parameters and values as given in Fig. 8
leads to a number of modes corresponding to the number of
degrees of freedom. The first ten calculated eigenvalues are
shown in Table 7. For this channel cross-section, modes 0, 1, 2,
3 are beam modes, modes 4, 5 are non-local distortional modes,
and the remaining modes 6-94 are local distortional modes. Note
that there is no exponentially varying counterpart to pure St.
Venant twist. The in-plane mode shapes corresponding to the
eigenvalues in Table 7 are shown in Fig. 9, while the corresponding
warping mode shapes are shown in Fig. 10. Also note that for the
closed section the imaginary part of the mode vector is 10-100
times smaller than its real counterpart. The modes found seem very
similar to the modes found by Gongalves and Camotim in [4] and
seem to span the same deformation space.

9.3. Example 3: Two distortional eigensolutions for both channel and
box beams

In this example we show the two eigensolutions related to the
first complex distortional displacement mode of the channel and
box cross-sections. We choose to illustrate the mode corresponding

Eigenvalues &2, the ¢ value and the related axial solutions for the lipped channel cross-section.

Mode Eigenvalues Axial solution
Type Scale No. & %108 £x10° V(@)
Beam Global 0 0 0 —Ca1Z—Ca2?
1 0 0 C11+C122+Cy3 Z22+C1aZ°
2 0 0 Co1+CZ+ o372+ CoaZ”
3 0 0 C31+C302Z
Distortional Non-local 4 0.37 0.61 cgieF+cpeF
5 3.36-26.52i +(3.88-3.42i) Cg3e +cgqe
6 3.36+26.52i + (3.88 +3.42i) Cs€ +cyge—
7 4.23-50.04i +(5.22-4.80i) Cre +Cage
F 4.23+50.04i + (5.22+4.80i) a0 +Carpe2
Local 9 825.6 28.7 o€ Carpe=
10 951.1 30.8 Ca13€ +cqae
11 1823 427 Cars€ +cqge
12 3359 58.0 Cg17€% +Cqrge™

5
(Im)x 77.8

7
(Im) x 24.0

6
(Im)x 77.8

Fig. 6. Lipped channel - 13 in-plane deformation mode shapes.
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Fig. 7. Lipped channel - 13 warping deformation mode shapes.

h=50

w =100
t=2.0
E=21x10°
G=8.077 x 10*
v=0.3

O Node

Fig. 8. Geometry and parameter values of a rectangular section.

to the first complex distortional displacement mode, which are
mode j=5 and j=4 respectively for the channel and box cross-
sections. With the use of Eq. (86) in which the real part, a, and the
imaginary part, b, of the mode are multiplied by the solution
functions. We choose in Fig. 11 to illustrate two of the four
independent solution functions: one in which only ¢;, is non-zero
(shown as a and b in the figure), and the other (shown as ¢ and d) in
which only ¢, 4, is non-zero. Thus sub-figures a and b correspond
to the solution e~**cosyy;z - a;+e~**siny;z - b; and sub-figures ¢ and
d correspond to —e~*%?sing;z - aj+e~*%*cosy;z - b;. The eigensolutions
shown in the figure therefore involves a coupled behavior of the real
part and imaginary part of the mode.

10. The degree of freedom space and related transformations

To apply the present work and make use of the solutions found
in a finite-element context, it is necessary to be able to relate to
the different degree-of-freedom spaces in use as well as to the
constraints introduced. In Step I, the introduction of shear con-
straints leads to a generalized beam theory (GBT) in which only
shear flow around closed cells is taken into account while all
other shears are constrained. With the exception of pure axial
extension, the axial displacements are determined from the axial
derivative of the transverse displacements. From the boundary
terms of the first variation of the potential energy given in Eq. (27), it
is seen that the (virtual) generalized boundary displacements are
pure axial extension ({v§), transverse displacements (y/vy), and the
axial derivative of the transverse displacements (iv,,)'. However the
transverse displacements are unconstrained, which is not compa-
tible with classical Vlasov beam theory where the individual thin
wall of the cross-section is assumed to maintain its length (width)
within the cross-section, i.e. no cross-section centerline elongation.

This is overcome in Step II where the walls are constrained using a
set of multi-point constraint equations which eliminate constrained
transverse displacement degrees of freedom vy,. The basic degrees of
freedom of the GBT formulation are the pure axial extension ({v),
the remaining transverse displacements (yv$,), and the axial deri-
vative hereof (yv$,). To be able to change degree-of-freedom space
from GBT space V%, to finite element (FE) (original degree-of-free-
dom) space vy, the following transformation is introduced:

T Vi 88
v = [T, T {Vﬁ } (88)

where

T,=[, T,] and T,=

O = o
cO = O 0o

in which TS, and T¥ have already been introduced in Step II, and T,
is a matrix corresponding to three supplementary columns, which
pick out the degrees of freedom of the first node related to v}, v2,
and v3,

10.1. From FE displacements to GBT displacements

If the transverse displacement vector v,, already fulfills the
constraint equations, then we can find the GBT transverse
displacement vector by using TS T and the pure axial extension
by using 'I?ZT as follows:

V5, 3 =T 0 |[v

“lo
This is the important transformation from FE space to GBT space,
which we will need to be able to find the constants of the
homogeneous solution.

(89)

10.2. From GBT displacements to FE displacements

However we may at some point also need the opposite
transformation, which involves the constraint equations intro-
duced in Eq. (42). Let us principally use the same method but
introduce the transformation Eq. (88) whereby the multi-point



170

704

Table 7
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Eigenvalues 52. the ¢ value and the related axial solutions for the rectangular box cross-section.

Mode Eigenvalues Axial solution
Type Scale No. £ % 10° £x10° Y(2)
Beam Global 0 0 0 —Cq1Z—Cp 2%
1 0 0 Cl1+C122+C1322+C142°
2 0 0 Coq+CoaZ+Co3Z% +CouZ®
3 0 0 C31+C322
Distortional Non-local 4 0.72-36.95i +(4.34—4.261) Cqre+cpe
5 0.72+36.95i +(4.34+4.26i) Cg3€ +cgqeF
Local 6 1205 347 Cse il
7 2661 51.6 e +cgge
8 2050 453 Ca9€% +Cqr0e™
9 4837 69.6 Can e+ Carae
0 1 2

5
(Im) x 67.6

Fig. 9. Rectangular box cross-section — 10 in-plane deformation mode shapes.

0 1 2 3
="
4 4 5 5
(Re) (Im) x 100.0 (Re) (Im) x 100.0
6 7 8 9

Fig. 10. Rectangular box cross-section — 10 warping deformation mode shapes.

constraint equations take the form

CT,,V, +CT5v8, =0 <  Ccv, +Cov8, =0 (90)
in which C. = CTy, has previously been introduced and C, = CT%,
is introduced here. This allows us to express the constrained
degrees of freedom by the GBT transverse displacement vector as
v =-C G, o1
Introducing the equality (91) in the transformation Eq. (88), we
find that the total transformation condenses our problem as

follows:

—C. GV,

] =Tovs

where TS, =T, —TS,C.'C, has been introduced as the condensed
transformation. Using the transformation Eq. (24) that determines
the warping displacements from the amount of axial extension
and the transverse displacements we find

. Vw ;g Vﬁ/
Vo=[Thy Thl| o | =MouT, ToI| o ©3)
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Fig. 11. Two eigensolutions of the first complex distortional mode for a channel and a box section.

Using Eqgs. (92) and (93) we find the following transformation

i)l =[]
= ~g a 94)
Vo Tou T To| [Ve

This transformation is used to transform from GBT space to
FE space.

11. Displacement boundary conditions of the homogeneous
solution

Having solved the eigenvalue problem and formulated solu-
tion modes in the original FE degree-of-freedom space, we would
like to set up a method for determining the constants of the
homogeneous solutions found. This is to be done in the GBT space.
As seen from the first variation of the potential energy, the natural
boundary displacements of the GBT at each boundary are the pure
axial displacement uf, of the beam, the transverse displacements
u, and the axial derivative of the transverse displacements u$,’.
The generalized internal displacements of the GBT beam can be
expressed by using the full homogeneous solution in Eq. (79) or
alternatively, as done in the following, by the real formulation in
Eq. (87) and the transformation from FE to GBT displacements
(89) as follows:

ud(z) —TS Vo ¥'(2)
w© | = | T§V, Y@ |c¢ (95)
ui(2) TSV, ¥'(2)

To determine the constants using displacement boundary condi-
tions as in finite element or stiffness formulations, we need the
boundary displacements at the two ends of a finite length beam,
i.e. at z=0 and L where L is the length of the beam. The assemb-
led boundary displacement vector is denoted by u,. This leads to
the following equation for the determination of the solution

constants:
u%(0) —T?sz/Q:i"(O)
us,(0) T3,V (0)
u;(0) TVLWO) |
u, = = ~ c=Ac 96
P ud —T4TV o W/(L) ©0
“fv(” TSV, (L)
uy,'(L ~ =
O [
= €=A'u 97)

where we have introduced the matrix A, which is an invertible
positive definite “square” matrix. However to avoid numerical
problems, the exponential solution functions in ¥(z) may have to
be modified by replacing ¢;e”* by ¢;e*@1 so that the positive /z
exponent is bounded.

The two solutions plotted by using Eq. (87) with only ¢;, being
non-zero in the upper half of Fig. 11 can also be found by using
the relevant boundary conditions in Eq. (97). To this end, we use
the real and imaginary vectorial parts, a and b, of the mode shape
and the modal solution functions and the derivative hereof. So in
Eq. (97), we would use

0
a
—Ja—ub
0
e~*L(a cosuL+b sinul)
—e~"Ha(A cospuL+ p sinuL) +b(A sinul—p cosul)}

(98)

and we should then find only the second constant of the jth
complex mode ¢;, to be non-zero. The two lower solutions plotted
in Fig. 11 correspond to boundary conditions in which only the
fourth constant ¢;, of the complex mode is non-zero.

It is also worth noting that just specifying the modal shape
with a zero derivative (otherwise built-in support) will lead to a
coupling to the remaining modes. For example, Fig. 12 shows the
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Fig. 12. Displacement field for boundary conditions in Eq. (99).

displacements for the boundary displacements corresponding to
the real part of the first complex distortional eigenmode at one
end, but with zero axial displacements and zero displacements
and axial displacement derivatives at the other end, i.e. with the
following boundary condition:

ul=[0a" 0000 (99)

With this boundary condition many modes are invoked and to
achieve the zero derivative of the displacements, local distortional
plate modes have also been invoked. The problem length scales of
some of these modes are very small and will be difficult to see in
an overall plot of the deformation mode. The formulation above
enables finite-element formulation of advanced semi-discretized
thin-walled beam elements.

12. Conclusion

We have presented a new systematic method accompanied by a
detailed description for the whole semi-discretization process from
kinematic assumptions, potential energy, potential energy variation
leading to the formulation of the homogeneous differential equa-
tions of a generalized beam theory (GBT) and the establishment of
the full solution through identification of all eigenvalues and
eigenmodes. This new approach is a considerable theoretical and
practical development, since the obtained GBT equations are now
solved analytically and the formulation is valid without special
attention also for closed single or multi-cell cross-sections.

The beam displacement field was separated into a sum of
products of the cross-section displacement modes and their axial
variation. This displacement field was constrained to follow the
shear assumptions made in Vlasov beam theory by a weak
formulation of the constant shear flow assumption. This allows
the identical treatment of both open and closed cross-sections.

The coupled homogeneous fourth order differential equations
of GBT have not been solved approximately, but by a reduction of
order accompanied by a doubling of the number of equations and
the introduction of a state vector, as in non-proportionally
damped dynamic analysis. In traditional GBT analysis, the eigen-
value problem, which defines the distortional modes corresponds
to the solution of the undamped eigenvalue problem solved in
proportionally damped dynamic structural analysis (i.e. by
neglecting the shear stiffness matrix related to torsion). However
the related eigenvalues have not been used for assessment of the
attenuation behavior.

It is clear that the eigenvalues of the distortional modes found
are inverse length scale parameters or attenuation parameters
which define the axial solution functions and allow us to predict
the length of the distortional displacement field. This may be used
to determine the degree of discretization if the eigenmodes found
are to be used in a traditional type GBT finite-element

formulation with a reduced number of modes and with approx-
imate shape functions for the axial variation. Alternatively future
formulation of distortional beam elements may be based on the
found distortional modes with axial variations based on the
analytical solution functions. In a following paper we will address
the solution of the inhomogeneous GBT equations using the
eigenmodes found in this paper in order to decouple the non-
homogeneous differential equations.

The modes found in this paper seem to be similar to the modes
found in traditional GBT, see e.g. [13], as well as to the modes
found by the modified GBT formulation for closed cross-sections,
see [4]. In this relation it will be of interest to perform a proper
comparison of the found distortional modes and the modes found
by the conventional GBT formulation.
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For thin-walled beams, the classic theory for flexural and torsional analysis of open and closed cross-
sections can be generalized by including distortional displacements. In a companion paper it is shown
that using a novel semi-discretization process, it is possible to determine specific distortional
displacement fields which decouple the reduced order differential equations. In this process the cross
section is discretized into finite cross-section elements, and the natural distortional modes as well as
the related axial variations are found as solutions to the established coupled fourth order homogeneous
differential equations of GBT.

In this paper the non-homogeneous distortional differential equations of GBT are formulated using
this novel semi-discretization process. Transforming these non-homogeneous distortional differential
equations into the natural eigenmode space by using the distortional modal matrix found for the
homogeneous system, we get the uncoupled set of differential equations including the distributed
loads. This uncoupling is very important in GBT, since the shear stiffness contribution from St. Venant
torsional shear stress as well as “Bredt’s shear flow” cannot be neglected nor approximated by the
combination of axial stiffness and transverse stiffness, especially for closed cross sections. The full
analytical solutions of these linear non-homogeneous differential equations are given, including four
illustrative examples, which illustrate the strength of this novel approach to GBT. This new approach is
a considerable theoretical achievement, since it without approximation gives the full analytical solution
for a given discretization of the cross section including distributed loading. The boundary conditions
considered in the examples of this paper are restricted to built in ends, which are needed for future

displacement formulation of an exact first-order distortional beam element.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled members are often used in the civil, mechanical
and aerospace industry because of the high strength and the
effective use of material. Due to the increased consumption of
thin-walled structural elements there has been increasing focus
and need for more detailed calculations. Thus, it has been
necessary to extend the classic beam theory to include the
distortion of the cross section. Such an extension of the theory
is considered in this paper and in the companion paper [1] where
a novel approach to the determination of distortional displace-
ment modes of Generalized Beam Theory (GBT) is formulated.
This novel approach involves a new cross-section semi-discreti-
zation process as well as a novel determination of the natural
cross-section eigenmodes and related axial solution functions by
exact analytical solution of the related first-order GBT equations.
A variety of other formulations including distortional displacements

* Corresponding author. Tel.: +45 45251707.
E-mail addresses: mican@byg.dtu.dk (M.J. Andreassen),
jej@byg.dtu.dk (J. Jonsson).

0263-8231/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tws.2011.08.013

have been proposed for analysis of both open and closed cross
sections. Specially, the traditional first generation of generalized
beam theory, known as GBT, initially proposed by Schardt in 1966
[2], has been very popular and fostered a lot of research and
developments, mostly undertaken by a few independently working
European groups, among others by Schardt [3], Davies [4], Lepisto
[5], Balaz and Rendek [6], Simdes da Silva and Simdo [7], Gongalves
et al. [8], Gongalves and Camotim [9] and Camotim and Silvestre
[10,11]. In these developments the distortional modes of traditional
GBT have been extended (with “other” modes) in order to encom-
pass shear through shear modes, post buckling through inclusion of
transverse extension modes as well special modes to accommodate
shear lag. However, these extensions with other modes are not
considered in the present paper, since they are not part of a first
generation GBT and may be viewed as patches toward expanded use
of a generalized beam theory in a finite element context. For a more
elaborate introduction see the companion paper [1]. Particularly
relevant in relation to our research is the closely related work of
Hanf [12] as well as the work on distortional theory of thin-walled
beams by Jonsson [13]. In contrast to and as a considerable advance
on the traditional GBT formulation this novel GBT approach solves
the fourth-order differential equations to obtain the distortional
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displacements for a linear beam analysis. This advance will enable
future formulation of exact distortional beam elements with dis-
tributed load for first-order analysis using the found axial solution-
functions (solutions of the GBT equations) instead of conventional
interpolation by third-order polynomials.

Thus, in this paper the distortional differential equations includ-
ing distributed loads are formulated. Transforming the non-homo-
geneous distortional differential equations into an eigenmode space,
by using the distortional modal matrix found for the homogeneous
system, we get the diagonalized and thus uncoupled set of differ-
ential equations including the distributed loads. The full solution of
these uncoupled linear differential equations is given and followed
by four illustrative examples. The boundary conditions considered in
the examples of this paper are restricted to built in ends, which are
needed for future displacement formulation of an exact first-order
distortional beam element. It should be mentioned that the theory
and formulations in paper [1] remain valid, which implies that
mainly the development of the particular part and the following
final general solution will be presented in this paper. It was found
necessary to follow the individual steps of the transformations and
eliminations in the companion paper [1], in order to ensure a correct
formulation of the individual decoupled non-homogeneous differ-
ential equation, especially for the distortional modes where we have
utilized reduction of the order of the differential equations. Having
done this once we may use work or energy principles to identify the
individual load terms in a more direct manner.

2. Basic kinematic assumptions

The theories of beams are derived on the basis of assumed
displacement fields which correspond to extension, flexure, tor-
sion, warping and distortional displacements. This corresponds to

a modal separation in which each mode has a set of transverse
and axial displacement fields that may be coupled. Each of these
cross-section displacement fields is factorized in a displacement
mode which is a function of the in-plane coordinates, multiplied
by a function of the axial coordinate, which describes the axial
variation of the mode.

In the following the prismatic beam is described in a global
Cartesian (x,y,z) coordinate system as shown in Fig. 1. The figure
introduces and shows the local coordinates (z,n,s) correspond-
ing to the axial, normal and tangential directions. In the local
coordinate system the displacement components of one displace-
ment mode u,, us; and u, are given by the separated displacement
functions as follows

Un(S,2) = Wn(S)Y/(2) (1)
us(n,5,2) = (Ws(S)—NWy5(5)) /(2) 2
Uu;(1,5,2) = — (Q(S)+nWn(9))¥/'(2) 3

where the local components are shown in Fig. 2.
The corresponding strains become

& =—(Q+nwy)y” @)
&s = (Ws,s—MWn,s5)/ (5)
Y =Vos = Uzs+Usz = (Ws—Q,s—2nWn )Y/’ (6)

These are described in greater detail in the companion paper [1].

3. Energy assumptions

The internal energy potential introduced in paper [1] will be
briefly presented in this section followed by a separate introduc-
tion of the external energy potential for distributed loads.

3.1. Internal energy potential

In the classic beam theory simple constitutive relations are
used, which means that the material is assumed to be linear
elastic with a modulus of elasticity E and shear modulus G. In this
paper also a plate elasticity modulus E; = E/(1—v?) in the trans-
verse direction will be utilized. The axial stress is determined
as o, = Ee;, the shear stress as 7= Gy and finally the transverse
stress as g = Es&s. Thus taking the transverse plate bending effect
into account but neglecting the coupling of axial strain &, and
transverse strain &. With the constitutive relations assumed the

Fig. 2. Local components of displacements and assumed shear stresses.
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elastic energy potential becomes

Him:X/<%E£§+%Gy2+%E5F,§> dv %)
Let us introduce a thin-walled cross section assembled by using
straight cross sectional elements. This allows us to integrate the
internal energy across the volume of the thin-walled beam. In the
following we will denote the thickness of the individual plane
cross section elements by t and the width by b,. The elastic
potential energy of one mode takes the following form after the
introduction of the strains expressed by the separated displace-
ment functions:

1 L b ) 1 3 "2
=g |5 [ { [Erow?+ gyEcmm ]
+ {Gr(wsz//)2 L GHQ. )

~2GH W N )+ 5 G (Wi |

+ {Est(ws,s.//)z + 11—255 £ (wn,ssl//)z] }ds] dz ®)
The elastic energy terms have been grouped in axial strain energy,
shear energy, and transverse strain energy. Introducing the
displacement interpolation functions leads to the definition of
several stiffness sub-matrices as given in Table 1. The superscripts
o, T and s correspond to components of the axial stiffness, shear
stiffness and transverse stiffness, respectively.

3.2. External energy potential for distributed loads

Let us now introduce three types of distributed loads q,, gs, gn
which act on the mid plane of the individual walls in the zs,n
directions, respectively. The external load potential for these
distributed loads can then for one mode be found as

L pbe
next:*‘/o /0 [qzuz +qsts +qnuin] ds dz )

Using separation of variables for the distributed loads as for
the displacements, we introduce the following load variables
Gs =Ps()P(2), Gn =pn(5)P(2), Gz = P=()¢p(2). In this formulation p;,
Dn, D, represent the cross-section load distribution, and the
function ¢ represents the axial variation of the loads. In the
following formulation we operate with only one cross-section
load distribution, which may be modified by summation of
various different cross section load distributions and axial load
variation functions. The load separation is illustrated in Fig. 3 for a
distributed load g, =pn(s)¢(z) on the upper flange of a thin-

Table 1
Straight-element stiffness and load contributions.

be
Kop = /0 EtNLNg ds

be Er?

K, = A ﬁNgN" ds
© be T Est3 T
= A E)»tNS'SNmJrﬁN,mN,mS ds

be Gt}
Ky = / GENIN,+Z-N] Ny | ds
0
< be T
Kip = /0 GINL N ds
be ;
Ko =" =~ [ GINI N ds
be
e = / NN, ds pgl + P8
0

be be
= /ﬂ NTN, ds p¢!+ /D NIN, ds pe!+ P!
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A
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S
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Fig. 3. Load distribution.
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Fig. 4. Distributed loads and the resulting load vectors.

walled beam. The local components of the loads and force vectors
for a cross section wall element are shown in Fig. 4. Hereby the
contribution to the external load potential of a single wall element
takes the following form:

L pba
Hex o1 = — /0 /0 ¢[P5W51/I +annl//*sz‘V} ds dz (10

which is suited for adequate interpolation in the following. Note
that the two first load terms perform work through the transverse
displacements and the last load term performs work through the
axial warping displacements. Since the formulation of distortion



180

M,J. Andreassen, J. Jonsson / Thin-Walled Structures 50 (2012) 116-127 119

has much in common with torsion the first two terms may
be described as distortional moment loads and the last term
as distortional bimoment load, see [13]. For the classic torsional
equilibrium equation including warping of the cross section,
see [14], these loads correspond to torsional moment load and
torsional bimoment load.

4. Interpolation within cross-section elements

The interpolations related to the cross section are the displace-
ment interpolations for wg, w, and Q described in the companion
paper [1], and the interpolation of the cross section loads ps, p, and
p. introduced in the following. The distributed load shown in Fig. 3
will be defined by a linear interpolation of the load on each cross
section wall element multiplied by an axial shape function ¢(z), for
which we will introduce a specific interpolation later in a following
section. The load interpolation in a cross-section wall is given by

Ps=Nppf, Pa=Nppf, p;=Nyp an
in which Np(s) =[1-5/be,5/b] is the linear interpolation matrix,

and where the nodal end values of a cross-section wall element are
given as

Ps1 Pm Pz
el _ , el _ , el _ 12
P |:p52 } Pa |:pn2 :| p: |:p22 :| ( )
Using the introduced interpolations for the displacements and the

loads, the external potential energy now takes the following form
for a single wall element:

L b
Hext,el =- /0 /O {'//V\e;\lll NSTNIJPEI + lPVSy Nngpil
—/'VE§ NEN,pS | ¢ ds dz 13)

This formulation allows us to write the element load vector in the
same format as the element stiffness contributions from paper [1].
These are shown in Table 1, where we have also included the nodal
cross section wall loads P¢ and P corresponding to line loads also
varying along the beam with ¢. Hereby the walls of the thin-walled
beam can be loaded by line loads acting at the cross section nodes,

and by surface loads acting on the mid-plane of a cross section wall.
Both of these loads are distributed along the beam as given by the
¢-function. Now we can rewrite the external load potential of a
single wall element as

L
o= — / Vel e Vel Thep) dz (14)

where we have introduced the axial and transverse nodal load
components of a straight cross-section element as

=0 il (15)
T =1 Tz Ts Ta Tas Tas) (16)

These components are shown in Fig. 4 along with the direction of
the wall element coordinates (n,s) as well as the positive direction of
the load components. We choose to assemble the single element
components into two separate global vectors containing the axial
load and the transverse load, respectively. These global vectors we
will write as follows:

ro=[ro1 o2 Tos -..1" a7)

T
Tw=[Iw1 Tw2 Tw3 Twa Tws Twe ---] (18)

where the transformation from local to global components is
performed using a formal standard transformation of the compo-
nents in the cross-section plane, i.e.

ro=> Torg (19)
el

ry=> T,r5 (20)
el

See Table 2 for a overview of the important transformations used in
this and in the companion paper [1]. Now we can write the total
potential energy by summation of each element contribution as

Mot = i+ 1Texe  Where ey = Znext,el (1)
el
where II;, is the contribution to the potential energy from the

internal properties found in paper [1], and 1. is the contribution
from the external loads. Introducing the described interpolation and

Table 2
Transformations.
No. Description Transformations
1 Transformation from local to global axial d.o.f. Vo :TQvg
2 Transformation from local to global transverse d.o.f. Vi =Twvg
Vo
3 Transformation from pure axial extension and other axial d.o.f. to global axial d.o.f. vo =[T To] [vg]
4 Transformation from transverse d.o.f. to the other axial d.o.f. (without pure axial extension) based on the shear constrains v =TowVw

5 Transformation from transverse d.o.f. and pure axial extension d.o.f. to the global axial d.o.f.

v,
vo =[Tg, Tol [v“g]

Vi

6 Transformation from pure transverse translation d.o.f., pure rotation d.o.f., constant wall-width constrained d.o.f. and V3,
unconstrained d.o.f. to global transverse d.o.f. (wall-width constraints not applied) vy =[T}, Tﬁv T, Tl Ve

w

v

7 Transformation from pure transverse translation d.o.f., pure rotation d.o.f. and unconstrainedd.o.f. to global

transverse d.o.f. (wall-width constraints applied)

8 Transformation from constrained transverse d.o.f. and transverse GBT d.o.f. to global transverse d.o.f.

9 Transformation from FE space to GBT space

10 Transformation from GBT space to FE space

Viv

v
3 U 3
V=T, T, Tol| Vi

-

v
vw:nfwm[‘,:]

vi] [T 0 ][vw
ol | o 1«;; Vo

w] [ T, 0][v
ve| |, T To Ve
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matrix calculation scheme allows us to write the total potential
energy as

L
Mo =i [ {@Vrwd—vhyran) dz 22)

The first term corresponds to the distortional moment load which
performs work through the transverse displacements. The second
term corresponds to the distortional bimoment load which performs
work through the axial displacements.

5. Modal loads and modal solutions

To obtain a formulation resembling the generalization of Vlasov
beam theory including distortion, the following three main steps are
performed as in the companion paper [1]. This allows us to properly
identify modal load components as well as the contributions to the
individual modal differential equations.

5.1. Step I-Pure axial load and shear constraints

Following the procedure which is used to identify pure axial
extension as an eigenmode and to introduce shear constraints, we
will identify the axial load components and separate these from
the remaining equations. The potential energy formulation
including the load terms in Eq. (22) have to be modified, so that
the pure axial extension is described by the separate degree of
freedom v¥,, and so that the shear constraint equations are enforced.
This modification is performed using the following transformation
No. 5 described in Table 2:

Vo =Th, Vw+THv% (23)

To clarify the variational treatment of pure axial extension, we also
temporally rewrite the terms pertaining to axial extension using
(v, = —y/'v4. The modified elastic potential energy (for a single
mode) takes the following form:

L T
M=M= [ {OVRab—VL) Tourad+Cvirhd} dz - @4)

in which the pure axial loading is identified as r{. It is as given in
Table 3 identified as the product of the transpose of the pure axial
deformation mode and the global axial load vector.

To obtain the differential equations of GBT, the first variation
of the elastic potential energy is investigated by taking variations
in the complete displacement field. This gives

L . 5
Ol or = 5Hinr*/0 {5(WV€v)l'w¢*5(l//V€v)’ ngwrﬂ(/”rb(é"?z)rsazﬁb} dz
(25)

After performing partial integrations on the terms that involve
axial derivatives of the (virtual) varied displacement field, (),
the first variation of the elastic potential energy takes the form

L T
Ol =0T | {0V IR+ Toyrad 1+ i} ds
" L
+ [SWViTouradl], (26)

For internal variation in the displacement fields o(}vy) and
o(¢vy), the elastic potential energy should be stationary and
therefore its first variation must be equal to zero. Here the terms
in the squared bracket correspond to the boundary loads and

Table 3
Transformation of load vectors related to Step I.

. o |
16=ToTe To =Touro—Kaa(K3E) 'rh

boundary conditions. Substituting 6I1;,, from the companion paper
[1] leads to the following coupled non-homogeneous differential
equations of GBT in which we note that { = —y/:

KoV —KOava " K vy + KoVl
= w§+TouTad’ @7

Ketv "~ KV =150 8)

Here the left hand side of the equations corresponds to the
homogeneous equations, and the right hand side are the non
homogeneous (load) terms. The stiffness matrices, K, are found
and described in paper [1].

These equations establish a coupled set of non-homogeneous
GBT differential equations that determine the displacements of a
thin-walled beam for a given set of boundary conditions. The
homogeneous parts of the solution have been found, and now we
seek particular solutions to the modal equations. Let us start out
by isolating the term v&(” in Eq. (28) as

Ve = (K KV —1h ] 29)

Let us then first consider the pure axial extension mode, which
has been identified as (vw,v$)=(0,1), where we introduce the
notation bold zero 0 for a suitable size matrix or vector of zeroes.
Introducing this mode in Eq. (29) uncouples the equation (since
vy = 0). Integrating the particular solution for the axial mode, the
complete solution for the axial variation is then given by adding
the homogeneous part of the solution and the particular part as
follows:

Ca
(@=n z]{ca;}f(l 52;’)*%22/(/) dz dz (30)

where ¢, and ¢, are constants determined by the boundary
conditions of axial extension.

In the context of the current work we will interpolate the cross
section load using one distribution function ¢(z), which varies
linearly between two end values (¢; and ¢,) representing the
values of the multiplicative function at the ends of the profile.
Thus we introduce ¢ as

z z ¢
¢=[1-7 7o whereq):{d);} GD

Using this linear interpolation the full integrated solution of
Eq. (30) takes the form

(@) = -¥Yy(@c~ Y, (32)
where
v 1 Car

ah = *[ Z] Co= Ca2

, 218 [, z\2 z\3 (203
¥ar = Biczas {3 (Z) ’(Z) (Z) ]
The introduced subscripts h and p denote the homogeneous and
the particular parts of the solution, respectively.

Next let us consider the formulation of the remaining transverse
displacement modes. Inserting Eq. (29) differentiated once into
Eq. (27) we eliminate pure axial extension. Introducing K’ as in
paper [1], we obtain the following non-homogeneous fourth order
differential equations for determination of the transverse (global,
distortional and local) distortional displacement modes of GBT:
KoV ) K V) + KV = T + (T T —KEGS(KGE) 1)’

(33)
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which we choose to abbreviate and write as
KOy p" =K f + KoV h = T+ T’ (34

where Ty, is given in Table 3.

5.2. Step ll—flexural loading and constant wall width

In this step we treat two modes corresponding to transverse
translations of the cross section, and one mode corresponding to
pure rotation. We also constrain the transverse displacement field
so that the wall widths remain constant, i.e. we enforce wss=0.

Let us do this by first introducing transformation No. 7 from
Table 2 into the differential equations in (34), and also introduce
the null terms corresponding to the rigid-body modes and zero
shear strain for translational and flexural modes. Hereby the
differential equations including the load terms take the following
form:

K, 0 KJ,7[V% 0 0 07[V%
0 K§y K, || v [y"—|0 K5 K5, | |vg |y
KS, K% K% ||v% 0 K, K ||w

w
00 07V s, | )
+{0 0 0 vy =1 o+ |Th|¢ (35)
00 K,||v I, T

where the transformed stiffness matrices are found and described
in paper [1] and the load vectors are given in Table 4. The two-
dimensional upper block matrix equation yields the translation
displacements as

Vil =K, I +The —Ko, Vi) (36)

where =1 or o =2. We can identify the two orthogonal pure
translational modes, (v},v2,v3,v%)=(1,0,0,0) and (0,1,0,0),
as eigenmodes or full solutions to the homogeneous part of
Eq. (35). A particular solution for the axial variation of the pure
translational modes is determined by quadruple integration of the
non-homogeneous load terms (since v¥ = 0). The complete solu-
tion is then given by summation of the full homogeneous solution
and the particular solution, which we can express as

W (2) = Cot +CoypZ+Cy32° +CpaZ’
+ /// (K5, "% p+Th¢) dz dz dz dz (37
Remembering that we in the present context introduce ¢ as one

linear function as given in Eq. (31), we can perform the quadruple
integration and get

V5(2) =Yon(2)€s +Wop(@)P (3%)

Here c, is a vector containing four constants of the homogeneous
part of the solution, and

Yop(@) = Vi@ +Win(2) (39)
Y., 2)=[12z 2* 22 (40)
W L4 0 =10 z\4 ANz
¥op@)= 120 (Ko) ™ Ty [5 (i) 7([) (Z) ] “n
Table 4

Transformation of load vectors related to Step II.

o _qaT 3t
=T, T re=ToTw

T 0T Ro \-1
r, =Ty rw ry =1y —K7, (K5,)'ry,
=0 _ maTs 3 3T
=T, To To=T,Tq

u auT_ ur ot o T e\l
ro=T, To Ty =To-Kj, (K, Tq

3 z\* z\*
40 -0 @ ] “@2)
Having identified the solutions related to the two pure transla-
tional modes we return to the remaining block equations of
Eq. (35). Eliminating the two pure flexural degrees of freedom

using Eq. (36) we obtain the condensed version of the differential
Eq. (35) as

Ke KG][va] 0 [K5s K& [va]
1(53 Rsu Villv ll] - KLIB Kfm V\lzlv l/l
0 0 [ r3 51,
0 Ksuu:| |:V‘L;v:|l//: |:l.3vgc ¢+ félzac ¢ (43)

The stiffness matrix KZU is found in the companion paper [1] and
the vectors r¥* and F;;y are given in Table 4. This equation
constitutes the GBT differential equations constrained by shear
flow constraints and wall-width constraints after the elimination
of the classical axial and two translational (flexural beam) modes.

L? _
W@ = 57 (K5, 'Th

ool

+

5.3. Step Illl—reduction of order and torsional load

The fourth order differential Eq. (43) can be transformed into
twice as many second order differential equations by introducing
a so called state vector. There are a number of different possible
formulations, however we choose the use of the state vector
W3 VE V3" Wiy, By introducing this state vector we obtain
a reformulation of Eq. (43), leading to a formal second order
matrix differential equation of double size, which takes the form

00 o0 0 Vi
0K, 0 0 vy

0 0 —Kg& -Ki, |[v3y
0 0 K K| |Viy'
K§3 Kgu 7K§3 7K§u Vavl// "
- el
_ KZB Kfm 71(;3 7Kuu v:/‘vl//
—Kg,  —K3, 0 [} vy
K% K, 0 0 ||V’
=3
T o
Ty Lol Y
= + 44
W] e e (44)
0 0

To keep the matrix operations as simple as possible we introduce a
new vector v¢,, three new block matrices, K, K$,, and K, given by

v K K& K%
V= || K= | = e oo (45)
Vw Ke Kz Kyl
and the force vectors are given by
0
%=[o) -

Introducing the new vectors and block matrices defined by
Eq. (45) and (46), and the transformed loads given in Table 5, the

0 46
0] (46)

Table 5
Transformation of load vectors related to Step III

U3 _ pur KT KT 3 e3 _ o g3
e =y -KisKis 1y ry =1y, + K&K g

o3 _ ur et 3 3 o i3
Ty  =Tq -Ki3K3; 7o 1y =15 +K5K; o
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second order differential equations (44) can be rewritten as

0 0 0 J7viy
0K, 0 ||vwy

0 0 K| |vy
K§3 Kg u - ng V\3N l// ! r\?v F?Z

| Kis K —Ki || viy | = |07 o+ |Tg ¢ @D
K K, 0 | |vey’ K, r,

From the first equation we can isolate the pure rotational term
resulting in the following differential equation:

Vel = —(K53) AG Vi K Vo " + 13,0 +To ) (48)
It can be seen that pure torsion (with free warping), corresponding
to the solution vector, (v, V&, V& /") = (C322+¢31,0,0), is a solu-
tion of the homogeneous second order differential equations in (47).
Hereby the particular solution for the axial variation of the pure
torsion mode is determined by double integration of particular part,

and the full solution is found by addition of the homogeneous
solution. This results in

WY3(@) = C31 +Cpaz— //(Kg3 YT p 7)) dz dz 49)

Inserting the linear function ¢ from Eq. (31) we can evaluate the
integrals in (49) and find the full solution of pure St. Venant torsion as
V32) = ¥ar(2)e3 4+ W3p(2) P (50)

Here cj3 is a vector containing two constants of the homogeneous part
of the solution, and

W¥3,(2) = ¥ 2+ P5,2) (51)
W3n(2)=[1 2] (52)

so——g PO~ @]
o= -0 ()] 54

Using Eq. (48) we eliminate v3, from the differential equations in
(47) and find the final distortional non-homogeneous differential
equations of GBT that determine all the distortional displacement
modes as

Kflu 0 qul// _ [(HLL Kue V\L/!le !
0 —KC||viV'| | KK ||vay
r‘a,cvu3 l—_zc)uS ,
- i 55
[rﬁ? ¢ o ¢ (55)
The block matrices and the transformed stiffness matrices are

introduced in the companion paper [1] and the load vectors are
given in Table 5.

6. Solution of distortional equations

The distortional eigenvalue problem for the homogeneous
system of equations (55) was solved in the companion paper [1].
Here the eigenvalues, 4; = 5,2 and the corresponding eigenvectors
was given by

A Vii
= 56
2] =Lt >

In the presents context these eigenvectors can be used to
decouple the system of equations in (55). The i'th decoupled
equation which determines the axial variation ,;(z) of the

Paper 11
Table 6

Modal distortional stiffness and load terms.
i | Ty K | [ v [ e
i = stiz ,‘ 7Ka 7Ka ngffz ] W = stiz , r\g;?
v K 0 v vie 1T 3
KE=&lKi = ewvz o' ko e 2 =l | 5
Vit [ 0 Ko | [ Vis™ |, VR T8

distortional eigenvector is found by inserting the i'th eigenvector
and pre multiplying by it, which results in the following equation:

v 1T, o v,

ez |0 e[| v
vy 17 K; KO, | v

] | lee

i 1TTems] v TR
:{stéz}i‘ﬁ ¢+ ve, & i rs ¢ (57)
which we abbreviate as
Kevrgi— Koy =rwid+role’ (58)

Normalizing this equation and introducing that the eigenvalue é,—z
is equal to Kg/Kd it takes the following standard form:

W= &g = (rwidp+rafe) (59)

Kd
The above introduced distortional stiffness and load terms are
given in Table 6. Note that rwf’l// is the distortional moment load
and rofy/ is the distortional bimoment load.

We find that the full solution of each of these uncoupled non-
homogeneous linear 2 order differential equations is given by

1 _
Zé_ewz/e leg(rwlnger,(b)dz

1 -
2 e**fl/e*'de (rwi¢+role)) dz (60)

W4i(2) = creF - cpe i

+

Using that ¢ is a linear function as given in Eq. (31) and per-
forming integration or by guessing the solution we get

V4,2 =Y an, (24, +¥ip, (2P (61)

Here ¢y; is a vector containing the two constants cg, , and cg, of
the homogeneous part of the solution, and

Wy, (2) = Wi, D)+, 2) (62)

Wan, (2) = [e5% e™%7] (63)

L 1 z Z} (64)
dp; — & 7T
P gizKi? L L
rod -1 1

p2 2 [7 7] 65

dp; é,ng L L ( )

This concludes the determination of all the solutions for all the
displacement modes of GBT.

7. Assembly of the full solution

The axial variation of the four beam modes have been identified
in Egs. (32), (37) and (50) and can be assembled in the beam
solution function matrices ¥y,(z) and W,(z) which are multiplied
by the vector of beam displacement constants ¢, and the load vector
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¢ respectively. This results in

¥in(2)Cp+¥rp(2)hp =
Y. (2) 0 0 Cq Yaop(2)
0 Y,2 0 |+ | Y@ | ¢ (66)
0 0 ‘V3h(Z) C3 lPBp(z)
where
Yin(2) 0
‘l‘xh(z):{ o \ch(z):| 67)
Y¥i,(2)
W)= [me] ©8

Furthermore the distortional solution functions can be assembled
and described as

Y in(2)cs+Yap2)d =

Yar, (2) 0 0 -] [eq, ¥y, (2
0 ‘Pdhz (€4)] 0 e Cq, \l’dpz @
69
Wi, (2) - || €y, + Yo, (2) ® ®9)

0 0

Now all the solution functions are obtained and can be assembled
using the previously defined block matrices and vectors as

Y@ +¥p@)d (70
in which

Yz 0 y
Y (2)c= { 0 ‘Pdh(z):| {Cd} (71)
and

Y, (2)
¥, = {\yzm} o 72)

As we are using the in-plane modes found in the companion
paper [1], the back substitution process of distortional and
eliminated beam displacement in-plane modes is identical to
the process performed in the companion paper. Hereby all the in-
plane modes are assembled column-wise in a modal matrix of
transverse displacement vectors V,, and a modal matrix of axial
warping displacement vectors Vg, by joining the modal matrices
of the beam eigenvectors and the distortional eigenvectors as

Vi =[Vi, V&] Vo=[V) V§) 73)

Having obtained and assembled all the full solution functions
and in-plane modes, the full solution along the beam can be
presented in the nodal solution vectors uy(z) and ug(z) as follows:

Uy (2) =V [W¥h(2)c+Yp(2)P)

u;(2) = —Vo[¥},(2)c+ ¥, (2] (74)

The constants, ¢, have to be determined by the boundary condi-
tions of the thin-walled beam.

7.1. Transformation to real modes and real solution functions

Some of the distortional solution functions found are complex.
Because these complex numbers are awkward to handle it is a
matter of considerable importance to construct a more conveni-
ent complete solution when we have complex numbers. In [1] we
introduce the following notation for the positive square root
values and the related eigenvector columns v; and v; . ;:

G=Ai+ il G =8 =A—pi (75)

vj=a;+bji, vj,1=V;=a;—bji (76)

in which we have introduced the real and imaginary parts of the
eigenvalues and eigenvectors. The complex eigenvectors in
Eq. (76) may be conveniently written as

1 1
[vj viz1]l=Iaj bj][i _J 77)

The constants of the related parts of the homogeneous solution
are also complex quantities. However we are able to assemble
the two complex conjugated modal solutions into two real (but
pairwise coupled) solutions by introducing the real constant vectors
¢; and €, ¢ as follows:

G | 11 i
Cii1 _2[1 i}

The j'th complex part of the full solution in Eq. (74) can now be
rewritten using the transformations in Eqs. (77) and (78). After
multiplication and identification of real and imaginary parts we find
the following result:

ll’dh' 0 (V] ‘Pdp, d)l
[vj vji1] 0 |G + de, s

i } (78)

Cj+1

Re(Wg,) Im(¥ap,) ¢

=[a; by Im(¥a,) Re(Fap,) [éjH]
2Re(¥yp) ¢ 79
+ —2Im(¥ ) [‘7’2} ()

Hereby it is possible to rewrite the complex quantities into real
quantities. Now the modal matrices V,, and V¢ are modified as Vi
and V, by substituting the complex pairs of eigenvectors with their
respective real and imaginary parts. Furthermore we also introduce
the modified solution matrices ¥4, and ‘i’dp and the related
modified vector of constants € by substituting the solutions (and
constants) of the complex pairs using Eq. (79). Now the full solution
along the beam can be written using real numbers as

(@) = Vu [P (2)E + P20 0]

u,(2) = Vo[ ¥}, (2)E+ ¥}, (2)0] (80)

Hereby it is possible to work with this real formulation or continue
working with complex numbers using the full solution formulated
in Eq. (74). In the following context we will use the real formulation
in Eq. (80).

8. Displacement boundary conditions

In this section we will introduce a method for determining the
constants of the non-homogeneous solutions found. This is to be
done in the GBT space, which has been constrained by the
relevant assumptions of the beam theory. As seen from the first
variation of the potential energy, the natural boundary displace-
ments of the GBT at each boundary are the pure axial displace-
ment u}, of the beam, the transverse displacements u,, and the
axial derivative of the transverse displacements u$,. In the
following the generalized internal displacements of the GBT beam
will be expressed by using the transformation from FE to GBT
displacements as follows:

w(2) ~THVo¥, @ ~THV ¥, @)
W@ | = | BV, |é+]| EVY,@ | 81
W@ | V. TV, ¥
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To determine the constants using displacement boundary condi-
tions as in finite element or stiffness formulations, the boundary
displacements at the two ends of a finite length beam are needed,
i.e. at z=0 and at z=L, where L is the length of the beam. The
assembled boundary displacement vector is denoted by u,. This
leads to the following equation for the determination of the
solution constants:
ug(0)
uf,(0)
uy(0)
ug(L)
ui (L)
uiy(L)

u, = (82)

[~THV¥,0)]
T, Vi ¥,(0)
T,V 'P(0)
Jl"};\h;‘i’;j(L)
TV, W, (L)
TS, Vo (L)

[-Ta V¥,
T, VW ¥,,(0)
T VW '¥,(0)
TV, (L)
LA N
TE VP (L)

(] (83)

—Ac+Bo (84)

= ¢&=A 'u,—Bd) (85)

where we have introduced the matrix A and B, where A is an
invertible positive definite “square” matrix. To avoid numerical
problems the exponential solution functions in ¥ (z) may have to
be modified by replacing ¢;e<? by ¢;e<*-D so that the positive &z
exponent is bounded.

To see the effect of the load as it would be in a finite element
context with built in edges, we choose to plot the solution by
using Eq. (80), with all boundary displacements being zero (built
in) as

uj=[000000 (86)

This is done in the following examples.

9. Examples

In this section four examples will be given and nodal displace-
ment results as well as stress distribution results of GBT will be
compared to those found using the commercial FE program
Abaqus. In the examples we consider a lipped channel and a
box beam, both for two different load cases. For all load cases the
loads are uniformly distributed and thus given by a cross-section
load distribution multiplied by ¢(z) =1. In all four examples the
beams have a length of L=2000 mm, an elasticity modulus
E=2.1 x 10° MPa and a Poisson ratio of v=0.3.

The results found using Abaqus are based on isotropic material
and the S4 shell element with full 4 point integration. The linear
elastic finite element calculations are based on a structured
rectangular mesh with a side length seed of 5 mm.

9.1. Example 1—flexural load on lipped channel

Using the full solution in Eq. (80) with parameters, discretiza-
tion and distributed cross-section load as given and shown in
Fig. 5 leads to the deformations shown in Fig. 6. Here it is seen
that the main deformation is related to flexure, however also an
in-plane deformation of the cross section becomes clear. This
points out the importance of taking distortion into account in

h h=50

t w =100
c=25
t=20
p, = 0.1 N/mm
O Node

AR EERE R TR AR Y

[— —
c c

W

Fig. 5. Geometry, parameter values and load for the lipped channel.

Fig. 6. GBT plot of the lipped channel with a flexural load.

-232.8  -226.0 -226.0 -232.8 -233.0 -2253 -2253  -233.0

GBT Abaqus

154.0 154.0 154.8 154.8

Fig. 7. Comparison between the axial normal stress distributions obtained with
GBT and Abaqus at mid-span. All values are in MPa.

0.3 0.0 0.0 03 0.2 0.0 0.0 0.2

GBT Abaqus

-260.7 -259.4

<731 -73.1 -69.4 -69.4

Fig. 8. Comparison between the transverse bending stress distributions obtained
with GBT and Abaqus at mid-span. All values are in MPa.

order to obtain a good approximation of the deformation shape
even in simple load cases.

Comparing a nodal displacement of GBT to the one found from
a model in the commercial FE program Abaqus gives the values
and the corresponding deviations shown in Table 7. The values
correspond to the node marked on the deformed plot of the GBT
solution in Fig. 6 at mid-span of the beam. From Table 8 the
deviation from Abaqus results of the displacement, uy, in the
horizontal direction is 0.6%. As the present approach is based on a
beam theory this deviation may be expected. In contrast, the
deviation for the vertical displacement, u,, is as large as 3.3%,
however this can be explained by the formulation of the present
theory, which is based on a beam theory where the shear
deformations are neglected. In our Abaqus model we are using
shell elements which include in-plane shear deformation. Calcu-
lating the contribution of shear deformations to the displacement
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Table 7
Example 1: nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy 2.409 2.395 0.6
uy —10.844 —-11.213 33

Table 8
Example 1: stress comparison of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
o, 154.0 154.8 0.5
[ -73.1 —69.4 53

Table 9
Example 2: nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy —2.847 —2.841 0.2
uy 2.093 2.084 0.4
as follows gives
1 pL?
Auy(z) = 8A,.C 0.31 mm (87)

which is based on a web area of A,,., = 2ht and a load of p = p,w
in which h is the height of one of the two webs and w is the width
of the loaded flange. Adding this contribution to the vertical GBT
displacement value in Table 7 gives u, =10.844 mm+0.3 mm =
11.144 mm, which then corresponds to a deviation of 0.6%.
Having compared the nodal displacement obtained with GBT
and Abaqus we will now take a look at the stress distributions.
A comparison of the membrane stresses in the z direction at mid-
span is shown in Fig. 7 which gives a maximum deviation of 0.5%
as shown in Table 8. As the present approach is based on a beam
theory this deviation may be expected. The transverse bending
stresses at mid-span are shown in Fig. 8 and show a maximum
deviation in the corner at the bottom of 5.3% which is caused by
the approach based on a beam theory and by the chosen mesh
size. Reducing the mesh side length seed to 3 mm the maximum
deviation is reduced to 3.1%.

9.2. Example 2—distortional load on lipped channel

In this example the same lipped channel cross section as in
the first example is now loaded by a distortional load as shown
in Fig. 9. Solving the equations leads to the GBT deformation
solution shown in Fig. 10, which has displacements of the lips in
both transverse coordinate directions with the maximum value at
mid-span. It is seen that the distortional deformation dominates
and that the boundary conditions give raise to relatively local end
effects, whereas the deformations around mid span are relatively
constant. Comparing the nodal displacements of the node marked
in Fig. 10 to the displacements found using a model in the
commercial FE program Abaqus gives the displacement values
and the corresponding deviations shown in Table 9. Here the
deviation according to the maximum displacement in the hor-
izontal direction, u,, is 0.2% and the deviation for the vertical
direction, u,, is 0.4%. Again we also want a comparison between
the stress distributions obtained with GBT and Abaqus. In order to
have comparable values different from zero the results concern-
ing the axial normal stresses are obtained from the end section.

Py« <« — —

py = 0.1 N/mm

Fig. 9. Distributed distortional load.

N / <
ey
CAZ T )
.-..../

Fig. 10. GBT plot of the lipped channel with a distortional load.

-127.8 -127.8 -138.7 -138.7
287.8 287.8 303.0 303.0
GBT Abaqus
15.9 15.9 15.6 15.6

Fig. 11. Comparison between the axial normal stress distributions obtained with
GBT and Abaqus at the end of the beam. All values are in MPa.

Table 10
Example 2: stress comparison of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
oz 127.7 138.7 7.9
as 197.2 196.9 0.2
0.3 0.0 0.0 0.3 0.2 0.0 0.0 0.2
GBT Abaqus
[T T
197.2 197.2 196.9 196.9

Fig. 12. Comparison between the transverse bending stress distributions obtained
with GBT and Abaqus at mid-span. All values are in MPa.

A comparison of the axial membrane stresses in the z direction is
shown in Fig. 11 and show a maximum deviation of 7.9% as given
in Table 10. This deviation can be explained by shear lag as the
results are here from the end section. The transverse bending
stresses at mid-span are shown in Fig. 12. Here the maximum
deviation is 0.2% and obtained at the corner in the bottom.

9.3. Example 3—flexural load on box section
In this third example a box beam is loaded by a flexural load.

The geometry, parameters values, discretization of the cross
section and the distributed vertical load are as given and shown
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-11.9 11.9 1.7 11.7
h=50
h w = 100 GBT Abaqus
=20 -92.6 -92.7
p, = 0.1 Nlmm
O—O0—0—=0 O—0O o Node
p¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ 94.9 94.9 94.7 94.7
n
' i Fig. 16. Comparison between the transverse bending stress distributions obtained
w with GBT and Abaqus at mid-span. All values are in MPa.
Fig. 13. Geometry, parameter values and load for the box beam.
Py
—_ > > > > >
v Yo p= 00 N/mm
«— — - - - -
Fig. 17. Distributed distortional load.
y =
RS
SN
Fig. 14. GBT plot of the box beam with a flexural load. %1’ 0'%
B WS
: =N
WSS
OIS
QARSI
YIS
Table 11 VIS 22 22
Example 3: nodal displacements of GBT and FE analysis. 'OW;;"%‘
Vo=
GBT (mm) Abaqus (mm) Difference (%) "'zl"'l"". .?:“':““"‘K‘
Uy 0.056 0.056 0.0 ==y
uy —6.802 —7.200 5.5
Fig. 18. GBT plot of the box beam with a distortional load.
-142.8 -142.8 -144.0 -144.0
Table 13
Example 4: nodal displacements of GBT and FE analysis.
GBT (mm) Abaqus (mm) Difference (%)
GBT Abaqus
Uy 0.266 0.262 1.5
uy 0.515 0.509 1.2
1428 142.8 144.0 144.0
Fig. 15. Comparison between the axial membrane stress distributions obtained -102.7 -105.3
with GBT and Abaqus for at mid-span. All values are in MPa. -102.7 -105.3
Table 12 GBT Abaqus
Example 3: stress comparison of GBT and FE analysis. 1027 105.3
GBT (MPa) Abaqus (MPa) Difference (%)
o, 1428 144.0 038 1027 1053
Os -11.9 —-11.7 1.7

in Fig. 13. This leads to the deformation shown in Fig. 14. As seen
for the lipped channel in example 1, the main deformation is also
here related to flexure of the beam. A comparison of the
displacement values found using GBT to the FE results found
using a Abaqus model is given in Table 11. Here it is seen that the
deviation of the maximum displacement in the horizontal direc-
tion, u,, is 0.0% and the deviation for the vertical direction, u,, is
5.5%. Again the large deviation can be explained by the neglected
shear deformations. Calculating the effect of shear deformations
as in Eq. (87) gives a contribution to the displacement of Auy(z) =
031 mm and thus a total displacement of u, =6.802 mm+
0.31 mm = 7.112 mm. Hereby the deviation is reduced to 1.2%.

Fig. 19. Comparison between the axial normal stress distributions obtained with
GBT and Abaqus at mid-span of the beam. All values are in MPa.

193.2 192.8
T 1932 T -192.8
B %fqus

-193.2 -192.8 W
1932 192.8

Fig. 20. Comparison between the transverse bending stress distributions obtained
with GBT and Abaqus at mid-span. All values are in MPa.
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Table 14
Example 4: stress comparison of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
o, 1027 105.3 25
[ 193.2 192.8 0.2

Making a comparison between the stress distributions obtained
with GBT and Abaqus we obtain the following results. Concerning
the axial membrane stresses in the z direction at mid-span we
obtain the values and distribution presented in Fig. 15. In this case
a maximum deviation of 0.8% is obtained as given in Table 12. The
transverse bending stresses at mid-span are shown in Fig. 16 and
show a maximum deviation of 1.7%.

9.4. Example 4—distortional load on box section

In this last example the same box beam as in the previous
third example is now loaded by a distortional load as shown in
Fig. 17. Solving the differential equations of GBT leads to defor-
mations shown in Fig. 18. A comparison of the GBT displacements
of the node marked in the figure to those found using the Abaqus
finite element model, the values is given in Table 13. Here it is
seen that the deviation of the maximum displacement in the
horizontal direction, uy, is 1.5% and the deviation for the vertical
direction is 1.2%. Having compared the nodal displacement obtained
with GBT and Abaqus we take a look at the stress distributions.
A comparison of the membrane stresses in the z direction at mid-
span are shown in Fig. 19 which gives a maximum deviation of 2.5%
as shown in Table 14. The transverse bending stresses at mid-span
are shown in Fig. 20. In this case a maximum deviation of 0.2% is
obtained.

10. Conclusion

In this paper we have included distributed loads in a novel semi-
discretized formulation of the distortional differential equations.
By using the distortional modal matrix found for the homogeneous
system we have transformed the non-homogeneous distortional
differential equations into the eigenmode space, and then obtained
the uncoupled set of differential equations including the distributed
loads. This uncoupling is very important in GBT, since the shear
stiffness contribution cannot be neglected nor approximated by the
combination of axial stiffness and transverse stiffness, especially for
closed cross sections. This means that conventional modal analysis
(corresponding to orthogonal damping) cannot be used to solve the
equations and analytical solutions must therefore be based on the
eigenmodes found for the reduced order distortional differential

equations. Examples have been given for thin-walled beams with
distributed uniform loads. The chosen examples show solutions
which are applicable to finite element formulation of a future
distortional beam element with applied loads, i.e. with fixed
boundary conditions. The boundary conditions will be handled by
the eigenmodes of the homogeneous solution. The examples also
show that shear deformation is only included for “Bredt’s shear
flow” around closed cells. The examples also show that the
presented theory does not include shear lag effects. However these
and other effects may be included as extensions in approximate
energy based finite element formulations which may be used to
extend the capabilities of beam elements. The novel approach
presented in this paper is a considerable theoretical achievement,
since it without approximation gives the full analytical solution of
the GBT equations with distributed loads for a given discretization of
the cross section.
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This paper presents distorting buckling solutions for semi-discretized thin-walled columns using the
coupled differential equations of a generalized beam theory (GBT). In two related papers recently
published by the authors a novel semi-discretization approach to GBT has been presented. The cross
section is discretized and analytical solutions are sought for the variation along the beam. With this
new approach the general GBT equations for identification of a full set of deformation modes
corresponding to both homogeneous and non-homogenous equations are formulated and solved.
Thereby giving the (complex) deformation modes of GBT which decouple the state space equations
corresponding to the reduced order differential equations.

In this paper the developed semi-discretization approach to generalized beam theory (GBT) is
extended to include the geometrical stiffness terms, which are needed for column buckling analysis and
identification of buckling modes. The extension is based on an initial stress approach by addition of the
related potential energy terms. The potential energy of a single deformation mode is formulated based
on a discretization of the cross section. Through variations in the potential energy and the introduction
of the constraints related to beam theory this leads to a modified set of coupled homogeneous
differential equations of GBT with initial stress for identification of distortional displacement modes. In
this paper we seek instability solutions using these GBT initial stress equations for simply supported
columns with constrained transverse displacements at the end sections and a constant axial initial
stress. Based on the known boundary conditions the reduced order differential equations are solved by
using the trigonometric solution functions and solving the related eigenvalue problem. This gives the
buckling mode shapes and the associated eigenvalues corresponding to the bifurcation load factors.
Thus the buckling modes are found directly by the analytical solution of the coupled GBT-equations
without modal decomposition. Illustrative examples showing global column buckling, distortional
buckling and local buckling are given and it is shown how the novel approach may be used to develop
signature curves and elastic buckling curves. In order to assess the accuracy of the method some of the
results are compared to results found using the commercial FE program Abaqus as well as the
conventional GBT and FSM methods using the software packages GBTUL and CUFSM.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

stiffness, and large strain energy can be stored with very small
membrane deformations. Therefore, the deformations of the

An assessment of the structural performance of thin-walled
beams includes linear static analysis and linear buckling analysis
of the behavior. Linear buckling analysis is used to achieve an
estimate of the load level at which certain types of structures
exhibit a loss of stability through large non-linear deformations.
Typically for these structures membrane strain energy is con-
verted into flexural strain energy with very little change in
externally applied load. In slender columns and thin plates or
shells, the membrane stiffness is much greater than the bending

* Corresponding author. Tel.: +45 45251707.
E-mail addresses: mican@byg.dtu.dk (M.J. Andreassen),
jej@byg.dtu.dk (J. Jonsson).

0263-8231/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tws.2011.11.002

fundamental state are neglected and the displacements are
measured from the initial perfect configuration. As the membrane
stiffness is much greater than bending stiffness, comparatively
large bending deformations are needed to absorb the membrane
strain energy released when buckling occurs. In most buckling
cases of practical interest this means that the geometric stiffness
term (for compressional loading) gives a negative contribution to
the total stiffness. In other words, instability may be considered
as the load level at which added elastic stiffness terms are fully
neutralized by a change in added negative geometric stiffness
terms in the potential energy. In this paper we therefore include
initial stress contributions to the potential energy which allow us
to perform linear distortional buckling analysis of semi-discre-
tized thin-walled members.
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The classic stability analysis of thin-walled columns is based on a
combination of the “in-plane rigid” cross-section displacement modes
(Vlasov modes, [1]) corresponding to: Uniform axial extension, major
axis bending, minor axis bending and torsion with related warping.
An important feature missing here is the deformation of the cross
section, which undergoes in-plane deformations by local and distor-
tional modes. Concerning analysis of thin-walled members including
distortion of the cross section there are a number of methods
available among which are: (i) The use of shell finite elements in
the finite element method (FEM), [2,3], perhaps with utilization of
recursive substructuring, [4], (ii) the finite strip method (FSM), [5-9],
and (iii) the use of approximate GBT-finite beam elements. In this
context the first application of the first generation of GBT to buckling
analysis was published in 1970 by Schardt [10]. Among others also
Davies [11], Lepisto [12], Simdo [13] and Camotim [14] has investi-
gated the area. This paper deals with a novel method based on
solution of the differential initial stress equations of GBT obtained
through semi-discretization and application of beam constraints. In
the two related papers by the authors [15,16] a novel finite element
based semi-discretization approach to generalized beam theory (GBT)
is presented. In contrast to the traditional GBT formulations which do
not solve the differential equations but establish a weak solution
through introduction of mode shapes (based on an orthogonal shear
stiffness assumption) and use approximate modal amplitude func-
tions, the novel approach in [15,16] finds the exact modes shapes and
amplitude solutions of the reduced order GBT equations related to the
discretized cross section. In the same context the novel approach in
[15,16] adhere to the definition of the warping function given by
Kollbrunner and Hajdin, [17], which adds the integral of the shear
flow strains, see also [18,19]. For a more elaborate description see the
companion paper, [15].

In this paper the developed semi-discretization formulation is
extended by including the initial stress terms. The potential energy of
a single deformation mode is formulated based on the discretization
of the cross section. Through variations in the potential energy and
the introduction of the constraints related to beam theory this leads
to a modified set of coupled homogeneous differential equations of
GBT with initial stress for identification of distortional buckling
modes. In this paper we seek “simple” instability solutions using
these GBT initial stress equations for the classical simply supported
columns with constrained transverse displacements at the end
sections and a constant axial initial stress. Based on the known
boundary conditions the reduced order differential equations are
solved by introducing the relevant trigonometric solution function
and solving the related eigenvalue problem. This directly gives us the
cross-section buckling mode shape and the eigenvalue corresponding
to the bifurcation load factor. This is done as in conventional FSM
without the use of modal decomposition as conventionally performed
in GBT.

Let us shortly make an outline of this paper. We will start out
by introducing the basic assumptions and kinematic relations in
Section 2. The displacements of a single mode are separated into the
products of cross-section displacement functions and the axial varia-
tion functions. Furthermore the expressions for the strains are derived
and the element interpolation functions as well as the nodal
displacement components of a straight cross-section element are
described. Based on simple constitutive relations the potential elastic
energy as well as the potential energy contribution of the factored
initial stress is formulated in Section 3. Furthermore the global
geometrical stiffness matrix is formulated and the load parameter 4
is introduced. Section 4 is split into two main steps leading to the
final distortional differential equations of double size to which we
want to find solutions. In step I we perform variations in the potential
energy whereby the pure axial extension mode and its homogeneous
solution is identified and eliminated. In Step II the constraint
equations relating to the assumption of a constant wall width are

introduced, and the rigid translations and the rigid rotational cross-
section displacement eigenmodes are identified and orthogonalized.
As in classic beam theory the elimination or separate formulation of
the flexural and torsional buckling equations (including initial stress
terms) are not possible since they now couple with each other and
with the remaining distortional equations. This results in global
modes which always include distortion of the cross section to a
certain degree. The order of the differential equations is reduced by
doubling the number of equations through the introduction of a state
vector with components of different differentiation levels. From the
final differential equations the eigenvalue problem is formulated. In
Section 5 trigonometric solutions of the eigenvalue problem are
considered. Finally Section 6 is devoted to illustrative examples
including development of classic buckling curves and comparison of
results with finite element results found using Abaqus, [20], as well as
with FSM and conventional GBT results found using the freely
available software packages CUFSM and GBTUL, see [21,22].

2. Basic assumptions and kinematic relations

The prismatic beam is described in a global Cartesian (x,y,z)
coordinate system as shown in Fig. 1. From the figure it is seen
that a local coordinate system (z,n,s) corresponding to the normal
and tangential directions is introduced. In the local coordinate
system the displacements u,, us and u, are introduced as

Un($,2) = Wn(S)Y(2) 1
Us(1,5,2) = (Ws(S)—nWy,5(5)) ¥ (2) 2)
U(1,5,2) = — (Q(S)+ W, (5)) /' (2) 3)

For the local transverse displacements u,(s,z) and us(n,s,z), the
components w(s) and wy(s) are the local displacements of the
centerline and (z) is the function which describes the axial
variation of the in-plane distortional displacements. For the axial
displacements u,(n,s,z) generated by the out-of-plane distortional
cross-sectional displacements, the axial (warping) displacement
mode Q(s) has been included with a variation corresponding to
the negative axial derivative of the axial variation factor, —y/’, and
due consideration of local transverse variation through the term
nwy. The local components are shown in Fig. 2.

The corresponding strains referred to as axial strains, trans-
verse strains and engineering shear strains, respectively, are
introduced as

& =—(2+ an)l//” 4
&= (Ws,s*nwn,ss)l/’ (5)
Vs = (W579,372nwn.5)1// (6)

In this approach the thin-walled cross section is discretized in
straight cross-sectional elements. The thickness of the individual

Y

kN

Fig. 1. Global and local Cartesian reference frames.
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Fig. 2. Local components of the displacement field and assumed shear stresses.

Fig. 3. Nodal components of a straight single flat element.

plane cross-section element is denoted by t and the width of the wall
element by b,. The modal displacements of the individual wall
element is interpolated using the following interpolation functions:

QY =Novay/ @)
wit)y = Neve ®)
Wnl// = NnV;I, (9)

in which Ng(s) and Ng(s) are linear interpolation matrices and Ny (s) is
a cubic (beam) interpolation matrix. Furthermore we have introduced
the axial and transverse nodal displacement components of a straight
cross-section element as

el el el 1T
Vo =[Vor Vgl

el el el el el el el 4T
Vi =[Vw1 Vw2 Vw3 Vwa Vws Vwel (10)

The nodal components and the direction of the section coordinates
(n,s) are shown in Fig. 3. Assembling the local element degrees of
freedom, the global displacement vectors for the total cross section
are given as
Vo=[Vor Vaz Va3 ...I"

Vw :[Vxl Vyl ¢1 Ux2 Uy2 ¢2 ]T (11)

where the axial displacements and the transverse displacements are
separated into two vectors. The number of degrees of freedom ng,rin
the cross section is four times the number of nodes, ng,s = 4nyo.

3. Energy assumptions and initial stress

The internal energy potential introduced in paper [15,16] will be
briefly presented in this section as well as the new contribution to the
potential energy of the initial stress terms, which are adequate for
distortional buckling analysis of thin-walled members.

In the classic beam theory simple constitutive relations are
used, which means that the material is assumed to be linear
elastic with a modulus of elasticity E and shear modulus G. In this
paper also a plate elasticity modulus E; = E/(1—v?) in the trans-
verse direction is utilized. The axial stress is determined as
o, =Ee,, the shear stress as =Gy and finally the transverse
stress as o5 = Eg&. Thus taking the transverse plate bending effect
into account but neglecting the coupling of axial strain &, and
transverse strain &. With the constitutive relations assumed the
basic elastic energy potential becomes
11, =/' <1E62+1G’2+1E 82> dv (12)

int Jv 2% 2 bl 2 $Cs

Let us next introduce the contribution to the potential energy of a
constant uniform initial stress ¢® which is adequate for column
buckling analysis. Following conventional methods the initial stress
¢ will be scaled by a factor A. After having utilized linear equilibrium
of the pre-buckling state and neglected contribution corresponding to
the squared strain term }Ac%uZ,=}20%? the potential energy
contribution of the factored initial stress is given by

I, =/ (%laouiz+ % 'aouﬁiz> dv
v

- / (1Aa°(u;)2+1;.a°(u;)2> av 13)
2 2
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Let us introduce a thin-walled cross section assembled by
using straight cross-sectional elements. This allows us to inte-
grate the internal energy across the volume of the thin-walled
beam. The elastic potential energy of a single mode takes the
following form after the introduction of the strains expressed by
the separated displacement functions:

1 /L ber
Hie = = Et(Qy" Et? ]
=3/ [Zj/o {[t(lﬁ)+ £ wnp”)

+ [Gt(wsw + U@ =2GE W ) Qs )+ %Gﬁ(wn,sw’ﬂ]

} ds} dz 14)

The elastic energy terms have been grouped in axial strain energy,
shear energy, and transverse strain energy.

The factored initial stress contribution of a single mode to the
potential energy takes the following form after introduction of
straight cross-sectional wall elements, displacement derivatives
and integration through the thickness:

1
+ [Es t(Ws,sl//)z + 12 Est? (Whn,ss '//)2

m=1 [ [Z/ 200w +t<wsd/>+—t3(wmw>}ds] dz
(15)

Introducing the displacement interpolation functions into the
internal elastic potential energy leads to the definition of several
stiffness sub-matrices as given in Table 1. The superscripts o, T
and s correspond to components of the axial stiffness, shear
stiffness and transverse stiffness, respectively. After transforma-
tion of the individual wall elements to global degrees of freedom
vy and v and assembly, the cross-section elastic potential as
introduced in [15] takes the form

Ko, O 1[yvw]”
e =5 / {‘”" ‘/"’9} [ l(g’m} {x//vg}

ww K Y]’
+ [, uvt] [ng Kfzz] [wvg]
+ {lllv[\, lva {l; g} [iz\g} } dz (16)

Besides the global stiffness matrices K in Eq. (16), a bold zero 0
denotes here and in the following a suitable size matrix or vector
of zeroes.

Let us also perform the same operations with the initial stress
contribution to the potential energy. The introduction of the
displacement interpolations leads to the definition of the

Table 1
Elastic stiffness contributions of one wall element.

be
Ko = / EtNLN, ds
Ko, = / EC NTN, ds
ww = 12 n

b,
d Est
K= / (EStNISNS,S+ ;2 N,,SSN,,SS) ds
Jo

r be T G o1

Ky = /0 GENIN, +3-NENy, | ds
T be T

Koo = / GNE, Np, ds

K = (K I = / GINTNg, ds

geometric stiffness matrix for a single wall element as follows:
be 1
K= /0 {taO[NﬁN"Hra"[NINSHﬁt%"[Nﬁ,an_s]} ds a7

Transforming from local, vﬁ\’, to global, v,,, components using a
standard formal finite element transformation and assembly matrix
T, we get the following global geometrical stiffness matrix:

K =>"T. KT, (18)
el

Hereby Eq. (15) in reduced form can be rewritten as

1t oK 0] [y ]
-3 /O {[lpvw el 10 ol luve| 1 (19)
which is the contribution to the potential energy from the factored
initial stress.

4. GBT differential equations with initial stress

To obtain a formulation resembling a generalization of Vlasov
beam theory including distortion, the following main steps need
to be performed as in the related papers [15,16].

4.1. Step I: pure axial extension and influence of shear constraints

In this step, we introduce the shear constraint equations that bind
axial and transverse modes together and at the same time simplify or
condense Eq. (16). In this process we need to eliminate the singularity
in the shear stiffness matrix related to pure axial extension. Perform-
ing step I as in the related papers the differential equations governing
the stability problem can be derived by considering the first variation
of the initial stress contributions to the potential energy in the same
way as the first variation of the traditional elastic potential energy
provided the differential equations in the related papers [15,16]:

Mo = / ' [oiy MO | dz (20)
0

After performing partial integration the variation of the initial stress
contributions to the potential energy take the form:

L L
otto= [ {oVi-GK vy 11} ds+ [onfokwvnl] - @1)

where the term in the square bracket correspond to the boundary
loads and boundary conditions. As in the related paper [15] the pure
axial displacement mode is identified and denoted by superscript a
and the remaining axial displacement modes by superscript r.
Substituting 611, from the related paper leads to the following
coupled homogeneous differential equations of GBT including initial
stresses in which we note that { = —y/:

KOV"Y —(KGEV8LY —(K Vg + KOV Y'Y + KV th = 0 (22)

Kavw"Y —(KGgvH(') =0 (23)
These equations establish a coupled set of homogeneous GBT
differential equations, that determine the displacements of a thin-
walled beam for a given set of boundary conditions. Note that v§, is
one component that corresponds to the amount of pure axial
extension.

Now we seek solutions to the equations. As in paper [15] we can
identify pure axial extension as a solution which takes the form

Ca
(@)=Y @=ca+cnz=-Y,@ c=[17] [C; ] 24)
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where c¢;; and c,; are constants determined by the boundary
conditions of axial extension.

Having identified the “trivial” displacement mode, pure axial
extension, we turn to the solution of the transverse displacement

modes. Eliminating (" by using the fact that {" = —/" and assuming
that " # 0, we find:
vh = —(KZ9) KD vy (25)

Using this equation or Eq. (23), we eliminate the second term in
Eq. (22). This results in the following homogeneous fourth order
differential equations for determination of the transverse (global,
distortional and local) distortional displacement modes of GBT:

KV (K + KW ) KV =0 (26)

where K, K* and K° which are constants are given in the related
paper [15]. In general K° is a function of the axial coordinate z
corresponding to the longitudinal contribution of the initial stress.
However, in the present context the initial stress will be assumed
uniformly distributed and constant whereby K° is also independent
of the axial coordinate z and the equation simplifies to

KoV " —[K* + KWy + Koy if = 0 27)

This set of GBT column stability equations resemble the conventional
equation for classic column stability. Now the number of degrees of
freedom is ngo =3np, since all (ny) axial dofs vy have been
eliminated by the shear constraint equation and the pure axial
deformation mode.

4.2. Step II: translations, constant wall width and reduction of order

In this step we treat two modes corresponding to transverse
translations of the cross section and one mode corresponding to
pure rotation. We also constrain the transverse displacement field
so that the wall widths remain constant, i.e. we enforce w,s=0.

Let us do this by first using the following transformation fully
described in [15]:

v
Vo =T}, Ty, Tyl | Vi 28)

u
Vi

Here the two orthogonal translational eigenmodes are ordered in the
transformation matrix T, and the orthogonal pure rotational eigen-
mode in T2,. The identification of the constrained degrees of freedom
to be eliminated is performed by a transformation matrix T, while
the remaining unconstrained degrees of freedom are identified in the
transformation matrix Ty,. By expressing the constrained degrees of
freedom by the unconstrained we find the total condensed transfor-
mation introduced as T:,, as derived in [15].

Using this transformation to transform the differential equa-
tions in (27), and introducing the null terms corresponding to the
rigid-body modes and zero shear strain for translational and
flexural modes, the differential equations take the following form:

K, 0 KJ,7[V% 0 0 o
0 K% K ||v3 0 K K,
Ko, K% K% ||v 0 K, K.,

l// mr

K, K% K, Vi 00 07V 0
+1| K3, K35 K3, vy +|0 0 0 ||vd|y=1]0
K, K% K° viy 0 0 Kj, || vy 0
(29)

The transformed stiffness matrices are found and described in paper
[15] and the K°-matrices are given in Table 2. Now the number of
degrees of freedom depends on the geometry of the cross section. We
have constrained the transverse displacement field so that the wall

Table 2
Transformation of K°-stiffness matrices related to Step II.

K9, =T4"K°TY,

K, =13 K°T%
~uT

Ko, =T, K°T%

0 T3 0 T 10
K% =T4K°T3, K9, =T K°TY,
T T ~u
Ky =T, K°TS, K}, =T, KT,
.

KO, =14 K0T, KO, = T4 K0T

widths remain constant, i.e. we enforce ws s =0. This means that a
single w;—dof is eliminated for each element in the cross section. For
a lipped channel cross section with ng = n,,—1 elements this means
that nger = 3npe—ne = 21no + 1. For a box cross section with ng = 11pe
elements it means that nger = 3nno—Me = 21po.

To solve this differential equation we choose to reduce the
differential order of the coupled fourth-order differential equa-
tions and the related quadratic eigenvalue problem to twice as
many coupled second-order differential equations with a related
linear eigenvalue problem of double size. This is done in the
following. This method is equivalent to the one used for the
solution of the coupled homogeneous problem of one-mode
distortion and torsion analyzed in [23].

The fourth order differential Eq. (29) can be transformed into
twice as many second order differential equations by introducing
what is called a state vector. There are a number of different
possible formulations, but we have chosen the use of the state
vector s = [V&4, v, Vi vay" v viy 1T, Introducing this
state vector (and using related equality block equations) yields
a reformulation of Eq. (29) as a formal second order matrix
differential equation of double size which takes the form:

00 01 0 0 0 VU
00 0/ 0 0 0 Vi
00 K&, | 0 0 0 v

uu w

—_K“ v

0 0 0 _K;;Y 0 au w
00 0 0 -Kg -KJ ||viy”
00 0 _KZ;Y _Kz—3 _KZ-M V\uvl//”
0 0 0 _Kg(y 0 _Kgu
0 Ky K, | 0 -k K
0 K, K |-K, -K, K[
_K?I-(r 0 _K?Y-u 0 0 0
0 K% K| 0 0 0
-Ki, -KJ, -K, 0 0 0
KO, K%3 KO, [0 0 0 \[viu] [0
Kgry K33 Kgu 000 V\3~¢/ 0
K(u)rr KS”& K2u 0 0 0 Vile 0
+ A Lol =]
0 0 0|0 0 0 vou' 0
0 0 0 |0 0 0|y 0
0 0 0 /0 0 0 Vi 0

(30)

which we choose to abbreviate as follows using the block
structure shown in Eq. (30):

K 0 Vwiy
0 —K’||Vwy¥

K K’ K o|\[Ww¥ ] 0
TS
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This is the set of differential equations to which we want to find
solutions.

5. The distortional initial stress eigenvalue problem

In the reduced order differential equations in (31) we sub-
stitute A, B, C and ugs for the respective matrices and vector in the
equation. This means that A and B are linear stiffness matrices, C a
geometrical stiffness matrix and us a vector containing the long-
itudinal amplitude functions. Thus it takes the following form:

Aus—[B+iClus =0 32)

This set of differential equations are homogeneous with constant
coefficients and therefore lead to solution functions of
exponential type.

By postulating exponential solutions of the form us = vsi/(2),
where the state space vector vs is independent of the axial
coordinate z and y/(z) = e%, and inserting the solution the follow-
ing special eigenvalue problem is obtained:

AVs—E B+ ACIvs =0 (33)

In the classic stability theory the solution function ¥(z) is
normally assumed to be a trigonometric function in order to
satisfy suitable simple boundary conditions, see [24]. This means
that &= pi is a known (complex) parameter and that 4 can be
determined as the eigenvalue equivalent to the instability load
factor, which determines the level of stress at which the structure
becomes unstable. The eigenvalues and the corresponding eigen-
vectors vs can be found by solving the eigenvalue problem.

In order to satisfy suitable simple boundary conditions let us
therefore assume that the solution is of a simple trigonometric
form here chosen as

Y(z) =sin uz (34)

where @ =nmn/L in which n is equal to the number of buckles, i.e.
half-wavelengths. This solution satisfies boundary conditions
corresponding to simple supports with restrained transverse
cross-section displacements at z=0 and z=L. Inserting this
postulated solution in Eq. (32) and remembering the change of
sign related to double differentiation of the sine function leads to
the following generalized linear symmetric matrix eigenvalue
problem, in which the eigenvalues, 4, correspond to the buckling
factor and the eigenvectors are the distortional state space
buckling modes:

nmy 2 nm\ 2
[A+ T B] vs+ (") Cvs=0 (35)
Eliminating the second half of vector vs corresponding to V" in
Eq. (31) leads to the following final generalized linear symmetric
matrix eigenvalue problem:

[K+ Gy =0 (36)

in which K and G are given in Table 3 as functions of the inverse
length scale parameter .

From the results of this eigenvalue problem we know at which
load (4) the corresponding mode has a homogeneous solution
function which is sinusoidal with a number of half-waves corre-
sponding to n. Here the number of degrees of freedom for a lipped
channel cross section is nge =2ny,+1, while the number of
degrees of freedom for a box cross section is nge =21p,. The
number of dofs is equal to the number of eigenvalues. In the
following we will see this applied in the examples.

Table 3
Definition of K and G.

K=K +12K" + 4K’ G:;tzf(o

6. Examples

In this section the developed GBT approach is used to give
illustrative examples of the trigonometric buckling solutions of
the differential GBT equations with initial stress. The ability of the
GBT approach to produce buckling curves and predict buckling is
shown. The examples consider simply supported columns in
uniform compression. The end sections are constrained against
transverse displacements, but otherwise free to warp (and thus
also rotate). The two examples are based on a lipped channel
section and a rectangular hollow section, respectively.

In each example the buckling signature curves of the cross
section are developed corresponding to the buckling stress versus
the buckling half-wavelength for the four lowest buckling modes.
This is done by solving the GBT eigenvalue problem for consecu-
tive values of the half-wavelength. For each buckling curve it is
shown that the transverse buckling mode shape varies with the
buckle half-wavelength. The buckling signature curve is used to
develop the overall buckling curve including multiple buckling
waves by shifting the signature curve sides ways corresponding to
a number of half-wavelengths. Chosen buckling modes for given
column lengths are used to illustrate local, distortional and global
buckling modes. The accuracy of the results are assessed by
comparison to results obtained by the use of the commercial FE
program Abaqus.

The results found using Abaqus are based on isotropic material
and the 4 node S4 shell element with full 4 point integration. The
linear elastic finite element calculations are based on a structured
rectangular mesh with a side length seed of 5 mm. The cross
section is fixed in the transverse directions at both ends and fixed
at one node against longitudinal translation. All supports are
continuous line supports. Two identical normal forces are applied
as a uniform distributed shell edge load; one at each end. For
further and more detailed explanations see also [20]. This finite
element model results in local transverse stress near the end
supports due to the Poisson effect. These end stresses have an
influence on the buckling, which is not included in the FSM or
GBT models.

6.1. Example 1: buckling of a lipped channel column

In this example the buckling of a simply supported lipped
channel column in pure compression is analyzed. The chosen in-
plane geometry and the discretization is shown in Fig. 4.

Solving the GBT initial stress eigenvalue problem given in
Eq. (35) with n=1 for half-wavelengths L varying from 10 mm to
3000 mm (logarithmical spaced) allows the development of the
signature curve (buckling stress versus the buckle half wave-
length) as shown in Fig. 5. Thus the buckling curves shown in the
figure correspond to the four lowest buckling modes with one
half-wave buckle, n=1. For three different half-wavelengths the
transverse buckling mode shape has been included in the figure. It
is clear that the mode shape of each curve changes gradually as a
function of the length. The chosen half-wavelengths correspond
to the dashed lines at 70 mm, 500 mm and 2000 mm, respec-
tively. To illuminate the changes in the deformation modes for
increasing length we have chosen also to show the buckling mode
shapes in 3D in Fig. 6. The mode shapes are shown as a 3D
representation even though the results are provided by a one-
dimensional beam formulation.
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Fig. 4. Geometry, discretization and parameter values of a lipped channel column.
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Fig. 5. Buckling signature curve corresponding to the lowest four modes with a
single half-wave buckle, n=1.

From the figures it is seen that each developing mode repre-
sents its own curve placed in a hierarchical order according to the
stress level. However, the curves are able to change place in the
hierarchy at a certain column length. This phenomenon can for
example be seen for buckling mode 1 and 2 (two lowest ranking
graphs) at a column length of approximately 1000 mm. The
signature curve, shown bold, is achieved as the very lowest of
the buckling curves. For this curve a short column lengths
correspond to local buckling, while for increasing column lengths
it corresponds to distortional buckling and finally for large
column lengths it corresponds to global buckling. The signature
curve is similar to the finite strip buckling curve obtained by
Hancock [25].

As mentioned Fig. 5 is for a half-wave number n=1. As the
buckling loads also depend on the number of n half waves in the
buckled shapes, this means that points lower than the signature
curve can exist for a greater number of buckles, n > 1. To show
this phenomenon the signature curve has been created for a
varying number of n as shown in Fig. 7.

This means that the bold curve shown in Fig. 7 represents the
absolute lowest curve for the buckling stress versus column
length. However, to illustrate the multitude of buckling modes
for each column length, let us look at a column length of
L=1000 mm. In Fig. 7 this length is represented by the vertical
dashed line. For this length we can find the buckling modes
m=1,2,3.. ordered from lowest to highest critical stress, each
having a different number of half waves n.

In Table 4 the buckling stresses of FE analysis using Abaqus
[20] versus the presented GBT method, conventional GBT using
GBTUL [22] and FSM using CUFSM [21] are compared. The
comparison is performed for suitable mode numbers (m-values)
and the associated relevant buckling modes are depicted in Fig. 8,
which shows the local buckling mode corresponding to the lowest
critical stress (m=1), the global beam buckling mode (m=20) and
a distortional mode shape (m=24), respectively. The three values
of m have been chosen to show the spectrum of modes repre-
sented at the given beam length.

From Table 4 it is seen that for a column length of 1000 mm
buckling will occur as local buckling consisting of thirteen sine
half waves and have an associated buckling stress of 350 MPa.
Further more it is seen that the buckling mode shape for mode
m=20 is global column buckling with one buckle, n=1, at a stress
level of 590 Mpa and finally for m=24 distortional column
buckling occurs at a stress level of 918 Mpa.

Comparing the GBT buckling stresses with Abaqus we obtain a
deviation of 13.4% for local plate buckling, 1.7% for global
buckling and 1.7% for distortional buckling. Hereby it is seen that
good results are obtained for global and distortional buckling,
while a rather large deviation is obtained for local buckling. The
same phenomenon is seen from the GBTUL results which are
based on the classic GBT theory. Here a deviation of 7.9% is
obtained for local plate buckling and 1.6% for global buckling. In
contrast to these beam theory results, Table 4 also shows results
obtained from the CUFSM program which is based on a plate
theory. Here we obtain a deviation of 2.0% for local plate buckling,
0.2% for global buckling and 0.3% for distortional buckling,
showing that good results are obtained in all cases. From the
deviations it is obvious that GBT and GBTUL are based on beam
theories while CUFSM is based on plate theory. The rather large
deviation of 13.4% for the GBT results compared with the devia-
tion of 7.9% obtained with GBTUL, can to a certain extent be
explained by the very simple constitutive relations used in the
current GBT formulation. Making a calculation in Abaqus with
similar very simple non-coupling constitutive relations the devia-
tions obtained now corresponds to (350 MPa) 0.0%, (582 MPa)
1.4% and (888 MPa) 3.4%, respectively. Hereby good matches
between the two approaches are obtained, however, also differ-
ence in the modeling of the boundary conditions can affect the
results. Thus demonstrating that this new developed GBT
approach provides reasonably accurate results with a very small
computational cost, making it an alternative to the traditional and
time consuming FE calculations and the other available methods.
However, the constitutive relations should be modified to achieve
a higher accuracy for local plate buckling.

6.2. Example 2: buckling of a rectangular hollow section column

In this example a simply supported rectangular hollow section
(RHS) column is analyzed. The discretization of the cross section
and the used parameters are as given in Fig. 9. Considering the
given cross section and solving the eigenvalue problem in Eq. (35)
the buckling signature curves can be established as depicted in
Fig. 10. The buckling curves depicted corresponds to the lowest
four buckling modes with a single half-wave buckle, n=1. In this
example we have chosen to show the buckling mode shapes of
the four lowest curves. The mode shapes are shown for two
values of the half-wave buckling length corresponding to 200 mm
and 900 mm, respectively. The corresponding 3D plots of the
column buckling mode shapes are shown in Fig. 11.

From the figures it is seen that each developing mode repre-
sents its own curve placed in a hierarchical order according to
the stress level. Also here it is seen that the curves are able to
change place in the hierarchy. Looking at the very lowest curve
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Fig. 7. Buckling stress versus column length for the lipped channel section in

compression.

(the signature curve) shown as the bolded curve it is seen that

short column length corresponds to local buckling, while larger

column lengths correspond to global buckling.

As mentioned Fig. 10 is for a half-wave number of n
show the signature curve for a varying number of n half waves in
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Fig. 8. GBT column buckling mode shapes of a lipped channel column in pure
compression.

h=50
w =100
t=2.0
E=21x10°
G =8.077 x 10*

Fig. 9. Geometry and parameter values of a rectangular hollow section column.

buckling configurations are depicted in Fig. 12 representing a
local buckling at the lowest critical stress (m=1) and a global
buckling (m=22). The two values of m have been chosen to show
the spectrum of modes represented at a given column length.
Comparing the buckling stresses corresponding to the figures
in Fig. 12 with the commercial FE program Abaqus a maximum
deviation of 14.1% is obtained for the first buckling mode (m=1)
corresponding to local plate buckling while a deviation of 4.2% is
obtained for m equal to 22 corresponding to global column
buckling with some distortion included. Also here it is seen that
good results are obtained for global buckling while a rather large
deviation is obtained for local buckling. Using the CUFSM soft-
ware we obtain FSM results with a deviation of 1.8% for local plate
buckling and 0.7% for global buckling which confirms good results
in both cases. From the given deviations it is clear that GBT results
are based on a beam theory while FSM results are based on a plate
theory. In contrast to Example 1 a comparison using the GBTUL
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Fig. 10. Buckling signature curve corresponding to the lowest four modes with a
single half-wave buckle, n=1.

software is not performed in this example as GBTUL cannot
currently handle closed cross sections. The large deviation of
14.1% obtained by the presented GBT method can to a great
extent be explained by the chosen constitutive relations in the
current approach. Using identical simple non-coupling constitu-
tive relations in the Abaqus finite element model the deviations
now corresponds to (330 MPa) 0.0% and (941 MPa) 4.9%, respec-
tively. Hereby reasonable matches between the two approaches
are obtained for a rectangular hollow section, thus confirming
that this new developed GBT approach provides adequate results
with a very small computational cost, making it an alternative to
the traditional and time consuming FE calculations and the other
available methods. However, there is a need to improve the
constitutive assumptions related to the local plate behavior.

7. Conclusion

This paper presented the extension of the novel GBT approach
developed by the authors in [15,16] to include the geometrical
stiffness terms which are need for column buckling analysis. The
distortional differential equations developed in papers [15,16] are
extended to a formulation including geometrical stiffness terms
by using the initial stress approach to formulate the instability
problem. The derived GBT differential equations with initial stress
have been solved as an eigenvalue problem leading to a number
of buckling modes and associated buckling stresses for simply
supported columns in compression. Illustrative examples have
been given dealing with a lipped channel column section and a
rectangular hollow column section, respectively. In order to
illustrate the application and validity of the approach the results
have been compared with FE results obtained using the
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Table 5

Comparison of buckling stresses for FE analysis versus the presented GBT method
and CUFSM, respectively. The comparisons are related to the vertical dashed

m-line in Fig. 13.

m Nr. of half  Abaqus GBT Diff. (%) CUFSM Diff.
waves n (MPa) (MPa) (MPa) (%)
1 12 384 330 141 391 1.8
22 1 947 987 4.2 940 0.7

Fig. 12. GBT column buckling mode shapes of a rectangular hollow section

column in pure compression.
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Fig. 13. Buckling stress versus column length for the rectangular hollow section in

compression.

commercial program Abaqus as well as with FSM and conven-
tional GBT results found using the freely available software
packages CUFSM and GBTUL, respectively. For both sections
reasonable matches are obtained confirming that this new devel-
oped GBT approach including geometrical stiffness terms pro-
vides reasonable results with a very small computational cost
making it an alternative to the traditional and time consuming FE
calculations and the other available methods. However, the
constitutive relations may have to be modified in order to achieve

100

Length of column [mm]

higher accuracy for local plate buckling.
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Due to the increased consumption of thin-walled structural elements there has been increasing focus and
need for more detailed calculations as well as development of new approaches. In this paper a thin-
walled beam element including distortion of the cross section is formulated. The formulation is based on
a generalized beam theory (GBT), in which the classic Vlasov beam theory for analysis of open and closed
thin-walled cross sections is generalized by including distortional displacements. The beam element
formulation utilizes a semi-discretization approach in which the cross section is discretized into wall
elements and the analytical solutions of the related GBT beam equations are used as displacement
functions in the axial direction. Thus the beam element contains the semi-analytical solutions. In three
related papers the authors have recently presented the semi-discretization approach and the analytical
solution of the beam equations of GBT. In this approach a full set of deformation modes corresponding to
the homogeneous GBT equations are found. The deformation modes of which some are complex decouple
the state space equations corresponding to the reduced order differential equations of GBT and allow the
determination of the analytical solutions. Solutions of the non-homogeneous GBT differential equations
and the distortional buckling equations have also been found and analyzed. Thus, these related papers
are not dealing with an element but dealing with analytical solutions to the coupled differential
equations.

To handle arbitrary boundary conditions as well as the possibility of adding concentrated loads as
nodal loads the formulation of a beam element is needed. This paper presents the formulation of such a
generalized one-dimensional semi-discretized thin-walled beam element including distortional contri-
butions. It should be noticed that we are only dealing with a basic generalized beam theory and not an
extended finite element formulation of an approximate beam element, which allows the addition of
special (transverse extension and shear lag) modes. Illustrative examples showing the validity and the
accuracy of the developed distortional semi-discretized thin-walled beam element are given and it is
shown how the novel approach provides accurate results making it a good alternative to the traditional
and time consuming FE calculations.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

generalized beam theory is formulated. A variety of other for-
mulations and methods taking distortional displacements into

In the civil, mechanical and aerospace industry thin-walled
members are often used because of the high strength and the
effective use of material. Due to the increased consumption of
thin-walled structural elements there has been increasing focus
and need for more detailed calculations. Thus, it has been
necessary to extend the classic beam theory to include the
distortion of the cross section. Such an extension of the theory
is considered in this paper and in a number of companion papers
published by the authors [1-3], where a novel approach to

* Corresponding author. Tel.: +45 45251707.
E-mail addresses: mican@byg.dtu.dk (M.J. Andreassen),
jej@byg.dtu.dk (J. Jonsson).

0263-8231/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tws.2012.07.011

account have been proposed for analysis of both open and closed
cross sections. Thus, concerning analysis of thin-walled members
including distortion of the cross section there are a number of
methods available among which are: (i) the use of shell finite
elements in the finite element method (FEM) [4,5], perhaps with
utilization of recursive substructuring [6], (ii) the finite strip
method (FSM) [7-11], and (iii) the use of approximate GBT-finite
beam elements. Concerning approximate GBT-finite beam ele-
ments, specially the traditional first generation of generalized
beam theory, known as GBT, initially proposed by Schardt in 1966
[12], has been very popular and fostered a lot of research and
developments, mostly undertaken by a few independently work-
ing European groups, among others by Schardt [13], Davies [14],
Lepistd [15], Simdes da Silva and Simdo [16], Gongalves et al. [17],
Gongalves and Camotim [18] and Camotim and Silvestre [19].
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Silvestre and Camotim also extended the theory to include
orthotropic materials, see [20,21], and experimental verifications
have been presented by for example Rendek and Balaz [22].
Furthermore, Silvestre presents buckling solutions as well as
non-linear post buckling solutions in [19]. For an overview and
information about the research and development of GBT, see
Camotim et al. [23,24].

The present novel approach to Generalized Beam Theory (GBT)
involves a cross-section semi-discretization process as well as a
determination of the natural cross-section eigenmodes and related
axial solution functions by exact analytical solution of the related
first-order GBT equations. Hereby the approach is different from
the traditional GBT formulation developed by Schardt [12,13].
When Schardt uses the GBT equations to find distortional defor-
mation modes the shear coupling stiffness terms are neglected.
This corresponds to modal analysis with orthogonal (Rayleigh)
damping in dynamic structural analysis. The solution of the shear
coupled GBT equations for closed cross-sections was published by
Hanf only in his thesis [25]. For closed (single or multi celled
hollow) thin-walled cross-sections Schardt shows in his presenta-
tion of GBT [13] that the theory needs a relaxation of the Vlasov
assumption of negligible shear strain in order to include the
warping deformation associated with the “Bredt’s shear flow”
around each cell. However, it complicates the solution of the
conventional GBT equations by introducing non-negligible shear
coupling terms (off diagonal) in the GBT equations as can be seen
in recent GBT formulations for closed thin-walled cross-sections,
e.g. [26,17,27]. The present formulation therefore adheres to the
definition of the warping function given by Kollbrunner and
Hajdin [28], which adds the integral of the shear flow strains,
see also [29-31].

The present GBT formulation for thin walled beams with both
open and closed (single or multi cell) cross-sections can be
regarded as an extension of classical Vlasov thin-walled beam
theory to include distortional deformation modes as well as
constant shear flows in the walls of the cross-section, see
[32,28,33]. The innovative theoretical developments performed
by introducing semi-discretization leads to a formulation, in
which the rotational degrees of freedom are included, thus
including local plate modes in the formulation even for the
simplest discretization. It makes it possible to analyze thin-walled
members with cross-section distortion and local plate behavior in
a one-dimensional formulation through the linear combination of
pre-established modes of deformation. In contrast to and as a
considerable advance on the traditional GBT formulation this
novel finite element based semi-discretization approach to gen-
eralized beam theory (GBT) solves the fourth-order differential
equations to obtain the distortional displacements for a linear
beam analysis. This means that we find the analytical solution to
the differential GBT equations which through the magnitude of
the eigenvalues gives a much better knowledge of the length
scales of the modes. This also means that we find the exact mode
shapes and amplitude solutions of the reduced order GBT equa-
tions related to the discretized cross section. In contrast, the
conventional GBT formulation solves the equations using the
approximate engineering methods, in which the shear coupling
terms are neglected, producing orthogonal axial and transverse
normal stress modes. In such a case the differential equations are
not solved but a weak solution may be found through the
introduction of the established approximate mode shapes and
use of approximate modal amplitude functions. Thus the conven-
tional GBT formulations use the produced approximated modes
as shape functions in a virtual work or potential energy formula-
tion leading to approximated finite GBT beam elements and the
discretization has to be performed without proper prior knowl-
edge of the problem length scales of the individual modes.

With respect to buckling the first application of the first
generation of GBT to buckling analysis was published in 1970 by
Schardt [34]. Among others also Davies [35], Simdo [16] and
Camotim [36] have investigated the area. Buckling analysis using
GBT beam elements is an alternative to the use of finite-strip
methods (FSM), see [37]. However, GBT is as its name states
essentially a beam theory, whereas FSM essentially is based on
plate theory. Therefore, FSM does not contain a natural decom-
position into basic beam, distortional, local and other modes.
Furthermore, conventional GBT does not contain other modes as
mentioned above. Since the modal decomposition may lead to
advantages in design of thin-walled structures using FSM a great
deal of work has been performed by Adany and Schafer to develop
a constrained finite strip method (cFSM) and modal decomposition
methods for open (single-branched) cross-sections, see [38-40].
The modal approaches of extended conventional GBT and cFSM
formulations have been compared in [41]. The present novel
developed semi-discretization approach to Generalized Beam The-
ory (GBT) is extended in [3] to include the geometrical stiffness
terms which are needed for column buckling analysis and identi-
fication of buckling modes.

When cross sections distort, it means that they change shape.
Distortional displacements can be of a local character in which
the length scale is typically equal to or less than the cross section
dimension or it can be non-local in which case the length scale is
typically several times the cross section dimension or even longer.
In the recent buckling literature and especially in codes there is a
tendency, with respect to buckling, to distinguish between these
two behaviors as distortional buckling and local buckling. In [1-3]
we are operating with global, distortional non-local and distor-
tional local modes when we define first-order displacement
modes. However, in paper [3] which concerns buckling we have
chosen to distinguish between distortional buckling and local
buckling as in the recent codes and literature.

It should be noticed that shear deformation accommodating
Bredt’s shear flow around closed cells is included in the theory
through the specific definition of the warping function, see
Ref. [28]. Since we are dealing with a basic generalized beam
theory and not an extended finite element formulation of an
approximate beam element it makes sense to neglect the overall
transverse shear deformation as in conventional beams. It is also
important to note that shear lag is not included and that it would
not be included even by including shear deformation as described
by Kollbrunner and Hajdin [28]. Thus, we are only dealing with a
beam element adhering to generalized beam theory and not an
extended weak formulation of a finite beam element that allows
the addition of special (transverse extension and shear lag) modes.

Let us introduce the contents of the following sections and
illuminate the development. In the theories of beams, the dis-
placements assumed are typically separated into a sum of
displacement fields. In the sections involving the determination
of such a displacement field, only one of these displacement fields
is considered in the variational formulation. The basic kinematic
assumptions of one of these displacement fields are introduced in
Section 2. The displacements are separated into the product of
cross-section displacement functions and the axial variation
functions. Following this, the strain fields are derived. In Section
3 constitutive energy assumptions lead to the formulation of the
internal and external elastic energy potential. In Section 4 the
cross-section is discretized by straight wall elements in which the
local transverse displacements, the warping displacements and
the loads are interpolated. The element interpolation functions
are introduced and the total elastic potential energy (for a single
mode) is formulated in a semi-discretized form. To get a formula-
tion resembling a generalization of Vlasov beam theory [32],
Section 5 first briefly describes three main steps leading to the
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derivation and solution of the full set of GBT differential equations.
Following this, Section 5 briefly describes the notation and solution
of the final condensed distortional differential equations of GBT.
The full solution functions are assembled and the full solution
along the beam is presented by nodal solution vectors. In section 6
the beam element stiffness matrix and load vector for the full
solution is found. In Section 7 the introduction of the boundary
conditions is described and the necessarily transformation from
the degree-of-freedom finite element space to the reduced degree-
of-freedom GBT space is also introduced. Section 8 is devoted to
the development and assembling of the exact full generalized
displacement solution along the beam element. Here the general-
ized displacements of the homogeneous solution and the general-
ized displacements of the non-homogeneous solution are
assembled to describe the full generalized displacement solution
along the beam element. Four illustrative examples are given in
Section 9.

2. Beam kinematics of a single mode

The potential energy is expressed in terms of displacements
and strains. Hereby a representation of the generalized displace-
ment field is a part of the evaluation of the potential energy. For
the present beam theory the displacement field is represented in
terms of generalized displacements describing extension, flexure,
torsion, warping and distortion.

The straight beam of constant cross section is described in
a global Cartesian (x,y,z) coordinate system as shown in Fig. 1.
From the figure it is seen that a local coordinate system (n,s,z)

Y

IS

A
A

A

corresponding to the normal and tangential directions is defined.
In the local coordinate system, the displacements u,, us and u, of a
material point are defined as

Un(S,2) = Wn(S)¥/(2) (1)
us(n,5,2) = (Ws(S)—NWn 5(5)) ¥/(2) )
U(1,5,2) = — () + W (5)) ¥/ (2) 3)

For the local transverse displacements uy(s,z) and us(n,s,z), the
corresponding displacement components wg(s) and wp(s) are
the local displacements of the centerline and /(z) is the function
which describes the variation along the beam. For the axial
displacements u,(n,s,z) generated by the out-of-plane distortional
cross-sectional displacements, the axial (warping) displacement
mode Q(s) has been included with a variation corresponding to
the negative axial derivative of the axial variation factor, —/, and
due consideration of local transverse variation through the term
nwy. The local components are shown in Fig. 2. The notation
indicates the two dimensions of the cross-section planes and the
single dimension associated with the variation along the beam.

The strain components associated with the given displace-
ments are found as

& = —(Q+nwy)y” @
& = (Ws s—NWp ss )Y/ )
Vzs = (Ws_-st—annvs)l// 6)

Here the given strains are the axial strains, transverse strains and
engineering shear strains.

The present approach is based on a semi-discretization process
in which the thin-walled cross section is discretized in straight
finite cross-sectional wall elements of constant thickness. The
thickness of the individual plane cross-section element is denoted
by t and the width of the wall element by b,,.

3. Strain energy assumptions of a single mode

In this section the internal energy potential as well as the
external energy potential are derived.
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Fig. 2. Local components of the displacement field and assumed shear stresses.
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3.1. Internal energy potential of a single mode

In the following we will adhere to simple constitutive rela-
tions, i.e. the material is assumed to be linear elastic with a
modulus of elasticity E and a shear modulus G. In the transverse
direction we will assume a plate type elasticity modulus Es =
E/(1—v?), in which v represents the Poisson ratio. The axial stress
is determined as o =Ee, the shear stress as t=Gy and the
transverse stress as os=Esg;. Thus we are using non-coupling
constitutive relations or in other words we neglect the coupling of
axial strain ¢ and transverse strain &. Note that this means that
we also neglect the equivalent coupling between axial and
transverse curvatures in the constitutive relations for the plate
moments, but with some changes it is possible to include the
coupling of the curvatures. With the simple constitutive relations
assumed, the elastic energy potential becomes

iy = ' /V G Ee® + %c«,u %Esa§>dv 7
Let us now introduce a thin-walled cross-section assembled using
straight cross-sectional elements, see Fig. 3, and let us integrate
through the thickness, t, across the widths, b, of the elements,
and over the length, L, of the thin-walled beam.

The elastic potential energy takes the following form after
the introduction of the strains expressed by the displacement in
separated form

1

1t ba "2 3 "2
iy = j./o |:ze’:/0 {[Et(gl/’ ) +ﬁEt (Wa¥y") ]
+ {Gr(wsx//)2 +GHQ.)?
—2GtWs ) Q.si))+ %GR(WH.SV/)Z}
+ [Es H(Wssth)? + 1]755[3 (wwl//)z] }ds] dz ®)

In Eq. (8) the elastic energy terms have been grouped in axial

Fig. 3. Nodal components of a straight single flat element.

z

Fig. 4. Load distribution.

strain energy, shear energy, and transverse strain energy. Note
that the shear constraints associated with constant shear flow and
the transverse extension constraint have not been introduced yet.
In the current work we wish to establish a set of displacement
modes by using semi-discretization. To achieve this, the cross-
section will be divided into discrete straight-line elements, in
which we interpolate the transverse and axial displacements.

3.2. External energy potential of a single mode

Let us introduce three types of distributed loads q,, qs, g, which
act on the mid-plane of the individual walls in the z,s,n directions,
respectively. The external load potential for these distributed
loads can then for a single mode be found as

'L b
Hm=—/0 /0 [q,uz +qsus +q,un] ds dz 9

Using separation of variables for the distributed loads as for
the displacements, we introduce the following load variables
ds =p5(s)<f)(z), an =pn(S)dJ(Z), qz=pz(s)¢(z)- In this formulation ps,
Dn, D, represent the cross-section load distribution, and the
function ¢ represents the axial variation of the loads. In the
following formulation we operate with only one cross-section
load distribution, which may be modified by summation of
various different cross-section load distributions and axial load
variation functions. The load separation is illustrated in Fig. 4 for a
distributed load g, =p,(S)¢(z) on the upper flange of a thin-
walled beam. The local components of the loads and force vectors
for a cross-section wall element are shown in Fig. 5.

Hereby the contribution to the external load potential of a
single wall element takes the following form:

L pbe
o1 = — /0 [ ipw -+ —p. 20/ ds dz (10)

which is suited for adequate interpolation in the following. Note
that the two first load terms perform work through the transverse
displacements and the last load term performs work through the
axial warping displacements.
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4. Interpolations

In the present approach we introduce interpolations related to
the cross-section displacements, ws, w, and €, using the nodal
degrees of freedom shown in Fig. 3 and to the cross-section loads,
Ds» Pn and p, shown in Figs. 4 and 5.

4.1. Displacement interpolations

Within each single straight finite cross-section wall element
the displacements are interpolated using the following interpola-
tion functions:

QY =Noviy/' (1)
Wity = Nevalys (12)
Wy = Npvehy (13)

in which Ng(s) and Ng(s) are linear interpolation matrices and
Nu(s) is a cubic (beam) interpolation matrix. Furthermore, the
axial and transverse nodal displacement components of a straight
cross-section element are defined as

pZeQOOG)@
0 S el
M'Qz
® S

el
rol

Fig. 5. Distributed loads and the resulting load vectors.

Table 1
Straight-element stiffness and load contributions.

be
Kop = / EtNLNg ds
EC
K, = A B NTN,ds

k‘:/ (EStN N$5+El—2anst) ds

K= / (GtNTN5+ GO Nt an) ds
Koo = /U GINL, N, ds
Ko = [kzzw}T == fge GthT No ds

- /017“ NIN,ds pe!+ P2

be rhe
rf,L:/O NsTdispﬁ’Jr/O NINyds p¢! + P2

Table 2
Assembly into total cross-section stiffness contributions.

K = STy K Tw
K!IZQ = ZEITZ-Zk;ZQTQ
K\‘NQ = ZelTak\TNQTQ

K?Z(Z = ZEIT(TZk;‘ZQTQ
=Y aTh K Tw
=S TLK Ty

=ty iy

=[Viy Vi Vi Vi Vis Vgl (14)
The nodal components and the direction of the section coordi-
nates (n,s) are shown in Fig. 3.

Using the introduced interpolations for the displacements and
introducing the straight-wall element stiffness contributions
given in Table 1, the internal potential energy now takes the
following form for a single wall element

1 ][R O ]wve]”
Hipte1 = 5/0 { [stv l//sz ] 0 ?)Q ‘//V?zl .
K, K, [wve]
+ Ve’T veﬂ} ‘.?’W \INQ w
[W w e ow Koo | | V8

T el K 0 wv\e,\l]
[l//v"’ l/v’Ho 0}[%@,}}(& (15)

In Eq. (15) and in the following, a bold zero 0 denotes a suitable
size matrix or vector of zeroes.

Assembling the local element degrees of freedom, the global
displacement vectors for the total cross section are given as

T
Vo=[Vo1 Va2 Vo3 -..]

Vw=[Ux1 Vy1 P1 Va2 Vy2 P,

where the axial displacements and the transverse displacements
are separated into two vectors.

In Eq. (16) v holds the local axial element degrees of freedom
and vy, holds the local transverse element degrees of freedom,
corresponding to two displacements and one rotation for each
node. The transformation from local to global components is
performed using a formal standard transformation of the compo-
nents in the cross-section plane, i.e. vnggvg and vw=TWv$$.
The local stiffness matrices are given in Table 1 and the global
assembly of stiffness matrices found by summation of the con-
tribution from each element are as illustrated in Table 2.

qr (16)

4.2. Load interpolations

Having described the displacement interpolations for w,, w,
and Q as also described in the companion paper [1], the inter-
polation of the cross-section loads ps, p, and p, are introduced in
the following. The distributed load shown in Fig. 4 is defined by a
linear interpolation of the load on each cross-section wall element
multiplied by an axial shape function ¢(z), for which we will
introduce a specific interpolation later in a following section. The
load interpolation in a cross-section wall is given by

=Npp?, p,=NypZ, p,=Nyp¢ (17)

in which Ny(s) =[1—s/b,;,5/be] is the linear interpolation matrix,
and where the nodal end values of a cross-section wall element
are given as

Ps1 Pni Pz
el _ , el _ , el _ 18
P |:p32 :| P |:pn2 :| P: |:p22 } (18)

Using the introduced interpolations for the displacements and the
loads, the external potential energy now takes the following form
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for a single wall element:

L rbe T T
Hext,el = /0 /0 ['#V\E/\l/ NZNPPSI"'I//VS\II NENPP#
q//v?z’TNENppZE’} ¢ dsdz (19

This formulation allows us to write the element load vector in the
same format as the element stiffness contributions. These are also
shown in Table 1, where we have also included the nodal cross-
section wall loads P¢ and P% corresponding to line loads also
varying along the beam with ¢. Hereby the walls of the thin-walled
beam can be loaded by line loads acting at the cross-section nodes,
and by surface loads acting on the mid-plane of a cross-section wall.
Both these loads are distributed along the beam as given by the
¢-function. For a single displacement mode we can now rewrite the
external load potential of a wall element as follows:

L
Mega=— [ [ ho—v've wlo] az 20)

where we have introduced the axial and transverse nodal load
components of a straight cross-section element as

=05 @n
T =15 Tz Ts Toa Tas Tel (22)
These components are shown in Fig. 5 along with the direction of
the wall element coordinates (n,s) as well as the positive direction
of the load components.

We choose to assemble the single element components into two
separate global vectors containing the axial load and the transverse
load, respectively. These global vectors we will write as follows:

ro=[rg1 o2 Tos ...1" (23)

O (24

where the transformation from local to global components is
performed using a formal standard transformation of the compo-
nents in the cross-section plane, i.e.

ro=> Torg (25)
el

Iw=[r'w1 Tw2 Tw3 Twa Tws Twe --

ry=> T,r5 (26)
el

See Table 2 in paper [2] for a overview of the important transfor-
mations used in this and in the companion papers [1-3].
4.3. Total elastic energy potential of a single mode

Now we can write the total potential energy for a single mode
of deformation by summation of each element contribution as

Htot = Z(Hinr,el +Hexr,el) (27)
el

Introducing the described interpolation and matrix calculation

scheme, the total elastic potential energy for a single mode now

takes the following form:

”

1t S L A
o= |, {{‘/"’W ol |0 Ko || uve

"TKY, K Y|
T T ww wQ w
] (i o] ]

£ o]

7<wva>rw¢+<l//v5>’rg¢}dz (28)

+

+ vy Yvo

The axial stiffness from transverse displacements, submatrix
K7, has a rank deficiency equal to the number of free end nodes
plus the number of “internal” nodes between corner points of
the cross section. The in-plane cross-section distortional stiffness
submatrix K* has a rank deficiency of 3, corresponding to three in-
plane “rigid body” or rather non-distortional displacements of the
cross section. Finally the whole shear stiffness matrix related to
torsion has a rank deficiency of 3, corresponding to the existence of
pure axial extension and two pure flexural modes without shear. It
turns out that since the pure axial displacement only involves the
sub matrix K5, this matrix has a rank deficiency of one. The first
load term corresponds to the distortional moment load which
performs work through the transverse displacements. The second
load term corresponds to the distortional bimoment load which
performs work through the axial displacements, see [30].

5. Eigenmodes and solution functions

To get a formulation resembling a generalization of Vlasov
beam theory [32] the following three main steps are performed:

e In step I it is first acknowledged that the pure axial extension
mode is a separate mode with only pure unit warping dis-
placement which varies along the beam as function of the axial
parameter {(z) = —/(z). Second the shear constraint equations
that bind axial, vp, and transverse, vy, degrees of freedom
together are used to eliminate all the axial warping degrees of
freedom except from the pure axial extension. Finally varia-
tions of the condensed version of the potential energy in
Eq. (28) are taken with due acknowledgement of the pure axial
extension mode leading to the identification of all the general
differential equations of GBT. This leads to the identification,
solution and elimination of the axial extension mode as an
eigenmode.

e In step Il two eigenmodes corresponding to transverse transla-
tion of the cross section are identified, solved and eliminated.
Also a pure rotational (torsional) eigenmode is identified for
solution and elimination in the next step. Furthermore, the
transverse displacement field is constrained, so that transverse
normal strains in the middle surface of the cross section are
zero, i.e. wss =0, see Eq. (5).

e In step III the order of the coupled fourth order differential
equations is reduced by doubling the number of equations
through the introduction of a state vector with components
of different differentiation levels. The pure St. Venant torsion
mode is identified, solved and eliminated as an eigenmode
with its linear axial solution. This reveals the final set of
(reduced order) distortional differential equations.

For a more elaborate description of the steps performed see
the companion papers [1,2].

The four identified eigenmode vectors corresponding to the
displacements of conventional beam theory are ordered consecu-
tively in the transverse beam displacement mode matrix V2, and
the beam warping mode matrix Vf2 as

b 1 tr 2 3 rot:
Vw — [0 v, rans v, rans v, ro] (29)

v?):[v?zxia] v!l? trans v?)trans V?Z rot] (30)

and the related homogenous analytical solutions for each of the
four modes are given by

1 a
Va@) = —Caz- 57’ = Ya(2)Ca = [-2 —32’] { Ca;} €2
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Kstl intensity load values as
2 3 2 3| €12
V1(2) = cin+cnz+cisz+cuz’ =@ =[1 z 22 2] 13 Yop(2)
\l’lp(z)
€14 ] ¥op@d= |y, 7 |® (37
(32) ZP
ll’Evp(z)
22 where W, Wi, ... each hold the two components of the poly-
€22 nomial solution expressions. The polynomial expressions for the
2 3 2 3
Z)=Cp1 +CZ+ 232+ 242> = Vo (2)ca =[1 2 2° z . R . : .
Val®) = CorFCaz+ a2+ Cou 222 =1 ] C23 particular load contributions are derived and given in the second
Co4 companion paper [2].
ST Following the completion of steps I-III the final distortional
(33) . . . . .
differential equations are solved by seeking solutions of exponen-
tial form and solving the related eigenvalue problem (giving twice
_ _wy -1 C31 34 as many eigenvectors as conventional GBT). Two examples of such
V3@ =ca1+enz=¥s@)6 =1 2] 32 B4 transverse mode shapes are shown in Figs. 6 and 7 respectively.

To enable pre-multiplication by the beam mode matrix we
assemble the beam displacement constants in ¢, and the homo-
genous solution functions in the beam solution matrix W,,(z) as
follows:

Y.(2) 0 0 0 Cq
0 \P] (2) 0 0 Cq
0 0 ‘l’z (2) 0 Cy
0 0 0 Y2

Yin(2)ep = (35)

(]

3

Note that the integral of the axial solution ¥, =[-z —}Z?] does
not pertain to any solution; however, it allows us to use its
derivative as the axial solution for extension ¥, =[—1 —z].
Using the identified beam eigenmode vectors the non-homo-
geneous equilibrium equations can be uncoupled and the load
terms identified, see [2]. With respect to the axial variation of the
cross-section load we will interpolate it using the distribution
function ¢(z). This function varies linearly between two end
values (¢, and ¢,) representing the values of the multiplicative
function at the ends of the profile. Thus we introduce ¢ as

z z ¢
qb:[l—E i](]) whered):{d)z} (36)

Using this linear interpolation of the loads we find and write a
fully integrated particular beam solution matrix multiplied by the

L

The shown mode shapes correspond to a lipped channel and a box
section used in the example section.

The transverse displacements and the related warping displa-
cements of the found distortional eigenvectors are ordered
column wise in the distortional mode matrices V¢, and V9. The
ith distortional eigenvector corresponds to a solution /4 (z) which
takes the form

W4, (2) = Cayy €57 +Cqp 07 =Wy (2)Cq, =[57 €] {Cs:" } (38)
2

in which constants cg4, , and cg, are assembled in the vector ¢y,

and depend on the boundary conditions of the problem at hand.

All the distortional solution functions are assembled in the

homogenous distortional solution matrix W4, and multiplied by

the assembled vector of distortional constants ¢, as follows:

\yd| (2) 0 0 s Cq,
0 Y, (2) 0 .. Cy.

Yau@ea=| 6 ’ (39)
3

Y4,2) - ||Ca

The particular load contributions are found by using the state
eigenvectors to decouple the equations and integrate the solu-
tions as described in the second companion paper [2]. The
particular solutions may be written as follows using the

5
(Im)x 7.8

1
(Im) x 4.0

Fig. 6. Lipped channel—13 in-plane deformation mode shapes.
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6
(Im) x22.6

5
(Im)x 67.6

9
(Im) x 56.6

Fig. 7. Rectangular box cross-section—10 in-plane deformation mode shapes.

introduced linear cross-section load interpolation along the
beam:

\Pdp,(z)
Y@= | ¥Yu,@ | P (40)

where Wy, each hold the two components of the polynomial
solution expressions. The more elaborate polynomial expressions
for the particular load contribution are derived and given in the
second companion paper [2].

Finally we are able to assemble the full modal matrices for the
problem. The eigenmode vectors of the full solution can now
be assembled from the beam eigenvectors and the distortional
eigenvectors as follows:

Vo =[V, Vi1 Vo=[V) Vi) @1

The related homogenous and particular solution matrices are
assembled as

¥ (2) 0 Cp
Fu@e= { 0 \l’dh(z):| {Ca} “42)

and

¥
bp(2) :| ® 3)

‘FP(Z)d’ = |:‘l’dp(z)

This concludes the determination of all the solutions for all the
displacement modes of GBT.

After having obtained and assembled the cross-section dis-
placement modes in V,, and Vg as well as all the homogeneous
and particular solution functions in ¥, and ¥, the full solution
along the beam is presented using the nodal solution vectors
u,(2) and ug(2) as

Uy (2) =V [Yr@)c+Yp(2)d]
u,(2) = —Vo[¥P,(2)c+ ¥, (2)0] (44)

The constants, ¢, have to be determined by the boundary condi-
tions of the thin-walled beam.

6. Element stiffness matrix and load vector

In this section the global beam element stiffness matrix and
load vector needed for the determination of the nodal element
solution are found. As the load has no influence on the stiffness
contributions we use the full assembled homogeneous solution
along the beam found in the companion paper [1]. We also use
the homogeneous displacement modes to generate the nodal load
vector. Some of the distortional displacement modes found and
their related eigenvalues are complex. In contrast to paper [1]
where a transformation to real modes and real solutions are
performed we will here continue working with complex numbers.
This means that the use of compilers which include complex
numbers with complex operations on matrices will lead to simple
algorithms based directly on the following formulations.

The homogeneous solution vectors along the beam are given
by the first part of the full solution in Eq. (44) as

uy(2) =Vy¥p(2)c
u;(2) =—-Vo¥;,(2)c (45)

where the given constants have to be determined by the GBT-space
boundary conditions of the thin-walled beam as described in Ref. [1].
To establish the stiffness matrix and load vector for a single beam
element the constants are viewed as temporary element degrees of
freedom. The transformation between these constants and the final
end displacements of the beam element will be determined by
setting up the necessary GBT boundary conditions. Using the homo-
geneous solution vectors given in Eq. (45) the potential energy
including all the homogeneous modes in Eq. (28) can be written as

1M rrgryr gryr]” [ Kew 0 ] [Vw'¥s
=5 /0 {c AR AH { 0 Ko ||VoW,

’

”

C

KT K \"/% 4
‘PZVQ el el
Kow Koo || VoW

K 0||Vw¥
‘l‘?;v};}|: wh

+cf [‘I’EV&,

T TyT
+cC [‘l’hvW 0 ol|voy,

—cT(ﬁVIV)rwqa—cT(\rﬁvg)’rgqb} dz

(46)
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Table 3 rr 1o oo o0o0O0OOTOOTO
Beam element stiffness contributions. 0011 11000O0O0TO0
=10 00000111100 S
K = JE W) VLK, VW) dz Koo = [2 W, VEKGoVo'W) dz
T 10O OOOOO0OOO0OOO0OT1M1

Ko = [5 Wy VEKG, V'Y, dz
_ T
Roo = fé ¥, VoKooVo'¥), dz

Ky = JL W, VLK, Vo W), dz
. b

Ky =[5 ¥y Vi KioVo', dz
K = [EWIVIKCVL Y, dz

Table 4
Beam element load vector contributions.

Fw= [fWhpdzVir, Fo= [ ¥, T¢dzVhrg

or in integrated form as
I =" (Re—) (47)

where K is the stiffness matrix and  the load vector related to the
modal displacement constants c. The stiffness matrix and the load
vector are found by integration and addition of the individual sub
matrix products in the potential energy equation (46) as

K=K, + Koo +Kiw+Kiyo+Kow + Koo+ K (48)
and
F=Ffw+TFg (49)

The stiffness matrix contributions are given in Table 3 and the two
load vector contributions are given in Table 4. Let us now turn to
a reformulation of eigenvectors and solution functions which enables
clearer analytical integration.

6.1. Formulation enabling analytical integration

In the potential energy formulation in Eq. (46) the modal
matrix of transverse displacement vectors V,, and the modal
matrix of axial warping displacement vectors V contain all the
found eigenmode vectors assembled column-wise. However, each
eigenvector is only represented once. To ease the integration of
the products of the longitudinal amplitude functions ¥, we will
here introduce a matrix format ¥, corresponding to a diagonal
representation of the solution functions. This can only be done if
we also introduce an expanded representation of the eigenvectors
V. and V. By doing this each eigenvector is represented twice
for double roots and four times for quadruple roots. To obtain this
format we will use a transformation matrix H to expand the
transverse displacement vectors V,, and the axial warping dis-
placement vectors Vg, into the full space by

V., =VyH (50)

Vo =VoH (€3]

The transformation matrix also gives a transformation from the
diagonalized solution function matrix to the original format in
Eq. (42) by

¥, =HY, (52)

The transformation matrix can be subdivided into a part H,
related to the transformation of the classic beam modes and a
part H, related to the transformation of the distortional modes by

H, 0 3
H= 0 H, (53)
Concerning the conventional beam displacements as given in

Egs. (29) and (30) the expanding transformation matrix H, takes
the following form:

and for the distortional displacements the expanding transforma-
tion takes the form

11
00
Hi=19 o

0000
1100
001 1 (53)

To be clear let us repeat the formulation of the solution functions
in the new diagonalized formulation. The integral of the pure
axial solution in diagonalized form takes the form

W -z 0 Ca1
a(2)Cq = 0 _%Zz w2 (56)
while the axial variation of the pure translational modes deter-

mined by quadruple integration as described in paper [1] is
represented in diagonalized form as

r 0 0 07|cn
_ 0 z 0 Of]|c2
Yi@a=15 0 2 ofles
[0 0 0 Z2]|cu4]
r o o 017 _C2]—
_ 0z 0 O C22
Ya(2)c; = 00 2 0]cm (57)
0 0 0 2] |cus

The axial variation of the pure twist mode (St. Venant torsion) is
represented by

. 1 0 C:
‘l’s(Z)Csz[o ZH 31} (58)

C32

Substituting these full diagonalized solution matrices into a diag-
onal block matrix formulation similar to Eq. (35) the assembled full
diagonalized axial classic beam solution functions ¥}, are obtained.

Concerning the distortional analytical solution functions the
ith eigenvalue results in following diagonal solution matrix
representation:

- ez 0 Cay,_
Ya @ = [ 0 e—é;l} [ o 1}
2i

The full diagonalized distortional solution functions are assembled
in the (diagonal block) distortional solution matrix ¥, and multi-
plied by the assembled vector of distortional constants ¢, similar
to Eq. (39). Finally the longitudinal classic beam amplitude
solution functions as well as the longitudinal distortional ampli-
tude solution functions are assembled using diagonal block
matrices as

_ Y,z O Cp
‘l’(z)c:[ 0 Wd(z)} |:Cd:| (59)

where ¢ are the original displacement constants. Using the
transformation matrix H as given in Eq. (53) we can obtain
the original formulation of the solution function matrix by using
the transformation as shown in Eq. (52).

Introducing the transformation given in Eq. (52) of the long-
itudinally varying amplitude solution functions in the integrals
given in Table 3, followed by the use of Egs. (50) and (51) and
noting that only the diagonal amplitude solution functions are
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Table 5
Beam element stiffness contributions enabling analytical integration.

K =V Ko VO [L W dz Koo =VoK5Voo [LW'T¥ dz

Ky = Vi Ko Vo O JL 1P dz R = VK5, VO [LFIW dz

Kl =VKioVoo LW dz Kbo =VoKhaVoo [LWTF dz
s

K =VLKV,0 [PV dz

dependent on z allows us to see that the product terms become
simple. Thus the individual components of the stiffness matrix
only contain integrals of one product term. For example the
transverse stiffness contribution is reformulated as follows:

L L
K = / W H'VI KV, HY, dz = / ¥, VoKV, ¥, dz
0 0
T
=V KV, 0 / V¥ dz (60)
JO

in which J is a matrix of unit components (i.e. all components are
equal to one) and the mathematical symbol O represents the
Hadamard product also known as the “entry-wise product” or the
“Schur product”. It is seen that only the diagonal matrix ¥ is a
function of z and that the integral of the product terms are easily
solved analytically due to the simple longitudinal y(z) solution
functions. This means that the formulation of the respective beam
element stiffness contributions in Table 3 can be reformulated as
given in Table 5.

6.2. Generalized displacements

The generalized displacements of the present GBT formulation
are determined by the first variation of the potential energy, shear
constrains and the multi point constraint equations, as described
in Ref. [1]. This degree of freedom space is what we refer to as the
GBT-space. In this space the degrees of freedom are determined
as the value of the pure axial extension ul(z), the values of the
remaining unconstrained transverse displacements u$(z) and
their axial derivatives uf,(z) as given by the expressions involving
the eigenmode vectors, solution functions and solution constants

ud(2) ~THVo')\(2)
W@ | = | VLY@ |c (61)
u} @) TS VW ¥, (2)

Here the transformations are taken directly from Ref. [1], which in
detail describes these. As in a basic beam element formulation we
will specify the boundary displacements at the two ends of the beam,
i.e. at z=0 and at z=L where L is the beam length. Denoting the
assembled boundary displacement vector by u, we can write the
following equation for the determination of the solution constants:

() ~T4V¥;,(0)
ué,(0) T;, Vw'¥r(0)
u,0 T8V, W, (0)
u, = ‘2'( ) = ,w X c=Ac (62)
ug(L) ~TH Vo'W,
g T
ot B ARG
(L) TEV, W, (L)

This equation defines the “square” invertible matrix A and allows the
determination of the solution constants by the beam end displace-
ments as

= c=A"lu, (63)

The first variation of the elastic potential energy in Eq. (47) then takes

the form

0T = oc" (Ke—F) (64)
Substituting beam boundary displacements for the solution constants
using Eq. (63) we redefine the formulation to include the end
displacements in GBT-space as follows:

oI = Suf A TRA Tuy—du] AT# = du] (Keup—Re) (65)

where we have introduced the beam element stiffness matrix in GBT-
space as

K.=A"TKA™' (66)
and the beam element load vector in GBT-space as
R.=A"Tf (67)

For stationarity the first variation of the potential energy must be
equal to zero whereby we can write the single element equations as

K.u, =R, (68)

Having a prismatic structure of multiple beam elements we have to
setup a global system in which the end boundary displacements (in
GBT-space) are assembled. Using a standard finite element proce-
dure to assemble the global system we obtain

Ku=R <« u=KR (69)

where K has to be a positive definite “square” matrix and R is the
load vector corresponding to the chosen load. However, in order to
achieve a positive definite matrix it is necessary to apply boundary
conditions, for example as described in the next section.

In a conventional finite element formulation the displacement
field between the nodes is usually interpolated using approxi-
mated shape functions. In the present formulation we do not use
approximated interpolation functions as we have found the exact
shape functions as given in Eq. (61). Furthermore, we can adjust
the internal displacement field to the distributed loads on the
individual beam element using the particular solutions with
adequate boundary conditions as described after the next section.

7. Boundary conditions and nodal loads

In the present formulation the global stiffness matrix K is
related to sets of beam end degrees of freedom ucgr in the GBT-
space and after assembling the individual element matrices this
global matrix will be singular corresponding to the rigid body
movements. Thus we have to specify at least six conditions to
keep the beam fixed in space in order to solve the equations.

Of the methods used to introduce boundary conditions in the
finite element equations (69) we have chosen the simple method
of adding stiff springs. As the present formulation is in the
constrained, eliminated and transformed GBT-space it is rather
difficult to apply directly to the desired boundary conditions.
Therefore, the boundary stiffness contributions AKgg are formu-
lated in the unconstrained FE-space ugg corresponding to all nodal
degrees of freedom shown in Fig. 3 and the axial derivatives of
transverse components of these. For more clarity let us show the
GBT and FE-space displacement vectors and their transformation
as deduced from the companion paper [1]

ﬂl
us ™ 0 0w,
T
ugr= | [=| 0 T, 0 ||uw

u, 0 o T |lW

=Tug (70)

Thus the beam end spring stiffness contributions AKg are
transformed into GBT space by

AKepr = T AKrT (71)



: 215

152 M.J. Andreassen, J. Jonsson / Thin-Walled Structures 62 (2013) 142-157

and the nodal loads (at beam element ends and intersections) are
transformed from FE-space to GBT-space by the transformation

ARgpr = T' AR (72)

Using this method quite a wide range of situations may be analyzed.
However, other methods involving coupling with traditional finite
plate elements is envisioned to be possible and should be further
investigated in the future.

8. Internal element displacements

The internal beam displacements are represented by the cross-
section node displacement vectors u,(z) and uy(z) as a function of
the axial coordinate z. In the beam element these internal
displacements are found by superposition of @ the internal
displacements induced by the nodal displacements without dis-
tributed loading and ® the displacements induced by the loading
on the beam with zero nodal displacements.

8.1. Nodal displacements

Adhering to this concept Eq. (73) gives us the first contribution as
ug(@) =V ¥h@)e
u?(z) =-Vo¥,(2)¢c (73)

where the constants c=A"'u, are determined by the nodal
displacements of the element u,.

8.2. Loading induced displacements

The second contribution involves the solution of the differen-
tial equations with boundary conditions corresponding to zero
nodal displacements. As the particular solution does not abide
to zero displacements at the nodes, this has to be achieved by
addition of a homogeneous solution. The boundary conditions for
the GBT equations are formulated in the companion paper [2],
which in the present complex formulation corresponds to

[-TSVew,0)]  [-THVa¥O]
T,V W4(0) TS, Vi W, (0)
u, = T%VGYWW“,(O) &+ Tgwaywq’”(o) d=Ac,+Bd  (74)
—TH VoW, (L) ~TH VoW, (L)
TE, Vw ¥i(D) TS Vo Wp(L)
T, Vo ¥j(0) TEV,,Wy(L)

which also defines the particular solution matrix B that gives the
displacement values of the particular solutions at the beam bound-
aries when multiplied by the two end load intensity values in ¢.
Inserting that the nodal displacements are zero we find the constants
¢p, which are determine the homogeneous solutions to add to the
particular solution in order to abide the boundary conditions

w,=0=> c,=—A'Bd (75)
With this knowledge the second contribution is given by Eq. (44) as
U (2) = Vu[¥h(@)) + ¥p(2) ]

u?(2) = —Vo[¥,2)cp + V) (2] (76)

8.3. Superpositioned displacements

Finally we can superimpose the two solutions @ and ® and
find the semi-analytically determined internal displacement

Paper IV
vectors as
uw(2) =Vw [‘l’h(z)(c+cp) + ‘P,,(z)d)}
w(2) = -V, [‘l’}](z) (c+¢p) +‘l‘;,(z)¢} a7

where ¢c=A"'u, and cpzfA’le;. Now we are able to find
displacements, strains and stress at any point in the beam
element. In the next section some examples illustrating this
new approach are given.

9. Example

In this section four illustrative examples are given and nodal
displacement results as well as stress distribution results of GBT
are compared to those found using the commercial FE program
Abaqus. In the examples we consider a simple supported lipped
channel beam and a box beam each with a length of 1500 mm
consisting of and assembled by three single beam elements of
500 mm. The end sections are constrained against transverse
displacements, but otherwise free to warp (and thus also rotate).
Further, one of the ends is fixed at a single node against long-
itudinal translation. Different load cases have been chosen for the
four examples. An elasticity modulus E=2.1 x 10° MPa and a
Poisson ratio of v=0.3 have been used.

The results found using Abaqus are based on isotropic material
and the S4 shell element with full 4 point integration. The linear
elastic finite element calculations are based on a structured
rectangular mesh with a side length seed of 5 mm. The cross
section is fixed in the transverse directions at both ends and fixed
at a single node against longitudinal translation.

All stress comparisons between the present novel approach
and the commercial FE program Abaqus are performed in relation
to the given maximum stress at the cross section.

9.1. Example 1: Uniform distributed load on a simple supported
lipped channel beam

In this example a simple supported lipped channel beam
loaded as shown in Fig. 8 is analyzed.

Using the parameters as given in Figs. 20 and 21 and the full
solution from Eq. (77) leads to the deformed configuration shown
in Fig. 10 and the associated displacement values in Table 6 from
the marked node at mid-span. It is seen that the main

h=50
h t w =100
c=125
t=20

pn¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ P = 0.1 N'mm?

O Node
e |
c c

W

Fig. 8. Example 1: Geometry, in-plane discretization, parameter values and load
for the lipped channel beam.
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Fig. 9. Example 1: Geometry and discretization for a lipped channel beam
consisting of three elements.
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Fig. 10. Example 1: GBT plot of the lipped channel with a flexural load.
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Fig. 11. Example 1: Comparison between the axial normal stress distributions
obtained with GBT and Abaqus at mid-span. All values are in MPa.
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Fig. 12. Example 1: Comparison between the transverse bending stress distribu-
tions obtained with GBT and Abaqus at mid-span. All values are in MPa.

Table 6
Example 1: Nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy 2.504 2.443 25
uy, —16.236 —16.378 0.9

Table 7
Example 1: Stress distributions of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
[ 260.4 2614 0.3
[ —274.7 —263.0 4.3

deformation is related to flexure; however, also an in-plane
deformation of the cross section becomes clear. This points out
the importance of taking distortion into account in order to obtain
a good approximation of the deformation shape even in simple
load cases.

The bold lines shown in the figure correspond to the deformed
end cross sections at the nodes of the assembled beam elements.
These nodes are also shown in Fig. 9.

Comparing the nodal displacements of GBT to the one found
from a model in the commercial FE program Abaqus gives the
values and the corresponding deviations shown in Table 6. The

values correspond to the node marked on the deformed plot of
the GBT solution in Fig. 10 at mid-span of the beam. From Table 6
the deviation from Abaqus results of the displacement, u,, in the
horizontal direction is 2.5%. In contrast, the deviation for the
vertical displacement, u,, is 0.9%. Based on the poor discretization
of the cross section and according to the present approach which
is based on a beam theory these deviations may be expected.
Having compared the nodal displacements obtained with GBT and
Abaqus we take a look at the stress distributions. A comparison of
the membrane stresses in the z-direction at mid-span are shown
in Fig. 11. Comparing the stresses in relation to the maximum
stress at the cross section a maximum deviation of 0.3% is
obtained as shown in Table 7. The transverse bending stresses at
mid-span are shown in Fig. 12. In this case a maximum deviation
of 4.3% is obtained which is caused by the approach based on a
beam theory and by the poor discretization of the cross section as
well as the chosen fine mesh size used in the Abaqus model.

9.2. Example 2: Point loads on a simple supported lipped channel
beam

In this example a simple supported lipped channel beam
loaded by two point loads symmetrically placed in the same
cross section as shown in Fig. 13 is analyzed.

Using the parameters as given in Figs. 13 and 14 and the full
solution in Eq. (77) leads to the deformed configuration shown in
Fig. 15. Here it is seen that the global deformation is related to
flexure of the beam, non-local distortional deformation of the
cross section and a very local plate deformation of the lips related
to the location of the point loads. Thus three length scales are
represented, the global flexural beam mode as seen in Fig. 15, the
non-local distortional deformation of the lips as shown in Fig. 16
and the local distortional plate deformation of the lip as shown in

P, iPn
h =50
w = 100
h t c=25
t=2.0
pu=1KN
O Node
—— —_—
C C

W

Fig. 13. Example 2: Geometry, in-plane discretization, parameter values and load
for the lipped channel beam.
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Fig. 14. Example 2: Geometry and discretization for a lipped channel beam
consisting of three elements.
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Fig. 15. Example 2: GBT plot of the lipped channel with point loads.
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Fig. 16. Example 2: GBT plot of the lipped channel to shown the exponential
decrease in the x-z-plane.

Fig. 17. Example 2: GBT plot of the lipped channel to shown the exponential
decrease in the y-z-plane.
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Fig. 18. Example 2: Comparison between the axial normal stress distributions
obtained with GBT and Abaqus. All values are in MPa.
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Fig. 19. Example 2: Comparison between the transverse bending stress distribu-
tions obtained with GBT and Abaqus. All values are in MPa.

Table 8
Example 2: Nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy —1.424 -1.415 0.6
uy, 4.697 4.772 1.6

Table 9
Example 2: Stress distributions of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
o —31.2 —38.6 4.8
oy 4923 481.9 2.1

close-up in Fig. 17. This example points out the importance of
taking distortion into account in order to obtain a good approx-
imation of the deformation shape.

From Fig. 17 it is seen that the deflection in the longitudinal
z-direction decreases exponentially in the y-z-plane. It should
also be noted that the deformation is so local that it is difficult to
see that the surface is C' continuous. The decreasing non-local
distortion is clear in the x-z-plot shown in Fig. 16, which
represents a part of the beam symmetrically about the loaded
cross section. Comparing the nodal displacements of the marked
node to the displacement found using a model in the commercial
FE program Abaqus gives the displacement values and the
corresponding deviations shown in Table 8. From Table 8 the
deviation from Abaqus results of the displacement, u,, in
the horizontal direction is 0.6% while the deviation for the vertical
displacement, u,, is 1.6%. Due to the poor discretization of the
cross section and the present approach which is based on a beam
theory these deviations may also be expected.

Having compared the nodal displacement obtained with GBT
and Abaqus we take a look at the stress distributions. A compar-
ison of the membrane stresses in the z-direction is shown in
Fig. 18. Comparing the stresses in relation to the maximum stress
at the cross section a maximum deviation of 4.8% is obtained as
shown in Table 9. This deviation level is expected as the chosen
point is subjected to very local complex phenomena. The trans-
verse bending stresses are shown in Fig. 19. In this case a
maximum deviation of 2.1% is obtained.

9.3. Example 3: Line load on a simple supported lipped channel
beam

In this example a simple supported lipped channel beam
loaded as shown in Fig. 20 is analyzed. The length of the beam
elements is 500 mm whereby the total beam length is 1500 mm.

Using the parameters as given in Figs. 20 and 21 and the full
solution in Eq. (77) leads to the deformed configuration shown in
Fig. 22. Here it is seen that the main deformation is related to
flexure; however, also an in-plane deformation of the cross
section becomes clear. Comparing the nodal displacements of
the marked node at mid-span to the displacement found using a
model in the commercial FE program Abaqus gives the displace-
ment values and the corresponding deviations shown in Table 10.
The bold lines given in the figure are describing the connection
points between the assembled elements as also shown in Fig. 21.
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Fig. 20. Example 3: Geometry, in-plane discretization, parameter values and load
for the lipped channel beam.
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Fig. 21. Example 3: Geometry and discretization for a lipped channel beam
consisting of three elements.
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Fig. 22. Example 3: GBT plot of the lipped channel with a line load.
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Fig. 23. Example 3: Comparison between the axial normal stress distributions
obtained with GBT and Abaqus at mid-span. All values are in MPa.

55.3 55.3 54.7 54.7

Fig. 24. Example 3: Comparison between the transverse bending stress distribu-
tions obtained with GBT and Abaqus at mid-span. All values are in MPa.

Table 10
Example 3: Nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy —0.870 —0.853 2.0
uy 3.634 3.657 0.6

Table 11
Example 3: Stress distributions of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
o, 719 72.3 0.5
[ 8.7 3.7 9.0

The values in Table 10 corresponds to the node marked on
the deformed plot of the GBT solution in Fig. 22 at mid-span of the
beam. From Table 10 the deviation from Abaqus results of the
displacement, u,, in the horizontal direction is 2.0%. In contrast,
the deviation for the vertical displacement, uy, is 0.6%. Based on
the chosen discretization of the cross section and according to the
present approach which is based on a beam theory these devia-
tions may be expected. Having compared the nodal displacement
obtained with GBT and Abaqus we take a look at the stress

distributions. A comparison of the membrane stresses in the z
direction at mid-span is shown in Fig. 23. Comparing the stresses
in relation to the maximum stress at the cross section a maximum
deviation of 0.5% is obtained as shown in Table 11. The transverse
bending stresses at mid-span are shown in Fig. 24. In this case a
maximum deviation of 9.0% is obtained. This is due to the use of
the minimum possible discretization of the cross section lip with
only one cross section wall element.

9.4. Example 4: Flexural-torsional load on a simple supported box
beam

In this example a simple supported box beam loaded as shown
in Fig. 25 is analyzed.

Using the parameters as given in Figs. 25 and 26 and the full
solution given in Eq. (77) leads to the deformed configuration shown

b °y h=350
w = 100
¢ t c=25
t=20
¢ ps = 0.1 N/mm?
O Node

w

Fig. 25. Example 4: Geometry, in-plane discretization, parameter values and load
for the box beam.
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Fig. 26. Example 4: Geometry and discretization for a box beam consisting of
3 elements.
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Fig. 27. Example 4: GBT plot of the box beam with a flexural-torsional load.
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Fig. 28. Example 4: Comparison between the axial normal stress distributions
obtained with GBT and Abaqus at mid-span. All values are in MPa.
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Fig. 29. Example 4: Comparison between the transverse bending stress distribu-
tions obtained with GBT and Abaqus at mid-span. All values are in MPa.

Table 12
Example 4: Nodal displacements of GBT and FE analysis.

GBT (mm) Abaqus (mm) Difference (%)
Uy —0.067 —0.068 1.5
uy, —5.584 —5.698 2.0

Table 13
Example 4: Stress distributions of GBT and FE analysis.

GBT (MPa) Abaqus (MPa) Difference (%)
o —-121.2 —-1231 1.6
o5 51.7 50.1 3.1

in Fig. 27 and the associated displacement values in Table 12 from
the marked node at mid-span. Here it is seen that the main
deformation is related to flexure and torsion; however, also an in-
plane deformation of the rigid box section becomes clear.

Comparing the nodal displacements of the marked node to the
displacement found using a model in the commercial FE program
Abaqus gives the displacement values and the corresponding
deviations shown in Table 12. The deviations from the Abaqus
results of the displacement, u,, in the horizontal direction is 1.5%
while the deviation for the vertical displacement, u,, is 2.0%.
Based on the chosen discretization of the cross section and
according to the present approach which is based on a beam
theory these deviations may be expected.

Having compared the nodal displacement obtained with GBT
and Abaqus we take a look at the stress distributions. A compar-
ison of the membrane stresses in the z-direction at mid-span are
shown in Fig. 28. Comparing the stresses in relation to the
maximum stress at the cross section a maximum deviation of
1.6% is obtained as shown in Table 13. The transverse bending
stresses at mid-span are shown in Fig. 29. In this case a maximum
deviation of 3.1% is obtained.

10. Conclusion

In this paper we have presented the formulation of a distor-
tional semi-discretized thin-walled beam element. Using the full
assembled homogenous solution along the beam, the beam
element stiffness matrices have been found. From the full
assembled homogenous solution as well as the full assembled
non-homogeneous solution the displacements of the full semi-
analytical solution along the beam have been found in the context
of a beam element. Illustrative examples including both open and
closed cross sections as well as different load cases have been
given. The chosen examples show solutions which are applicable
to the finite element formulation. The novel approach presented
in this paper is a considerable theoretical achievement, since it
without approximation gives the full analytical solution along
the loaded beam for a given discretization of the cross section.
Reasonable matches are obtained in all cases confirming that this
new developed GBT approach provides reasonable results with a
very small computational cost making it an alternative to the
traditional finite element calculations and the other available
methods.
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DISTORTIONAL MODES OF THIN-WALLED BEAMS
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Abstract. The classic thin-walled beam theory for open and closed cross-sections can be gen-
eralized by including distortional displacement modes. The introduction of additional displace-
ment modes leads to coupled differential equations, which seems to have prohibited the use of
exact shape functions in the modelling of coupled torsion and distortion. However, if the distor-
tional displacement modes are chosen as those which decouple the differential equations as in
non proportionally damped modal dynamic analysis then it may be possible to use exact shape
functions and perform analysis on a reduced problem. In the recently developed generalized
beam theory (GBT) the natural distortional displacement modes are determined on the basis of a
quadratic eigenvalue problem. However, as in linear modal dynamic analysis of proportionally
damped structures this problem has been solved approximately using linear eigenvalue analysis
of modified sub problems. This seems to have worked well for open cross sections but not for
closed. It will be shown that it is possible to solve the distortional quadratic eigenvalue problem
and find the natural distortional displacement modes using a method equivalent to that used for
non proportionally damped (linear) dynamic modal analysis. The beam displacement field is
separated into a sum of products of the cross-section displacement modes and their axial vari-
ation. This displacement field will then be constrained to follow the shear assumptions made
in Vlassov beam theory, which condenses the problem considerably and reduces the number of
possible eigen modes.
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1 INTRODUCTION

Thin-walled structural beams are extremely efficient due to the minimizing of the thickness
to width ratio of the cross-section walls. The thin walls are a primary aspect of the behavior and
design. Thin-walled structures are everywhere and include high rise industrial and residential
buildings, storage racks, box girder bridges, ship hulls, aircraft skins, silos, tanks, pipes, wind
turbine towers and wings and many others. Current practice of maximum strength at minimum
cost drives classic engineering materials such as concrete, steel and aluminium as well as newer
materials such as fibre reinforce materials (glass and carbon fibres in polyester or epoxy resin) to
be used as thin-walled structures.

Several formulations have been developed to study the behavior of thin-walled members,
some of them with respect to the distortion of the cross section, e.g. the Generalized beam
theory (GBT).

Generalized beam theory (GBT) is a theory devoted to the analysis of thin-walled members,
and proposed first by Schardt [1] in 1966, and have since fostered a lot of research, e.g. by
Schardt [2], Davies [3], Jonsson [4] and Camotim & Silvestre [5]. Also Hanf [6], Rendek &
Balaz [7], and Simao & Silva [8] has investigated the area. For further information about the
research development see e.g. [9], [10] and [11]. The theory can be regarded as a fusion between
the classical Vlasovs theory for thin-walled members and the plate theory [12], [13], and is an
alternative to the classical finite strip and finite element methods. It enables the analysis of
thin-walled members with the allowance of cross-section distortion and local plate behavior, in
a one-dimensional formulation through the linear combination of pre-established deformation
patterns - the modes of deformation.

2 BASIC AND KINEMATICS ASSUMPTIONS

The prismatic thin-walled beam is described in a global Cartesian (z, y, z) coordinate system
where the z-axis is in the longitudinal direction of the beam, see Figure 1. A cross-section co-
ordinate s is introduced as a curve parameter, which runs through the section along the center
line and n is the coordinate along the local normal. Subscripts n and s are used for the com-
ponents in the local coordinate system corresponding to the normal and tangential directions.
Subscripts following a comma are used for derivatives, for example u, ss = d*u,(s)/ds® or
Us .y, = Ous(s,n)/On. A prime, °, is used for the axial derivative, d/dz.

Y

Z)ﬂ 7

Figure 1: Global and local Cartesian reference frames of the thin-walled beam. Modified from [4].
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The theories of beams are derived on the basis of assumed displacement fields, which corre-
spond to extension, flexure, torsion, warping and distortional displacements. The main idea is to
separate the cross section displacements into axial and transverse displacement fields. Each of
these transverse or axial displacement fields are factorized in a displacement mode, which is a
function of the in-plane coordinates, multiplied by a function of the axial coordinate, which de-
scribes the axial variation of the mode. In the following we will propose a method for finding the
natural distortional displacement modes. In the definition of the displacements and strains the in-
fluence of curved cross section walls is neglected and it is assumed that the radius of curvature is
sufficiently large, so that curvature effects vanish. The local effects at corners and joints are also
neglected. Only shear contributions from torsion and shear flow around cells will be allowed.
The components u,, and u, of the in-plane cross section displacements in the local coordinate
system at a point (n, s) in the cross-section are introduced as

Upn (s, 2) = Wnt) (D
us(n, s, 2) = (Ws — nWy, 5)9 2)

where w,(s) and w,,(s) are the local displacements of the centre line as shown in Figure 2 and
1(z) is the function, which describes the axial variation of the in-plane distortional displace-
ments. The axial displacements u(n, s, z) generated by the in-plane distortional displacements
are introduced as

uz(n,s,z) = —(Q+ nwy,)y 3)

Here the axial displacement mode 2(s)(warping) has been included with a variation correspond-

Figure 2: Local components of displacements and assumed shear stresses. Modified from [14] and [15].

ing to the axial derivative of the axial variation factor v and due consideration of local transverse
variation. Thus neglecting shear deformation. The corresponding axial strains are

e=u, = —(Q+nw,)" 4)

3
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The cross section distortional strains are
£ = (Wo,s — MWy 55)0 %)
The engineering shear strain in the walls of the cross section becomes
Y= Vas = U+ Usz = (Ws — Qg — 20wy, )9 (6)

In order to cope with the shear flow around closed cells we introduce the shear strain in the
middle of the wall as

Vi = (Ws - Q’S)Q// @)

Bernoulli beam theory is based on the assumption of negligible shear strain and sets the shear
strain equal to zero and thus determines the warping displacements (flexural modes) by the dif-
ferential equation (3; = w,. The weak formulation of Bernoulli beam theory does therefore not
include shear contributions and the axial equilibrium equation of a section cut-out is not fulfilled,
thus leading to the use of Grashofs method for determination of the shear stresses. However if
we are to analyse closed cross sections as in Vlasow beam theory we have to allow for a constant
shear flow around the cells and the warping of the cross section then has to be determined by the
differential equation 2/, = w, — 74 as

Qs) = / weds — / Yads + Qg 8)
0 0

In the current context the warping function will be determined from a weak formulation of the
assumption of a constant shear flow T} in the walls of the cross section, (where Ty = Gt7,). The
strong formulation of the constraining assumption is that the contribution of the shear flow to the
axial equilibrium equation of a section cut-out is zero, i.e.

Tys =0 ©)

Multiplying by a virtual centreline axial displacement 0%, and integrating over the cross section
we find the virtual work of the shear stresses in a cross section as

/ Ty..6t.ds = 0 (10)
C

Performing a partial integration and noting that the shear stress flow is zero at all free edges we
find the weak formulation that will be used to determine the warping function

[Tdéﬂz] - / Tudti,ds =0 = / Tydit, ods = 0 (11
C c

free edges

This equation is the constraint equation that we will use to enforce the assumption of zero axial
work performed by the shear flow around the cells.
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3 STRAIN ENERGY ASSUMPTIONS

In the following we will adhere to simple constitutive relations, i.e. the material is assumed
to be linear elastic with a modulus of elasticity E and a shear modulus G. The axial stress is
determined as ¢ = Fe, the shear stress as 7 = Gy and the transverse stress as o, = Fe,. Thus
the coupling of axial strain ¢ and transverse strain ¢, is neglected. The elastic energy potential
thus becomes

M = / (3B + 1Gy* + §E2)av (12)
\%4

Let us introduce a thin-walled cross section assembled using straight cross sectional elements,
see Figure 3, and let us integrate through the thickness t, across the widths, b, of the elements,

MS

\‘\"6

/\ / @

le

Figure 3: Components of the displacements vectors of a straight cross section element.

and over the length, L, of the thin-walled beam. The elastic potential energy takes the following
form after introduction of the strains expressed by the displacement in separated form

bt [ EH")? 4 B (w2
> / FGH (W) + GHQ ) — 2GH (W) (Dst) + LGt3 (W, 0)? B ds |dz
T 4 Btlw,)? + B2 (w0 0)°

13)
In equation 13 the elastic energy terms have been grouped in axial strain energy, shear en-
ergy and transverse strain energy. In conventional beam theory we usually introduce rigid cross
sectional displacement modes and the elastic energy will be described by a summation of the
energy stored in all displacement modes. However we have to remember the shear constraints
induced on our formulation from a constant shear flow assumption. In the current work it is
the goal to establish a natural set of displacement modes. To achieve this, the cross section will
be divided into discrete straight line elements in which we interpolate the transverse and axial

displacements.

4 INTERPOLATION WITHIN CROSS SECTION ELEMENTS

The axial displacements €2 within each flat element will be interpolated linearly correspond-
ing to a linear variation of the warping functions, the in-plane transverse displacement of the
elements will also be interpolated linearly (although a constant displacement might be more
appropriate) and finally the transverse displacement will be interpolated by cubic interpolation

5
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corresponding to beam elements. The displacements in a flat element are thus interpolated as
follows

W' = Nqgvgy' ,  where Ng(s) is a linear interpolation matrix (14)
wetp = Nyvie | where Ng(s) is a linear interpolation matrix
wop = N, vity | where N, (s) is a cubic (beam) interpolation matrix

where we in equation 14 have introduced the axial and transverse nodal displacement compo-
nents of a straight cross section element as

v = [Q(0),Q(be)]" (15)
VSV = [WS(O)7 7W’ﬂ(0)7 7Wn,5 (0)7 Ws (be)7 7Wn(be)a 7Wn,s(be)]T

Here b, is the width of the flat element. Nodal components and the direction of the section
coordinates (n,s) are shown in Figure 3.

The element stiffness contributions to the axial strain, shear strain and transverse strain en-
ergy can now be found using the displacement interpolations. The found stiffness contributions
are shown in Table 1 in which the left column holds two axial stiffness contributions and the
transverse distortional stiffness term, whereas the second column holds the shear strain stiffness
contributions. Let us prepare for the formulation of the total cross section elastic energy by intro-

kg, = [ BN Nods Koy = Jy (GININ, + GENI N, )ds
kG = Jy" By NIN,ds ko = [y* GING Na ods

) T
ke = fy* (BINT NG+ BENE (N )ds Ko = [Kh,| == [y GININg,.ds

Table 1: Straight element stiffness contributions.

Koo = ch TgkngQ Kiw = ch Tk, T

wohww W

Kl = 20 TokiTw Koo = 2 TokhoTa
K® = Zel TngTW Ko = Zel TvTvk:vQTQ

Table 2: Assembly into total cross section stiffness contributions.

ducing global displacement vectors as an assembly of the local element degrees of freedom. The
axial displacements and the transverse displacements are separated into two vectors as follows:

vo=[va1 var vaz ..J" (16)

Vw = [Vzl Vy1 ¢1 Va2 Vy2 ¢2 . ']T

The transformation from local to global components is performed using a standard transforma-
tion of the components in the cross section plane, i.e. v = Tgvf{ and vy, = TWVSVZ. The global

6
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assembly of stiffness matrixes are found by summation of the contribution from each element as
illustrated in Table 2. Introducing the described interpolation and matrix calculation scheme the
elastic potential energy in equation 13 now takes the following form,

1 L " ngw 0 Q/JVW "

ne 3 [l o] 5 ) [ a
! K,r K,r . !
el o] [ 1] o]

+[wvv€ wva} [Os g} mﬂ }dz

In equation 17 the O denotes a suitable size matrix of zeroes. The axial stiffness from transverse
displacements sub matrix K has a rank deficiency equal to the number of free end nodes
plus the number of “internal” nodes between corner points of the cross section. The in cross
section plane distortional stiffness sub matrix K* has a rank deficiency of 3 corresponding to
3 in plane “rigid body” or rather non distortional displacements of the cross section. Finally
the shear stiffness matrix K" has a rank deficiency of 3 corresponding to the existence of pure
axial extension and two pure flexural modes without shear. It turns out that since the pure axial
displacement only involves the sub matrix K¢, this matrix has a rank deficiency of 1.

To find the natural displacement modes we will investigate the first variation of the elastic
potential energy by making variations in the complete displacement field. We will denote the
virtual variation of a property by a 0 in front of the varied property, such as for example 6(vy 1))
as the variation of the first derivative of the transverse displacement expressed by the product of
the transverse displacement and the axial variation. After using integration by parts twice we
find the following expression for the first variation of the elastic potential energy:

y K 0 Vol | Kiw KigllVw| o, |[K® O]|vy
o=t ot {[§ oo el 5 8fa)e)e
6[«/% M} [ng K%J m v

L
K? 0 v Kr KT v
(S T T _ WW w " WW wQ) w / 18
" [wvw ¢VQH [ 0 K?m} [Vﬂ] vt {K?zw K{HJ {VQ} ¢HO )

The last terms in the bracketed parenthesis correspond to the boundary loads and boundary con-
ditions, which will not concern us in the current presentation.

For internal variations in the displacement fields 6[¢)v ¢ v]] the elastic potential energy
should be stationary and therefore its first variation must be equal to zero. Taking internal vari-
ations reveals the following fourth order coupled homogeneous differential matrix problem for
determination of the transverse and axial displacement modes:

ngw 0 Vw "mt K;W K:VQ Vw " K* 0 Vw . 0
{ 0 K?m] {VQ} v {Kﬁw K?m] {VQ} L [0 0] {VSJ V= {0] 1

7
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In order to get a formulation resembling a generalization of Vlasov beam theory the following
three main steps must be performed:

e In step I we introduce the shear constraint equations that bind axial and transverse modes
together and at the same time simplifies or condenses equation 19. In this process we need
to eliminate the singularity in the shear stiffness matrix related to pure axial extension.

e In step II we will constrain the transverse displacement field, so that we do not allow
transverse normal strains in the middle surface of the cross section, i.e. we will enforce
wss = 0, see equation 5 .

e In step III we will condense our eigenvalue problem by removing singularities due the
two remaining shear stiffness singularities belonging to pure flexural deformation without
shear.

Hereby the following condensed version of equation 19 is obtained,

Ka vue m__ K™ vie " 4 K Vuew =0 (20)

ee " w ee " w ee " w

This concludes the three steps and now the solution of this quadratic matrix equation is wanted.

5 THE DISTORTIONAL QUADRATIC EIGENVALUE PROBLEM

We will start the solution of the final condensed differential equation 20 by seeking solution
to this fourth order matrix equation by guessing that the solutions are of the form

U(z) = e 21

where £ is a length scale parameter which may be complex. Inserting the guess leads to a
quadratic eigenvalue problem, which we choose to write in the following form to illuminate
the next transformation of the problem:

£2ng (§2szve) - §2K26V\1f/e + Kzevgve =0 (22)
This quadratic eigenvalue problem may be transformed into a linear eigenvalue problem of dou-
ble size by introducing the following “state” vector v = [v¥¢ ¢2v%]T, There are a number
of different possible formulations of this eigenvalue problem however we choose to keep a sym-
metric formulation and formulate the problem as the following symmetric generalized eigenvalue

problem:
K, 0 J[ve] .[K. -Kg][ve]_Jo
[0 _ng [S%ﬁf] 5[—1‘% 0 vaw} - M @3

Solving the symmetric generalized eigenvalue problem in equation 23 leads to a number of
modes corresponding to the number of degree of freedom. Some of the relevant eigenvalues are
shown in Table 3, and the corresponding modes are shown in Figure 4.
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Mode Eigenvalue £2 Length scale parameter ¢

1 3.3573- 1076 —2.6519-107%  £(3.8787- 1073 — 3.4186 - 10~3i)
2 3.3573- 1076 +2.6519-107%  £(3.8787- 1073 + 3.4186 - 10733)
3 4.2311-107% —5.0044 - 107%  £(5.2180 - 1073 — 4.7954 - 10737)
4 4.2311-107% +5.0044 - 1075  £(5.2180 - 1073 + 4.7954 - 10~34)
5 0.00082381 +0.028702

6 0.00095079 +0.030835

7 0.00179050 +0.042315

8 0.00333320 +0.057734

Table 3: Eigenvalues ¢2 and corresponding length scale parameters &.

Figure 4: Lipped channel 8 in-plane deformation mode shapes.

From Table 3 and Figure 4 it is seen that some of the solutions give complex eigenvalues,
which leads to length scale parameters that becomes complex, and to modes containing both a
real part and an imaginary part. The eigenvalues of mode 2 and mode 4 are complex conjugated
eigenvalues of mode 1 and 3. To handle the complex solutions we use Euler’s formula and some
boundary conditions to find the constants, which will combine the real part and the imaginary
part.

6 CONCLUSION

As shown in Figure 4 relevant deformation modes have been found by formulating and solving
the distortional quadratic eigenvalue problem. Hereby it is shown that it is possible to solve the
distortional quadratic eigenvalue problem and find the natural distortional displacement modes
using a method equivalent to that used for non proportionally damped (linear) dynamic modal
analysis. The beam displacement field has been separated into a sum of products of the cross-
section displacement modes and their axial variation. This displacement field has been con-
strained to follow the shear assumptions made in Vlassov beam theory, which has condensed the
problem considerably and reduced the number of possible eigen modes.

Having solved the distortional quadratic eigenvalue problem allows us to sort and arrange the
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calculated modes and enables the formulations of a generalized one dimensional beam element
which can handle the extra distortional contributions. Afterwards, the generalization of the for-
mulation have to be extended to perform stability— and dynamic analysis of advanced issues by
the formulation of advanced dimensional bar elements.
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Paper VI

DISTORTIONAL EIGENMODES AND SOLUTIONS FOR
THIN-WALLED BEAMS

Michael J. Andreassen and Jeppe Jonsson

Technical University of Denmark, Department of Civil Engineering, Kgs. Lyngby, Denmark

Abstract: This paper presents a generalization of the classic theory for thin-walled beams by
including distortional displacements. A condensed presentation of the novel finite-element-
based displacement approach in [1,2] is given, where specific distortional displacement fields,
which decouple the differential equations for generalized beam theory (GBT), are determined
via a semi-discretization procedure. The distortional displacement fields are found as solu-
tions to a distortional homogeneous eigenvalue problem which produce distortional displace-
ment eigenmodes. Using the distortional modal matrix found for the homogeneous system the
final uncoupled set of distortional differential equations including the load terms are pre-
sented and the full solution is given, including an illustrative example. This new approach is
an alternative to the traditional first order GBT method.

1.  INTRODUCTION

A number of formulations have been developed to study the behavior of thin-walled mem-
bers, some of them including the distortion of the cross-section, e.g. the Generalized beam
theory (GBT), a designation which is associated with a modal discretization performed at the
cross-section level. GBT is a theory devoted to the analysis of thin-walled members, proposed
first by Schardt [3], and has led to a lot of research, for example by Schardt [4], Davies [5],
Jonsson [6], Camotim & Silvestre [7] and Hanf [8]. The theory can be considered as an exten-
sion of classical Vlasov theory for thin-walled members [9] and is an alternative to the classi-
cal finite strip and finite element methods. It enables the analysis of thin-walled members
with the allowance of cross-section distortion and local plate behaviour, in a one-dimensional
formulation through the linear combination of pre-established modes of deformation.

In the present paper a new and alternative approach [1,2] to traditional GBT will shortly be
presented. Via this new approach it is possible to determine specific distortional displacement
fields which decouple the differential equations for generalized beam theory (GBT) via a
semi-discretization procedure. Here the cross-section is discretized into finite elements, and
the axial variation of the displacement functions are solutions to the established coupled
fourth order differential equations. This novel finite-element-based displacement approach is
introduced in combination with a weak formulation of the shear constraints and constrained
wall widths.

The order of the distortional homogeneous equations is reduced, and the related distor-
tional homogeneous eigenvalue problem of double size is solved as in non-proportionally
damped structural dynamic analysis. From the distortional homogeneous eigenvalue problem
the eigenvalues and the corresponding distortional displacement eigenmodes are found. Some
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of the distortional displacement modes found and their related eigenvalues are complex but
rewritten into real quantities. The distortional differential equations including the load terms
are presented. Transforming these distortional differential equations into the eigenmode
space, by using the distortional modal matrix found for the homogeneous system, the final
diagonalized and thus uncoupled set of differential equations including the load terms are ob-
tained. The full solution to these uncoupled linear second order differential equations is given.

2. BASIC ASSUMPTIONS AND KINEMATIC RELATIONS

In [1,2] the prismatic thin-walled beam is described in a global Cartesian (x, y, z) coordi-
nate system where the z-axis is in the longitudinal direction of the beam, see Fig. 1. A cross-
section coordinate s is introduced as a curve parameter, which runs through the section along
the centreline and # is the coordinate along the local normal. Subscripts # and s are used for
the components in the local coordinate system corresponding to the normal and tangential di-
rections.

Y\

L %?’L
I4 z
Fig. 1: Global and local Cartesian reference frames of the thin-walled beam including load distribution

The components of the cross section displacements in the local coordinate are introduced
as:

u,(s,2)=w,(s)y(2) ()
uy(n,5,2) = (W, (s) = nw, (s)y(z) @
u,(n,5,2)= (Qs)+nw,())y'(2) €)

Here wi(s) and wy(s) describes the local displacements of the centreline as shown in Fig. 2,
w(z) describes the function which defines the axial variation of the in-plane distortional dis-
placements and Q(s) (warping) describes the axial displacement mode.

The corresponding strains appears as:

e =1, =~(Q+mw, " @)
g.&' = (WS,S - nwr;,ss)l// (5)
y = yzs = uz,s +u.\',z = (Wx —Q‘S - 2nwn,s)l/// (6)

For a greater explanation and description see paper [1,2].
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Fig. 2: Local components of displacements and assumed shear stresses

3.  ENERGY POTENTIAL

The total energy potential can be expressed as
o, =I, +I1,, @
Here I, is the contribution to the potential energy from the internal properties, see paper
[1], and Iy, is the contribution from the external loads, see paper [2].
Introducing the strains expressed by the separated displacement functions, the total poten-
tial energy takes the following form:

L b 17 77 s 7
m, =3[ 1Y, [ By + & B (w,p? + 6w ) + Gra, y)?
—2GH(w )y + 26 (w, ) |+ Bt ) + L E P (w, )] (8)

—glpwy + p,wy = p,Qu] Jds Jz
The interpolations connected to the cross-section are the displacement interpolations for
ws, wy, and Q which is described in [1]. The interpolation of the cross-section loads ps, p, and
p- are introduced in [2]. Introducing these interpolations and the calculation scheme as de-
scribed in [1,2] we can write the total potential energy as

fot int

L " I<:'w 0 l//VW ! 12 K:vw KIV l//v\\’ ’
I, =4[ vl wvi] ! UL 7N | R
0 KQQ LA KQ\\' KQQ Wq (9)

KS O l,l/V“_ ¥ 7
+yvy,  pvg] = (v 0 —(yv ) Toptdz
0 0|wv,

To get a formulation resembling a generalization of Vlasov beam theory [9] the following
three main steps are performed:
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o In step I the shear constraint equations that bind axial and transverse modes together
are introduced and at the same time Eq. (9) are simplified or condensed. In this proc-
ess the singularity in the shear stiffness matrix related to pure axial extension is
needed to be eliminated.

e In step II two eigenmodes corresponding to transverse translation of the cross section
are identified and eliminated. Also a pure rotational eigenmode is identified for elimi-
nation in the next step. Furthermore the transverse displacement field is constrained,
so that transverse normal strains in the middle surface of the cross section are not al-
lowed, i.e. w,, =0 is enforced, see Eq. (5).

o In step III the order of the coupled fourth order differential equations is reduced and
the eigenvalue problem is condensed by removing singularities due pure St. Venant
torsion.

Hereby the following condensed version of the final distortional differential equations is

obtained:
I(fxu 0 V: l// K;u - Kgc V:;vv/ 1.5113 rau3 ,
c e | Jo O 7o e n = &3 @+ Qe3 ] (10)
0 - Kee wa - Kcu - Kee VWI[I rw rQ

The block matrices and the transformed stiffness matrices, K, are introduced in paper [1]
while the load vectors, r, are introduced in paper [2].

4, SOLUTION OF DISTORTIONAL EQUATIONS

The solution of the final condensed differential Eq. (10) is obtained by first seeking a solu-
tion to the homogeneous part of this fourth order matrix equation. In this context the follow-
ing form of the solutions are postulated:

w(z)=e* (1)
where & is a length scale parameter which may be complex. Inserting the postulated solution
leads to the following homogeneous generalized linear matrix eigenvalue problem, in which
the eigenvalues are & and the eigenvectors are the searched distortional modes:

Ks 0 u T _JoO° u 0
uu ‘;w . 4:2 l&u E\le Zw — ( 1 2)
0 -KG < Ko -KG v ] L0

Now the found eigenvectors are used to decouple the system of equations in (10). Trans-
forming the distortional differential equations into the eigenmode space, by using the distor-
tional modal matrix, V", found for the homogeneous system, we get the final diagonalized
and thus uncoupled set of differential equations of GBT (reduced system) including the load
terms as

T T — —
u s u u T G u
|: Vi j| {Kuu 0 } |: Vi :| % __l: YV } |:Kuu _‘Kue:| li Vi :l % 2
e z2 c e 2 di e ¥2 30 7a e 2 di
Vw‘f i 0 - Kee Vwé: i wa L Kcu - Kee V\v(f i
T T
u Loul3 u ou3
- Vw lw + vw rQ 4
e 2 e3 (p ¢ g2 .e3 §0
wa i rw V“,é i IQ

Kiw, —Kiv g, "=l 0+7a.¢' (14)
Normalizing Eq. (14) and specifying that the eigenvalue & is equal to K#/K:, the follow-
ing standard form is obtained:

(13)

which is abbreviated as
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" 2 1 7
Wd,' _é:z' Wdiz—F(r\ji¢+réi¢) (15)

The introduced distortional stiffness and load terms are given in [2]. It should be noticed
that rJ ¢ is the distortional moment load and 7 ¢' is the distortional bimoment load.

Now the full solution of each of the uncoupled non-homogeneous linear 2. order differen-
tial equations in (15) is given by

¢z ~§.z 1 &z =&z 1 d d 7
(z) = ce+ee " ———elje T —(r, p+trs0)dz
v, (2) 1 2 2¢ j K;‘;(W,go 2.9)
{ { (16)
-z &z d d s
+—e T |e — (0l p+r5 0 )dz
2 j Kv;;/( Wi PtToP)

This concludes the determination of all the solutions for all the displacement modes of
GBT. After having obtained and assembled all the full solution functions in ¥ and in-plane
modes inV, the full solution along the beam is presented in real numbers using the nodal so-
lution vectors uy,(z) and ug(z) as

uW (Z) = Vw [\Fh (Z)E + ‘I’p (Z)(P]

u,@) = -V, [¥, @) T+ ¥, 2)o]
The constants, €, have to be determined by the boundary conditions of the thin-walled
beam.

a7

5.  BOUNDARY CONDITIONS

To determine the constants using displacement boundary conditions as in finite element
formulations, the displacements at the boundary at the ends of the beam are needed, i.c. at
z=(0 and at z=L, where L is the length of the beam. As in [1,2] the assembled boundary dis-
placement vector is denoted by u;. Hereby the following equation for the determination of the
solution constants is obtained:

Cwe @] (-1, % 0] | ~Ta Va¥,(0)
ut (0) TV, ¥, (0) TV, ¥ (0)
u = | O TVFO | T\%Tiﬁym el
u(L) | | -Ts V' (L) -T5 V, ¥ (L) (18)
W@ | | TV, 'V, ¥, (L)
'@ | TV, ¥ | TV, (L)

= ¢=A"(u,-B)

Here the matrices A and B are introduced, were A is an invertible positive definite ma-
trix. In the following example all boundary displacements are chosen to be zero. This is to
compare the influence of the load with a similar finite element context with built in edges.
Hereby Eq. (18) is presented as

u/=[0 6 0 0 0 o] (19)
which is used in the following example.
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6. EXAMPLE

By using an example, some nodal displacement results of GBT will now be compared to
results found using the commercial FE program Abaqus. A lipped channel beam is considered

with a load as shown in Fig. 3. :

| |
C C

- 7
W

Fig. 3: Geometry, parameter values and load for the lipped channel

The load is 0.1 N/mm, uniformly distributed as shown in Fig. 3 and hereby given by a
cross-section load distribution multiplied by ¢(z)=1. The dimensions of the cross-section are
w=100 mm, #=50 mm, ¢=25 mm and /=2 mm. Furthermore the beam has a length of Z=2000
mm, an elasticity modulus £=2.110° MPa and a Poisson ratio of v=0.3. The comparison re-
sults found by using Abaqus are based on isotropic material and the S4 shell element with full
4 point integration. The linear elastic finite element calculations are based on a structured rec-
tangular mesh with a side length seed of 10 mm.

First the solution of the final condensed differential equation is found by solving the ho-
mogeneous generalized linear matrix eigenvalue problem in Eq. (12) including the geometry
and parameter values as described above. Solving the eigenvalue problem leads to a number
of modes corresponding to the number of degree of freedom. Some of the relevant eigenval-
ues are shown in Table 1, and the corresponding modes are shown in Fig. 4.

Table 1: Eigenvalues & and corresponding length scale parameters ¢

Mode Eigenvalue &2 Length scale parameter &

0 0 0
1 0 0
2 0 0
3 0 0
4 0.3710° 0.61°107
5 3.3610°-2.65107 +(3.88107-3.42'1071)
6 3.3610°4+2.65107; +(3.8810°+3.42'107%)
7 4.2310°-5.00107i +(5.22:107-4.80'10))
8 4.2310°+5.00107; +(5.22107+4.80'107%)
9 825.610° +28.7:107
10 951.110°¢ +30.8107
11 1823107 +42.7107
12 3359107 +58.0'107

Here mode 0-3 are global beam modes, mode 4-8 are non-local distortional modes and
mode 9-12 are local distortional modes. From table 1 it is seen that some of the important dis-
tortional modes and related eigenvalues are complex, come in pairs and that the imaginary
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Fig. 4: Lipped channel — 13 in-plane deformation mode shapes.

part of the conjugated mode changes sign. It is also observed that all the eigenvalues concern-
ing the distortional local modes (9-12) are real. However, also complex solutions for a few
high number local distortional modes are obtained and it is not known whether other cross-
sections may produce real distortional modes.

Using the found eigenvectors to decouple the system of equations in (10), it is possible to
find the full solution of each of the uncoupled non-homogeneous linear 2. order differential
equations in Eq. (16). Having obtained and assembled all the full solution functions and in-
plane modes, the full solution along the beam can be presented in the nodal solution vectors
uw(z) and ug(z) using (17). Using the full solution in Eq. (17) with parameters, discretization
and distributed cross-section load as given and shown in Fig. 3 leads to the deformations
shown in Fig. 5 and table 2.

y =

Fig. 5: GBT plot of the lipped channel with a torsional load

Table 2: Nodal displacements of GBT and FE analysis

GBT (mm) Abaqus (mm) Diff. (%)
Uy -4.719 -4.824 2.2
Uy -6.892 -7.135 3.4

Comparing a nodal displacement of GBT to the one found from a model in the commercial
FE program Abaqus, gives the values and the corresponding deviations shown in Table 2. The

© 243
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value corresponds to the node marked on the deformed cross-section plot of the GBT solution
in Fig. 5 at mid-span of the beam. From table 2 the deviation from Abaqus results of the dis-
placement, u,, in the horizontal direction is 2.2% and the deviation for the vertical direction,
iy, is 3.4%. These deviations can be explained by the formulation of the present theory, which
is based on a beam theory where the shear deformations are neglected.

7. CONCLUSIONS

A novel finite-element-based displacement approach is shortly presented, where specific
distortional displacement fields, which decouple the differential equations for generalized
beam theory (GBT), was determined via a semi-discretization process. The distortional dis-
placement fields were found as solutions to a distortional homogeneous eigenvalue problem
which produce distortional displacement eigenmodes. Using the distortional modal matrix
found for the homogeneous system the final uncoupled set of distortional differential equa-
tions including the load terms was formulated and the full solution was given, including an
illustrative example. The presented approach is a theoretical improvement of the traditional
GBT approach, in view of the fact that the obtained GBT equations are now solved analyti-
cally and the formulation is valid for open as well as closed single or multi cell cross-sections
without special attention.
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ABSTRACT

A generalized beam theory can be formulated based on the assumption that the displacements
can be described as a sum of displacement fields. These displacement fields are each assumed
to be separable into the products of functions of the local transverse coordinates and functions
of the axial coordinate z. Thus in a single displacement field as shown in Fig. 1 the transverse
displacements are described by the product of a transverse displacement mode w,,(s), w(s)
and a function ¢(z) of the axial coordinate. Further more due to shear constraints the related
axial warping of the transverse displacement is described by the product of the related warping
function (s) and the derivative ¢ /(z) of the axial function. To establish these displacement

o ,

Wy/ % ®
,: \ i / T
R gw”w 7

Figure 1: Displacement assumptions and discretization of the cross section in a straight elements.

fields the thin-walled cross section is discretized in elements in which the displacement modes
and warping functions are interpolated. Introducing the constraining assumptions of beam
theory the remaining degrees of freedom of the interpolated functions are v,,. Thus the thin-
walled beam has been semi-discretized and the governing differential equilibrium equations
for determination of the transverse displacement modes V,, and the axial variation 1(z) takes
the following form

RD’_"‘]\N,[/}//H _ {RT + )\RO] ‘walﬂ" + Rsvww -0 1)

in which the matrices I~{", I~{7, K° and K* correspond to axial stiffness, shear stiffness, ini-
tial stress influence and transverse stiffness respectively. The magnitude of the initial stress is
governed by the A factor. The semi-discretization approach treated in this paper is developed
in [1]-[3]. In the classic stability theory the solution functions ¢(z) = ¢%* are normally as-
sumed to be trigonometric functions, ¥(z) = e** = sin uz = sin(nrz/L), in order to satisfy
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suitable simple boundary conditions. These solutions are illustrated as the conventional half
wavelength buckling curves or so called cross section signature curves in the upper left part of
Fig. 2. On the other hand seeking general solutions to the differential equations it is necessary
to fix the initial stress level and thus perform calculations with fixed values of A. Furthermore
it is necessary to reduce the order of the differential equations and introduce a state vector with
twice the number of dof. Through solution of the related linear eigenvalue problem of double
size the state space displacement solutions are identified. The eigenvalues £ are functions of
the initial stress level and correspond to complex solution length scales (/) plotted in the
upper right part of Fig. 2. The changes in solution modes and length scales are shown in the
lower part of the figure.
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Figure 2: Signature curves, solution length scale curves and solution mode development.
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In several industries such as the civil, mechanical and aerospace, thin-walled structures are often used
due the high strength and effective use of the materials. Because of the increased consumption there
has been increasing focus on optimizing and more detailed calculations. However, more detailed calculati-
ons are very time consuming, if not impossible, due to the large amount of degrees of freedom needed.

This thesis deals with a novel mode based semi-discretization approach concerning more detailed
calculations in the context of distortion of the cross section and model distortion by a limited number of
degrees of freedom. This new approach is a considerable theoretical and practical development, since the
obtained differential equations of generalized beam theory are now solved analytically and the formula-
tion is valid without special attention and approximation also for closed single or multi-cell cross sections.
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