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CHAPTER 0. INTRODUCTION

0.1 Background

Throughout history, thin walled structures have been classified as very common construction
elements. Their extensive use originates probably from the trend to reduce the structural weight and to
minimize building materials. This very natural optimization strategy constituted an important design
principle and guided the evolution process of constructions starting from the ancient ‘trial and error’
approach. Early developments, aiming at idealizing and predicting structural responses, managed to
condense a complex 3D structure to a ‘mathematically manageable’ beam model and to superpose
principal types of mechanical behaviors: tension/compression, bending, torsion and so on... This
simple but ingenious formulation is still extensively developed nowadays despite the existing 2D and
3D models and the considerable growth of simulation techniques. Many extensions, such as transverse
shear deformation, non uniform warping torsion, cross sectional distortion and further refinements
were progressively included over the years. The multitude of efforts recently invested in this research
area is probably justified by:

- the complexity of thin walled structure behavior,

- the optimization of profile geometries as much as possible in order to fit esthetics, strength and
connectivity requirements,

- the need for brief but accurate and reliable design methods in order to remain time competitive...

0.2 Motivation and purpose of the research

The initial motivation of this thesis was driven by the need for a reliable tool enabling an accurate
analysis of thin walled civil engineering beam applications with arbitrary cross sections submitted to
torsion (e.g. bridges, towers...). One of the major problems in modeling a real-life structure is the
choice of the appropriate model. Which effects are to be taken into consideration and which are to be
left apart? Which approximations are useful, what is admissible and what is not? Is it necessary to
apply a shell theory and in this case, how many degrees of freedom should be included? Is it crucial to
develop a huge amount of numerical results? A multitude of similar questions, coupled with the need
for the a scientific background in order to use any existing commercial finite element code, initiated a
first interest in advanced torsional kinematical formulations and the resulting numerical properties of
thin walled beam finite elements.

Moreover, pure scientific interest motivated other research subjects such as warping effects due to
bending shear forces, limitations of a formulation, the influence of shear locking... Later on, the
interest in investigating the cross sectional deformation of very thin walled beams in industrial
applications (e.g. railroad bridges, stiffeners, diaphragms and bracing in civil, aeronautical and naval
constructions...) led to the analysis of distortional behavior. Cold formed and welded members (such
as steel framed houses, portal frames, purlins, racking systems...) are in expanding use due to their
cost competitiveness, resistance and their 100% recyclable property.

Therefore, this thesis introduces a theoretical background and presents detailed analyses in order to
improve the understanding of the linear behavior and stability of thin-walled beam structures,
particularly when exhibiting important warping due to non uniform torsion, shear bending and
distortion. On the basis of this knowledge, an advanced beam finite element has been developed,
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implemented into a computer program and used as a general tool for the purpose of analyzing thin
walled structures. Despite the wide literature -as it is shown in chapter 1- concerning this general
scope and despite the numerous “published” beam finite elements that include warping, this work
presents original achievements, namely:
- adetailed understanding and precise comparison of existing theories and finite elements;
- a unified formulation that uses a single warping function for theoretical developments and
finite element applications of a general study that covers:
uniform and/or non uniform torsion
uniform and/or non uniform distortion
bending shear effects
in different cases of:
asymmetrical cross sectional shapes where shear centers and centroids do not coincide
partial warping transmission in beam assemblies

While developing analytical and numerical formulations, many problems and unclear points had to be
solved. Some were related to mechanical model decisions and others were purely due to finite element
approximations. Solving these specific problems and inspecting the relation between a mechanical
behavior and a mathematical equation inspired lots of research subjects that gave interesting
concluding remarks or led to fruitful discussions. Among other problems, here are some examples: the
interpretation of mathematical or numerical messages (like non definite symmetrical stiffness matrix),
a large error due to a finite element discretization, the influence of the shape function...

Another important motivation throughout all the work was an in-depth examination of existing
mechanical models concerned with the present subject. Some unclear conclusions, unjustified links or
non-evident remarks led to important investigations about the mechanical content or the importance of
some assumptions or remarks (such as a dependency of degrees of freedom, determining distortional
rotational ratio in case of asymmetrical profile...).

0.3 Scope and content of the dissertation

The primary aims of this thesis are to provide an understanding of the behavior of thin walled beams
in engineering applications (civil, mechanical, naval...) and to produce a reliable tool for accurate
prediction of their behavior. In order to fit this objective, a methodology is developed for the beam
structural analysis including the identification of a possible instability by following the response of the
structure during the deformation process. The analysis focuses on the case of a static beam within the
framework of geometrically nonlinear elasticity by considering small deformations and neglecting
time dependent effects —i.e. forces whose direction and intensity do not depend on the beam
deformation. It is believed that these restrictions respect the above-stated motivation and allow an
accurate estimation of the strength and the safety assessment of a structure. The present research could
be used for a design analysis or as a guiding tool in an optimization process.

The dissertation is organized as follows. In chapter 1, a general survey summarizes most
representative work on the subject and concludes by positioning the thesis within its field and
highlighting its contribution to the published material. Chapter 2 presents and compares different
existing theories that analyze the behavior of thin-walled members submitted to axial, bending,
torsional and distortional loads. Chapter 3 is confined to the kinematics of the present work. The basic
assumptions are clearly defined in order to induce the displacement fields that include torsional,
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distortional and shear bending effects. Chapter 4 introduces the principle of virtual work which is the
basis of the present work and offers analytical solutions to some problems. Although the analytical
methods shown in this chapter are only valid for simple structures, they constitute a very important
part of the developments done in this work. They offer a simple tool that enables focusing on the basic
hypotheses, reducing to the principal mechanical behavior and validating mathematical, physical and
mechanical approximations. Besides, together with numerical shell analyses, they contribute to the
validation of the numerical results presented in chapter 5. General conclusions are drawn in chapter 6
while some useful calculations and non original developments are placed in appendices (such as
matrices and calculations too detailed for text presentation, technical notes on methods, common
developments...) since they interrupt the guiding line of the report (and the pleasure of reading!).
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CHAPTER 1. LITTERATURE REVIEW AND RESEARCH
PROBLEM STATEMENT

1.1 Goal of the chapter

Thin-walled structures have gained a growing importance due to their efficiency in strength and cost
(see e.g. Nowinski 1959, Davis 2000, Hancock 2003...). While significant advances have been made
through experimental testing and theoretical work, new research is still required since many important
questions remain partially or controversially answered such as: the importance of shear bending
effects, lateral torsional buckling (see Braham 2001) and distortional buckling, the compatibility of
connections, the choice of adapted and consistent types of non linear analyses (see Bazant 2000)...
This chapter aims at synthesizing, discussing and criticizing accredited knowledge established from
the literature according to the guiding concepts of this thesis. It concludes by highlighting the original
contribution of this work to the overviewed research fields.

1.2 Survey of modeling thin walled beam structures

1.2.1 General considerations

Doubtlessly, most analyzed and designed thin walled structures consist of beams and columns with
different thin profiles. Recently, a wide variety of cross-sectional shapes have been produced in the
market, resulting from an optimization based on strength, stiffness, connectivity and esthetics criteria
[Mennink 2003...]. As in other engineering fields, the resulting complexity constitutes a considerable
challenge for computational schemes. The accuracy of the structural behavior description depends to a
large extent on the assumed approximations.

The following ‘state of the art’ presents, at several levels of modeling, a multitude of generalizations,
simplifications and assumptions in published research. At the geometrical level, the influence of the
shape and dimensions of a structure is shown: beam or shell structures, open or closed profiles,
prismatic or tapered beams... At the physical or kinematical modeling level, the theoretical
assumptions are examined in terms of validity, efficiency and ability to describe the structural
behavior: discretizing kinematically a beam structure by its longitudinal axis, including shear
deformation due to bending or torsion, relaxing the planar and normality assumptions of a cross
section, neglecting warping shear variation through the thickness of a mid-wall, taking into
consideration the deformability of a cross section, modeling a partial or total transmission of warping
at a connection... At the mathematical level, many questions are raised about the completeness and
logical consistency of the chosen formulation and the resulting computations. The description of the
deformation and the formulation of the set of equilibrium equations with boundary conditions and
constraints are discussed: interpolation functions, shear locking, accuracy of solutions... Among these
equations, the constitutive equations are the physical equations associated with the material or
mechanical model. The quality and performance of thin walled analyses depend on the convergence of
all of these multi-level challenges.

1.2.2 Review at the geometrical level

Several geometrical aspects influence the modelling of thin walled structures. The dimensional aspect
ratios (thickness to contour length, contour length to longitudinal dimension) are often used to identify
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and classify a structure (e.g. Batoz 1990, page 2): solid or thin; shell, plate, membrane or beam. The
cross sectional geometry influences to a large extent the behavior of thin walled beams and
specifically, whether the section is open or closed. The torsional analysis is generally presented by
different methods for open and closed cross sections [Murray 1986; Gjelsvik 1981; Shakourzadeh
1995; ...]. Many researchers [De Ville 1989 §3.4; Batoz 1990 & Shakourzadeh 1995; Gjelsvick 1981
pages 10 & 114; Musat 1996 & 1999; ...] propose multiple expressions of warping functions for
different cross sectional types (open or closed thin profiles). Although often used in order to save
weight, non prismatic beams with ‘tapered’ cross sections are not recovered by most structural
analyses. Specific studies have dealt with the linear and non linear behavior of thin-walled beam-
column structures with variable cross section along the longitudinal axis [Kitipornchai 1975; Bradford
1988; Chan 1990; Rajasekaran 1994; Dube 1996; Ronagh 2000; Kim 2000...].

1.2.3 Review at the physical modeling level

Beam modeling of a thin-walled structure

There seems to be a general guiding concept [Gjelsvik 1981; Murray 1986; De Ville 1989; Batoz
1990; ...] for representing a thin walled structure by its longitudinal beam axis. According to Saint
Venant principle, the local perturbation effects of concentrated loads and boundary particularities are
neglected [Calgaro 1988 page 1-5; Murray 1986 §1.1 ...]. The stresses, and thus the strains, are
considered to depend exclusively on beam internal forces caused by the applied loading. The
membrane force and bending moments are related to the centroidal axis while the torsional moment
and shear forces are related to the shear center axis. One of the most important computational
difficulties is the accurate calculation under non uniform torsional loading of the beam response when
it exhibits a significant cross sectional warping. Shell or thin plate models offer general and well-
adapted solutions to various cases of geometry, loading and boundary conditions of thin walled
structures. However, such an approach is not always affordable and requires powerful numerical
methods. It generates excessive data so that the post-processing is time and energy consuming. In
addition, it does not allow easy physical interpretations. It is unable to isolate membrane, bending,
uniform torsion, torsional warping, distortional warping, bending shear warping or local effects (e.g.
normal stress computations). Moreover, it does not point out the contribution of individual parts; e.g.
the influence of stiffeners on the total resistance of the structure is not obviously highlighted. This
explains why various researchers develop and adapt new advanced beam theories to take into
consideration the particular behavior of a thin-walled structure and to give satisfactory results that the
usual beam theory is unable to provide. They always have limited applications; e.g. beam theories
stated hereafter do not take into consideration local effects. Several intermediate theories between
beams and shells are based on enriched kinematics, e.g. finite strip method [Cheung 1996; Cheung
1998]. Some researchers propose original ideas in order to minimize the complexity of the problem.
Meek (1983) considered that the wall is meshed into rectangular elements. Some degrees of freedom
are related to the beam axis and others to rectangular elements or to the nodes connecting them. This
technique uses a shell theory for torsion and a beam theory for bending. Musat (1996;1999) introduced
the concept of strip-plates to define macro-elements. The wall surface is divided into strip plates with
rectangular cross sections connected along longitudinal axes.

Cross-section deformation

When a cross section is assumed to remain planar during deformation, the resulting beam model
describes the behavior of a massive and regular cross section outside the application zone of the
concentrated loading. However, the behavior of thin-walled beams is essentially different since shear
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stresses and strains are large. Transversal stiffeners are required in order to minimize these effects but
also to prevent the distortion and the local bending.

Most researchers [Reilly 1972; De Ville 1989; Gunnlaugsson 1989; Chen 1989; Batoz 1990; Back
1998; Frey 2000; ...] generally agree on the fact that for a beam submitted to tension/compression or
bending, the cross section remains planar. Some adopt the normality condition of the cross section, i.e.
Bernoulli theory (De Ville 1989, page 2.2), by neglecting the strain energy due to the shear forces
[Batoz 1990, page 80]. If the normality assumption is relaxed while the planar assumption is kept, i.e.
Timoshenko theory, a constant shear strain is calculated [Reilly 1972; Gunnlaugsson 1982; Chen
1989; Batoz 1990; Back 1998; ...] and a shear correction factor is needed [Cowper 1966; Pilkey 1994,
page 28; Batoz 1990, page 62; Frey 2000, page 193; ...] in order to compensate the fact that the
displacement field violates the ‘no shear’ boundary condition at the edges of open profiles. More
detailed theories [Massonnet 1983; Reddy 1997; Wang 2000; Eisenberger 2003...] take into
consideration the warping due to shear forces. Batoz refers to Chen (1989) and highlights that shear
strain effects may be more important in bending than in torsion.

When submitted to torsion, the profile exhibits a longitudinal out of plane warping. The difficulty of
solving exactly the general torsional problem has led many researchers to formulate simplified models.
Bredt (1842-1900) gave an approximated model in order to solve the torsional problem of hollow
sections. Saint Venant (1855) described the well known primary torsion or uniform torsion where
transversal shear stresses result from uniform rotation of two adjacent cross sections. According to
Nowinski (1959), the torsional rigidity of composite thin sections was analyzed by Weber in 1924 and
important literature work was recast by Foppl in 1928. The case of uniform torsion (uniform moment
distribution with unrestrained warping) is not often exhibited in practice. In general cases of loading
and boundary conditions, an additional ‘secondary torsion’ induces normal stresses. Neglecting these
normal stresses often leads to important errors. The sum of both primary and secondary torsion, called
‘mixed torsion’, describes the total behavior due to the applied torque. The terminology ‘primary’ and
‘secondary’ [Trahair 1993, page 304] is also used in the literature for the torsional warping in order to
distinguish between the contour and the thickness warping [Gjelsvik 1981, page 12] of the thin-walled
cross section (known also as global and local respectively [De Ville 1989]).

Many researchers have tackled the problem of non uniform torsion. The most well-known authors are
Timoshenko (1905), Weber (1924), Reissner (1926), Wagner (1929), Vlassov (1940), v. Karman
(1944), Argyris (1949), Benscoter (1954) [Nowinski, 1959]... Timoshenko studied the problem of non
uniform torsion of I beams with constrained torsion by assuming linear normal stress distributions in
the flanges. His third order differential equilibrium equation, developed in the particular case of an I
beam, is still valid and can be deducted from all subsequent general theories.

Considering or neglecting the strain energy associated with warping generated two principal theories
in the non uniform torsional field: respectively Vlassov in 1940 and Benscoter in 1954. The
terminology used for these two theories may appear as a controversy in literature. Who is the first to
study the general theory of non uniform torsion for closed cross sections? Umanski 1939 [Nowinski
1959; Proki¢ 1994; Musat 1996; ...] or Benscoter 1954 as commonly assumed? Is Vlassov theory
suitable for closed cross sections or not? The well known published work by Benscoter is a paper
published in the ASME journal in 1954 but Umanski and Vlassov published earlier in Russian
important works in 1939 and 1940. The names of these three researchers have been associated with
torsional theories till today. In his interesting survey on thin walled beam references, Nowinski (1959)
stated that the first investigations of constrained warping of a freely supported box beam is attributed
by Ebner to Eggenschwyler in 1920. Reissner (1926) analyzed a particular case of tapered beam box
under linearly varying torque.
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Vlassov well known hypothesis (1961, Ch 1. §2.3) consists of neglecting shear warping at the mid wall
of an open cross section. In most literature referring to Vlassov work [Kollbrunner 1970; Reilly 1972;
Murray 1986 page 4&115; Mottershead 1988; De Ville 1989; Batoz 1990; Razaqpur 1991; Musat
1999; ...], this assumption is used for open profiles and the gradient of torsional angle is taken as
warping degree of freedom. Benscoter theory characterizes the warping degree of freedom by an
independent function which is different from the gradient of torsional angle. For closed cross sections,
this independent warping degree of freedom [Gunnlaugsson 1982; Chen 1989; Back 1998;
Shakourzadeh 1995; ...] is used instead of the derivative of torsional angle in order to include shear
strain in kinematics. However, in other works [De Ville 1989 §3.4.1.3; ...], Vlassov theory is stated as
applicable for closed cross sections by combining the assumption of neglecting shear warping at mid-
walls for the calculation of profile warping function with Benscoter independent warping degree of
freedom. Back (1998) used this combination.

Massonnet (1983) generalized Saint Venant theory to the case of a linear distribution of the torsional
moment. Without being explicitly stated, a restriction was imposed: the torsional warping must be
free. His work is at half way between Saint Venant and Vlassov. The exact stress distribution is found
by using Saint Venant theory but the beam equilibrium is ensured by introducing Vlassov bimoment.
Proki¢ (1990) proposes an original approach using a single warping function in order to analyze both
open and closed profiles. The main idea is to discretize a profile into transversal nodes and segments
and to develop a new contour warping function based on a linear variation of warping between these
transversal nodes. Vlassov hypothesis of no shear strain in mid wall is relaxed for contour warping.
When the hypothesis of cross section non-deformability is relaxed, additional modes called
distortional modes are added to the classical ones describing the behavior of a thin-walled beam:
tension/compression, bending and torsion. These additional modes are related to the in-plane
deformation of a thin-walled cross section. In some early works [Nowinski 1959; Timoshenko 1961
page 211], this phenomenon was identified without being analyzed; Timoshenko presented the bracing
in cross sectional planes as a solution to eliminate the distortion. Vlassov (1961, §4) presented an
original analysis for the behavior of polygonal thin-walled closed cross sections with deformable
contour by representing the displacements in the form of finite series. Later (1977), Trahair illustrated
briefly the buckling accentuated by distortion of an I-beam which results in the web bending [Trahair
1995 page 225]. In 1978, Takahashi and Hancock published articles about the distortional behavior.
Takahashi (1978, 1980, 1982, 1987, 2003) developed analytical analyses for the distortion of
asymmetric open cross sections constituted by the assembly of four or more thin segments without
ramifications. He also presented a similar analysis in order to study closed thin walled cross sections
(Takahashi 2001, 2003). Other researchers developed different experimental [Hancock 1992; Serrette
1997; Kesti 1999...], analytical [Razapur 1991; Bradford 1992] or numerical methods [Hancock 1997;
Ronagh 1996; Bradford 1997, 1998, 1999; Degée 2000...] in order to study the distortion. The
‘Generalized beam theory’ has been applied extensively during the last years in order to analyze the
distortion of prismatic members [e.g. Davies 1998, 2000; Silvestre 2002, 2003, 2004; Gongalves
2004...]. It is a new approach essentially based on the separation of the behavior of a prismatic
member into a series of orthogonal displacement modes.

Connection compatibilities

The carrying capacity and stability of some structures with uniform cross sections are often increased
by riveting or welding additional plates in highly stressed parts. The resulting cross section changes
abruptly and the stiffness conditions of a connection (flexible, fully or partially rigid) modify the
behavior of the structure. Modeling the real connection of cross sections in beam theory is a
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complicated task since the assembled beams and columns may not have the same centroid and the
same torsional center. The non uniform torsional warping (independent, continuous, fully or partially
transmitted) is particularly difficult to analyze for beams connected with different orientations. The
internal force associated with the warping is auto-equilibrated and cannot be axially projected like
other vectors and couples. Different researchers [Gjelsvik 1981; Gunnlaugsson 1982; De Ville 1989;
Pedersen 1991; Proki¢ 1993; Shakourzadeh 1999] consider that warping is partially or totally
transmitted by the connection. In general, a transformation matrix links beam degrees of freedom to
best ensure the compatibility. Mottershead (1988) proposed to take the most unfavorable conditions.
Batoz (1990, page 212) refers to Sharman (1985) for the calculation of transmission coefficients and
independent warping coefficients.

1.2.4 Review at the mathematical level

The analytical resolution of all these problems is possible for simple cases but remains inaccessible for
most practical applications. The resolution of the differential equations and the calculation of
geometrical characteristics for a complete structure require complicated and sometimes impossible
calculations. The numerical modeling deals with this complexity by allowing simulations of physical
problems. The finite element method is an effective method where the continuum mechanical problem
is discretized by a finite number of unknown parameters to be determined by variational formulations.
The unknown parameters are the nodal displacements or forces. Some authors [Krajcinovic 1970] used
the force method to analyze thin-walled structures but the displacement finite element method is
nowadays the most widely used. Complex engineering applications stimulated important
developments in this field so that a wide range of different elements have been presented in the
literature, depending on several parameters:

-the number of nodes by element and the number of degrees of freedom by node;

-the polynomial or hyperbolic interpolation functions used in order to relate the displacements in any
point to the nodal displacement vector.

Usually, polynomial interpolation functions are used in the literature for membrane and bending while
the hyperbolic functions are often used for non uniform torsion [Gunnlaugsson 1982; De Ville 1989;
Dvorkin 1989; Batoz 1990; Shakourzadeh 1995; ...]. A discussion about the use in the literature of the
hyperbolic functions is presented in Saadé (2004). Some numerical problems have to be solved, e.g.
shear locking that numerically stiffens the structure [Batoz 1990; Wang 2000...].

1.3 Survey of the stability behavior

1.3.1 Increasing need for stability and post-critical behavior analyses

Stability is a fundamental problem in structural mechanics since it must be taken into account in order
to ensure the safety against collapse. The collapse must be analyzed for each individual structural
member and for the whole structure in order to compute accurately the load-carrying capacity of thin
walled structures like beams, columns, frames, trusses, etc... Once the collapse strength is reached,
thin-walled members often stop bearing any additional load. A small disturbing force can cause large
displacements resulting in a catastrophic collapse. The effects of this elastic instability phenomenon
vary from influences on stable equilibrium state up to highly non linear effects as in catastrophic
failure processes. The theory of stability or buckling [Gjelsvick 1981; Waszczyszyn 1994;...] deals
with critical loads and deformation of structures which are associated with a sudden quantitative
change of the structure state at a particular load level by exhibiting previously zero displacement
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components. An interaction or coupling among bending, twisting and membrane deformations may
occur for beam members.

1.3.2 Defining non linear calculations including stability

The difference between linear and non linear analyses lies in the formulation of the equilibrium
equations. A linear analysis formulates these equations with respect to the undeformed structure so
that strains are evaluated as linear functions of displacement for a linear elastic behavior. In the case of
a non linear analysis (including stability), the displacements, rotations and/or deformations are not
small and the deformed structure has to be used in order to express the equilibrium equations. The
stress, load and deflection cannot be considered to be linear functions of displacements. Thus, with
respect to a geometrical non linear behavior, several principal analyses can be distinguished in the
literature: first order analysis, bifurcation or eigenvalue buckling analysis, second order analysis, large
rotation analysis and large strain analysis. Stability equations, requiring the use of the current
configuration of a structure, are nonlinear. Since the complete analysis results in a strongly nonlinear
system of equations, the analysis of dominant factors in the geometrical nonlinearities [Hsiao 2000...]
justify the selection of one of these different analyses.

First-order and second order terms are used in order to distinguish between analyses that neglect or
take into account the actual configuration (influence of deflections upon stresses or P-o effects). When
the non linear equations are linearized, the resulting theory is the so-called linear buckling theory
[Murray 1986; Waszczyszyn 1994 §5...]: the structure is assumed to deform linearly till buckling
occurs. The terms ‘first-order stability analysis’ and ‘second order stability analysis’ are used in the
literature in order to distinguish between linearized calculations that lead to the determination of
critical loads (i.e. eigenvalue problem) and other non linear computations that compute stresses
induced by the generated deflections and reveal the post-buckling response of the structure.

The non linear analysis requires a high level of numerical expertise and experience [Volokh 2001]. In
many practical cases [Peng 1998; Chan 1995; Agyris 1978 according to Chen 1991], the assumption
of linearity up to the critical load does not give useful results and non linear buckling analysis is
necessary. Some researchers [Bakker 2001; Volokh 2001...] propose and discuss how to check the
smallness of displacements, rotations and strains in order to choose the related type of geometrical
nonlinear analysis. Volokh (2001) presented a numerical criterion which predicts the stage in which
the non linear analysis is necessary.

A geometrically non-linear analysis involves complex formulations. Different formulations,
theoretically equivalent, have been proposed in the literature: total [Frey 1977; De Ville 1989; Hsiao
2000; ...] or updated [Frey 1977; Chen 1991; Yang 1986a,b; Meek 1989; Conci 1990 (see Chen
1991); ...] lagrangian formulation and corotational approach [De Ville 1989; Hsiao 2000; ...]. Many
works in the literature assumed finite rotations such that the strains remain small [Hsiao 2000]. By
choosing adapted element sizes, numerical approaches (corotational, natural approaches) validate
these assumptions by eliminating and separating rigid body motions from the total displacements. In
order to solve the non linear system, several incremental and/or iterative numerical methods are
proposed in the literature [Criesfield 1997...].

1.3.3 Historical overview on buckling analyses of thin-walled structures

Early work by Euler (1744) was concerned with flexural buckling of elastic pin ended columns
submitted to compression. He used these developments to compute critical loads with various
boundary conditions. By the end of the 19" century, many basic elastic problems of structural stability
(Kirchhoff 1859; Engesser 1889; ...) were solved. According to Nowinski (1959) who gave an
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interesting survey on most important work on the behavior of thin walled beams, thin-walled open
buckling beam theory was influenced by the work of Prandtl and Michell on lateral buckling of narrow
beams in 1899. In the 20™ century, the stability theory expanded significantly. An important
contribution for the analysis of particular buckling problems including the non uniform torsion of open
beams was given by Timoshenko [e.g. 1913; 1961 §5...]. Similarly to the major part of his work, his
buckling analyses are still consulted today since they offer an important and clear physical way when
approaching the subject. Among other researchers, Wagner (1929), Vlassov (1940), Goodier (1942),
Koiter (1945) and Nowinski (1947) also contributed to the analytical study of one-member buckling.
Wagner investigated in details the torsional buckling of open cross sections. His work is based on a
general analysis of non uniform torsion and his creative way is still adopted in present works. In their
published and widely used textbooks, Bleich (1952) and Timoshenko (1961) covered analytically a
wide range of structural stability problems for columns, continuous beams, trusses and frames in
several cases of geometry (changes in cross section), loading and boundary conditions (elastic
supports,...). They analyzed the torsional buckling and the lateral buckling of beams and discussed
briefly the interaction between bending and torsional buckling. Bleich treated the case of unequal
flanges for the elastic and plastic behaviors. Gjelsvik (1981), Murray (1986), Trahair (1993,1995),
etc., introduced the basic concepts of the stability theory, detailed the interaction phenomenon and
developed the flexural torsional buckling of columns and the lateral torsional buckling of beams.
Among nonlinear stability analyses, the problems of strength, general and local stability have been
discussed by Bazant (1991) using the classical theory of non uniform torsion of thin-walled beams.
During the following years, numerical methods were used for stability analysis [Murray 1986; Trahair
1993; Waszczyszyn 1994]. Intensive research devoted to open thin-walled profiles stability [Ramm
1983; Ronagh 1999; Kwak 2001; Mohri 2003...] were published in both numerical and theoretical
procedures taking into account tapered beams [Ronagh 2000; ...], joint equilibrium at connections,
imperfections [Frey 1977; Bazant 1991; ...] and composite cross sections [Bazant 1991, ...]. The
material and geometrical nonlinear behavior, the dynamic stability, the importance of non conservative
systems, etc... were also investigated. Many papers have limited their scope to particular restrictions
such as profile with double symmetry [Meek 1998...] or monosymmetry [Kitipornchai 1986; Trahair
1993; Kim 2000; Hsiao 2000; Mohri 2003].

In most early and recent works on general analysis of structural stability, Vlassov hypotheses and
kinematics for non uniform torsion have been adopted. The potential energy and the governing
equations have been extensively developed in the case of linear elastic stability [Timoshenko 1961; De
Ville 1989; Trahair 1993; Mohri 2003;...]. Nevertheless, in the particular case of lateral torsional
buckling, current research investigations still aim at elaborating satisfactory practical rules and
including them in design codes. Appendix F of the European Code for the Design of Steel Structures
(1992) evaluates a critical flexural moment for different cases of profile geometry, loading and
boundary conditions. According to Mohri (2000, 2003) and Braham (2001), most of this design rule is
inspired from the work of Djalaly (1974). An interesting state of the art related to the formulae of the
Eurocode has been given by Braham (2001). It is followed by a comparison between various analytical
methods and finite element models for some bisymmetrical and monosymmetrical profiles. By
referring to the work of Mohri (2000), Braham emphasizes on the unsafe application of the Eurocode
formula for lateral torsional buckling in some cases. This formula and the corresponding data are
inappropriate and require adjustments. The carrying capacities resulting from numerical and
experimental analyses are shown to be lower than those resulting from Eurocode formula [Mohri
2000, 2003; Braham 2001; Villette 2002; Galéa 2002...]. This problem is probably due to limited
availability of numerical techniques at the time of earlier researchers [Djalaly 1974]. Because of the
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general tendency to increase the slenderness, further research is required for safe and economic
calculations and for more accurate design codes.

1.3.4 Analytical and numerical methods used for stability problems

Starting from the total potential energy expression in linear stability, most developments in the
literature approximate the buckling loads by elaborating the equilibrium equations corresponding to
the buckled state. Different methods are used in the literature: Ritz, Galerkin, finite differences, finite
integral (Chan 2001)... The first two methods are extensively used in the literature in order to compute
analytically buckling loads. Rayleigh-Ritz method is based on the stationary conditions of the total
potential energy while Galerkin method is based on the variational formulation of equilibrium
equations. Both methods are based on assumed deflected shapes and therefore are limited to simple
problems where the deflected shape can be accurately assumed [Timoshenko 1961; Trahair 1993 §3,
Murray 1986; De ville 1989 §4]. The displacement modes in bending and torsion are approximated by
analytical functions and the solution depends on this choice. The approximation of a sinusoidal
function is suitable for the simple case of uniform moment distribution along a beam with a
bisymmetrical cross section. However, for general loading and arbitrary profiles, the displacements
must be approximated by sinusoidal series. However, in the EC3 and previous works [Djalaly
1974;...], the analytical analyses based on Vlassov warping function used only one sinusoidal term for
the displacement functions. Recent researchers [Mohri 2003; Braham 2001...] emphasize on the
inaccurate results obtained by this approach for general asymmetrical cases of loading and geometry.
Since the advent of the computer in the 1950’s, research in the numerical stability field has developed
extensively: [Frey 1977; De Ville 1989; Trahair 1993 §4 and almost all recent works]. The growth of
computer power combined with the use of the discretization concept and the energy method induced
intensive recent developments of non linear numerical methods. The finite element method presents
many advantages: generality and flexibility for assigning properties, configuration, boundary and load
conditions.

1.4 Original contributions of the present work

This paragraph aims at briefly defining the problem statement and at identifying the present work in
the previously reviewed research state of the art (§1.2). The main purpose of this thesis is to formulate
a unified approach for modeling the behavior of elastic 3D structures consisting of thin walled beams
and columns with arbitrary shaped cross sections, including the important influence of warping due to
non uniform torsion, to shear forces and to distortion.

The present research work builds itself upon previous and ongoing work on 3D thin walled structure
analyses. Particularly, it improves Proki¢ kinematic formulation (1990, 1993, 1994, 1996) in order to
analyze the non uniform torsion of arbitrary thin walled profiles. Rather than using different warping
functions for open and closed cross sections (Vlassov or Benscoter theories) as it is extensively done
in the literature [Nowinski 1959; Murray 1986; Mohri 2003 ... ], the present work aims mainly at
adapting and validating a single approach to model the behavior of 3D thin walled beam structures.
The following first three investigations (1-3) are provided relatively to Proki¢ work. Resulting from an
in-depth examination of Proki¢ theoretical and practical research limitations, they summarize the
original work of the present research in order to implement correctly a thin walled beam model.

1- In a first and global examination of Proki¢ work, it is surprising to find an unjustified statement that
the introduction of the notion of shear center is not necessary. While analyzing the torsional warping
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of open asymmetrical profiles, no distinction was made between the centroid and the shear center
[1990 page 73, 75 & 76; 1993; 1994; 1996]. It is therefore necessary to find out if the proposed
kinematic formulation assumes a rotation of the cross section around the centroid which is
inadmissible for asymmetrical and even monosymmetrical profiles. The necessity of including the
shear center in order to uncouple torsional and bending effects is to be investigated.

2- A more detailed study of Proki¢ work shows that the presented combination of warping degrees of
freedom is not completely associated with the torsional warping of a thin-walled beam structure.
Warping degrees of freedom are coupled with membrane and bending degrees of freedom even in
linear stiffness matrix (e.g. 1990 page 28). Computations show that the stiffness matrix is not definite
positive. In his thesis and published papers, the numerical results have been limited to pure torsional
problems. Therefore, it is necessary to investigate the feasibility of an implementation of Prokié
formulation in order to study the general behavior of a 3D thin-walled structure, e.g. the flexural-
torsional behavior due to a transversal load acting on a asymmetrical cross sections. The possibilities
of adding additional kinematic relations in order to restrain the warping degrees of freedom to non
uniform torsional behavior (as in Vlassov and Benscoter theories) must be found out. In the case of
pure stretching or bending, does Proki¢ formulation detect undesirable warping (i.e. warping
associated with pure tension/compression or flexure)?

3- After finishing the first two investigations and after demonstrating the feasibility of a correct
implementation of the previously discussed kinematic formulation, another important unfinished task
in Proki¢ published research is the numerical stability analysis. In his thesis and published papers,
Proki¢ presented the general guideline for non linear analyses using the finite element method without
presenting developed details or numerical results. It was noticed in a recent review paper about non
linear behavior and design of steel structures [Chan 2001], that, in Proki¢ work, ‘non linear frame
analysis allowing for warping and bimoment has not yet been developed to a stage of practical use,
even for relatively simple frames’. Therefore, more investigations are needed in order to analyze the
stability of thin-walled structures.

The following investigations (4-9) present general original issues in the study of thin-walled analyses:

4- An interesting task is to investigate the influence of warping induced by shear forces in bending and
particularly how it is possible to apply Proki¢ formulation in order to model this behavior. Is a
complete study including warping due to bending shear forces important for the behavior analysis of
thin-walled structures? In the case where the modified Timoshenko theory gives satisfying bending
results, it is interesting to determine the shear correction factor for arbitrary profiles. Within the same
guiding concept defined above, it is interesting to investigate this analysis by keeping the same
original unified approach for arbitrary profiles.

5- In the literature, the stability analysis is restricted to the case of beams or columns with open cross
sections using Vlassov warping function. This approach is justified by the high torsional and bending
stiffness of a closed cross section, so that collapse by local buckling or yielding is more critical than
collapse by global instability. However, it is interesting to investigate structural elements with profiles
which are neither totally open, nor fully closed. e.g. an open profile with one relatively small cell
compared to the profile dimensions.
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6- An important contribution to thin walled beam analyses is to adapt Proki¢ warping function in order
to analyze some distortional modes which involve the deformation of the entire profile inducing a non
local beam behavior.

7- The physical and pure kinematical separation between different mechanical effects
(tension/compression, bending, torsion and distortion) is achieved in this work by imposing restraining
conditions on the displacement field. This kinematical step, usually achieved in the literature by
imposing restraining conditions on equilibrium equations and stresses, has the advantage of presenting
a correct and well-defined kinematical formulation without any restriction on the material law.
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CHAPTER 2. BACKGROUND INFORMATION

2.1 Beams with bending shear effects

Beam analyses have been performed by implementing different kinematic formulations for bending
shear deformation. The developments given hereafter are limited to the case of elastic behavior, where
E and G are respectively Young’s and shear modulus. The principal axes are used to uncouple bending
effects (xy & xz). For simplicity only, the bending of beams in the (xz) plane is analyzed in this
session. Similar developments can be identically made for bending in the (xy) plane.

q - T
47
H /
/ >x

Figure 2.1 Principal axes of a beam profile

2.1.1 Bernoulli

The simplest beam theory is the Euler-Bernoulli theory in which it is assumed that the cross section
remains planar and normal to the longitudinal axis after bending deformation. The rotation angle of the
cross section is thus equal to the slope (w). This assumption neglects transverse shear.

This beam theory is based on the displacement field:

uq —ZVV’X
Ve t=10 @.1)
w w

q

where q(X,y,z) is an arbitrary point of the beam (figure 2.1).

and the expression of linear part of the strain tensor is reduced to:

gx uq X - ZW,XX
2ey, 1=19Vq g (= 0 2.2)
2¢e 0

xz Wq ,tUq,

The strain energy per unit length of the beam is given by:

U=1[EedA (2.3)
2 A

where A is the cross-sectional area. The strain energy associated with the shearing strain is zero.
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The bending moment can be expressed in terms of generalized displacements and the shear force must
be found from the equilibrium equation (2.4). The shear stresses, strains and shear internal forces

(1, =Ge

Xz 2

T, = J.rxsz) cannot be found from the kinematic formulation (2.1, 2.2), because if
A

done so, they would be zero.

My = j zc, dA = EJ ze dA =~ EIyW7XX
A A

T, =M, (2.4)

where EI, is the bending stiffness of the beam.

2.1.2 Timoshenko

The Timoshenko beam theory is based on the following displacement field:

v, =10 2.5)

where the longitudinal displacement uy is no more proportional to the gradient wy of transverse
displacement but to a new parameter 0, that denotes the rotation of the cross section. The normality
assumption of Bernoulli theory is thus relaxed and a constant transverse shear strain over the cross
section (wx + 0y) is assumed.

&x uq X Zey,x
28xy =1Vq , FUq (= 0 (2.6)
2g,, Wq g Wyt Gy

The strain energy includes a term associated with the shearing strain:

U=%M&i+«k;mA 2.7)
A

The bending moment and the shear force can be expressed in terms of generalized displacements:

M, = [z0,dA = EL0, .
A

T, = [1,,dA =k ,GA(B, +w ) (2.8)
A

where k, is the shear correction factor.

It is important to note that, from the kinematics (2.5&2.6) and the constitutive equations, shear stresses
are found to be uniform over the cross section (2.8, k, = 1). However, when a cross-section is subject

2-2



to a shear force T,, the shear strain 2¢,, = T4, /G should vary through the height of the cross section
and vanish at free edges. Consequently, the cross section does not remain plane: it warps. The warping
is the largest at the neutral axis and vanishes at the extreme fibers. This physical behavior is not
compatible with the kinematics (2.5) that assumes a constant transverse shear strain distribution (2.6)
and thus constant shear stress distribution. Therefore, the Timoshenko theory requires corrections. To
compensate the fact that the displacement field violates the ‘no shear’ boundary condition at the edges
of open profiles, approximate modifications are introduced by a shear correction factor ky (equation
2.8).

Shear correction factors:

When the above described warping varies along the longitudinal (x) axis, the associated deformation
increases the bending transversal displacements. These shear effects on deflection, which are
significant for bending of short beams, are described by the shear correction factor ky. In the case of
loading in the xz plane, this factor can be evaluated by an energy approach ([Frey, 2000, page 193];
[Pilkey, 1994, page 28 ]; [Batoz, 1990, page 62]...):

A(S,Y
k=] (TYJ dA (2.9)
I A

t is the thickness and Sy is the first moment in Jouravski formulation.

The shear correction factor may be viewed as the ratio of total beam cross-sectional area to the
effective area resisting shear deformation. Equation (2.9) gives an approximate value [Pilkey, 1994,
page 28]. Other determinations of shear correction factors can be made by using the theory of
elasticity ([Cowper, 1966]...). The inverse of the shear correction factor, called the shear deflection
constant, is often required as an input in general purpose finite element analysis software. It is
important to note that the computation of the shear correction factor necessitates the determination of
the first moment distribution over the profile contour by choosing appropriate methods usually
different for open and closed cross sections ([Calgaro, 1988, Chapter 2]...)

2.1.3 High-order theories

In high-order theories, the planar assumption is not kept. The following Reddy-Bickford displacement
field was used by Wang [2000, page 14]:

Ug z0, —ocz3(6y +Wy)
Vg (= 0 (2.10)
W w

where o = 4/(3h?) for rectangular cross sections.

The strain-displacement relations of Reddy-Bickford beam theory are:

€y Zey,x - OLZ’D‘(ey,x + W,xx)
2g,, ¢ =10 (2.11)
2¢,, W, +0, —Bz* (0, +w )
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where p = 4/h? for rectangular cross sections.

Since the transverse shear strain is quadratic through the height of the beam and satisfies the ‘no shear’
boundary condition (values of o and  depend on the profile geometry), there is no shear correction
factor in the Reddy-Bickford beam theory. The boundary conditions and the stress resultants for this
theory differ from the others theories. Wang et al. [2000] developed the complicated equilibrium
equations, generated solutions for some simple examples of rectangular cross sections, and developed
a finite element model free from shear locking phenomenon. The deflections, slopes/rotations, shear
forces and bending moments resulting from this theory are compared to those of Bernoulli and
Timoshenko (available in most text books on mechanics of materials). Simple cases of simply
supported beam with rectangular cross sections are analyzed analytically in the following paragraph
and in chapter 4 while the associated numerical computations are done in chapter 5.

2.1.4 Applications

The theories presented in (§2.1.1, §2.1.2 & §2.1.3) are used hereby to evaluate the influence of shear
deformation effects on the displacement of simply supported beams: Bernoulli beam theory (BBT),
Timoshenko beam theory (TBT) that could be modified by introducing the shear correction factor
(TBTM) and high order theories as Reddy-Bickford beam theory (RBT) [Wang, 2000].

Simply supported beam under uniformly distributed load

Consider a simply supported beam under uniformly distributed load qo. Deriving the equilibrium
equations with Bernoulli kinematic formulae (starting from equations 2.1-2.4), the maximal deflection
of the Euler-Bernoulli beam (BBT) is:

oo _ 5 Gl
BBT ™ 384 EI

(2.12)

By doing the same calculations for Timoshenko beam theory (starting from equations 2.5-2.8), the
maximal deflection of the Timoshenko beam (TBT) is modified by introducing (equation 2.8) the
shear correction factor k (TBTM):

w B 5 q0L4+1q0L2
TBIM ™ 3¢4 EI 8 kGA

(2.13)

The shear correction factor for a rectangular cross section is 5/6 (equation 2.9, Cowper 1966, Pilkey
1994...).

In case of higher order theories [Wang, 2000, page 33], the expression of the deflection is much more
complicated :

4 A 2
L )
Wagp = do— Gokt_ D [tanh(’"%) sinh(Ax) + cosh(2x) + 2 x(L - x) ~ 1] (2.14)
384 Bl 3% A_D_ 2 2

Where, for a rectangular cross section,

n= 3h2 szbxx }b2 _ 3h2 KXZDXX
4 (FxxDxx - FxxDxx) 4 (FxxDxx - FxxDxx)
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(A Dy Fo ) = E[ (1,27, 2%,2)dA (Az- Dy Fp) =G [ (1,27, 2" )dA

\ 4 A 4
Dxx :Dxx _3h_2Fxx sz :sz _h_2sz
4 4 — . 4.
xx — LTxx _3h_2 XX xz — “xz _h_zsz XZ :sz _h_szz (215)

For a simply supported beam with a rectangular cross section submitted to uniform loading, the effect
of shear deformation beam is thus proportional to the square of the ratio height to length:

B 2
WrBTM ~ WBBT :1.92h_2(1+0) (2.16)
WBBT L

Figure 2.2 shows numerical results from the application of (2.12), (2.13) and (2.14) for different
values of length to height ratio of the simply supported beam (L/h). E=210GPa, G= 84GPa. The
TBTM is taken as a reference and the difference between its results and those of other theories is
plotted in figure 2.2. It should be noted that the curve (RBT) is nearly on the horizontal axis. RBT and
TBTM theories give similar results for this simple example. The difference is 0.001% as value for L/h
=8 and 9.10" % for L/h = 50.

4% -
o |

\ — BBT
2% --- TBT

\ —= RBT
1%
0% -
0 10 20 30 40 50 60
L/

Figure 2.2 Difference between TBTM and (BBT, TBT and RBT) for maximal deflection of
rectangular beams submitted to a uniformly distributed load

Simply supported beam with concentrated force P applied at mid span
Similarly, for a concentrated force P applied at mid span of the beam:

1 P’

WBBT 24—83 (217)
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1 PL° 1 PL

W -2 2.18
TBIM 48 BI 4 kGA @18)
W -W h?
TBIM_—BBL =24 —(1+v) (2.19)
WBBT
AL
3 A tanh(—) +1
D
WRBT:_L PL + PL; —%X  (—cosh(AL)+1)— 2
9% D, 21" A.,D,, sinh(AL)+ cosh(AL) +1
s Pl PR, +8ud,) (2.19)
32 DXXAXZX

As it is expected from equation (2.19), the difference between (BBT) and (TBTM) depends mostly on
the square of the ratio L/h.

5% ~

%

3% ~ —BBT
o ot
1%

0%

L/h

Figure 2.3 Difference between TBTM and (BBT, TBT and RBT) for maximal deflection of
rectangular beams submitted to a concentrated force P at mid span

It can be seen in figure 2.3 (where E=210GPa, G= 84GPa) that, for rectangular cross sections,
neglecting shear deformation effects will lead to errors superior to 5% for short beams where h/L >
1/8. The curve (RBT) is nearly on the horizontal axis. RBT and TBTM give also similar results for this
simple example. The difference between the two theories is 0.061% for L/h = 8 and 0.00026% for
L/h =50.

A numerical application is considered for a simply supported beam (L = 2m) with rectangular cross
section 0.002 x 0.25m submitted to a concentrated force P = 10kN. The shear force and bending
moment distributions [equations (2.4) and (2.8)] along the span coincide for TBT and BBT. The
rotation computed with TBT theory is equal to the slope of BBT (4.57 10™ rad). However, for RBT,
the rotation (0, = 4.54 10%) is different from the slope (w’ = 4.71 10™). This is due to the higher-
order theory where both functions (6, and w’) along z describe the quadratic nature of the warped
cross section (equation 2.11). It is interesting to note that for statically indeterminate structures,
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different bending moments and shear forces result from (BBT), (RBT) and (TBT) since displacements
(and hence stress resultants) are not the same for these theories.

Comparison of shear deformation effects for some thin walled profiles

t r - ;
Wyl |n h Wil h
| ty
PN T , o]
b T |
=3 - b
b
(@) (b) (c) (d)

Figure 2.4: (a) Square tubular cross section (b = 0.Im, t = 0.00lm), (b) open I cross section
(b=0.08m, t;=0.01m, h = 0.38m, t, = 0.0035m), (c) tubular cross section (b = 0.3m, t;=0.008m, h =
0.8m, t, = 0.001m) and (d) T cross section (b = 0.4m, t;= 0.01m, h = 0.4m, t, = 0.01m)

The influence of shear bending effects is analyzed for different cross sections (a), (b), (¢) and (d) of a
simply supported beam where E=210GPa, G= 84Gpa. Two loading cases are considered: uniformly
distributed load (table 2.1 and figure 2.5a) and concentrated load at mid length (table 2.2 and figure
2.5b). Shear correction factors are calculated for the cross profiles in figure 2.4 by using the results of
Cowper [Cowper, 1966] who considered the influence of geometrical and material properties of the
cross section. The difference between the modified Timoshenko and Bernoulli deflections calculated
((2)/(1)) in tables 2.1 and 2.2 show the influence of shear deformations (2) by comparing it to bending
moment effects (1) on the maximal deflection. The difference between simple and modified
Timoshenko deflections ((3)/(1)) calculated in the seventh column of tables 2.1 and 2.2 show the
influence of the shear correction factor. It could be seen from table 2.2 that short beams are sensitive
with respect to shear deformation effects. The influence of shear deformation on deflections reaches
10% for L/h smaller than 10. In general, this percentage is smaller for a uniformly applied loading
(table 2.1) than for a concentrated load (table 2.2). In particular, the influence is smaller for the T
section than for the I and tubular cross sections in figure 2.4. It could be concluded that the deflection
due to shear deformations is small compared to the deflection due to flexure.

Table 2.1 Shear deformation effects on the maximal deflection [m] of beams (Figure 2.4) submitted to
a unit uniformly distributed load
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Profile| L/h wrgrm (1) wrgrmWaer (2) | (2)/(1) | Wrsrm-Wrer 3) | (3)/(1)
(a) 1.57E-06 3.47E-08 2.2% 1.97E-08 1.3%
(b) 20 2.76E-06 6.07E-08 2.2% 3.23E-08 1.2%
©) 5.25E-06 1.15E-07 2.2% 8.60E-08 1.6%
(d) 1.90E-06 2.38E-08 1.2% 1.19E-08 0.6%
(a) 5.05E-07 1.95E-08 3.9% 1.11E-08 2.2%
(b) 15 9.08E-07 3.41E-08 3.8% 1.81E-08 2.0%
() 1.73E-06 6.44E-08 3.7% 4.84E-08 2.8%
(d) 6.16E-07 1.34E-08 2.2% 6.68E-09 1.1%
(a) 1.05E-07 8.68E-09 8.3% 4.92E-09 4.7%
(b) 10 1.88E-07 1.52E-08 8.1% 8.06E-09 4.3%
©) 3.57E-07 2.86E-08 8.0% 2.15E-08 6.0%
(d) 1.25E-07 5.94E-09 4.8% 2.97E-09 2.4%
(a) 4.48E-08 5.56E-09 12.4% 3.15E-09 7.0%
(b) 8 8.04E-08 9.71E-09 12.1% 5.16E-09 6.4%
() 1.53E-07 1.83E-08 12.0% 1.38E-08 9.0%
(d) 5.26E-08 3.80E-09 7.2% 1.90E-09 3.6%
(a) 3.84E-09 1.39E-09 36.1% 7.88E-10 20.5%
(b) 4 6.84E-09 2.43E-09 35.5% 1.29E-09 18.8%
(c) 1.30E-08 4.58E-09 35.3% 3.44E-09 26.5%
(d) 4.00E-09 9.51E-10 23.8% 4.75E-10 11.9%

Table 2.2 Shear deformation effects on the maximal deflection [m] of beams (Figure 2.4) submitted to

a unit concentrated load at mid span

Profile| L/h wrgrm (1) wrgrmWaer (2) | (2)/(1) | Wrsrm-Wrer 3) | (3)/(1)
(a) 1.26E-06 3.47E-08 2.8% 1.97E-08 1.6%
(b) 20 5.97E-07 1.60E-08 2.7% 8.49E-09 1.4%
©) 5.40E-07 1.43E-08 2.7% 1.08E-08 2.0%
(d) 3.87E-07 5.94E-09 1.5% 2.97E-09 0.8%
(a) 5.44E-07 2.60E-08 4.8% 1.48E-08 2.7%
(b) 15 2.57E-07 1.20E-08 4.7% 6.37E-09 2.5%
(c) 2.32E-07 1.07E-08 4.6% 8.06E-09 3.5%
(d) 1.65E-07 4.46E-09 2.7% 2.23E-09 1.3%
(a) 1.71E-07 1.74E-08 10.2% 9.85E-09 5.8%
® | 10 8.06E-08 7.98E-09 9.9% 4.24E-09 5.3%
(c) 7.28E-08 7.16E-09 9.8% 5.38E-09 7.4%
(d) 5.06E-08 2.97E-09 5.9% 1.48E-09 2.9%
(a) 9.24E-08 1.39E-08 15.0% 7.88E-09 8.5%
(b) 8 4.36E-08 6.39E-09 14.7% 3.40E-09 7.8%
(c) 3.94E-08 5.73E-09 14.5% 4.30E-09 10.9%
(d) 2.68E-08 2.38E-09 8.9% 1.19E-09 4.4%
(a) 1.68E-08 6.94E-09 41.4% 3.94E-09 23.5%
(b) 4 7.84E-09 3.19E-09 40.7% 1.70E-09 21.6%
(c) 7.07E-09 2.86E-09 40.5% 2.15E-09 30.4%
(d) 4.24E-09 1.19E-09 28.1% 5.94E-10 14.0%
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The same results are illustrated in figure (2.5) where the difference between TBTM and BBT is shown
for a uniform distributed load and a mid-length applied concentrated load. It could be seen that the
amount of shear effect of the T section (d) is different from the others. The curves corresponding for

(a), (b) and (c) nearly coincide. Again, it is noted that the shear effects are important for short beams.

60%

40%

20%

0%

L/h

(a)

(b)
— (o)
(d)

(a)

80% -

60% -

40% -

20%

|

(a)
(b)
(c)
(d)

0%

N

0

(b)

20

40 60
L/h

Figure 2.5 Variation [(Wrstm-WaeT)/ WaaT] Of shear deformation effects on maximal deflection [m] of
beams (Figure 2.4) submitted to a uniformly distributed load (a) and to a unit concentrated load at mid
length (b)

2.2 Uniform and non uniform torsion (Mixed torsion)

2.2.1 General overview

The torsional behavior of a beam is mainly described by twisting angles () of its cross sections with

respect to the longitudinal axis (x) passing through the torsional center C (y., z.). The angle of twist

per unit length at a particular position is calculated as a function of the torsional moment M, resulting

from the applied load. However, when submitted to a torsional deformation, a cross section does not

remain planar: it generally warps. This warping is measured by an axial displacement u.

The total external torque is balanced by the torsional moment M, that includes:

- a first part (M,*), well known in the engineering text books of Strength of Materials, characterizes

the uniform torsion of Saint Venant and is presented in the paragraph 2.2.2;

- a second part (M,”), caused by the prevented warping of the cross section, characterizes the non

uniform torsion and is presented in paragraph 2.2.3.

If both M,*" and M, are different from zero, the torsion is known to be mixed:
M, =M™+ M, (2.20)

2.2.2 de Saint Venant torsion (uniform torsion)

Assumption

The particular case of uniform torsion (Saint Venant) is based on the following assumption:

HYPSV: the warping (u) is constant along the longitudinal axis (x) of the beam.

Kinematics

The axial displacement of any point q of the cross section under Saint Venant torsion is:

u=- (o(y,z) GX,X(X)

where 0, is the rate of twist and ®(y,z) is the warping function of the cross section.

The expression of the displacement field is:

(2.21)

29



u -0

q X,X
vy 1 =9-(2=2)6, (2.22)
w (y_ YC)ex

When the assumption HYPSV (uniform warping along x) is adopted, @0y x is assumed to be a constant
rate with respect to x. Thus, its derivative @0y« vanishes and the linear strain vector deduced from
(2.22) is:

0

2ty p =1 (0y +2-2.)0, (2.23)

28xz (_("),z +yY—Ye¢ )ex,x

Equilibrium equation

The torsional equation (2.26) is usually deduced from equilibrium considerations. Alternatively, the
principle of virtual work can be used with Hooke’s law and strain expressions (2.23). The differential
equilibrium equation (2.26), relating the rate of twist 0, 4 to the torsional moment M, (2.24) and to the
torsional stiffness GK (2.25), is obtained after integrating and isolating the virtual twisting angle 0, .
The torsional resultant is found to be:

M, = [[(y = ye)Te —(2-2¢)T4 1A (224)
A

Let the torsional constant K be given by the expression (2.25):

K=o, (y-yo)+o,(z-2c)+(y=yc) +(z-7c)" [dA (225)
A
then
MX
O, == (2.26)

Equation (2.25) shows that the cross section warping influences the value of K. The warping function
(®) must first be computed in order to determine the torsional stiffness and to solve the Saint-Venant
torsional problem. The evaluation of @ is different for each cross section and depends on the boundary
conditions of the shear stresses and on the geometrical shape of the profile, especially whether the
cross section is open or closed. Batoz et al. [1990, page 170] developed approximate expressions for
the warping function (@) of some thin-walled cross sections so that K can be explicitly evaluated.
However, they insisted on the fact that, for open thin walled profiles, approximated values of (®) lead
to an incorrect value of K if directly substituted in (2.25). Deducing the torsional constant from
explicit values of @ is detailed in [Batoz, 1990, page 171].
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The Saint Venant theory (with assumption HYPSV) is exact in the case of uniform torsional moment
distribution without restrained warping of the cross sections. Similarly, for some particular profiles @ ,
+, ...) which, due to their radial symmetry, do not warp, the Saint Venant theory of torsion is always
exact, even if the torsional moment distribution is not uniform. For other particular geometries (L, Z,
...), the contour warping vanishes and, if the thickness warping is neglected, the de Saint Venant
theory is used. For all these particular cases, equation (2.26) solves exactly the torsional problem. In
other general cases, the Saint Venant torsional theory describes only a part of the problem (equation
2.20) and the term M, in (2.26) must be substituted by M,

st
= MX

eX,X GK

(2.26°)

Stress computations

In this case of pure uniform torsion, the beam is only twisted and each thin walled member resists to
this uniform torsion by components of shear stresses T,.". s is the coordinate along the contour profile
line. There are no longitudinal stresses oy directly associated with this torsion. The behavior depends
to a large extent on the cross sectional geometry and specifically, whether the section is open or
closed. When the cross section is an open profile, shear stresses due to the Saint Venant torsion (ty")
vary linearly through the thickness of the walls with zero value on the midline. The maximal value of
these stresses, which occurs at upper and inner skins, is proportional to the torsional moment M,* and
to the thickness ‘e’ and is inversely proportional to the uniform torsional stiffness K.

1. 3
K= 251161 (2.27)
Mst
t
Tis = KX e (2.28)

When the cross section is a closed profile consisting of one or more cells, uniform shear stresses flow
through the periphery without changing sign across the thickness of the thin walls. The stiffness is
calculated from Bredt formulae ([Kollbrunner, 1970], [Murray, 1986], ...). Equations (2.29) are given
in case of unicellular cross sections:

2
4A
K——di (2.29)
(§
Mst
st
= x 2.30
T (2:30)

where A is the area enclosed by the cell. The mean value of these shear stresses at a point of the
contour is proportional to the torsional moment M,™ and inversely proportional to the thickness and to
the area limited by the contour of the cross section.

Theoretically, a closed profile resists to torsion by a global stiffness (2.29) in case of unicellular
profile) related to the circulation of a constant flow along contour (2.30) and by a local stiffness
specific to each element of the section (2.27) as if the beam was constituted by the assembly of
longitudinal strips. For thin profiles, the local stiffness is negligible when compared to the global one.
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The associated stresses whose distribution is linear through the thickness (equation 2.28) are also
negligible when compared to those associated to the global stiffness (2.30). At this stage, it is
important to emphasize the fact that the behavior of closed profiles (comprising one or more cells)
constitutes a problem entirely different from that of open cross sections. Many studies ([Kollbrunner,
1970], [Murray, 1986]...) presented detailed descriptions of the calculation of the torsional stiffness
and the stress distribution depending on the type of thin-walled profiles (open or closed). The basic
formulae are found in text books on Strength of Materials and are commonly used by engineers in
beam analyses regardless of the validity of their application. An interesting analogy between non
uniform torsion and shearing flexure has been highlighted by De Ville [1990, page 3.54]), showing the
similitude between analyses including shear deformation effects and non uniform torsional warping
effects.

Application: uniform torsion of open and closed profiles

Two thin cylindrical tubes (figure 2.6) with identical dimensions (radius = 200mm and thickness =
8mm) differ by a slit so that the cross section of the second tube is an open profile. An exterior torque
induces uniform torsion for both closed and open cross sections with the same torsional moment
distribution. The strength and stiffness of both open and closed cross sections are compared by using
equations (2.27) and (2.29). The tube with open cross section resists to torsion by its local stiffness and
behaves as a narrow rectangular section whose dimensions are equal to the length of the developed
average line (2nr) and to the thickness. However, for the close tubular section, an additional stiffness
(global stiffness, equation 2.29) is proportional to the square of the entire surface (mr’)>. The stresses
resulting from the same torque are 75 times larger in the open than in the closed cross section. The
twisting angle is 1875 times larger in the open profile.

For closed cross sections, the global stiffness is much higher than the local one. When the local
stiffness is not taken into account the error on the value of twisting angle is 0.05%.

It should however be noted that for this particular geometry, in arbitrary loading or boundary
conditions, the closed cross section is always submitted to uniform torsion since it does not warp.
However, the open cross section warps and the computations for the open profile should include
warping effects.

Figure 2.6 Closed and open cross sections

In general, the difference between the behavior of open and closed profiles is more important for Saint
Venant torsion (free warping of beams) than for non uniform torsion (prevented warping). Boundary
conditions with prevented warping modify considerably the behavior of open profiles which are
somehow strongly stiffened. The influence of this phenomenon is much less marked on the closed
boxes and the massive sections than on open profiles. Comparisons between the influence of these
effects on open and closed cross sections will be shown in paragraph 2.2.3.
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2.2.3 Non uniform torsion

For arbitrary profiles, loading cases and boundary conditions, an important non uniform torsional
warping occurs so that the Saint Venant torsional theory, strictly restricted to uniform torsion, is no
longer sufficient and the equilibrium equation (2.26) no longer valid. A thin walled member resists to
non uniform warping by both normal and shear stresses. The stress resultant, i.e. the torsional moment,
is divided into two parts (equation 2.20). Shear stresses Ty, as presented in paragraph 2.2.2 (equation
2.28), derive from the Saint Venant part (M,") and both warping normal stresses c,° and warping
shear stresses T,,” derive from the non uniform part (M,”). Usually, the kinematic formula (2.21) is
generalized to study the non uniform torsion for a thin walled cross section for arbitrary variation of
twisting rate Oy . The analysis of torsional behavior of thin walled sections is generally presented by
different methods for open and closed cross sections (e.g. [Murray, 1986], [Gjelsvik, 1981],
[Shakourzadeh, 1995], ...).

2.2.3.1 Vlassov theory for open cross sections

Assumptions

The simplest non uniform torsional theory of a thin walled open cross section is derived from Vlassov
theory by neglecting:

-HYPV1: the shear strain &, characterizing the change of angle between longitudinal and thickness
coordinate lines; x and e are the coordinates along the longitudinal axis and through the thickness of
the mid wall respectively.

-HYPV2: the shear strain g on the mid wall, characterizing the change of angle between longitudinal
and contour coordinate lines; x and s are the coordinates along the longitudinal axis and the contour
line.

The first assumption results from the equilibrium conditions and the geometry of the profiles. The
component Ty, of shear stresses (14, would be perpendicular to the contour) vanishes at the external
fibers in case of absence of surface loading. Since the walls are very thin, the shear stresses inside a
thin-walled member are nearly parallel to the contour; T, is neglected and the non zero remaining
component is T,.. The non zero shear strain component is & An open thin walled beam is thus
assimilated to a shell with undeformed section.

The second assumption introduced by Vlassov [1961, Ch 1. §2.3.] considers that warping shear strains
at the midline are of a secondary nature and are neglected in the kinematic description. Two coordinate
lines along x and s (for e = 0), initially perpendicular before loading, are supposed to remain
perpendicular after deformation. This is exact for open profiles when the warping is the same along the
longitudinal axis x (the torsional moment is constant along the length of the beam with free warping
boundary conditions). However, when this is not the case, this assumption is kept to simplify the
developments of open profiles.

Kinematics
In Vlassov kinematic formulation, similarly to Saint Venant kinematic formulation (2.21), the
displacement field is:

ug - @0,
Vg (=1 (2-2¢)04 (2.31)
Wq (y-yc)b«
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The axial displacement u is assumed to be proportional to the rate of the twisting angle 6,,; the
warping is then calculated by (2.21) where 0, is no longer constant. The explicit value of Vlassov
warping function ® (2.32) is usually deduced [Gjelsvick 1981 §1.1; Murray 1984 page 71; Batoz 1990
page 193; ...] from the above assumptions (HYPV1, HYPV2) neglecting shear deformations and is
divided into contour warping (or first order warping, ®; in 2.33) and thickness warping (second order
warping, @, in 2.33). @; (Vlassov 1961 Ch. I §4; Calgaro 1988 page 75... ) is called the sectorial area
and is generally used in the literature.

S
= [hds+h,e (2.32)
0

S
o, = j hds o, =h.e (2.33)
0

where h is the distance from the shear center C to the tangent to the mid wall at the given point q. h, is
the distance from the normal at the given point to the shear center C (figure 2.7).

De Ville (1989, §3.4.2) deduced a general expression (®*) for an arbitrary open profile from the
expression of shear stresses computed with the exact warping function of a thin rectangular profile. He
assumed that each open profile behaves similarly to a thin rectangular profile with the same
dimensions. His warping function is also divided into a contour warping found to be exactly the
sectorial coordinate @, and a second order warping @, .

The thickness warping function @, was also introduced by Gjelsvik [1981, page 12], Batoz [1990,
page 193] and Proki¢ [1990, 1993, 1994 and 1996] by assuming that the warping varies linearly
through the thickness and vanishes along the mid-line. This second order warping derives from
HYPV1 (developments are detailed in paragraph 3.2).

The warping function ® can be written in initial Cartesian system (x,y,z):

do=(y-y,)dz—(z-z,)dy (2.34)

Figure 2.7 Cross sectional geometry

For open profiles, the linear elastic strain expression is deduced from (2.31):
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Fes -0

X X, XX

2eyy r=1-(0,+2-2,)6, (2.35)

28)(2 (_w,z + y_YC)eX,X

The above listed equations (2.31 - 2.35) are limited to open profiles since:

- The warping function @ is a continuous function with respect to the contour coordinate s of the
profile. Equations (2.32), (2.33) and (2.34) allow the computation of an increment de with respect to s
starting from an arbitrary origin for which @ is equal to zero. The resulting warping function is
therefore discontinuous along the contour of a cell without a slit; and this discontinuity is physically
inadmissible.

-These explicit expressions of @ cannot describe at all the behavior of a closed profile since they are
developed from hypothesis (HYPV2). This assumption (zero shear strain at the mid wall), acceptable
for open profiles, is not admissible at all for closed profiles. It has been seen in paragraph 2.2.2 that
even in the case of uniform torsion, shear stresses associated to important shear strains flow through
the periphery of a cell.

Equilibrium equations

The torsional equilibrium equation is deduced from the principle of Virtual work by using Hooke’s
law and expressions (2.35). The following equation is obtained after integration and isolating the
virtual twisting angle 0, :

— Bl ux + GKOy gy + My +my =0 (2.36)

® VX, XXXX

with m, = [(y-yo)fy, ~(2-2)f A and  my, = [of,dA
A A
fix, fiy and f,, are the components of external volume forces.

M =GK@, , (2.37)
B=-EI 0 (2.37°)

® 7 X,XX

where El,, is the non uniform torsional stiffness.
Thus, by using (2.37) and (2.37’), equation (2.36) can be transformed to (2.38):

B, +M +m  +m =0 (2.38)

A first part (M,") of the torsional moment arises from the uniform torsion (Saint Venant torsion). A
second part (M,”) of the total torsional moment arises from the restraint of warping when the
bimoment, a new internal equivalent force (B), varies along a beam. B is proportional to the second
derivative of the rotation angle (eq. 2.37).

In most analyses using the hypotheses of thin walled beams (assumption HYPTW: thickness <<
contour length), the thin wall is reduced to a contour line and the second order warping (across the
thickness, ®,) is neglected. The distribution of the warping function is often calculated along the
centerline. Kinematics does not include second order warping and the resulting longitudinal
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equilibrium equation does not include the part of Saint Venant. The term M*, , is not present in (2.38)
and the Saint Venant term (GK6y ) is eliminated from equation 2.36. The torsional moment is thus
assumed to induce entirely non uniform warping stresses while the part of uniform torsion is not
included in the equilibrium equation. This is in general theoretically inaccurate since when the element
twists, a part of the torque is obtained from the theory of Saint Venant (equation 2.20). The error
resulting from this assumption (HYPTW) depends on the cross section profile, the loading and the
geometry of the structure. In analyses using the kinematical hypotheses of thin walled beams
(HYPTW), the results are often adjusted by introducing the Saint Venant part in the equilibrium
equation (GKO,, in 2.36) or in the strain energy (GK6,,’) in order to better describe the phenomenon
[Murray, 1986, page 66; Calgaro 1988 page 80; Mohri, 2003, equation (11a); ...].

Kolbrunner [1970, page 195] establishes a classification for some profiles and bridge sections.
Neglecting Saint Venant term is less important for cold formed steel profiles and orthotropic steel
deck bridges than for rolled profiles and concrete bridges.

Stress computations

When a thin-walled beam is submitted to non uniform torsion (6 ,#0), normal warping stresses c,”
arise from the elongation of longitudinal fibers. These normal stresses, non uniform along the
longitudinal axis and inducing t,", can be found from the associated deformations (by applying
Hooke’s law to the first row of 2.35). However, it is the equilibrium of an element of a thin-walled
beam that enabled Vlassov to find the value of warping shear stresses t," as they equilibrate the
variation of o,”. Their distribution shape over the contour is found to be parabolic along straight
segments of a profile. These shear stresses T,,” cannot be determined at mid walls directly from the
associated shear deformations (by using Hooke’s stress-strain relation with the second and third rows
of 2.35) because if done so, they would be equal to zero (2.39).

The shear strains €, and &, , evaluated by using the complete warping function (2.32), are found to
vanish at the mid wall so that:

2e4=0
2g,,=0 (2.39)

The equalities (2.39) are expected since they constitute the hypotheses HYPV2 and HYPVI
respectively. In (2.35), normal strains (g) are due to torsional warping while shear strains are those of
Saint Venant uniform torsion kinematics. By using (2.32) as warping function, the Saint Venant
strains vanish at the midwall. This is compatible with the second assumption of Vlassov (HYPV2) and
shows that the warping function (2.35) is not exact since it does not include the entire warping effects
(the resulting shear wrongly vanishes at the midwall).

Once again, the application of the assumption HYPV?2 is shown to be restricted for the torsion of open
cross sections. It cannot be kept for contours composed of closed cells because both Saint Venant
shear stresses (nearly uniformly distributed across the wall of a cell) and warping shear stresses do not
vanish through the thickness and their associated shear strains cannot be ignored.

General equilibrium equations are needed to calculate the shear stresses while the normal stresses can
be directly derived from Hooke’s law. Shear stresses (found equal to zero if computed from 2.35) can
be deduced from the equilibrium equation in the longitudinal equation where the longitudinal stresses
are calculated from the kinematic formulae.
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Analogy between Viassov non uniform torsion and Bernoulli beam theory

The theories of bending and torsion are often compared in the literature by pointing out an analogy
between Bernoulli bending theory and Vlassov torsional theory for open cross sections([Kollbruner
1970 chapter 5]; [De Ville 1989 page 3.54] by referring to the work of Massonet and Cescotto...).. De
Ville established an original analogy between Timoshenko and Benscoter theories for closed cross
sections. Van Impe (2001) inspected another one between the differential equations for flexural
buckling and torsional buckling in order to solve the torsional buckling problem by using the flexural
buckling solutions available in the literature.

Hereafter, this interesting similitude is highlighted by showing the analogy between the non uniform
torsional part of Vlassov theory and Bernoulli simple beam theory (The comparison between
Benscoter and Timoshenko theories is developed in the following paragraph):

Non uniform part of Vlassov Torsion theory €«> Bernoulli beam theory
(bimoment) B € M, (bending moment)

(non uniform torsional moment) M® € T, (shear force)
(twisting angle) 0 €=  w(bending displacement)
(rate of twist as warping variation along x) O x €«> W, (tangent taken as the slope)
(warping function) ® €«> z (bending distribution over the profile)
B=-El 0, ,, €9 M=-Elw,,

M?=B, €2 T=M,

Analogy between the non uniform part of Vlassov torsion theory and Bernoulli beam theory

Bernoulli assumed zero bending shear strains (and thus zero bending shear stresses) since his theory
is based on the normality hypothesis: the cross section remains planar and normal to the longitudinal
beam axis. Similarly, Vlassov assumption (HYPV2) neglects warping shear strains (and thus
warping shear stresses). He described the warping of thin walled structures by a longitudinal
elongation (according to x) of the midwall of a thin shell with a rigid undeformable section without
allowing any deformation of this midwall in the (xs) plane. Thus, both bending shear stresses and
strains are neglected in Bernoulli theory (equation 2.3) and both shear warping stresses and strains
(2.35) are not included in Vlassov theory.

Since Bernoulli theory does not allow for shear calculations, shear stresses must be deduced from
equilibrium in the longitudinal direction of the element according to the Jourawsky ‘engineering’
approach. Hooke’s law cannot be used with kinematic formula (2.2) to derive shear stresses due to
the shear force because if done so, they would be equal to zero. Similarly, determining torsional
warping resultants by using Hooke’s law with (2.35) leads to incorrect results. The equilibrium in the
longitudinal direction of the element must be considered as in most works based on Vlassov warping
function [Batoz, 1990, page 215; De Ville, 1989, page 3.56; ...].

For the same reason, the torsional moment (2.24) cannot be calculated directly from (2.35) as a stress
resultant by using shear-strain Hooke’s law because if done so, the warping contribution is wrongly
considered to vanish at the mid wall and the torsional moment is wrongly reduced to the uniform
torsional moment. To solve this problem, equilibrium equations are used to determine shear warping
internal forces as in simple Bernoulli beam theory where shear forces T, and T, are calculated from
the equilibrium equations and not as stress resultants because if so, they would be found to be equal
to zero.
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The equilibrium of on an element (ds dx) in the longitudinal axis x (figure 2.8) must be considered in
order to evaluate the tangential stresses and the corresponding resultants:

ts
e
ds
-~
[to, +de]ds
ox
a(try) a(try)
[tT, +71dx]ds [tr,, + B dsldx
- dx
Figure 2.8 Internal stresses acting on the edges of an element (ds dx)
o(t,t d(o,t
(1t __ (o,t) e .
0s Ox
So that:
J.(D¢ds = —I oo, dA-m, 240)

By integrating by parts (2.40’) and taking into account that shear stresses at the extremities of the
contour are zero,

M? = [tohds =B, +m,, (2.41)
or in term of displacements:

M° = —EI 0 (2.41)

® 7 X, XXX X(D

By inserting (2.41) into (2.36) and then by using equation (2.20), the following equations are found :

M? +M; +m =0 sothat M, +m =0 (2.42)

2.2.3.2 Benscoter theory

Warping function for closed cross sections

The non uniform torsional analysis of closed cross sections is complicated by the fact that torsional
shear strains (2¢&,;) are not negligible at the mid wall and must be included. As stated before, even in
the case of uniform torsion, shear stresses vanish on the mid wall of an open cross section but flow
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along the mid wall of a cell in a closed cross section (eq 2.30). The assumption of Vlassov theory
HYPV2 is no longer acceptable and the calculations presented in the previous paragraph are no longer
valid. For Benscoter theory, the warping function is calculated by an approximate theory assuming
that only Saint Venant shear strain (uniform torsion) is considered [Murray, 1986, page 72-73].
Similarly to the case of open cross section calculations with Vlassov, non uniform shear stresses
(which are considered to be of secondary nature) are neglected and Saint Venant shear stresses are
taken into account. However, since the behavior of closed cross sections is different from that of open
cross sections, the developments are more complex. The warping function is found to be different for
each case. For closed cross sections, after changing and adapting the notations of [Murray, 1986], the
warping function is found to vary along the contour as:

o= j (h—"1)ds (2.43)
0 €

A; are the unknowns that result from the geometry of the closed cross section and determine the Saint
Venant torsion constant of multi-celled profile ([Murray, 1986], [Kollbrunner, 1970],...). The second
order warping is neglected in (2.43).

Kinematics of Benscoter theory

Benscoter [1954] presented a theory for contours which are composed of closed cells where the out of
plane displacement of the cross section is assumed to be proportional to the warping function o(y,z)
and to the rate of a deformation parameter y(x) that is found to be a function of the angle of rotation
O:

u=-o(y,2) 1(x) (2.44)

The axial displacement is no longer assumed to be proportional to the gradient of the torsional angle as
in Vlassov theory, but to y .
The kinematic description of the displacement field can be formulated as follows:

uq - mX,x
Vg 1 =9—(2—2¢)by (2.45)
Wq (Y - YC)GX

The strain displacement relations (2.46) are deduced from the displacement field (2.45) in case of
linear analysis:

€x —OY xx
2ty 1 =170y x —(2-2)0x x (2.46)
28xz _m,zX,x +(y_YC)eX,X

This theory is more general than the previous one since it takes into account the effects of non uniform
warping in shear strains, contrary to Vlassov formulation. If y, is taken equal to 6y, the strain-
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displacement relations (2.46) are reduced to those of Vlassov or Saint Venant transverse shear strain
(2.35). So that for the same cross section (the shape of warping function along the contour ® is the
same), Benscoter degenerates into Vlassov theory. These two theories degenerate into Saint Venant
theory if  «x and 6y« are assumed to be equal to zero. Indeed, in (2.46), normal strains (&) and shear
strains (&, and &,) are found to include warping effects. De Ville [1989] transformed (equation 2.46)
to (equation 2.47) so that the Saint Venant part can be explicitly found. The additional warping effects
can be found from the difference between twisting angle gradient 0, x and warping degree of freedom

Kx:

€x —OY xx

2oy =10y (O =)~ (@) +2-2:)0 (2.47)

28xz w,z (ex,x _X,x)+(_w,z +y-Ye )ex,x

Equilibrium equations

The simplest way to solve the torsional problem is to evaluate y as a function of the twist 0. The
principle of virtual displacements (3, 0 ) is used and the resulting equations can be written in terms
of displacements and transformed (as in [Murray, 1986, page 132]) to (2.49) or (2.50).

The equation relating 7y to 0, is found to be:

2

1-n m
ex,x = X,x - OLZ X,xxx + GI:TC]Oz (248)
where nzzl—E,azz 2G—K.
I, EI,,

K is the constant torsion, I is the polar constant.

Therefore, one equilibrium equation can be written either with respect to y (2.49) or to 64 (2.50).

I.-K I.-K
- EIwa,xxxx +GK = Ax,xx + mxw,x +m, CI =0 (249)
¢ c
or
EI_ I EI
- Ic i IC< ex,xxxx + GKeX,XX + mxm,x + my, — mx,xx WE)I() =0 (250)

The internal forces are also computed as in equations (2.40 and 2.41) :

MS =GKO,
M? =My, — EIwX,xxx
B= _EImX,xx (2.51)

It is important to note that the torsional moment (2.52), calculated from kinematics (2.43) as a stress
resultant (from 2.24), does not include second order warping effects.
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M, = GI0, , —G(I, — K, (2.52)

If second order warping effects are taken into account, the equilibrium equation can be written with
respect to 0y as follows:

Bt Ke)g L GK+K,)0, . 4m,  +m El

X, XXXX ®,X
I.-K

x My xx e =0 (2.53)
MG, —K)

K, is the local rigidity specific to each element of the section and calculated by (2.27).

X, XX

Limitations of Benscoter theory and bending — torsion analogy

It is important to note that the formulation (2.45) is not exact since the approximate warping function
(®) (2.43) is calculated by assuming that the shear stresses are those of uniform torsion. The
kinematics, more general than in Vlassov analysis, takes into account more non uniform warping
effects but they still approximate the real torsional state. As shown below, the associated warping
shear strains (2.46) and stresses result from an approximate analysis of a very complex stress state.
More developments are required for more accurate theories.

As stated in paragraph 2.3.1, an analogy between Timoshenko bending beam theory and Benscoter
torsional theory is highlighted by DeVille (1989, page 3.54) and is developed hereafter:

Non uniform part of Benscoter Torsion theory €  Timoshenko beam theory
(bimoment) B €«> M (bending moment)
(non uniform torsional moment) M® <> T (shear force)
(twisting angle) Oy €«> w (bending displacement)
(warping parameter variation along x) y x €«> -0, (tangent different from the slope)

(warping function) ® €=  z(profile bending distribution )
B=—El )y, €2 M=-Elw,,

MY =-G(I, —=K)y 4 €D T=GA(B, +w )

Analogy between the non uniform part of Benscoter torsion theory and Timoshenko beam theory

- The normality assumption of Bernoulli is relaxed in Timoshenko beam bending theory so that shear
effects and a constant state of transverse shear strain is included. Similarly, Vlassov assumption
HYPV2 is relaxed in Benscoter formulation. The shear strains &, in the mid wall are not neglected.

- In bending, constant shear stresses and strains with respect to the cross section are computed with
Timoshenko kinematics. They violate boundary conditions and require shear correction factors to
compensate for this inexactitude. In torsion, shear strains and stresses computed from approximate
Benscoter kinematics are found to be constant along a prismatic wall. By using Hooke’s law and (2.46
or 2.47), an approximate distribution for torsional warping shear stresses is found to be constant along
a straight part of a contour (® is linear with respect to s for prismatic thin walled cross sections).
Besides, the kinematics gives non zero constant shear strain &, across the thickness:

28xe = hn(ex,x - Xx,x) (254)
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This constant non zero value (2.54) of &,. across the thickness violates the boundary condition and is
not taken into account in the developments that lead to (2.50 — 2.51). Both (s and 14.) stress states
violate the zero boundary condition since, as explained in paragraph 2.2.3.1 (HYPV1), the component
of shear stresses which is normal to the outer contours should vanish in case of absence of surface
loading.

- For bending, Jourawsky engineering approach is needed to calculate the shear stresses and force by
considering an equilibrium equations. Similarly, the exact parabolic shaped distribution of torsional
stresses should be deduced from the equilibrium equation (2.55) in the longitudinal direction.

o oo
== e p(x, 2.55
0s © Ox p(x.5) ( )

where ¢ is the flow of the shear stresses through the thickness and p(x,s) is a distributed surface load
acting along the longitudinal axis x.

2.2.3.3 Application: Non uniform torsion of open and closed profiles

In this application, Vlassov and Benscoter theories (developed in paragraphs 2.2.3.1 and 2.2.3.2) are
applied to the case of non uniform torsion of asymmetrical closed and open cross sections and the
effects of second order warping on Vlassov and Benscoter formulations are computed. In Vlassov
formulation, the warping is proportional to the gradient of the twisting angle (equation 2.31) while in
Benscoter formulation, the warping is proportional to a new parameter (2.45).

Two cross sections, open (figure 2.9b) and closed (figure 2.9¢c), are submitted to a non uniform
torsional loading (figure 2.9a). The closed cross section is introduced by Kolbrunner [1972, page 195].
A uniform distribution of torque m, = 500kN/m is applied along the entire length of the beam.
L =20m, to = 0.01m. (E = 206GPa, G = 82.4GPa). The cross sections at both ends are prevented from
twisting but are free to warp.

1.6m 1.6m
4, 41,
ARE s s A AN W t, to 2m to toff |2m
| L \
I~ i 4t, 4t,
(@) ®) 0 sm © s

Figure 2.9 Open (b) and closed (c) asymmetrical cross sections submitted to non uniform torsion

Analysis of Open profile
Warping function

The open cross section in figure 2.9b is analyzed by using the kinematics based on Vlassov
assumption (eq. 2.31 and 2.32). For the thin-walled open cross section (0.01m << 2m), the warping
function is calculated at the contour. As explained in paragraph 2.2.3.1, Vlassov assumption HYPV2
of zero shear strain at mid walls gives the warping function in equation 2.34. The principal warping
function that uncouples torsional effects from bending and tension (details are given in equation 3.21)
is shown in figure 2.10.
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Figure 2.10 Principal warping function [m’] of open cross section figure 2.9b
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Figure 2.11 Torsional moment My, = M,* + M,” [Nm], bimoment B [Nm?] and twisting angle teta [rad]
of an open asymmetrical thin walled beam for x varying from 0 (left support) till 10m (midspan)

Torsional calculations based on Vlassov theory
The torsional computations are governed by equation (2.36) where the influence of second order

warping (across the thickness: term GKO,y) is included. The twisting moments, bimoments and
twisting angle are plotted (figure 2.11) for x varying from zero to L/2 since the loading and the
geometry are symmetrical with respect to the mid span. Figures (2.11a) and (2.11b) show the variation
of M, and M, with respect to the longitudinal axis part (My= M,* + M,"). The non uniform part (M,”)
of the twisting moment varies between 99.24% for x = 0 (remaining 0.76% is for Saint Venant part
M,*) and 98.86% for x = 9.99m (remaining 1.14% is for Saint Venant part). Figure (2.11d) shows the
variation of the twisting angle by solving equation (2.36). If the part of Saint Venant (GK0y) is
neglected, the solution gives an error of 0.934% for the maximal twisting angle. Thus, this profile can
be analyzed according to the theory of non uniform torsional theory. The Saint Venant part can be
neglected. However, applying the Saint Venant theory which is strictly restricted to uniform torsion, as
it is done in elementary torsional analysis, is not appropriate in this case.
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Comparison between Vlassov and Benscoter theories

It is interesting to see that Benscoter formulation does not give additional accuracy on the previous
results for which the thickness is very thin (0.01m << 2m). If a warping parameter y x different from
the gradient of the twisting angle O,y is considered with the warping function in figure 2.10, two
equilibrium equations are found from the principle of virtual displacements by isolating %~ and 6, .
The resulting equilibrium equations can be written either with respect to y x (2.49) or 6, (2.50). In this
particular case of open profile, the ratio of the Saint-Venant torsional constant (K) to the sectorial
moment of inertia (I.) is negligible: 0.0005 in this example. Since K/I. <<1, both (2.49) and (2.50) are
found to converge to equation 2.36 (with Vlassov formulation). Shear stresses at the mid wall, given
by 2.56, vanish in this case at the mid wall.

T
= =h8 _—h 2.56
G X,X /Y,x ( )

The difference in the amount of the ratio (K/I;) usually justifies the well known difference of torsional
behavior between closed and open cross sections. Thin open sections have very small torsional rigidity
and exhibit large amount of warping effects.

Analysis of Closed profile

Warping function

The closed cross section (figure 2.9¢) is now considered. The principal warping function along the
contour is deduced from equation 2.43: Vlassov kinematics (2.35) is adopted with strains resulting
from Hooke law and shear stresses of uniform torsion (Bredt formulae 2.30). The resulting warping

function is represented in figure 2.12.

0.237_, -0.238

0.483
-0.475

Figure 2.12 Principal warping function [m?] of closed cross section in figure 2.9¢

Torsional calculations based on Benscoter theory

The structure in figure 2.9a is analyzed by using the kinematics of Benscoter (equations 2.49 or 2.50).
The diagrams of 0,, M, and M,* are represented in Figure 2.13 by neglecting second order warping. It
can now clearly be observed (figure 2.13b) that the largest part of the torsional moment is the Saint
Venant part (it varies between 95.89% and 100%). This is a major difference with the previous

example that analyzes the same dimensioned cross section with a split.

The bimoment is 158 times larger in the open than in the closed cross section (figure 2.11c and 2.13c).
By using Vlassov kinematics (equation 2.36) with the same warping function (figure 2.12), the
maximal twisting angle is found to be the same; the maximal bimoment is 0.0004% larger; the
maximal warping part of the torsional moment is 36.28% larger and the maximal Saint Venant part of
the tosional moment is 1.55% smaller. For this unicellular profile, the Saint Venant part in equation
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(2.51) has the major importance. If this part is neglected, the solution gives an error of 13268% while
it was 0.934% for the maximal twisting angle of the open cross section!

By using second order warping effects (2.53), the maximal twisting angle is 0.0007% larger; the
maximal bimoment is 0.109% smaller; the maximal warping part of the torsional moment is 0.08%
smaller and the maximal Saint Venant part of the tosional moment is 0.0034% larger. These small
differences were expected since the local rigidity for a closed cross section is very small compared to
the global rigidity (0.108% in this case).
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Figure 2.13 Rotating angle teta [rad], torsional moment M, = M,” + M,” [Nm], and bimoment B
[Nm’] of closed asymmetrical thin walled beam for x varying from 0 (left support) till 10m (midspan)

2.2.3.4 Proki¢ warping function

Proki¢ [1990, 1993, 1994 and 1996] kept the assumption that the thickness warping u, (second order
warping) varies linearly across the thickness and vanishes along the mid-line. In his work, the
thickness warping u; is proportional to the derivative of the torsional rotation angle 6y «, to the distance
to the midline e, and to the perpendicular distance h, to the normal issued from the centroid.

U = 'wex,x (257)

The first order warping u. is also considered in his work as varying linearly along each polygonal
segment of the contour. However, he used a different approach than that of Vlassov and Benscoter by
taking longitudinal displacements (u;) at selected points of the contour called hereafter “transversal
nodes” as additional parameters. The combination of linear functions Q' (varying along the profile
contour between adjacent transversal nodes) with these additional parameters describes the contour
warping of the cross section. Q' is a linear function along walls having a unity value at the transversal
node (i).
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u, =Yy (2.58)

This warping function u = u. +u, has been applied by Proki¢ to arbitrary shapes of thin-walled cross
sections, without any distinction between open and closed profiles. In his thesis [1990] and papers
[1990, 1993, 1994 and 1996], Proki¢ stated that the shear center notion is not necessary even in
studying asymmetrical profiles.

However, a deep examination of the work of Proki¢ shows that the proposed kinematics is very
general and not restricted to torsional warping as it was stated in the scope and conclusions of his
publications. The warping function represents a longitudinal displacement which is supposed to be
piecewise linear along the contour. This general formulation, as presented by Proki¢, is not
specifically associated with the torsional behavior and produces non zero warping when normal forces,
bending moments or shear forces are applied. Besides, the kinematic formulation assumes definitely
that the cross section rotates around the centroid. Within these limitations, his theory is limited to pure
uncoupled torsional problems for bi-symmetrical cross sections where the centroid and the shear
center coincide. His calculations are for instance not valid for beams with asymmetrical cross sections
submitted to a transversal load acting along the centroidal axis, since this load induces torsion coupled
with bending. In his published articles and thesis, numerical results are indeed limited to uncoupled
linear torsional problems.

The purpose of the present work is to contribute to the validation of this new approach of modeling the
torsional behavior of thin walled beams by enhancement of Proki¢ kinematic formulation and by
illustration of its application to practical problems not considered by Proki¢. In order to define,
characterize and uncouple warping effects due to shear forces, torsion and distortion, additional
equations are required to adapt this general formulation (2.58) to each specific problem. Detailed
analyses and results are given in the following chapters for arbitrary cross sections by discretizing the
profile (warping parameters u;). The second assumption of Vlassov HYPV?2 is relaxed so that normal
and shear strains include the effects of non uniform warping. They include uniform and non uniform
torsional effects. As in Vlassov or Benscoter theories, the exact distribution of normal stresses, which
is linear along straight segments of the contour, is found by using Hooke law. In addition, the
distribution of shear stresses which is parabolic along straight segments of the contour, is also found
by using Hooke law. It is hereby assumed to be constant between two transversal nodes. Therefore, the
shape of this distribution is obtained more accurately when the number of transversal nodes increases.
This formulation is applied and validated for the complicated behavior of thin walled beams.
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2.3 Distortion

2.3.1 General overview

A single thin rectangular plate is very flexible when loaded perpendicularly to its plane and behaves
very stiffly if bended in its plane. However, when connected to other thin plates with different
orientations (e.g. assembling plates at 90° as shown in figure 2.15), advantageous effects make this
assembly an optimal way for carrying transverse loading. An assembly of thin “walls” or plates along
their longitudinal axes constitutes a thin walled beam for which local and global deformations can be
distinguished as follows:

- A deformation is noted ‘global’ when the whole member length is involved and when the cross
section is assumed to maintain its shape without any distortion (e.g. figure 2.14a). The accuracy of this
assumption depends on the stiffness of the transverse frame constituting the shape of the beam profile
contour and on the beam loading acting along the longitudinal axis and within the cross sectional
plane. A high stiffness resulting from the assembly of all the individual plates is required in order to
resist to a loading by tension/compression, bending and/or torsion global beam behaviors.
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Figure 2.14 (a) A global behavior: bending of an I beam; (b); a local behavior that involves one plate
of a Z beam; (¢) a distortional behavior

- A ‘local’ deformation induces ‘plate’ displacements which are localized on a small area of one thin
wall without being extended to other walls or plates (e.g. figure 2.14b). It involves the out-of-plane
flexibility of the corresponding plate element and does not include the cross-sectional stiffness.

- A distortional behavior is associated with a change in the shape of the cross section that concerns
usually the entire cross section geometry (figure 2.14c). The effects of this deformation vary relatively
slowly along the member length. It is classified between the previous deformation types (‘global’ and
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‘local’) considered as two limit cases: the first limit case prevents entirely the distortion and describes
the deformation of a rigid cross section that maintains its shape. The second limit case assumes that
the beam plates are hinged along their longitudinal edges so that the cross section is no longer forced
to maintain its shape and its stiffness is entirely neglected. In the second case, the walls must be loaded
in their planes as isolated members.

For instance, a load (figure 2.15a) acting in the cross section plane as shown in figure 2.15 induces not
only bending and torsion (2.15b) but also distortion (2.15¢). Similarly to the torsional behavior
overviewed in section 2.2, the distortion depends to a large extent on the cross sectional geometry and
specifically, whether the section is open or closed. A ‘non uniform’ distortion of the cross section,
accompanied by an out-of-plane plate bending, induces non uniform shear and axial stresses together
with a non uniform warping of the cross section.

(b)

Figure 2.15 A transversal load (a) separated into: flexural & torsional loading (b) and distortional
loading (c) (after Takahashi 1978)

The effects of such a distortion, usually significant for very thin walled open sections (and for thin
walled closed sections with high distortional loadings), have to be analyzed in order to optimize the
design of beams and columns and to determine an economical use of diaphragms and bracing in real
life structures. Recent experiments ([Serrette 1997]; [Kesti 1999]...) as well as theoretical
investigations ([Takahashi 1978]; [Hancock 1978]; [Bradford 1992]; [Hancock 1998]; [Gongalves
2004]; [Silvestre 2004]...) have shown the influence of the contour distortion on the behavior of thin
walled beams (depending on the wall thickness, profile shape ...). Because of the general tendency to
increase the slenderness and to optimize the shape, further research is still required for simple, safe
and economical calculations.

2.3.2 Problem definition

In this research work, the mechanical type of distortion is mainly derived from the work of Takahashi
et al. [1978; 1980; 1982; 1987; 2001; 2003]. Takahashi developed analytical formulations [1978,
1980, 1982, 1987] for open profiles with a warping function based on the well known Vlassov
assumptions (HYPV1, HYPV2). Furthermore, he studied the distortion of closed profiles (2001) in a
similar approach to that done by Vlassov (1961, chapter V).

The distortion of a profile induces relative rotations of transversal segments separated by transversal
nodes behaving as joints or hinges (figures 2.17, 2.18a...). By taking an arbitrary transversal node as a
reference in the cross sectional plane, it is clear that the relative position of the other nodes changes
during this type of deformation. In addition, these inner segments, initially straight before loading,
bend and become curved (figure 2.17).

A cross sectional distortion results therefore in:

-relative rotations of contour parts in the cross sectional plane,
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-local bending of inner transversal segments,

-non uniform warping (beam longitudinal displacement or an out-of-cross-sectional-plane
displacement).

In case of pure distortion (neither stretching, nor bending or torsion), the specific point around which
each contour part rotates is called the associated distortional center.

c
N3
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- —Pp— 7
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sy 2 | 4
by

|
|
i
|
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Figure 2.17 Distortional modes

The beam, considered as an assembly of thin plates connected by longitudinal axes, resists to the
transverse loading that results from distortion (i.e. loading in figure 2.15) by membrane stiffening at
the connecting axes. Each inner plate bends in the se or yz plane (i.e. ®@© in figure 2.16) since it is
located between two ‘rigidifying’ connections. This plate bending accompanies the relative rotation of
inner plates (@©® and ©® in figure 2.16) in the (yz) plane around the longitudinal axis (©)
considered to be partially ‘hinged’. However, an outer plate is submitted to the restraining effects at
only one connection axis and resists to these effects by rotating ‘freely’ since it has a free edge.

Joint ©
Cright o . P b4 Cleft e (4]

(1] (2] (4] (5]
(a) (b)

Figure 2.18 (a): Two cross section blocks (1-2-3 & 3-4-5) associated with the distortional joint 3; (b)
cross section with no distortional modes

Thus, the bending of transversal edge segments (1/2 & n-1/n of an open profile without ramifications
where n is the number of transverse nodes separating straight segments of a profile) is considered to be
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a local phenomenon and is not taken into account in the cross sectional distortion studied afterwards.
For the same reason, the distortion of particular profiles such as (L, £, +, z, I...) will not be analyzed
within this beam theory since the associated cross sectional deformation is classified to be ‘local’. A
classified ‘local’ out-of-plane bending of a single plate (plate @ © in figure 2.18b) occurs without any
significant relative plate rotations around an associate transversal node (such as that in 2.18a for
example). Consequently, the distortional contour warping function of similar profiles is assumed to be
zero in this study.

In order to formulate mathematically the distortional behavior, a superposition of m (m = n-3 for open
profiles without ramifications) distortional modes is considered. Each distortional mode “I” is related
to a transversal node or joint which divides the cross section into rigid blocks of two or more
transversal segments (blocks 1-2-3 & 3-4-5 in figure 2.18a). Each distortional mode is characterized
by the relative rotation of these blocks around the corresponding distortional centers (two distortional
centers in figure 2.18a). Similarly to torsion, the geometrical location of the distortional centers is
determined by ensuring the decoupling of the stretching/bending/torsion/distortion effects. The
distortional centers, related to a specific distortional mode “I”, are defined by setting that the rotations
of the associated rigid parts do not induce any axial, bending, torsional or other distortional (except
“I’) behaviors. For the clarity of the dissertation, these centers are presumed to be designated. Their
determination is developed in §4.4.3 (analytically) and §5.4.3 (numerically).

A transversal node that belongs to an edge transversal segment (1, 2, 4 & 5 in figure 2.18a; 1,2, 3 & 4
in figure 2.18b) cannot be selected to be a distortional joint. The selection of an edge node (1 & 5 in
figure 2.18a; 1 & 4 in figure 2.18b) corresponds to a torsional behavior since there is a one-rigid-
cross-sectional rotation. The inner transversal nodes of edge segments are not considered hereby as
distortional joints since the associate deformation deals with a classified local phenomenon as
explained upwards. A relative rotation of rigid blocks separated by an inner node of edge segments
(nodes 2 and 3 in figure 2.18b, 2 and 4 in figure 2.18a) is neglected since it is considered to be
insignificant and leading to local out-of-plane bending of individual plates.

2.3.3 Assumptions for Takahashi model

The distortion analyzed by Takahashi [e.g. 1980] is based on the following assumptions:

HYPTI1- g,. Similarly to Vlassov assumption in the case of torsion (cf. HYPV1 in §2.2.3), the change
of angle between longitudinal (x) and thickness (e) coordinate lines is considered to be equal to zero.
The no-shear boundary condition implies zero shear stresses at the exterior fibers in case of absence of
surface loading. Due to the geometry of very thin profiles, shear stresses (and thus strains) inside a
thin-walled member are nearly parallel to the contour.

HYPT2- & at the mid wall of open profiles. Similarly to HYPV2 in §2.2.3, the change of angle
between longitudinal (x) and contour (s) coordinate lines is neglected at the midwall of an open profile
or branch. Two coordinate lines along x and s on a mid wall, initially perpendicular before loading, are
supposed to remain perpendicular after deformation. Similarly to torsional calculations (equation 2.33
in §2.2.3), the warping function used by Takahashi is calculated by an approximate theory considering
only uniform distortional shear strain.

In addition, other assumptions are considered below:

HYPT3- The present distortional computations include the local plate bending of the inner plates in
the (se) plane. Due to the dimensions of each thin plate constituting the beam (L, >> L), the other
plate bending (xe plane) is classified as a local phenomenon and is not taken into account in this study.
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HYPT4- The Poisson effects are neglected since normal stresses o, associated with a local bending
phenomenon vanishing at the mid wall, have small effects compared to those of ox. So that for an
elastic material:

ox=E & (2.59)
o;=E & (2.60)
HYPTS5- The out-of-plane local bending of thin plates is governed by the normality assumption. A
local surface (xe) is assumed to remain planar after deformation and perpendicular to the material
points located on the axis (s) before deformation.

2.3.4 Kinematics

Global displacement field

Takahashi [1978, 1980, 1982, 1987] studied the distortion of an open profile without ramifications
(e.g. figure 2.19). The ‘global’ displacement field at any point q(x,y,z) of the cross section associated
with the distorsional modes (I = 1...m) is given by:

Ug Z(T)Iﬁlexl,x
I=1
m
\ > —(z-Zo) 0 (2.61)
I=1
Wy 2 (Y=Y Oy
I=1
(1)
(4]
(5]
(8]
\
(6] (7]

Figure 2.19 Open cross section without ramifications

Each distortional degree of freedom 6, is associated with a distortional joint I (I = 1...m) and is taken
as the rotation of the right part of the contour (I-I+1-...-n) around the right distortional rotation center
Cir- The rotation of the left part of the contour (1-2-...1) around the left distortional rotation center Cy.
is measured by p6y. p is the specific rotating ratio between right and left sectional parts. For a
monosymmetrical profile (i.e. profile in figures 2.18), u is equal to -1. @,, depending on s, is the
distortional warping function calculated from (HYPT1 and HYPT2) and found to be:

2-31



S
®; = [hds (2.62)
0

For an arbitrary point g, the function h (s) is calculated as the distance from the associated distortional
center (right or left part distortional center) to the tangent to the mid wall at q.

For each distortional mode I, [,y and Z, are functions of the contour length (s).

At the right part (I - I+1 - ... - n) of the contour of an open profile without ramifications (e.g. figure
2.19), u; isequal to 1, y is equal to the y ordinate of the right distortional rotation center and Z; is
equal to the z ordinate of the right distortional rotation center. At the left part (1 - 2 - ... - I) of the
contour, p; is equal to the specific rotating ratio p, y.; is equal to the y ordinate of the left
distortional rotation center and Z; is equal to the z ordinate of the left distortional rotation center.

Additional ‘local’ displacement field

In addition, for each of the (m = n-3) distortional modes, the relative rotation of the associated cross
sectional blocks (mathematically formulated by 2.61) induces a local “out-of-plane” bending of the
inner plates. The associated displacement field is localized in the (se) plane. Since the plate bending in
the other transversal direction (xe plane) is neglected (HYPT3), it is possible to isolate a unit length
strip (figure 2.20a). The local contour system (x,s,e) shown in figure 2.16 is used and the transversal
(s,e) displacements associated with a (se) plate bending are:

E(x,8) =T [(5)0,(X)e (2.63)
n(x,s) =M;(x,s) (2.64)

I';, a function of (s), depends in general on the profile geometry and on the material behavior and

results from the membrane stiffening of the assembled plates for each distortional mode I associated
with block rotations.

The normality assumption through the thickness of the wall is kept (HYPTS) for this local bending, so
that the material points, located on a normal to a surface (xe) remain on a line normal to the deformed
middle surface. The change in angle between (s) direction and (e) direction is assumed to vanish:

£g =L [(5)0,;(x) + 7 ((x,8) =0 (2.65)
so that:
16 (%,8) =T ()0, (x) (2.66)

If the material is assumed to be elastic and the Poisson effects are neglected (HYPT4), the strain and
stress & and oy are thus related by Hooke law:

8ss = é,ss = 1—‘I,sexle (267)
oy =Ee =EIl 0, (2.68)

The corresponding bending moment is calculated by using a variable separation (s and x dependent
variables) as a resultant of the above stresses:

3

t —
M, ()0, (x) = [ec de = ESTi0a (2.69)
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so that

M;,0
Oy = 12%e (2.70)

0.(x) measures the amount of twist. Similarly to T', Mu(s) (=Et I:I’S/ 12) results from the membrane
stiffening that rigidifies the internal transversal segments during a relative “unit’ twist of the blocks
around the associated joint. This function vanishes at the outer edge segments of an open profile.
M’4(s) (e.g. figure 2.20c) is calculated by taking the profile shape (figure 2.20b) as a frame with
simple supports at inner transversal nodes and free boundary conditions at the edges. A ‘unit’ relative
rotation (1-p) is applied at the rigid joint I as an imposed relative rotation. The distribution of M®(s)
along the profile contour is determined by any standard force or displacement method for determining
the bending moment distribution in statically indeterminate frames.

1
(a)
N
E(l-p)
L, L
As+sT tre1
oty N
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L
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=

Figure 2.20 (a) An isolated unit length strip; stiffening effects represented by the distribution of M,"
along the profile contour (¢) depending on the profile geometry (b)
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Distortional centers and joint dependency:
For each distortional mode, the associated joint and rotation centers are geometrically dependent. A
joint I divides the cross section into k; rigid parts. The joint I is the intersection point that belongs to all
of these parts. The rotation of a point q of a specific rigid part (k;) around its own rotational center
(kaI ,zCkI) is measured by uklexl so that:

Vg = —(z— Zy, )ukIGXI (2.72)

W = (Y =Y, M, O (2.73)

Since the point I belongs to all of these parts, the two following equations are valid for all values of k;:

Vi =2y~ 2g My O (2.74)
W1 = (Y1~ Yo, M, O (2.75)
Zy = 2Z¢y, =p, (z; —zCk[) (2.76)
Yi—Yer, =M1 —Yex,) (2.77)

From equations (2.76 and 2.77), it is concluded that:
- the distortional centers Cy; and joint I are aligned;
- the ratio ICy; /IC; (distances between distortional joint and distortional centers, one distortional
part is taken as reference) is equal to L.

2.4 Buckling of elastic thin walled columns

In a linear analysis (paragraphs 2.1, 2.2 and 2.3), beams and columns deflect according to their applied
loading. A beam-column loaded longitudinally through its centroidal axis is supposed to be submitted
to pure tension or pure compression without any bending or torsion. However, since thin-walled
structures may have low lateral bending and/or torsional stiffnesses, elements may fail in a flexural or
flexural-torsional buckling mode. When the load increases, the response of the beam or column
remains theoretically linear until the value of the critical load is reached. The element suddenly
deflects laterally or/and twists out of the plane of loading. This buckling occurs when the second-order
moments caused by the product of the applied axial compression P with the transvesal displacements
are equal to the internal bending or torsional resistances (2.78, 2.79 and 2.80). The criterion to
determine the buckling state is the singularity of the system of structure equilibrium equations [De
Ville 1989 page 4.12; Waszczyszyn 1994 page 45; ...].

In this paragraph, the instability analysis of elastic structures originated by the interaction of buckling
modes is presented with two different warping functions. Distortion is not considered.

2.4.1 Using Vlassov warping function

For small deflections of arbitrary cross sections, the general governing equations may be obtained in a
simple manner by studying the static load-deflection behavior equations (e.g. [Murray, 1986, page
172]):

El v +P(v,, +2-0

JXXXX

=0 (2.78)

x,xx)
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ELW oo +P(W o~ Y0, )=0 (2.79)

Yy o LXXXX X, XX
For open cross sections, the third equation (2.80) may be obtained by using Vlassov warping function
[Murray, 1986, page 175]:

EI_0, .. —(GK—Pil)8

o X,XXXX

+Pzev —Pyew =0 (2.80)

X, XX

where iy = (I,+L)/A, i02=i02+yC2+zC2, I, and I, are the principal moments of inertia of the cross section
about the axes of bending, GK is the torsional rigidity, and I, is the warping rigidity computed by
using Vlassov theory.

It can be easily seen that, for doubly symmetrical cross sections whose centroid and shear center
coincide (yc = z¢ = 0), equations (2.78, 2.79 and 2.80) are uncoupled. Buckling occurs either in a
flexural or in a torsional mode. Only the transversal displacement v (or w) is involved in the flexural
buckling of equation 2.78 when z¢ = 0 (or equation 2.79 when yc = 0). The torsional buckling involves
the twisting rotation 0, of the cross-section in equation 2.80 when y¢ = z¢ = 0. For monosymmetrical
cross sections, torsion interacts with bending in the symmetric plane to initiate a flexural-torsional
buckling while the other flexure is uncoupled and initiates a pure flexure buckling. In general, for
asymmetrical cross sections, the centroid and the shear center do not coincide and the three
equilibrium equations are coupled: the column buckles in a flexural-torsional mode. It twists and
bends simultaneously and the corresponding buckling mode involves both lateral displacements (v,w)
out of the plane of loading and twisting rotation 6y; buckling is therefore resisted by a combination of
bending and torsional resistances.

The system of three equations (2.78), (2.79) and (2.80) represents an eigenvalue problem. The solution
of the system is given by solving the previous set of equations and by giving buckling shapes
satisfying the boundary conditions. Three sets of discrete values of buckling loads are obtained. Only
the lowest critical load is of practical interest.

2.4.2 Using Benscoter warping function

Usually, in the literature, flexural torsional buckling is restricted to the case of beams or columns with
open cross sections. Due to its high torsional and bending stiffnesses, a column with a closed cross
section will generally not collapse by global instability but rather by local buckling or yielding.
Therefore, to study the flexural torsional buckling of a structural element with the kind of cross section
represented in figure 2.21 which is neither totally open, nor fully closed, the following governing
equations of flexural torsional buckling are developed hereby by using Benscoter torsional theory.

A v

AN

Figure 2.21 Cross sections containing one or more than one cell
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The governing equation for torsion of a beam about the x-axis by using Benscoter warping function
[Benscoter, 1954] is given by:

EC
-ECO, ., +GKO, _+m ———m_ =0 (2.81)
s s> G C s
where C=I—°23, r|2 =1—£, I, =Jrzeds
I
n c

I, is the polar constant where r is the distance from the shear center to the tangent to the midline of the
profile. I, is the warping rigidity.

By considering the twisting effect of the elementary loads during the buckling of a cross section and
by integrating over the whole cross-section [Murray, 1986, page 175], the second-order torque caused
by the applied compression P is expressed as:

.2
m, =P(—v 2 +W Ve =0 ic") (2.82)

By substituting (2.82) into (2.81), the governing equation for torsional buckling based on Benscoter
theory is found:

(EC—Pg—ICiCZ)G

C

~(GK - Pig)8, o +Pzv  +Pzv  ~Pyw ~Pyw . =0 (2.83)

X, XXXX X, XX ¢ LXXXX

2.5 Lateral buckling of elastic thin walled beams

When beams are designed to carry very large loads in their main plane (e.g. vertical plane of an I
beam), small lateral or twisting disturbances can cause buckling out of the main plane of loading. The
lateral torsional buckling mode combines torsion and minor axis bending. The torsion is accompanied
by an important warping that influences the overall analysis. In the literature, the governing equations
are elaborated by using Vlassov warping function [Murray, 1986, De Ville 1989, Trahair and Bradford
1995...]. In this paragraph, the lateral buckling is analyzed by using Benscoter warping function.

A simply supported beam loaded by equal but opposite end moments M, is considered; y and z are the
principle axes of the profile. In the case of small deformations and arbitrary cross section, My;, My,
and M, are the resolved components of the twisting and bending moment acting about the deformed
axes x;, y; and z; (figure 2.22):

M, =M, cos(w,)=M, (2.84)
My, =-M,sin(0,)=-M, 0, (2.85)
I,
M =-M,w_ +M|( Iyr =2yc)0,« (2.86)
where Iyrz = J.y(yz +2z2)dA
A
Elw =-M, (2.87)
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ELv, =-M, (2.88)

Figure 2.22 Lateral torsional buckling of a beam

The governing equation for twisting is deduced from (2.51) after setting my,, equal to zero:

EC
—ECO, 4 x +CGKO, , =M, _G_IM"LX" (2.89)
C
I 5 K . . 2 .
where C=—-, " =1- T K is the torsional constant, I, = jr eds is the polar constant.
n c

By substituting (2.84), (2.85) and (2.86) in (2.87), (2.88) and (2.89), the following equations are
obtained:

EIZV,xx = _Mz
EIyW,xx =M,0,
I 2 I - EC
(-EC+ MZ( Iy —ZyC))ex’XXX +(GK - MZ( ;' - ZyC))BX,X + MZW’X - MZG_ICW’XXX =0 (2.90)
z z

The critical elastic moment is given by the solution of (2.91) deduced from the set of equation (2.90):

I 2 I 2
EC M, yr? M
~M, (= -2y)0y i + =20, =0 (2.91)
. Glc EI, "1, PEOUEL T

2
o ZyC))ex,xxxx +(GK -

(—EC+M,( N

Equation (2.91) has a general form similar to that obtained classically for open cross sections [Murray

1986, page 184] and its solution is thus given by:

0, = A, sin(mx) + A, cos(mx) + Aze™ + Ae™™ (2.92)
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wherem =y —a ++a” +b and nz\/a+\/a2+b

2 1,
with a = 11 (GK - EC My ~M,(——-2ye))
o2 Gl EI, I,
2(EC—MZ(I -2y¢))
z
2
b= M;
[ .
(EC-M,(——-2y())EI,

I

z

The constants A;...A, are determined by setting that (2.92) must satisfy the boundary conditions. For a
simply supported beam, each end is free to warp (6x = 0, 6,4 = 0) and the following equations are
obtained:

Az =0

A3 = -A4

A,sin(mL) —2A, sinh(nL) =0

- A1m2 sin(mL) + 2A4n2 sinh(nL)=0 (2.93)

In order to obtain a non trivial solution, the determinant of the system of equations (2.93) should be
zero and the solution is:

0, = A, sin(mx) (2.94)

The lowest buckling mode occurs for:

m:% (2.95)
and the lowest buckling moment is then solution of:
I EC M2 I n, M2
EC—M,, (2 =2y )()* +(GK = ———2 — M, (L = 2y o ))(2)? = —2 2.96
( 2( L YD) +( Gl EI, 2( L YD) El, (2.96)
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PART II. THEORETICAL DEVELOPMENTS



CHAPTER 3. KINEMATICS OF THE PRESENT ANALYSIS OF
THIN WALLED BEAMS

3.1 Geometric description and assumptions

A fixed right-handed cartesian coordinate system (X,Y,Z) is used for the analysis of three dimensional
structures with beam elements composed of thin plates. The thickness is smaller than the other
dimensions. Each beam element is prismatic and has a local x axis parallel to its longitudinal direction.
The intersection of a plane normal to the x axis with the middle surface is a polygonal line called
“contour” of the cross section. The vertices of the polygonal contour are called hereafter “transversal
nodes”. Let G be the centroid, C the shear center and y and z the principal axes of the cross section. A
right handed local curvilinear coordinate system (e,s,x) is placed in the middle surface with (e) normal
to and (s) following the contour (figure 3.1).

X )
h
St h,
s \\ . A
' : SN

-

Contour

~,

P Transversal
C nodes
G ’ = y

Figure 3.1 General form of a cross section

The theory of torsion and flexure of thin walled beams is based on the following kinematic
assumptions:

HYP1. In the analysis of torsion and bending of thin walled beams and columns, the contour of a cross
section is considered as undeformed in its own plane. The local distortion, flexure or plate buckling
are not taken into account. This assumption, which is critical in the case of very thin cross sections,
requires in practice rigid diaphragms placed at short distances along the length of the beam. This
assumption is relaxed when the distortion is studied (paragraph 3.4).

HYP2. The cross section remains plane when subjected to pure tension/compression or pure bending;
warping due to torsion is analyzed in paragraph 3.2, warping due to shear bending is analyzed in §3.3
and warping due to distortion is analyzed in paragraph 3.4.

HYP3. The warping is assumed to vary linearly along each branch of the contour between two
transversal nodes (contour warping).

HYP4. The material points, located before deformation on a normal to the surface (xs), are assumed to
remain on a line normal to the deformed middle surface. This normality assumption allows the
determination of the second order warping (through the thickness of the thin wall) of the thin ‘plates’.
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3.2 Torsional warping of the cross section

As introduced at the end of §2.2.3, Proki¢ warping function is modified in this chapter in order to
study the behavior of arbitrary thin walled cross sections. The torsional warping of an arbitrary point q
of the cross section (figure 3.1) is equal to the sum of a contour warping u. and a thickness warping u.

un=uC+ut 3.1

3.2.1 Contour warping function

If the cross section is composed of polygonal segments, the contour torsional warping u. is linear
along each branch. At mid wall, this axial displacement (u.) due to torsional warping is computed as a
sum of combinations of linear contour functions and displacement parameters (u;) at transversal nodes
(figure 3.2).

ue =20, (3.2)

The unknowns u; are the longitudinal displacements of the transversal nodes (i=1,...n) due to the
torsional warping. The functions Q' (i=1,...n) represent the shape of the distribution of the contour
warping along the branches of the contour between transversal nodes (i=1,...n). Since the contour
warping is assumed to be linear between two longitudinal nodes (HYP3), a function Q' describes a
linear variation between node (i) and its adjacent transversal nodes. Q' varies linearly along the
branches between the transversal node i where Q' = 1 and the adjacent nodes where Q' = 0 and
vanishes along the other segments (figure 3.2 b & ¢ ).

y Qa_6 o0 6 6 o0

/

function 2
Q' Q

- o B © o e e
1

(a) (b) (c)
Figure 3.2 (a): Warping along the contour of the profile; (b) & (c): functions Q' and O

3.2.2 Thickness warping function

The thickness torsional warping u, varies linearly through the thickness and vanishes along the mid
wall (figure 3.3). It is proportional to the derivative of the torsional rotation angle 6y, to the distance
to the midline e, and to the perpendicular distance h, to the normal issued from the shear center.

U = '(Dex,x (3 3)

where o(y,z) = hy(s).e, figure 3.1. h, is positive when the normal to the midline rotates
counterclockwise around the shear center (h, is negative in the case of figure 3.1).
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It is shown hereafter that equation (3.3) results directly from hypothesis HYP4. The local contour
system (e, s, X) shown in figure (3.1) is used. The torsional displacements of a point q are described
with respect to this contour coordinate system by ( un(x,s,e), éqT (x,8,€) , an (x,s,€)).

-~

L

a ;

A-A

Figure 3.3 Thickness warping function, cut A-A of figure 3.1

When the cross section is submitted to torsion, it twists with respect to the shear center axis. For small
values of torsional rotation 6y, the transversal displacements are found by simple geometrical
descriptions as being proportional to the distance to the shear center. In the principal axes system (y,z),
the expressions of v,' and w,' are given in equation (2.22). By using the local system axis (e,s), the
transversal displacements 1," and &," are found to be:

an (x,s)=h_0,

£q(x.5)=h'0, (3.4)

According to the normality assumption (HYP4) through the thickness of the wall, the normal to the
surface (xs) remains normal during deformation. The shear deformation &, (3.5) is neglected. A
straight line through the thickness (e) normal to the surface (xs) is assumed to remain straight and

normal so that the rotation is equal to the slope (3.6).
T T T

2e =My x+Uge (3.5)
T T T
28xe =0= Uge = Mg x (3.6)

By substituting the transversal component of displacement an by its expression (3.4) in equation
(3.6), the derivative of the longitudinal displacement with respect to the thickness coordinate is given
in (3.7).

ul =—ho 3.7)

q.e n-x,x

The displacement u’ of any point q is thus given by:

Mg (x.5)

un(x,s,e) =uT(x,s)+e = uT(x,s)—ehnGX’X (3.8)

The first term u' (x,s) in (3.8) describes the variation of the longitudinal displacement along the mid
wall. By comparing (3.8) to (3.1), this term represents the contour warping (u.) given in equation (3.2).
The second term is the thickness warping (u;) in equation (3.3).

Once again, an analogy between Bernoulli bending beam kinematics or Kirchhoff bending plate
kinematics and torsional kinematics is highlighted through the normality assumption HYP4. The
theory of Kirchhoff for thin plates is based on the assumption that straight lines normal to the mid
plane before deformation remain normal after deformation. This implies that shear transversal
deformations are negligible; the slope and the tangent coincide.
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3.2.3 Torsional warping function and decoupling equations:

Complete kinematic formulation

As stated before, Proki¢ warping function is very general but must be restrained adequately in order to
study a specific problem. In this paragraph, the theory is developed in order to study the torsional
behavior of a 3D beam structure. In a general loading with tension-compression, biaxial bending and
torsion, equation (3.9) gives the displacement of any point q(x,y,z) of the cross section for each of
these loading effects:

u, u, 20, ~y0, — 00, + D Q'(y,2)u;(x)
i=1
Vg (= 0+ 0+ v o+ —(z-2z¢)0, (3.9)
Wq 0 W 0 (y —Yc )ex
Total = axial
+ bending(xz)
+ bending(xy)

+ torsion.

On the right hand side of equation (3.9), the first bracket {u,,0,0} denotes the in-plane compression or
tension, the second bracket {z0,,0,w} refers to in-plane (xz) bending by using Timoshenko beam
theory for shear effects, and the third bracket {-y0,,v,0} refers to (xy) bending. The fourth bracket of
(3.9) gives the warping u' = -0, +>Q'y; and the transverse displacements {-(z-zc)0y , (y-yc)0y}
related to the torsion. 6,4 is the rate of twisting angle and u;...u, are n unknowns, where n is the
number of transversal nodes. These parameters are additional axial displacements that introduce for
each transversal node the quantity of the warping displacement (u;) to that induced by
tension/compression (uy) and bending (z0,-y0,) and represented by the centroidal degrees of freedom.
As presented in (3.9), the kinematic expression of u' is more general than the usual torsional warping
theory of thin walled beams: it is not limited to the torsional warping and can describe any general
displacement of the cross section constituted by linear combination of u;. Thus, to satisfy HYP2
(paragraph 3.1), it is necessary to prescribe additional constraints in order to restrain the parameters u;
to the modeling of torsional warping. This separates warping from tension-compression and bending
effects and ensures the uncoupled axial/bending/torsional warping: when subject to pure
tension/compression or flexure, the cross section does not warp (HYP 2).

Uncoupling of tension/compression and bending effects

The dissociation of the axial displacement into three parts (a constant mean value uy and linear values
20y et y0, ) corresponds to the separation of tension/compression and (xy & xz) bending effects. It is
well known that these three effects are uncoupled if the centroid (G) of the cross section is used as
origin and if the principal axes are used as reference axes.

Uncoupling of pure torsion and bending

It is also well known that pure torsion and pure bending are defined by introducing the shear center
and the torsional center as particular points of a profile. A transversal load P passing through the shear
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center does not induce a torsional torque. However, if this transversal load P acts within a non zero
distance rc from C, a torsional torque C, = P rc is induced. Alternatively, if a torque twists the cross
section with respect to the torsional center axis, a pure torsion occurs about this “natural” axis of
rotation without involving bending displacements. The torsional center is found ([Kollbrunner, 1970,
page 112],...) to be identical to the shear center.

Uncoupling of torsional warping and tension/compression

The average axial displacement of the cross section must be reduced to the term (up): a tension or
compression of the whole cross section must only derive from the centroidal degree of freedom (uy).
Within the present beam theory, a cross section resists to stretching (figure 3.4a) by a “rigid” extension
(figure 3.4b) and remains planar and perpendicular to the longitudinal axis. The configuration
represented in figure 3.4c with non zero values of u; (relative longitudinal displacement with respect to
the displacement of the centroid uy) is undesirable since warping degrees of freedom (u;) are related to

torsion.
j u dA
Uaverage = AT =4y (3 10)
5
_ L
(a)
L
L —
-+
</_/>H . L i U4
Up
(b) (c)

Figure 3.4 (a) Tension of an I beam; (b) extension u, of the beam with u; vanishing; (c): possible
configuration when uncoupling is not satisfied: warping (-u;) related to tension.

The numerator of (3.10) is found to be:

[ugda =uoA+ s i, (3.11)
A i=1

The first equation that ensures the uncoupled tension-compression and torsional warping effects is
thus deduced from (3.10):

T
[ U garpingdA =0 (3.12)
A
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D S,u; =0 (3.13)

Uncoupling of torsional warping and pure bending

The average bending displacement must also be reduced to the flexural terms (z6,) and (-y0,). The
rotation along the axis Oz (or Oy) must be limited to 6, (or 6y) and the displacements associated with
this rotation are only represented by the term -y0, or (z6,) (figure 3.5).

In the case of (xy) plane flexure, Timoshenko bending equilibrium equation includes a term 6, which
is the mean angle of rotation of each cross section about the neutral axis. As in equation (2.5),
Timoshenko kinematics gives the expression of the longitudinal displacement:

u, =-yo, (3.14)

| _ U—y0,
by LT

Figure 3.5 Pure bending of an I beam

0, has been given various definitions and interpretations (after [Cowper, 1966]). If the cross section
remains planar as the beam bends, 0, is exactly equal to the angle of rotation of the whole cross
section. However, if a cross section warps in addition to rotating, 6, is then the angle of inclination of
the plane that most nearly coincides with the position of the warped cross section. Cowper [1966]
defined the quantity 6, by the following relation:

0 = 1jyuqu (3.14%)

=
IZA

Equation (3.14) is found by mutliplying Timoshenko kinematics (3.14) by y and by integrating over
the cross section.

To uncouple the torsional warping from bending effects, the first line of the fourth bracket of (3.9),
related in this paragraph to torsional warping effects, must be separated from bending warping which
is not taken into account hereby. The flexural mean rotation 6, must be related to the flexural degrees
of freedom and not to the warping degrees of freedom u;.

[ yugda =0 (3.15)
A

(3.15) gives the second transformation equation to satisfy:
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n

—T,,0, 4 + Zlygiui =0 (3.16)
i=l1

In the case of plane flexure (xz), a similar transformation equation is found by the same method by
setting that the warping resulting from bending (xz) is not taken into account.

.[ zuZdA =0

A
n

_Izmex,x +ZIZQiui =0 (317)
i=1

Hllustration of torsional warping uncoupling

Equations (3.12, 3.15 and 3.17) represent respectively the separation of warping effects from
tension/compression, (xy) bending and (xz) bending. This separation is alternatively illustrated by
plotting the axial displacement over the cross section. When a plot shows a strong relationship
between two variables (y,f), the regression line is a line drawn through a plot so that it comes as close
to the points (y,f) as possible. The regression line (f* in figure 3.6a) is the best fitting straight line for a
given set of points in a plot and is defined by a f-intercept (fiy=)) and a slope. More technically, the
regression line is obtained by minimizing, for a function f(y), the sum of the squared differences
between (f*) and (f). The slope and the f-intercept may be thus determined by setting that the sum of
these squared differences X | - | ?is smaller than it would be for any other straight line through the
data.

5 ut + T=uq
0,
4
y
u
3
| | | | | |
5 6 7 8 9 10
f y
(a) (b)

Figure 3.6 Regression lines of plots (a): (y,f) and (b): (y,u)

In the case of bending (xy), the axial displacement of a point q (uq = u' + u") varies with (y) and is
plotted against this cross section co-ordinate. The plane u" =y, is a straight plane (a line in figure
3.6b) associated with the rotation of the whole cross section around the z axis (0,) that most nearly
coincides with the position of the warped cross section (ug). The additional displacement function u'
represents the torsional warping and is not related to the flexural bending of the cross section. Even if
the statistical notion of regression line does not give an exact demonstration as it was done in the
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previous paragraph (equations 3.14-3.16), it is presented hereby to illustrate physically the nature and
the importance of the uncoupling phenomenon. The axial displacement of the points q of the cross
section (uq = -y0, .u" ) is separated into an arbitrary straight distribution line (y0) and a function u.
The regression line minimizes the function g(0) constituted of squared differences, when the slope 0
varies.

2(0) = [ (ug —6y)*dA (3.18)

Mathematically, to limit the average rotation of the cross section to 6,, g(6) must be a minimum when
0 equals -0,:

2(0) = [ (u, —0y)’dA
8(0)=[(ug ~(0+6,)y)°dA
g(0) = [(ug) dA+(0+0,)* [y’ dA -2(0+0,)[ yu dA

%=2(6+92)J'y2dA—2j‘yundA (3.19)

By setting g’(0) zero for 0=-0,, the second expression to ensure the uncoupled bending (xy) and
warping effects is found to be (3.15). Equation (3.17) can be obtained similarly by considering the
case of bending (xz).

The transformation equation (3.12) can be illustrated by the same method by setting that, since the
warping resulting from axial effects is neglected and not included hereby, the x-intercept (y=0, z=0) of
the regression plane (uq = up + 20y - y0, - @0,y + ZQiui) must be prescribed to uy (centroid axial
displacement).

Torsional transformation equations

Thus, as the additional parameters (u;) should only describe the torsional warping of the cross section
associated with torsion and should not induce global elongation or bending of the whole cross section,
these n degrees of freedoms (u;) must therefore satisfy the three equations (3.20).

[u'da=0, [yu'da=0, [zu'dA=0 (3.20)
A A A

where A denotes the area of a cross section.

If n is the number of transversal nodes of a cross section, from the 6+n degrees of freedom, only 3+n
degrees of freedom are thus independent: three translations (u,v,w), three rotations (04,6,,0,) and n-3
relative longitudinal displacements.

This step (equations 3.20), that supplements the use of centroid, shear center and principal axes,
transforms arbitrary coordinate system (1, X, y, 2Qui/0,...) to a particular one that ensures the
uncoupling between >Q; u/0, , and the others. It is similar to the well-known selection of the principal
sectorial warping function (®, y) when using the models of Vlassov and Benscoter respectively to
study the non uniform torsion. The principal sectorial pole is found to be the shear center and the
sectorial origin is a particular point obtained by satisfying the following equations ([Gjelsvik,1981,
page 49], [Murray, 1986, page 86-87]...):
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ImdA =0, jymdA =0, J zovdA =0 for open profiles, Vlassov theory (3.21)
A A A

I\udA =0, IywdA =0, J. zydA =0 for closed profiles, Benscoter theory (3.22)
A A A

Note that the equations listed above (3.21-3.22) are needed to determine the location of the tortional or
shear center according to Vlassov and Benscoter theory. Equations (3.21-3.22) are found in the
literature by setting that Vlassov and Benscoter torsional kinematics must not produce any axial force
or bending moment.

3.3 Warping associated with bending shear effects
3.3.1 Problem presentation

When a beam is submitted to bending, a varying bending moment is necessarily accompanied by a
shear force resulting from the equilibrium of rotation. An accurate study of the influence of the shear
force is very complicated. Similarly to the case of shear effects induced by a torsional loading, the
cross section does not remain plane when submitted to a shear force. Shear stresses resulting from a
shear force acting along a principal axis (eg. z) of the beam cannot be uniformly distributed over the
cross section. It is not possible to find a simple kinematic description allowing their calculation (see
also Frey 2000).

The configuration (a b’ ¢’ d) assuming uniform sliding of the profile is impossible (the change in
angles (ab,ab’) and (dc,dc’) must vanish in figure 3.7) since the equilibrium condition of a solid
requires the vanishing of transverse shear stress (and hence shear strain) on the free edges of the beam
(ab and cd in figure 3.7).

>

ey

Figure 3.7 A beam submitted to a shear force

The variation of the angle (2s,,) (figure 3.8c) is thus not uniform across the cross section. The cross
section does not remain plane but warps. In figure 3.8, 2¢,, is maximal at the neutral axis of the
rectangular profile and vanishes at the extreme fibers.

When the distribution of the shear force is uniform along the x axis and without restraining conditions,
the shear warping is also uniform along the longitudinal axis (fig. 3.8¢). In a general case, warping is
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not free or uniform and the mean sliding angle (0y) is the angle of inclination of the plane that best
coincides with the warped cross section.

1 1. %0 2.8
\
2g,, max
5 t,, max 0,
|
)
(a) (b) (c)
Z

Figure 3.8 (a): Beam cross section; (b): shear stresses; (c): warping of the cross section with a constant
shear force (after Frey 2000)

3.3.2 Warping function with shear bending effects

Advanced kinematics is presented in this paragraph in order to adequately describe shear deformations
and to improve the results obtained from approximate Timoshenko kinematics violates the ‘no shear’
boundary conditions at the edges of open profiles by assuming a constant state of transverse shear
strain through the cross section. The planar assumption of Bernoulli and Timoshenko theories is
removed and the formulation is based on an enriched description of the shear bending warping by
discretizing the contour of the thin walled profile. The bending warping is presented hereby in the case
of (xz) flexure and is based on the following displacement field:

ug 20, + ZQiui
0 (3.23)

Wq W

Similarly to the case of torsional warping, the parameters u; at transversal nodes are the longitudinal
displacements at selected transversal nodes (i=1,2,...n). The functions €; (i=1,...n) represent the shape
of the distribution of the contour warping along the branches of the contour between transversal nodes
(i=1,...n).

By using the additional term >.C); u;, the warping induced by shear deformation is included and the
cross section does not remain plane after deformation. 6, does not represent any longer the rotation of
a plane cross section but rather the slope at particular points of the cross section where the warping
vanishes (for a rectangular cross section, 0y is the slope at z=0). 0, and u; (i=1,n) capture together the
non planarity nature of the deformed cross section.

The expression of strains is written as follows:
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i
zey,x + ZQ u; «

2e,, 1 =12 Q' yy (3.24)
2¢,,

i
\V’X +9y + ZQ ,Zui

w x+0, is considered to be an approximate average deformation of the cross section as in Timoshenko
beam theory and the additional terms >.Q;, u; and >Q;, u; are given to improve this approximation by
including local deformation due to the warping.

3.3.3 Additional equations

In order to achieve the kinematic description of the displacement field and to adapt the general
formula Uyarping = YO u; in (3.23) to describe bending shear effects of a thin walled-cross section,
additional equations are required to satisfy the boundary conditions setting that the transverse shear
stresses (and therefore strains) must vanish at free edges of open profiles and to restrain the additional
degrees of freedom to the above described phenomenon.

Similarly to developments of the kinematics of torsional warping (§3.2.3), additional kinematic
conditions must be satisfied in order to uncouple the (xz) warping bending effects from axial, (xy)
bending and torsional effects. The condition (3.17) is relaxed in order to relate the n degrees of
freedom (u;) to the (xz) warping bending effects. Regarding axial and (xy) bending effects, the
following kinematical equations must be satisfied:

j UyarpingdA = 0 = 'S u;=0 (3.25)
A i=1
jyuwarpingdA =0 = IyQi u; =0 (3.26)
A i=l1

For closed profiles, no boundary conditions are required. For an open profile, the zero shear boundary
conditions give additional constraints on the parameters u; by prescribing that at the edge, &, vanishes
and thus:

=0 (3.27)

Since the variation of transverse shear strain is not linear but quadratic, non linear functions Q' are
necessary to accommodate exactly a quadratic variation of the transverse shear strain with a minimum
profile discretization. However, for simplicity, the functions Q' are hereby considered as linear and the
discretization of the profile is refined.

(3.27) is developed by using (3.24) and is reduced to the following condition:

-Uetug=0 (3.28)
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where e is the edge transversal node (it represents all nodes related to only one segment of the profile;
e.g. nodes 1 and 3 in figure 3.8) and d is the adjacent node (node 2 in figure 3.8). u. and uy are the
corresponding degrees of freedom.

Furthermore, to uncouple the (xz) warping effects considered in this paragraph from the (xy) bending,
an additional equilibrium condition is required setting that u; do not represent a warping resulting from
shear forces along the perpendicular direction (y). For an elastic behavior and a homogeneous profile:

n
Gj £,y dA =0 = 'Sy u;=0 (3.29)
Y
A i=1

3.4 Distortional warping
3.4.1. Introduction

The warping function presented in §3.2 is adapted in order to adequately describe the distortional
behavior introduced in §2.3. Depending on the beam geometry, m distortional modes are associated
with m joints separating the cross section into two or more parts. Each distortional mode is
characterized by the rotation of each part around its own specific center and by an out of plane
bending of the inner plates constituting the beam. Each part is assumed to remain rigid and
undeformable regarding the associated distortional mode.

3.4.2 Warping function and displacement field

Similarly to the developments presented in §3.2, the distortional warping function is divided into two
terms: the contour warping function u, and the thickness warping function u.. The general Prokié¢
warping function, for which the warping is assumed to vary linearly along straight branches of the
contour, is adapted in order to determine u.. The thickness distortional warping (or second order
distortional warping) u; is considered to vary linearly through the thickness and to vanish along the
midwall. For each distortional mode I (I = 1...m), u, is proportional to 6y the derivative of the
distortional rotation angle, to the distance to the midline e, and to the perpendicular distance h,; to the
normal issued from the associated distortional center.

A distortional degree of freedom 0, is associated with a distortional joint I (I = 1...m) and is taken as
the rotation of a specific part of the contour (I-I+1-...-n) around the associated distortional rotation
center. For open profiles without ramifications, the rotation of the left part of the contour (1-2-...j)
around the left distortional rotation center Cy, is measured by pOy. 1 is the specific rotating ratio
between the right and the left sectional parts. For a monosymmetrical profile with one distortional
mode, p is found to be equal to -1. For arbitrary profiles, i}, Y, and Z; are functions of the contour
length (s) for a distortional mode I. y(s) and Z, (s) represent, for each value of s, the coordinates of
the distortional rotation center of the associated part. At the reference part, Oy is the distortional
rotational angle and i is equal to 1. For the other parts of the contour, p; represents the rotating ratio.

Uy = -E)I ﬁl exl,x (330)

where ®((y,z) = hy(s).e. h, is positive when the normal to the mid line rotates counterclockwise
around the distortional center.
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The displacement of any point q(X,y,z) of the cross section associated with the distortional mode I (I =
1...m) is given by:

D — i
Uy —o 0, +2Qy
i=1
D _
Vg (= —(2=Zc) 0 (3.31)
D o
Wq (Y=Y 0y

3.4.3 Kinematics decoupling

In this section, similarly to the work developed in §3.3 and §3.4.3, the distortion is separated from
axial, bending and tortional effects. The general function (equation 3.2) must be adapted in order to
associate the additional longitudinal displacements v; (i = 1,n) of the transversal nodes with the
distortional behavior. Kinematic conditions that must be satisfied in order to uncouple the distortional
warping (u” = u +u,) from axial, bending, torsional effects (u" computed in §3.2) are:

[uPda=0 (3.32)
A

D
[yu"dA=0 (3.33)
A

D
[zu"dA=0 (3.34)
A
fu'u"da=0 (3.35)
A

This step (equations 3.32-3.35), that ensures the uncoupling between the distortional degrees of
freedom and the others, is similar to the selection of the principal distortional sectorial warping
function e; when using the models of Takahashi [1978, 1980...]. The principal sectorial poles are
found to be the distortional centers and the sectorial origin is a particular point obtained by satisfying

the following equations:

[ dA=0 (3.36)
A
[yodA=0 (3.37)
A
[zw,dA =0 (3.38)
A
[ g, dA =0 (3.39)
A

where o is the torsional warping function.

Note that the four equations listed above (3.36-3.39) contribute to the determination of the distortional
centers and the rotating ratio according to Takahashi theory. These equations were found by Takahashi
by setting that the distortional degree of freedom 64; must not be associated to any axial force, bending

moment or torsional bimoment [Takahashi 1978].
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CHAPTER 4. ANALYTICAL DEVELOPMENTS

4.1 Introduction

The analysis of engineering structures requires the formulation of theoretical models. Due to the
complexity of the physical problem, many assumptions are elaborated and the mathematical model has
to be formulated carefully in order to provide an acceptable description of the structural behavior
during the loading process. A structural analysis problem consists of solving a set of equations with
boundary conditions and prescribed constraints. When available, analytical solutions are the most
convenient for modeling a structure. They enable clear analyses, physical interpretations and
illustrated applications of an intricate theory on a simple structure. However, it is obvious that they do
not respond to all complex requirements of a designer: simply supported beams are seldom found in
practice.

In structural mechanics problems, it is thus usually preferred to formulate an approximate approach:
instead of analyzing the whole structure as a continuous model, a corresponding discrete system with a
finite number of parameters is used. This transition is required when the complexity of the structure
necessitates the use of computer techniques.

Analytical developments for a linear elastic behavior of a structure are presented in paragraphs 4.2, 4.3
and 4.4 in order to take into account separately the warping due to torsion, bending and distortion
respectively. In paragraph 4.5, a structural stability analysis is developed with torsional warping
effects. These analytical analyses introduce and contribute to validate the numerical methods that will
be presented in Chapter 5.

4.2 Linear elastic analysis with torsional warping effects

4.2.1 Deformations

The expression of linear strains can be written in a matrix notation as:

S u

X q.X
28, ¢ = Uqy TV, (4.1)
28xz uqﬂZ + Wqﬂx

In order to study the torsional warping problem, equations (3.9) developing ug, vq and w, are
substituted in (4.1).

n .
i
_mex,xx + ZQ Ui x

€, Uy, Zgy’X —y@z’x i=1 )

26, =10 440 +4V, =0, (0, +2-2)0, +2Q u (4.2)
i=1

2, 0 w0, 0

n .
(-0, +y-y )0, +2Q u;
=1

total = axial + bending (xz) + bending (xy) + torsion & warping

4.2.2 Hooke law

If a linear elastic behavior is assumed, the strains are related to the stresses by:
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o, (X,y,2) = Eg, (X,y,2)
Txy (X7 y7 Z) = ngxy(x7 Y’ Z)
Txz (Xa y,z) = GZgxz (Xa Y, Z) (43)

4.2.3 Principle of virtual work

The equilibrium is considered for a thin-walled member with volume V. Virtual functions are denoted
by the superscript *.

The principle of virtual work expression is:

*

W=Wy-Wee=0 ¥ ug,v ,w",0,,0.,0,,0.  ,u;(i=1,.n). (4.4)

X2 Yy Yz o Vx,x 2 i

The internal virtual work is:

Win= j(szcx + ZSzy‘ny +2¢,,T,,)dV (4.5)
v

By considering virtual kinematics that has the same form of (3.9) and by substituting the
corresponding strain-displacement relations (4.2) into (4.5), the virtual internal work becomes:

n n
N * * * * io* F* * i *
Wim—j[cx (ugx 20y —¥0, x —@0;  + ZQ uiyx) Ty (Yyy —(@y +2-2)0,  + ZQ yu.)
\%

i=1 i=l1

n . "
+ 1, (Ve + (-0, + Y~y )0 + D Q)Y (4.6)

i=1

The external virtual work is:

q vz

Weni= [ (ugfux +Vfyy + Wof\, )dV (4.7)
A\

where f,,, f,, and f,, are the components of applied volume forces.

n
Wext:J. {fo [u() + Zey - yez - (Dex,x + ZQlui I+ fVy[V —(z— ZC)ex] + sz [w + (y - YC)ex]}dV
% i=1
(4.8)
Let A be the cross section area and L the length of the thin walled member. By substituting (4.6) and
(4.8) into (4.4) and after integrating by parts and isolating coefficients of virtual displacements, the
principle of virtual work can be expressed as:

[u'[[o, A+ Jdx—[u" jodi]‘(% V[t A+, Jdx—[v [T, XdA]\g
L 0 A | 0A L A ’ A ’
W [[ 1y dA+, dx —[w [ rXZdA]‘OL
L A A

dx

XM,X ]

+ I ex [J. (_((D,y tz-27, )Txy,x + (_0),2 +ty-—Ye )sz,x + O)Gx,xx )dA +m, +m
L A
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HOT (@ +2-7)t + (@, =y +Yo)ty, )dA][§ +[0
A

*

X,X

[ 0o,dA][5 ~ [0 [ of,dAl[;
A XA
-6 _[ wGX’XdA]‘(I)‘ +I 0 [J' (ZGX . rxz)dA +m, Jdx - [9* J' (ZGX )dA]‘é‘
A L a7 YA
+[01] (-0, + 7, )aA+m, e+ [0 [ (0, )dATg
L A A

U ( Qo 0 1y -1, A+ dx-[u” [ (s, Jaaibi=0 4.9)
i=l |, A A

The expressions of applied body loads by unit length of the beam are given by (4.10):

£, = [ fidA
A

£, = [£,,dA
A

£, = [f,,dA
A

m, = J.((y —-Yc )fvz - (Z —Z )fvy)dA
A
m, = j (£, )dA
A
m, = _J. (yfVX )dA
A
f. = j (Q'f, )dA
A
m,, = [ of A (4.10)
A

4.2.4 Stress resultants

To continue the developments of the beam theory, the following stress resultants acting on the
complete cross section are introduced:

Axial force:

N:jcdi
A

Shear forces:
T, = J-’ExydA

A
T, = J.szdA
A



Torsional stress resultants:

M, = ijXdA (second order bimoment)
A
ML = J. (— (oa,y +7z-— zc)rXy + (—03,Z + Y=Y ) Ty, )dA (moment)
A
B, = J.QichA (i=1,2,...n) (biforces)
A
¢; = j Q1 +Q, 1, )dA (i=1,2,...n) (biflows)
A

Bending moments:
M, = IZGXdA
A
M, = —j yo, dA (4.11)
A

It is important to note that the definition of the biforces is related in this case to the usual definition of
the bimoment in Vlassov or Benscoter theory (moment multiplied by a distance). Hereby, the biforces
are internal forces applied on transversal nodes and associated with the u;. The usual bimoment —as
defined in Vlassov or Benscoter theories— can be computed as a resultant of these warping forces.

By substituting (4.2) into (4.3) and by integrating the stresses over the whole cross section, the stress
resultants (4.11) are expressed as function of the kinematics:

n
N =EAug, + > S, iu;
i=1
n
Ty = G(AV , — A0, ~(S, —2cA)by , + _lesﬂfyui)
1=

n
T, = G(AW , + A8, (S, +YcA),  + D Sy u;)
i=1

n
M, =E(I,0,, ~1,,0, o+ D1 iu;)
i=1

n
M, = E(Izez,x + Iymex,xx - ZIyQi ui,x)
i=1

My = GI(=S,,, —ycA) W, +6,)+ (-Su, +2cA)V = 6,) +> (-1, + 28y ~YeSy U,

i=1

(I, + 1 +21,+1, , +1, , +2yS, —2z8, + YCA+2 A0, ]

M, =E(1,,0, —1,,0,, —1

y,X  yoYz,X [o0)

0

x,xx)

Bi = E(IzQi 6y,x - IyQi 8z,x + 21: IQ‘qujﬂx)
=
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(pi = G[(Sgly (V,x - ez) + SQ,iz (w,x + ey) + (_IZny + IyQL + ZCSQfy - YCSQL )ex,x +§(IQ&Q.‘; + IQ?ZQ,kz )uk )]

i=1,2,3,.....n (4.12)

Since the additional equations (3.20) are not yet considered, the resultant forces in (4.12) are not
written in their uncoupled form. In order to restrain the warping degrees of freedom to the description
of the torsional behavior and to reduce (4.12) to its most useful form, each resultant forces (axial and
shear forces, bending moments, torque and biforces) have to be only associated with the corresponding
degrees of freedom. The axial force N must depend on the axial strain ugx. My and T, must depend on
the curvature Oy, on the rotation angle 6, and on the derivative of w. Similarly, M, and T, must
depend on the curvature 0,y, on the rotation angle 6, and on the derivative of v. Torsional internal
forces Mxl, M,, B; and ¢; must derive from 6, and u;.

It could be easily demonstrated that, if the kinematic equations (3.13, 3.16 and 3.17) are satisfied, the
axial force and bending moments are therefore written in their uncoupled form (4.13). Indeed, if a
function (equations 3.13, 3.16, 3.17) vanishes for any value of x, its derivative is also equal to zero. As
expected, N, M, and M, are reduced therefore to their usual form:

N = EAuO’X
M, = EI},Oy,X
M, =EL#S, (4.13)

Besides, the expressions of Ty and T, in (4.12) are transformed to (4.16) by introducing additional
constraints:

~(Sey —2cA)O,  + ngiy u, =0 (4.14)

i=1

- (S(D,Z + YCA)ex,x + ZSQiZui = 0 (415)

i=1
Equations (4.14) and (4.15) are used to calculate the co-ordinates (yc,zc) of the shear center. The usual
uncoupled form of Ty and T, is then given by (4.16):

T, =G(Av , —A8,)
T, =G(Aw , + Aby) (4.16)

Equations (3.13, 3.16, 3.17, 4.14 and 4.15) are also prescribed for the virtual displacements introduced
in (4.4) so that the principle of virtual work (4.9) can be developed in an uncoupled form. If done so,
M,', M,,, B; and ¢; are written in their uncoupled form (4.17). The torsional biforces, biflows and
moments are thus associated only with the torsional degrees of freedom.

n
My =Gl +1y +21, 41, o +loz0, +YcSa, ~2cSo, )0xx + 2, (-1 ;]
i=1

M, =-EI_.0

® ®OYX,XX
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(pi = G[(_IZQiy + IyQiZ + ZCSQiy - yCSQiZ )ex,x + Z(IQIkay + IQIZQkZ )uk] i:1,2,3, ...... n (417)
s g B s K s B 275

4.2.5 Equilibrium equations

Since (4.9) must be satisfied for any admissible set of virtual displacements u;, v’ , w , 61, Oy,

*

9; , 0y x and u? (i=1,..n) per unit length (L = 1), the expressions into brackets ([...]) associated with

each of these arbitrary variables should be set to zero. The following equilibrium equations are then
obtained:

N+ =0

Tyx+£=0

T.x+1,=0

My + Mot My + My =0

My -T,+my=0

M, +Ty+m,=0

Bix—9;+f, =0 (4.18)
In term of displacements, (4.18) can be written as:

EAuO’XX + fX = 0
G(AV 4 —AB, ) +1f, =0
G(AW  +ABy ) +f, =0

- EIwwex,xxxx + G[(Iz + Iy + 210) + Im,yo)’y + Imﬁzm’z + yCSO),Z - ZCS(J),Y )ex,xx

n
+ D (I u J+m, +m,, =0
i=1

EL,0, . —G(AW, +A0,)+m, =0

EL0, . +G(AV, —AB,)+m, =0

zY'7,XX

n

ED Lo ~Gl(-1g +1g +2cSq ~¥cSg )0y —;(IQEYQky o g ]+ =0
j=1

=1,2,3,...... n (4.18)
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The form of the boundary conditions for x=0 and x=L is:

N=F, or u, =1

T =Fy or Vo =Vp

T, =F, or Wo =W

M! «TM +m, =m or 0, =0,

M, =iy, or 0, =0y

My =m, or 0, =§y

M, =m, or 0,=6,

B, fQ or u; =1 i=1,2,..n (4.19)

The prescribed displacements (1, , v...) are the kinematic or geometric boundary conditions and the
prescribed forces (F,, Fy,...) are the statical or force boundary conditions.

4.3 Linear elastic analyses with bending shear effects
4.3.1 Displacement field and strains

The advanced shear deformation theory, introduced in paragraph 3.3, is developed hereby to
adequately describe adequately the (xz) shear bending beam deformation. The developments for (xy)
shear bending effects are not reproduced hereby since they are exactly identical to these (xz)
calculations. Besides, since the complete effects including non uniform torsion have been analyzed in
the previous paragraph and since the uncoupling of the different effects has been described in
paragraph (3.2.3), the displacement field considered hereby does only take into account (xz) shear
bending effects.

ug 70, + ZQ‘ui
Vg r= 0 (4.20)
Wy w

The strain-displacements relations are derived by using the expression of the displacement field (4.20):

70, + i:Q‘ul x
€, ) i=1
26, =1 Qlyu; 4.21)
28XZ - n
Wox +0y+ ZQi,zui
i=1
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As explained in detail in paragraph (3.2) for torsional warping effects and in (3.3) for beam shear
effects, additional equations must be satisfied in order to solve the problem. These equations can be
written as:

n
ngiui =0
i=1

n

ngi,yui =0

i=1

n
ZIyQi u; = 0
i=1
Ue-ug=0 (4.22)

The fourth series of equations (4.22) is related to the free edges of a profile with open branches. e is an
edge node and d is the adjacent one.

4.3.2 Principle of virtual work

The governing equations are derived from the principle of virtual work of the beam (4.23). Similarly
to paragraph 4.2.3, a thin-walled beam is considered with V as volume. Virtual parameters are denoted
by the superscript *.

W=Win-Wee=0 vw,0, and u] (i=1,..n). (4.23)

The internal virtual work is:

Win= I (S:Gx + 281y‘cxy + 28iz'[:xz )dv (4.24)
v

By considering virtual kinematics that has the same form of (4.20) and by substituting the
corresponding strain-displacement relations (4.21) into (4.24), the virtual internal work becomes:

n n n
Win= j [0, (205 + 2. Q" ) +1,,O 0 ") +1,, (W +6, + > Qlu" )V (4.25)
Vv i=1 i=1

i=1

By assuming that there is only a transverse load on the beam, the external virtual work of the element
is:

q vz

Wei= [ (ugfy +wof,,)dV (4.26)
A\

where f,, and f,, are the components of external volume forces.

Wou= [ {£yx[20] + iQiuT] +f,,[w 1}dV (4.27)

\V4 i=1

Let A and L be the cross section area and the length of the thin walled member. By substituting (4.25)
and (4.27) into (4.23) and after integrating, the principle of virtual work can be expressed as:
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[W'{[ 1y, A+, dx —[w' 1{ rXZdA]‘OL " { 0’ J\ (20,5~ JdA+m,jax [0 | (zox)dA]‘g

L A A
Y Jultf Qo Q1 — Q1 JdA +, ddx—[u] [ (Q'o, )dA]‘ b1=0 (4.28)
i=l L A A
with
f = j f,,dA
A

my = [ (2f,,)dA
A

£ = [(Q'f)dA
A

4.3.3 Stress resultants

The required stress resultants are defined hereafter:

T, = j 1,,dA
A

M, = J.ZGXdA

A

B, = jQicdi, i=1,2,..n
A

(pi = j(Q,yiTxy +Q,Zirxz)dA’ i=1,2,...1’1
A

The displacement-dependant internal forces are given by:

T, =G(Aw , + A0, + Y S_: u;)
i=1

My = E(IyOy’x ZQi ui’x)

Bi :E(IZQie , IQin uj"x), i:1,2,3, ...... n

n
+ZI
i
n
2
pa

¢; = GSQEZ (W,X + Gy) + GZ(IQ;{QFY + IszQﬁ )uk
K ' '

(4.25 and 4.26) can then be written with the following form:

L n
Wim:J-[Myey,X +T,w* +T,0, + Y (B;uj, +o;u;)ldx
0 i=1

(4.29)

(4.30)

i=1,2,3,...... n (4.31)

(4.32)



L n
W= [ {m, 0 + Y fu” +£,w jdx (4.33)
0

i=1

4.3.4 Equilibrium equations
Since (4.32) must be equal to (4.33) for any value of w, 6; , u? (i=1,..n), the expressions per unit

length L = 1, associated with each of these arbitrary variables is set to zero. The following equilibrium
equations are obtained:

Tt £,=0
M- T,=0
i,

Bi, —¢; +F, =0 (4.34)

The form of the boundary conditions for x=0 and x=L is:

T, =F, or Wo =W
M, =m, or 0y :6}’

The prescribed displacements (T; , W...) are the kinematic or geometric boundary conditions and the
prescribed forces (F,, my,...) are the statical or force boundary conditions.

Case of a simply supported beam
For a beam under a distributed load (qo), the equilibrium equations (4.34) are expressed in terms of
displacements as:

n
G(AW . +AB,  + D S i u ) +qo =0
k=1~

n n
-GAw , —~GA®, +EL,0,  +EX 1 iu;  — GZSka u, =0
i=1 k=1 '

n
GSgyi (W +8y)—EL 0y s + GZ(IQEYQ}; +1gi g Uk = ED 1o Ujae =0 (4.36)
k j=1

The solution of (4.36), which must also satisfy (4.22), depends on the boundary conditions (4.35) that
can be written for a simply supported beam for example as:
- 2 kinematic conditions :

w(x=0)=0 w(x=L)=0

- 2+2n statical conditions:

M, (x=0)=0 M, (x=L)=0
B,(x=0)=0 B,(x=L)=0 i=1,2,..n  (4.37)
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or, in terms of displacements:

w(0)=0 w(L)=0
(Iyey,x + ZIZQi ui,x) |x=0: 0 (Iyey,x + ZIZQi ui,x) |x:L: 0

i=1 i=l
(IZQiey,x + ZIQin uj,x) |x:(): 0 (IZQiey,x + ZIQin uj,x) |X=L: 0 (438)

=1 =1

4.3.5 An application: simply supported beam with uniformly distributed load

In this paragraph, the present linear elastic analysis is used with bending shear warping effects (PBT).
The results are compared to other beam theories introduced in paragraph 2.1: Bernoulli beam theory
(BBT), Timoshenko beam theory (TBT), modified Timoshenko beam theories (TBTM), high order
theories as Reddy-Bickford beam theory (RBT) [Wang, 2000, page 14].

A simply supported beam is considered under uniformly distributed load of intensity qo=10kN/m. The
cross section is a thin rectangle (b = 0.02m) x (h = 0.2m). E =210 MPa, G=84MPa.

10kN/m N
bbbl Ll h
| |
2 a v
| L |

e
| | b

Figure 4.1 Simply supported beam with rectangular cross section (bxh) under uniformly distributed
load

The equilibrium equations (4.36) and boundary conditions in (4.38) are implemented in Maple® code
and solved. For the numerical application given above (L=10m), the deflection of the beam is found to
be :

w =1z — 5363657967 10-1°2 +.3814697266 10
+.0001488095238 x* — 002976190476 x> — .00001697358631 = +.1489792597
— 3814697266 10°

(3312314686 1) (3312314886 1)
e

(4.39)
The values of maximal deflection are given for (BBT) by (2.12), for (TBTM) with k = 5/6 by (2.13),
and for (RBT) by (2.14).

From table 4.1, it is clear that, for rectangular cross-sections, (RBT) and (PBT) are not justified since
the gain in accuracy with respect to (TBT) is not significant. For L/h = 50, Bernoulli beam theory
gives a deflection with a difference of 0.1%. The (RBT) (same for (PBT)) solution is very close in that
case (0.02%) to the Timoshenko theory solution (TBT). The results coincide with those of
Timoshenko modified theory (TBTM) with k=5/6. For L/h = 10, the differences between the theories
are larger than above (BBT - TBTM : 2.34%, RBT - TBTM : 0.4%).
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Table 4.1 Analytical values of maximal deflection [m] of beam (Figure 4.1)

L/h=50 L/h=10
Bernoulli beam theory (BBT) 4.65030E-01 7.44048E-04
Timoshenko beam theory (TBT) 4.65402E-01 7.58929E-04
Modified TBT with k (TBTM) 4.65476E-01 7.61905E-04
Reddy beam theory (RBT) 4.65476E-01 7.61901E-04
Present beam theory (PBT) with nn=5 4.65454E-01 7.61017E-04

The correction factor of (TBTM) (eq. 2.9) is usually deduced from the geometry of the cross section
by approximating the complex phenomenon. However, in real applications, it depends not only on the
material (Poisson ratio) and geometric parameters, but also on the loading and boundary conditions.

A close examination shows that although the RBT does not include explicit correction factors, the
kinematic relation (2.11) are characterized by two coefficients o and [ that must be evaluated
according to the cross section geometry. The influence of the loading and boundary conditions is
included in the formulation. The solution given in (2.14 and 2.15) is only valid for rectangular cross
sections. For other shapes, similar developments should be accomplished with different values of o
and P deduced from the geometry and the no shear boundary conditions for open profiles. The (PBT)
has the advantage of being applicable to arbitrary profiles without any restrictions or additional
formulations. The automatic discretization of the profile does not require coefficient calculations.

The validation and the performance of (PBT) is shown in Chapter 5 by comparing numerical results
using the proposed theory with those of other theories. The effect of shear deformation is evaluated for
different types of cross sections with the length of the beam as varying parameter.

4.4 Linear elastic analysis with distortional warping effects

As introduced in paragraph 3.4, an advanced theory is presented hereby to describe the distortional
behavior. The uncoupling of the different effects (tension-compression / bending / torsion / distortion)
has been described previously and the displacement field considered hereby is associated to one
distortional mode I (the sum on m distortional modes is omitted for presentation simplification).

4.4.1 Deformations

The expression of linear strains is deduced from the displacement field (3.31) and from (2.63):

n .
—_ 1
Exx - (’Olulexl,xx + Z%Q ui,x
i=
€ 1—1I,sexle
_ - (4.40)
2gxy —(z-7Z + oy )uIGXLX + ZQ,yui
i=1
2 i
2e,, (Y=Y 01 )b 0,4 + 2.Qu,
i=1

4.4.2 Principle of virtual work

The equilibrium is studied for a thin-walled member with volume V. Virtual functions are denoted by
the superscript *.

The principle of virtual work expression is:
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s

W=Win-Wer=0 ¥ 07,07, _,uj (i=1,..n). (4.41)

By considering virtual kinematics that has the same form of (3.31 and 2.63) and by substituting the
corresponding strain-displacement relations (4.40) into (4.5), the virtual internal work becomes:

I,s 7 xI
i=l i=1

* n 1 % el * — —_ * L i *
Wint: _[ [GX(_(’OII‘_’I“IOXI,XX + ZQlui,X) +GSF e € +Txy(_(z - ZCI + (Dl,y)ulexl,x + ZQ,yui )
v

+1,, (Y = Vo — 0,0, + Y QL u)dV (4.42)

i=1

The external virtual work is the product of forces and displacements (equation 4.7):

Wext:'[ fvx [—O)Iﬁreil + ZQiuT] +fvy [_(Z - 7CI )Hleil] +fvz [(y - yc{ )ﬁ]ezl ] }dV (4-43)

A% i=1
Let A and L be the cross section area and the length of the thin walled member. By substituting (4.42)

and (4.43) into (4.41) and after integrating by parts and isolating coefficients of virtual displacements,
the principle of virtual work can be expressed by (4.44).

J.e: [J. (_(Yslf‘l,se - (ml,y +zZ— ZCI )Hl’cxy,x + (_(’Ol,z + y - ?CI )ﬁlrxz,x + ml}_’llcx,xx )dA
L A

L
0

+mxl + mxool,x ]dX +6i1 J. ((ml,y +z- ch )lexy + (0‘)1,2 -y + ycl )!'_’llrxz ) dA‘é‘ _[eil mxml]
A

+[ei1,x J.(DIHIGXdA] ‘OL _[ez J. ('Oll‘_’l“lcx,di] ‘(I;
A A
Y ([l (@0, -9t 0, JaA Kk - [ (@0, )aATi =0 @
=l L A “

The expressions of applied body loads by unit of length of the beam are:
m, = I((y - yCI )Hlfvz - (Z - E(;1 )H[fvy)dA
A
fQi = I(Qlfvx )d-A
A
m,,, = [ o f,dA (4.45)
A

4.4.3 Stress resultants

The distortional stress resultants acting on the complete cross section are:

M, = J.colﬁlGdi (second order bimoment)
A
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M| = J.(—(co[’y +2 =7 T + (-0, + Y = Yo )T, )dA (moment)

A
B, = jQichA (i=1,2,...n) (biforces)
A
¢; = j(Q,yiTxy +Q,zirxz )dA (i=1,2,...n) (blﬂOWS)
A
M, = j oI, edA (4.46)
A

It is important to note that the biforces are applied on transversal nodes and are associated to the
degrees of freedom u;. The usual distortional bimoment can be computed as a resultant of these
warping forces.

By substituting (4.40) into (4.3) and by integrating the stresses over the whole cross section, the stress
resultants (4.46) are found to be:

m
1

M, =G .- —-l-- =S --  +Sc - +I-- +1: -
xl JZ:ﬂ ( ZhyOry YR OL, ZeghH Oy Yot ®r, - ROy @y RO, 0

+IEIEJZZ + Iﬁlﬁjyy B SEIEJECJZ - SEIESCJY + IZEIEJ(")J,)’ B Iyﬁlﬁlwl,z

- =S 4+A- - - +A___ _ — +S- - - 0
HiHyZerz HiHsYery MiHyZerZey HiHsYerYer (8 e CARY HI“JYCI‘”J,Z) xJx

n
+ZG(_I _ i +877 i +I _ i _877 i )u
i=1 nQ, Wz 2y, yHQ, Wy, !

m
MoaI = _EZ IﬁjﬁlewlexJ,xx
J=1

M, =E0, [T} ¢’dA
A

B, = EZIQ,quLX i=1,2,3,.....n
o

(pi = G[E ((_IZEIny +I — sz + S

Vi )GXI,X +Z(IQ,kay +IQiZQkZ )uk)] i:1,2,3, ...... n (447)
K B Z05,

_ i —S_ i
HIZCIny HIYCIsz

In order to uncouple the distortional modes from torsion, stretching and bending, the distortional
degrees of freedom O, and u; must induce zero axial resultant, zero shear forces, zero bending
moments and zero torsional resultants.

I -1 - -S. - +S. - +1- +1-
( ZU o YU O, ZeyOr y YeHyOr , M@y Oy Ky O,

+I- +1 S

Myzz Hyy — Phzgz SﬁﬁCJy + IZﬁJwJ,y B Ing(’OJ,Z

(4.48)

-S- -S- +A- - +A- - -S- +S- 0
HyZcrZ Hyyery WyZeyZer HyYeyYer HyZer g,y HyYer®y, ) xJx

n
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n
_(Sﬁjz N AHJECJ + SﬁJmJ’y )exJ,x + Z;SQi u; = 0 (4-49)
1=

Y

(SﬁJ)’ _AﬁchJ h SHJ(’)J,Z )eXJ’X + ESQi Ui = 0 (4.50)

Z

In addition, it could be easily seen that, if the kinematic equations (3.32, 3.33, 3.34 and 3.35) are
satisfied, no axial force, bending moments or torsional bimoment derive from (4.40). However, for
each distortional mode I, additional equations (4.48), (4.49) and (4.50) are required in order to
uncouple torsional moment resultant M', and bending shear resultants T, and T, respectively from
distortion.
Equations (4.48), (4.49) and (4.50) are used to calculate or condensate L, yc; and zq;. For an open
profile without ramifications, the unknowns are:

- munknowns: pu;; [=1,...m

- 4munknowns: m X (ycr, Zcr); [ =1,...m
The equations corresponding to the resolution of the Sm unknowns are:

- 2m equations: dependency of distortional centers and corresponding joint (equations 2.76 and

2.77)

- 3m equations: (4.48), (4.49) and (4.50).
Note that torsion can be considered as a particular distortional mode I by taking:
I =T (torsion) with pr=1, yc1 = yer, Zcr = Zer (4.51)
yer and zcr denote the coordinates of the torsional or shear center.
For instance, equation (4.48) can be obtained from (4.47) by setting that the torsional moment M’y
(equation 4.47 where I = T) must not derive from degrees of freedom related to a distortional mode J.

4.4.4 Equilibrium equations

Since (4.44) must be satisfied for any admissible set of virtual displacements 9; (I=1,.m) and u?

(1= 1,..n) per unit length, the expressions into brackets ([...]) associated with each of these arbitrary
variables is set to zero. The following equilibrium equations are obtained in case of one ‘I’ distortional
mode:

Mlxl,x + Mml,xx - Msl + My + mxo)l,x = 0 (452)

Bix—0;+f, =0 (4.53)

The form of the boundary conditions for x=0 and x=L is:

M, +M +m,  =mg, or 0, =0, I=1,2,..m
M, = My, or O x1 = Ot I=1,2,...m
B; =ng or u; =T, i=1,2,..n (4.54)

The prescribed displacements (0., ...) are the kinematic or geometric boundary conditions and the

prescribed forces (m,, ...) are the statical or force boundary conditions.
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4.5 Basic equations for linearized structural stability analysis

4.5.1 Introduction

In this paragraph, analytical developments (similar to those presented in paragraphs 4.2, 4.3 and 4.4)
deal with bifurcation and linear stability in order to determine the buckling loads at which a structure
becomes unstable. The characteristic shapes associated with the response of a buckled structure are the
buckled mode shapes. When an equilibrium position is critical, the second variation of the total
potential energy vanishes [Trahair 1993 page 30; Waszczyszyn 1994 page 35...]. Critical loads are
calculated by taking into consideration that a structure reaches instability if there is more than one
equilibrium position for the same load level [De Ville 1989 page 4.12...]. Mathematically, instability
occurs when the determinant of the equilibrium equations is zero [Waszczyszyn 1994 page 45 ...].

4.5.2 Displacement field and stresses

The displacement vector at any point has three coordinates {u, ,vq, Wgq}. In case of large displacements,
the Green strain vector has components related to the gradients of displacement by means of a non-
linear kinematic relation detailed in appendix A8 (equation A8.8).

To simplify the presentation of analytical calculations in this paragraph, Bernoulli bending model is
adopted and strains are assumed to be small enough to neglect u,, when compared with unity [De
Ville 1989, page 4.3; Shakourzadeh 1996].

Ugx << 1
Wox << Ugy (4.55)

The two approximations described above are relaxed in the finite element analysis (§5.6).

The Green strain vector can thus be expressed as follows:

l( 2 G2

Ex Ugx 2 Vax anx)

2EXy = (uq’y+vq,x) + (Vq,yvq,x+wq,ywq,x) (4.56)
2E (Ugz W) | |(VaxVar ¥ WauxWy

Xz

By assuming that the cross section is transversally rigid (no distortion deformation), the transverse
displacements are continuous and differentiable functions of x, y and z:

Yal_) O v | J=(y=y)d—cosB(x)) - (z—2z¢)sinB(x)
wq - {W(X)}Jr{ 0 }+{ (Y= Ye)sinO(x) —(z -z )(1 - cosO(x)) } (4.57)
q

0 is the twisting angle.

The transverse strains are:
2EXy _ Ugy v'cosO+w'sin@—(z—z)0'
+ . (4.58)
2E,, L —v'sin@+w'cosO+(y—y.)0'
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The longitudinal displacement is divided into three parts (ug = up + up + ur). up is a constant
tension/compression term, Ug is the flexural term that derives from Bernoulli hypothesis neglecting
shear deformation in the mean surface of the section and ur is the torsional warping.

ZEXy = 2Exy|F + 2Exy|T
2E[r=2Er=0 or 2Eyy - 2Eyy|1=2Ex, - 2E«,|r=0 (4.59)

By substituting (4.58) into (4.59), (4.60) is obtained:

Upy + v’cosO + w’sinb = 0
Uf, - v’sinb + w’cos® =0 (4.60)

and the expression of ur is deduced:

Up =-y {v’ cosO + w’ sin0} - z{ w’ cosO - v’ sinf} (4.61)
ur is the torsional warping term:

ur= -0’ +XQ'y; (4.62)
by using (4.62) and (4.61) the longitudinal displacement is thus found to be equal to:

Ug=Up-Yy {v’ cosO+w’sin0} - z{ w’ cosO - v’ sin0} - ®0’ + YO (4.63)

and the complete strain vector is then:

u,'=y(v"cosO+w"sin0) —z(w"cos0—v"sin0) — 00"+ ZQiui .

E_ +l(v'2+ wt rC26'2)+ 0'v'(ycsin0+z-cos0)+0'w'(z.sin0 -y cos0)

2E. = . (4.64)
Xy '

B ~(z-zc+0,)0 +Zijui

Xz

(Y=Yc—0,)0'+ ZQ,izui

where
e’ =(y-ye)’ +(z-zc)’

Assuming that rotations and displacements are moderate, the higher order terms can be neglected
(v’0’0 and w’00’) and the rotational angle can be considered to be small:

sin® ~ 0 cosO~1 (4.65)

Thus (4.57), (4.63) and (4.64) can be expressed as:
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uy —y(v'+w'0) —z(w'-v'0) - c09'+z Qiui

Uq
Vg (= v—(z-2¢)0 (4.66)
W W+H(y-yc)o
u,'-y(v'+w"0)—z(w"-v"0) - 00"+ ZQiui '
E_ +l(v'2+W'2+rC29'2)+zC6'V'—yC6'W'
2B, 1= . (4.67)
B ~(z-2c+0 )0+ Q u,
(Y=Y —0,)0+ Y00y,

4.5.3 Principle of virtual work

The principle of virtual work can be written as:
W=Win-Wee=0 V ug, v, w",0°,0"", u; (i=1,.n). (4.68)

or [ (S;8E;)dV = [du;df,dV (4.69)

where V is the volume in the reference configuration. Ej is the Green-Lagrange strain tensor; S;; is the
Piola Kirchhoff stress tensor; f; is the external force vector. The material is assumed to be
homogeneous, isotropic, linear and elastic so that the relationship between stresses and strains is given
by Hooke’s law.

i=1

* * * * * * * * n Pox
Wint=I[Sx{u0'—y(V "+Ow "+w"0 )—z(w "-0v "-w"0 )—w0 "+ ZQlui'
%
V'V W W 200z (VIO Y0 —y o (W' w1 0'))

+S,y{Ho,+2-2,)0 '+ ZQl,yui} +S (-0, +y -y )0 '+ ZQI,Zui}]dV (4.70)
i=1 =1

n s
W= [ {Fix g = y(v '+ W'07 + 0w ) —z(w '=v'0” —0v ') — 00 '+ Y Q'u’ (x)]
\Y% i=1

+ [V = (2=20)0; ] + £, W +(y = yo)O 1AV + £, [V — (2 -2)0 ] (4.71)

4.5.4 Governing equations

(4.70) and (4.71) are substituted into (4.68) and the result is integrated in order to obtain expressions
associated with arbitrary values for uz , v ,w* , 0 , 9*’,u?(i=1,..n). These expressions must be set to

ZEerO0.
The following equilibrium equations are obtained:

N+ £,=0
M,” - (M, 0)” + (WN)’ - yo(0°N)’ — (m,0)+ f,+ m," = 0
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M,” +(My 0)” - (V'N)’ - ze(6’N)’ + (my0)’ - fy+ m,”=0
M,”+M' -~ M,w” — My’ + (M 0°)+2c(NV’)” -yc(Nw’)’+my + my, x +m,w’+myv’= 0
Bix—¢i+f,i =0 (4.72)

with

N =[S, dA
A
M, = [zS,dA M, =—[yS dA M, = [ ©S,dA
A A A

M. = {I (<0, +2-2)8,, + (-0, +y-Y,)S,, )dA
A

M, = I réSXdA
A
B, =[Q'S dA, i=1,2,...n

F, =[f.dA

Il
> — >

=
<
Il
> — P — > —

my

(y =yt =(z =z )fy)dA

(2, )dA m, =~ [ (yf,)dA
A

0"
1

(Q'f, )dA My, = [of dA
A

The internal forces are calculated in terms of displacements. By limiting the following developments
to a linearized stability, the first order terms are considered:

N = EAu,’

M, =-EL,w"
M, =ELv"

M, =-EI 0,

n
B; = Ezlgigiuj,x
=1

2 2 \ n "
M, = E{(Iy +L,+yc. A+z A, —(Iyr2 =2ycl,)v —(IZr2 —ZZCIy)w
—(Lo, =2yclyy =22c1,,)0" + D7 (Lo +1ai =2yl i =22e] i +ye S +2¢ S )y’
2o " 4Yclyo Cclzo yial Ti2al T<Yckgi clai TYe Pqi TZc Sqi Y
1 2 2
M, = G[(I, +1, +1 ooz +2YCS0, = 2280, +YCATZA =20y, +20,, )0y,

©,yo,y

n
+ Z(—IQi + ZCSQfY - chgfz Ju;l
izl
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0 = G{(_IZQiy + IyQiZ + ZCSQiy - yCSQiZ )ex,x + Z(Iglygky + IQiszz )uk)} (473)

The analytical analysis of instability of elastic structures originated by the interaction of buckling
modes is deduced from these equations. The criterion to determine the buckling state is the singularity
of the system of the structure equilibrium equations. When the critical load is reached, the structure
has at least two equilibrium positions. So, equations (4.72) and (4.73) are combined, differentiated by
keeping in mind that the external loads are not incremented.

EAdu"=0

—El dw"'-M,d0"+ Ndw "~y -Nd6"-m,d6'=0

EI,dv"™+M d0"-Ndv"-z-Nd®"+m do'=0

—EI,,d0"'— M, dw" - Mde "+z Ndv"-y-Ndw" +m_ dw + mydv

MZ
I

" MY "
40" +(1,, ~2zc1,)——"d0

z y

2 2 N "
+(Iy +IZ +yC A+ZC A)Xde _(Iyl‘2 _2yCIZ)

~(L>, —2ycly, —22cl,,)0"do"
2 2 =Tl
+ (g + 1200 =2¥el g =22l +¥e Sgi +2¢7Sg)u;'do

+G(I, + 1, +2I, +1 +1 +2ycSo, ~22cS0, +YC A +2TA 20y, +21,, )0

®,y0,y ®,Z0,Z

n
+GY (-1 +2eSg; ~YeSq ;' =
i=1 : ’

n

E> I 140" Gl +1 o1 +7cSh = YeSg; )40 -Gy a0 * Lot gr )duc=0
' k

j=1
(4.74)

4.5.5 Buckling of simply supported columns

General equations (4.72) using the adapted Proki¢ warping function are applied in the case of thin
walled structure buckling analysis. The resulting governing equations, including torsional effects, are
valid for any type of thin walled cross sections. If a simply supported column is submitted to an axial
force P passing through any point p of the cross section, the internal forces are found to be:

N=-P; M, =-Pz,;

1
ps M, =Py,; My=0; M,=0; B;=0; (4.75)

The secondary warping effects are completely taken into consideration within these calculations and
the last 3 + n equations that are deduced from (4.72) can be written as follows:

a)1 torsional buckling equation with respect to derivatives of 6, and u; (i=1,2,... n):
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d 0, d?0

EI ~G(Iy +1, +1y o +1o 0, =2y, +2L,, +YcSey —2cS

o0 4 dX 0,0, yo,, z0y w,z)dx—z
n du; ., d’@ d*w d*v
+» G(-1I _; +1 ; )—L+Piz—=2-P - —+P(zp—2z,)—
; ( ya, ZQ,y) dx C dx2 (YC Yp) dXz ( C p)dX2
Lo d’e I d’e
+Py (—-2 X 4 Pz (-Z~ -2z X =0 4.76
Yp( IZ YC) dX2 p( Iy C) dX2 ( )

b) 2 flexural buckling equations with respect to derivatives of v, w and 6y:
EL,v""+Pv"+P(z¢ —7,)0,"=0 (4.77)

ELw""+Pw"P(y¢ — ¥,)0,"=0 (4.78)

¢) n equations (i=1,2,....n) which relate u, ( k=1,2,....n) to 6;:

d’u de,
2+ Gl g+ g ) +G(I Lo, +2c8¢; =¥cSg ) 7o =0 (4.79)

—EI

Q0F

4.5.6 Buckling of simply supported beams with equal end moments

The lateral buckling is analytically calculated hereby by using the equilibrium equations obtained
from equation (4.72). The second torsional warping effects are taken into account and the internal
forces are found as:

N=0, M, #0, M,=0, M, =0, M, =0, Bi=0 (4.80)
In this case, the set of equations (4.74) is reduced to:

~ELdw" =0

ELdv""+M,d6" = 0

_Elmmdeuu -Mde" +(IZ , 2ZCI )_yde” +GZ‘I( | o +ZCSQiy —yCSQiZ )dui'
y 1 ’ ’

+G(I, +1, +21, +1 +2¥cSa, ~22¢80, YO A+2T A2, +21,, )dO"=

coycoy wzmz

EEIQinduj "n__ G(_IZQi + InyZ + ZCSij - yCSQfZ )de' - G%(IQT};QFY + IQEZQ}(Z )duk :O (481)

Y

Different methods are used in the literature to solve analytically similar problems (Galerkin, Ritz,...)
[Galéa 2002; Villette 2002; Mohri 2003...]. Appropriate displacement modes must be chosen in order
to solve the system of (n+3) equations (4.81). One sinuzoidal function for dv, dw and dO and one
cosine function for each du; (eq. 4.82) are usually suitable for beams with bisymmetrical profiles
submitted to equal end moments. In this case, (4.81) is developed into (4.83).
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dv=A;sin ™ , dw= Azsm( ,d0=A;sin| — x , du; =a; cos(K (4.82)
L L L L

4 2
T T
EIZAl(EJ —MyA?’(EJ :0
4 2 2

T n M T

—EIWA{EJ +MyA1(Ej —(Izr2—2zcly)I—yA3 T
y
T

2
~G(I, +1, +2I, +]1 +1 +2ycS, — 22680, +YCA+ZIA -2y, +21Zmy)A3(EJ

®,y0,y ©®,Z0,Z

T
_Gz( Igl +ZCSQ‘ yCSQI )al(f) :O
i=1 “

2
2 e b8
— Ekz_“llgigk ak(fj — G(_IZQ’iy + I)’sz + ZCSQEY - YCSQL )[I)A3 - G%(Iglygky + IszQf(z )ak =0

(4.83)

The critical moment is calculated by taking the determinant of the system of equilibrium equations
(4.83) equal to zero. Practically the last n equations in (4.83) are resolved to evaluate each constant a;
in function of A;. The resulting expressions are then inserted in the two previous equations in order to
evaluate the determinant which must be equal to zero. The value of M, is thus found to be the solution
of (4.83%).

—Elm(%j GZ(I +268, =YeS )f(j

2 2
M M

Y 2ZCI —~ (nj
EI, o’ y L

2
I 5
-G(I, +1, + 212037y 2Ly, loyoy Tlozoz = 2lye, + 2120{y )(IJ =0 (4.83%)

By solving equations (4.74) for a uniform moment distribution M, on a simply supported beam (N = 0,
M, =0, M, #0, M,!=0,M, =0, B; = 0), the lowest buckling moments, based on Proki¢ warping
function leads to the equation (4.84). One sinusoidal function is used for transversal displacements and
rotations while one cosine function approximates the warping displacement modes.

T T M 2 M (& 2
-EL,, (fj GZ( I i tZeS Q,y YcSsz)fi(fj I yrz—z}’clz)f(fj

y

2
T
~G(I, +1y +2L,, =20y, + Loy +loms — 2Ly, + 2150, )[—) -0 (4.84)

where 1, =fcomdA, I(o =£0),y0)’ydA, Im’zm’z =/J;0),Zoa,sz, Iyw,z =J'y0)’sz, Im,y =_.'zoa,ydA,

‘ymyy

= [(-yQ!, +2Q!,)dA, Sqi, = [Q dA, S = [©f,dA
A ’ A ) A

The f; terms are found by solving the set of equations associated with the n warping degrees of
freedom. They relate the warping variables u; to the twisting angle 0,.
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4.5.7 Analytical analyses of thin walled structure buckling

The present calculations, based on one single warping function, are shown hereby to give excellent
results for arbitrary asymmetrical (closed or/and open) profiles. They are compared to other analytical
computations with different warping functions for flexural-torsional and lateral torsional buckling of
columns and beams.

- In the first example, the influence of second order torsional warping is evaluated while computing
the torsional, flexural, flexural torsional and lateral torsional buckling of rectangular, cruciform, I
shaped, U shaped and L shaped columns.

- In the second example, the flexural torsional and lateral torsional buckling are analyzed for
asymmetric profiles comprising one closed cell.

- In the third example, the lateral torsional buckling of a monosymmetrical I beam is analyzed while
varying the linear bending moment distribution along a simply supported beam.

- The fourth example compares the lateral torsional buckling behavior of five profiles for a simply
supported beam submitted to a uniform load.

The application of several analytical methods is illustrated in the third and fourth examples. The
Maple® software is used in order to solve the differential equations by using Galerkin method with
series of sine and cosine functions. “EC3” denotes the analytical calculations deduced from the
European Code for the Design of Steel Structures. “VL1” represents another analytical solution
adopting either a Vlassov or a Benscoter warping function depending on the profile (open or closed
respectively). Galerkin method is used with one sinuzoidal function as displacement mode. For
“VL5”, the displacement modes are described by a series of sinusoidal functions with five terms. A
similar analytical method “PR1” with a single sinuzoidal function as displacement mode is developed
with Proki¢ warping function instead of Vlassov warping function.

Example 1: Secondary warping effects

In this example, a column with a cruciform cross section is submitted to an axial load passing through
the centroid (Fig. 4.2.). The thickness of the walls is t = 8mm. G = 80GPa, E = 200GPa.

9’@

I AN
8mm

Figure 4.2 Column with cruciform cross section

The first-order theory gives three homogeneous equations and represents an eigenvalue problem. The
cross section is symmetric, the shear center (C) and the centroid (G) coincide and the second moment
of area is the same with respect to any axis in the plane of the cross section and passing through the
centroid. Thus, the equations are uncoupled and the solutions of (2.78, 2.79 and 2.80) give two
discrete sets of buckling modes: one associated with the flexural mode and the other associated with
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the torsional mode. For the flexural buckling set, the critical loads are inversely proportional to the
square of the length of the column; and for each flexural mode, the critical load is proportional to the
square of the number of waves n.

The torsional warping of this kind of cross section reduces to second order warping. The particular
geometry of the profile allows a warping along the thickness of each wall while the entire midline
remains in the same plane.

According to standard buckling analyses with Vlassov theory, the torsional critical load does not
depend on the length L of the column since it depends only on the Saint Venant constant. Equation
(2.80) is reduced to (4.85) and the torsional critical load is in this case equal to 1.363MN.

d%o,

2
(GK -Pig5) 0

=0 (4.85)

The torsional critical load and the first critical load of the flexural buckling set are represented in
figure 4.3 with varying values for the length L of the column.

Critical load [N]

2.0E+07
|
|
LSE+07 7 |
|
] -
1.OE+07 1 Flexure
‘\ — torsion
\
5.0E+06 - \
\\
0.0E+00 T T ]
0 5 10 15 20

Figure 4.3 Critical loads for flexural and torsional buckling of a column

By using the adapted Proki¢ warping function, the set of equations (4.76 and 4.79) is reduced in this
particular case to a single equation:

d*e, d’e, ., d*e,
El,, " -G, +1, + Iw,yw,y +Iw,zw,z —2Iywﬂz +2IZw‘y) 0 + Pig ™ =0 (4.86)

Unlike the developments done by using equation (4.85), the torsional critical loads are found to be a
function of the length L. This is due to the fact that, within this kinematic formulation, the effects of
second order torsional warping are taken into account as defined in paragraph 3.2. The difference
between the first value of this set and Vlassov critical torsional load is given in figure 4.4. As
expected, the influence of the second order torsion is negligible for slender beams but is not negligible
for small values of length L (3% for L=1m). If second order warping effects are neglected, equation

(4.86) degenerates into (4.85) and the difference between analytical calculations based on Proki¢ and
Vlassov formulations vanishes.
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0.0% T T T T 1

0 5 10 15 20 25
L

Figure 4.4 Difference between analytical calculations of torsional critical loads by using Vlassov and
adapted Proki¢ kinematic formulations

The same phenomenon is shown for other types of cross sections (table 4.2) and the difference
between the analytical calculations of critical loads based on the adapted Proki¢ formulation and those

based on Vlassov theory is shown to be important for small values of L.

Table 4.2: Data for profile geometries

Profile I Rectangular profile Profile L
. 0.229m, DR
A
0.001m
t=0.01m 0.1m
0.612m - 0.1m
00119 0.001m l
y
?
0.0196m
Profile U Cruciform profile
_ 12cm | 12cm |

12cm

12cm
T

8mm

Figures 4.5 and 4.6 show this phenomenon for columns submitted to axial force and for beams
submitted to uniform bending respectively. Second order warping is more important for the L,
cruciform and rectangular cross sections than for the I and U shaped profiles. Indeed, in the first three
cases, the torsional axial deformations are linear functions with respect to the thickness coordinate
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since the first order warping vanishes along the entire midline. This remark is also stated in [Batoz and
Dhatt, 1990, page 195] by making reference to previously published work.

6%
4% | \ = = rectangular
\
\\ = cruciform
2% ' \
* \ . \ I section
A Y
« N
O% ‘ .\\-* I — — —
20 40 60 80 100 — Usection
[
]
29, Y = 'L section
|
-4% -

L/h

Figure 4.5 Difference between analytical calculations (Vlassov and adapted Proki¢ kinematic
formulations) of torsional critical loads for columns with rectangular, cruciform and I sections and of
coupled flexural torsional loads for columns with channel (U) and angle (L) cross sections

3% ~

2% = = rectangular

I \ = cruciform

1%+ v\

l . \ I section
A Y
’7\.‘ -y —
0% - —— * .
a == U section
I 20 40 60 80 100
]
1% : = L section
1% A
-2% -

L/h

Figure 4.6 Difference between analytical calculations (Vlassov and Proki¢ kinematic formulations) of
lateral torsional critical moments for beams with rectangular, cruciform, I, U and L cross sections
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Example 2: Buckling of celled-profile beams

A column (a) is submitted to an axial load and a beam (b) is submitted to uniform bending (figure 4.7).
Two cross-sections are considered (@ consists of one cell and two walls, and @ is a closed cross-
section). Note that this close profile was introduced by Kollbrunner [1972, page 195]. L= 20m,
E=206GPa, G=82.4GPa.

Firstly, the column (a) is submitted to an axial load. In case (®D-a), a mono-symmetrical cross-section
is considered. The lowest critical load (161kN) corresponds to a coupling between flexural and
torsional buckling. The other critical load (111 MN) associated with the coupling of flexural and
torsional buckling is very large. The intermediate critical load (923kN) is associated with a pure
bending mode and is given exactly by the two theories (Benscoter and the proposed theory) since it
depends on the flexural characteristics of the beam and not on the warping shape and characteristics.
The same column (a) is studied with the closed cross-section (case @-a). In practice, a column with
this kind of closed cross-section @ will not collapse by global instability because of its high torsional
and bending stiffnesses but rather by local buckling or yielding. This may be the reason why torsional
buckling analysis of columns with closed cross-section is not found in the literature. However, this
cross-section is analyzed here for testing the model and the critical loads obtained are indeed very
large. These computations are rather important for the buckling analysis of beams or columns with
cross sections such as @ that are neither totally open, nor fully closed.

| 0.lm _|
E—
P | |
t=0.02 T
=V.0Zm
———JSE —ﬁ\ B 0.lm -~
M
2m
L =
L t,=0.01m 0m
M t=0.014m v =
| _ | | |
w : 0.125m-.|0.125m }
|
(@) (b) o | @

Figure 4.7 Flexural, flexural-torsional and lateral-torsional buckling of beams and columns

Table 4.3: Difference between critical loads or bending moments calculated by using Benscoter and
adapted Proki¢ warping functions

First critical load | second critical load | Third critical load
case 1-a (Pcr [MN]) ](0.161) 0.001% |(0.923) 0.001%](111) 0.530%
case 1-b (Mcr MNm]) [(+0.528) 0.006% |(-0.538) 0.006%
case 2-a (Pcr [MN])  [(148.4) 0.005% |(549) 0.002%|(4044)  0.250%
case 2-b (Mcr MNm]) |(-831) 0.052% |(721) 0.055%

Secondly, the beam (b) is subjected to uniform plane bending by applying at its ends two couples
acting along the main principal axis. The critical bending moments (+528 /-538 kN.m) of the first
cross-section correspond to the lateral-torsional buckling. The sign of the bending moment is very
important. In the second case (@-b for the mono-cellular cross-section), the first critical moment
calculated by using Benscoter warping function is —831MN.m for one orientation and 721MN.m for
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the other. The analytical values of critical loads and bending moments are calculated by using
Benscoter warping function and the above described warping function. The difference is given is table
4.3.

Example 3: A monosymmetrical I beam with linear bending moment distribution

A simply supported beam with an open monosymmetric cross section (Figure 4.8b) is submitted to
unequal end moments as shown in Figure 4.8a. Five loading cases are considered: “C1”, “C5”, “C0”,
“C-57, “C-17, for different values of end moment ratio k = 1 (uniform moment distribution), 0.5, 0, -
0.5 and —1 respectively. Six different values of beam length are considered: L = 3, 5, 8, 10, 15 and 20
meters. E =210GPa, G = 80 GPa.

| 0.lm |
E—
t=0.02m______|
T | t,=0.01m
F = | (b)
M DkM Gl 0.2m
(a) t;=0.014m C
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Figure 4.8 A monosymmetrical I beam
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Figure 4.9 Lateral torsional buckling of monosymmetrical I beam
The following comparisons are made:

-firstly, the European Code for the design of Steel Structures EC3 is compared with the present
analytical calculations VL1. The difference for M., between EC3 and VL1 (0.00%, 0.04%, 0.07%,
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0.25% and 0.51% for C1, C5, CO0, C-5 and C-1 respectively) is small and does not vary with the length
of the beam.

-secondly, the present warping function is compared to that of Vlassov. The difference for M.,
between PR1 and VL1 is found to be similar for the five loading cases. However it varies with the
length of the beam: 0.088%, 0.049%, 0.021%, 0.013%, 0.006% and 0.003% for L =3, 5, 8, 10, 15 and
20 meters respectively (case C1). As expected, the influence of the thickness warping is negligible in
the case of very thin walled structures and decreases with increasing values of the length L.

-thirdly, the influence of the choice of displacement functions in analytical calculations is analyzed.
VLS5 is used with five terms of sinusoidal functions in order to refine the modelling of the
displacement modes. The difference for M., between EC3 and VL5 is shown in Figure 4.9. The
difference is very large for the case C-1 (75% for L = 3m) where each flange of the I beam changes
from compression to tension along the length of the beam. EC3 critical moments are found to be very
high compared to VLS. This result coincides with the conclusions of previous works [Mohri (2000),
Braham (2001)...]. However, it should be noted that the risk of buckling is relatively reduced in this
case (C-1) since the critical moment is larger than that of the other loading cases.

The non coincidence of the centroid (G) with the shear center (C) of the monosymetrical cross section
(Figure 4.8b) leads to two different buckling moments (M" and M") depending on which side (upper
or lower) of the profile is submitted to compression. The difference between the two buckling
moments (M" and M") reaches 67.3% for C1 where a whole flange is under compression along the
entire length of the beam (uniform moment distribution).

Example 4: A simply supported beam with uniformly distributed load
Table 4.4: Data for profile geometries under uniformly distributed load

Profile I Profile 11 Profile 111
_ 0.lm
0.229m L e S <« 015m o
A _*_
T 0.0107m
t,=0.01 0.2m
0.612m 0.3m
0.0119
T#=0.014m 0.0071mJ
r :
0,019 025m | I .
Profile IV Profile V
0.lm .
tt=0.021’1’1 )
0.1m
A
£,=0.01m 0.2m
£=0.014m
a 0.25m
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A simply supported beam (with length L) is submitted to a uniformly distributed load q. Five cross
sections are considered (Table 4.4). E = 210GPa, G = 80 GPa.

Difference for qer (PR1 - VL1)/ VL1

10%
0% T\o‘z‘ A S
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kb
Difference for qcr (VL1 - VL5) / VLS
50%
40%
Profile
30% r
|
—>— 11
—&— I
20%
-1V
-V
10% | .\'\-\.
AN (b)
“w—0o o
0% T T © T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
kb

Figure 4.10: Lateral torsional buckling of simply supported beam with different profiles (Table 4.4)
under uniformly distributed load

Figure 4.10a shows the influence of the choice of the warping functions for the five profiles and for a

varying beam length on the critical value of the load q. Vlassov warping function is used for all
profiles except for the single celled profile V for which Vlassov warping function is not applicable.
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Benscoter warping function is thus used for this profile with a single sinusoidal function as
displacement mode for VL1 and with a series of five sinusoidal functions for VL5. The critical load
for this profile cannot be computed by using the formulae of the Eurocode (EC3). Figure 4.10b shows
the difference for the critical load q. between VLI (a single sinusoidal function for displacement
modes) and VL5 (a series of five terms). The data variation is represented on the horizontal axis of
Figure 4.10a and 4.10b by the beam parameter k;, used by Conci (1992) and defined by (4.87).

nEIh?
k, = 4.87
* "\ 126K (4.87)

h is the total depth of the beam and I is the second moment of area about the vertical bending axis.

The following conclusions can be drawn from the parametric study:

- the results of the European Steel code EC3 are found to closely match those of present analytical
calculations VL1 (0.043%, 0.027%, 0.044% and 0.017% for profiles I, 11, III and IV).

- the difference between the present warping function (PR1) and Vlassov or Benscoter warping
function (VL1) increases in general with small values of beam length (Figure 4.10a). This is due to the
influence of the thickness warping (second warping function -0y x in equation 3.9) which is important
for short thin walled beams. The second order torsional warping is not included in Vlassov and
Benscoter warping function in the present VL analytical calculations and in the European Code EC3.
The profile II exhibits the largest deviation.

- the importance of the choice of displacement mode functions depends on the profile asymmetry. For
the bisymmetrical I profile (Profile I), the difference between VLS5 and VL1 is 1% (k, = 0.15). For the
other monosymmetrical cross sections (Profile II, III, IV and V), the difference is larger (Figure
4.10b). The T cross section (profile III) exhibits the largest deviation.
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PART III. DISCRETE MODELS



CHAPTER 5. FINITE ELEMENT DISCRETIZATION

5.1 Introduction

The analysis of complex behavior of solid mechanics as a continuous problem cannot be always
solved analytically since the available techniques limit the possibilities to simplified situations.
Engineers use adequate numerical models with a finite number of well-defined components and
approximations in order to converge to the exact continuum solution when the number of discrete
variables increases. Among these discretization procedures, the finite element method offers a very
well-known methodology for the analysis of the structural behavior. The continuum is divided into a
finite number of parts called elements with a finite number of parameters. For each element of the
structure, a force-displacement relationship is established. The elements of the entire structure are then
assembled and the resolution of the equilibrium equations yields the unknown displacements. In this
chapter, different elements are developed to illustrate the application of the kinematics presented in
paragraphs 2.1.1, 2.1.2 and in Chapter 3.

5.2 Finite elements with torsional warping

5.2.1 A 2-node beam model “FEM1”

Displacement field

The finite element ‘FEM1’ described hereafter is based on the flexural and torsional kinematics
previously described in §2.1.1 and §3.2. The simplest bending beam kinematics is the Bernoulli beam
theory based on the hypothesis that a plane cross section normal to the beam axis remains plane and
normal during bending. This assumption is based on neglecting transverse shear strains. The
displacements are small and the rotation angle of the cross section is assimilated to the slope of the
deflected line shape. The torsional theory includes a thickness and a contour warping. The first is
assumed to be proportional to the gradient of the torsional angle and the second is evaluated as a linear
combination of warping displacements of transversal nodes selected from a geometrical discretization
of the profile.

In a general loading with tension-compression, biaxial bending and torsion, the displacement vector at
any point q is:

n .
—of,  +Y.Q'u,
ug u, —ZW “YVix Tia
Vg =10 1440 +4Vv +1—(z—2z,)0, 5.1
Wq 0 W 0 (y—y:)0,

As developed in §3.2.3, the torsional warping problem requires additional kinematical equations
(equations 3.12, 3.15 and 3.17).

Finite element definition

The finite element is defined by two end nodes; each one is characterized by 6+n degrees of freedom
(ug, V, W, Vy, Wy, Oy, Uj,...) (figure 5.1). The beam displacements at any point within the element is
approximated by expressions (5.2) in which the components of N are chosen functions of position.
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Linear shape functions are used for tension / compression and torsion and cubic shape functions give
exact bending solutions at nodes.

The degrees of freedom (uo, v, w, 6y, u;,...) are related to the finite element nodal displacements (5.2)
by using the interpolation functions (5.3).

u=<N,> {quO }

V:<Nv>{qv} W= <Nw>{qw}

0 = <Nu>{qox} u; = <N>{qui}; i=1,2,...n (5.2)
with

{qQuo}' = <uo1 , up >

{Qv}' = <Vi, Vi, V2, Vax > {Qu} "= < Wi, Wik, Wa, Wax >

{qui}' = <uj, up > {qox} =<6, 000>

The components of N, N, and N,, are given by:

X X
Ny =1-) Nu =)
X .2 X .3 X X2 X3
Ny =Ny = 1_3(E) +2(f) Ny, =-Ny, = [(E)_z(f) +(E) 1L
X .2 X.3 X2 X3
N3 =Ny =3 -2(0) Nya =Ny =40 ()L (5.3)
z,W
A
,V
Node 1 Node 2
0.C - XU
et L
Up; Oxl Up2 ex2
Vi Vix V2 Vax
Wi Wix Wo Wax
Ui Upg ... Upg Upp U ... Up2

Figure 5.1 Beam finite element without shear effects

Stiffness matrix
The displacements at any point q within an element are deduced from (5.1), (5.2) and (5.3), in a matrix
expression :

u

Vz =[nl{a} (5.4)

Wq
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where {q} is the (12+2n) nodal displacement vector (5.5) and [n] the (12+2n x 12+2n) matrix given
below in (5.6):

{q}t=<q>=<<quo> (a) (aw) (a0, ) {a,) - {a,) - <q>> (5.5)
n]= <NV; ~(z-z)(N,) (5.6)

The generalized strain vector is also presented in a matrix formulation:

8X
2’8xy :[BL]{q} (57)
2e,,
where i .
0
Bul=|—- — [l

(N7) —y<Ng> —z<Ngv> o'(Ny)
(B, |= ~(z=2,+0)(N}) Qi’y<Nu> (5.8)

(-ve-o (N (N,

By using the principle of minimum potential energy, the governing equilibrium equations are
presented for an element as:

[ka] {q} = {F} (5.9)

The element stiffness matrix is:
L t

[k], =[] [BLI[H][B ]dAdx (5.10)
0A

where [H] is the Hooke matrix.
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5.2.2 A 3-node beam model “FEM2”

Displacement field

The finite element described hereafter ‘FEM2’ is based on the flexural and torsional kinematics that
was previously described in §2.1.2 and §3.2. The normality assumption of the Bernoulli beam theory
is relaxed and transverse shear strain is supposed to be constant in each cross section. The shear
stresses computed from the constitutive equations are also assumed to be constant and a shear
correction factor is thus applied (§2.1.2).

In a general loading with tension-compression, biaxial bending and torsion, the displacement vector at
any point q is expressed as:

-0, + ZQiui
uq u, Zey _yez ’ i=1
Vg (=10 ¢ +90 v +1—(z-2z,)0, (5.11)
wo 00 ™ (v~ ¥o)0,

In addition, kinematical equations (equations 3.12, 3.15 and 3.17) must be satisfied.

Finite element definition

The beam finite element is defined by three longitudinal nodes. For each end node, there are 6+n
degrees of freedom (ug,v,w,0y,0y,0,,u;,...). The central node is characterized by 5 degrees of freedom
(v,w,04,6,0,). The beam displacements at any point within the element are approximated in terms of
nodal displacements by using two prescribed functions. The transverse displacements (v,w) and the
rotations (O, Oy, 0,) are interpolated by a quadratic shape function N. For the longitudinal
displacements, a linear interpolation function N, is used.

1-35 +2¢° e
T T — . X
(N) =145(1-9) (N,) :{a } with £=— (5.12)
—-&(1-2¢)
Z,W
A
0,
LA Y,V
0y
Node 1 Node 2 Node 3 /
\\‘ =X, U
0,C - L/2 L2 0,
U, 0u 0x2 Ug3 0.3
Vi 0y \%) 0,2 V3 Oy3
Wi 6Z1 W2 ezz W3 9z3
Ui Upg ... Upg U3 U3 ... Up3

Figure 5.2 Beam finite element with shear effects

5.4



The displacements (uo,v,w,0y,0y,0,,u;,...) are related to the finite nodal displacements by using the
interpolation functions as follows:

Ue=<Ny>{quo}

v=<N>{q.}

w=<N>{qy}

0x = <N>{qox}

By = <N>{qoy}

0, =<N>{qe.}

u; = <Ng>{qui}; i=1,2,...n (5.13)

with

{Quo}' =<ugr , ug >
(@} =<vi,va,v3>
{Qu}' =<wi, wp, ws>
{Qui}' = <uir, up>
{Qox}' =< 6x1, 052, 0,3 >
{qey}t =<8y, 0y, 03>
{do,}' =<0,1,0,,0,>

Stiffness matrix

The displacements at any point q within an element are deduced from (5.11), (5.12) and (5.13) by
using the following matrix notation :

u

v: =[n){a} (5.14)
where |
(N,) —o(N)  z(N) —y(N) .. Q"(N,) ..
[n]= (N)  —(z-z)(N) (5.15)
(N) &=y(N)
and

(o' ={fau) {9 (o) {ao,) {a0,) (00,) (o) - (o) - an,)) (5.16)

The generalized strain vector is also presented in a matrix formulation:

2¢ =B Jla} (5.17)



2 ) (5.18)

¥lo@[oR|o
D
>

(v o(N)2(N) (N (N
[B,]= (N)  ~(z-z,+w)(N') -(N) QL (N, (5.19)

N (r-y-0)(N) (N) a,(N,)

And the element stiffness matrix is:

L
[k], =[] [B_I'HI[B, JdAdx (5.20)
0A

The above quadratic Timoshenko element is modified in order to take into account a reduced selective
integration. For the element stiffness matrix (Appendix A3), this affects only the matrix [K,]. For the
resulting finite element, called hereafter ‘FEM2’, the shear locking problem is eliminated and the
finite element solution is ameliorated. Jirousek 1984 shows that the quadratic isoparametric beam
element integrated with two Gauss points solves exactly a beam segment with a parabolic distribution
of bending moment.

Properties of the Timoshenko beam finite element

In the literature, various choices of interpolation functions for bending degrees of freedom have
resulted in different Timoshenko beam finite elements. Some elements present numerical problems
like shear locking since they are unable to represent bending deformations for which transverse shear
must vanish. For deformations in which the normal to the midline remains straight and normal, these
elements exhibit a spurious penalizing stiffness that leads to the appearance of erroneous transversal
shear. This penalty term becomes in some cases more important than the stiffness of the correct
deformation and the inappropriate transversal shear absorbs a large part of the energy due to the
external forces leading to inaccurate deflections and strains. In particular, when identical linear
interpolations of transversal displacements and section rotations are used with exact integrations to
calculate the stiffness matrix [Batoz 1990 page 83; Belytschko 2000 page 556; ...], an inconsistency
of the formulation results in its inability to capture a zero state of transverse shear strain. The locking
phenomenon appears by displaying a strong over-stiffening and inducing significant errors. The
convergence deteriorates as the thickness (or ratio height/length) of the Timoshenko beam model tends
to zero. A large number of references [Batoz 1990 page 86, Reddy 1997, Yunhua 1998, Binkevich
1998, Wang 2000, Mukherjee 2001... ] have elaborated and developed diverse beam finite element
models and have shown many techniques to avoid the problem of shear locking so that the application
to thin walled structures becomes feasible.

In this work, the quadratic Timoshenko element (‘FEM2’) is used with a reduced selective integration
since this technique was found to suppress, for beam elements, the locking without requiring
additional computing costs.
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For the proposed quadratic element, the shear strain (yy, = wo,*0y) and the curvature (y = 0,) can be
expressed as functions of the bending nodal displacements (transverse displacements w and cross
sectional rotations 6y) by using (5.12) and (5.13):

F 3 4 1 X 4 8 4
Yy = {——wl +—w, —EW3 + Gyl} +f{—39y1 +40,, -0, +fw1 —IWZ +—W3}

L L L
X2
+?{29y1 ~ 40y, +20,3} (5.21)
3. 4 1 x[4_ 8 4
e R e o

An absence of shear strains (yx, = 0) along the beam element induces three equations (5.23):

L
126,, - 40y, +20,,{=0 (5.23)

{—SGyl +46,, -6, +%W1 —%wz +iw3} =0

It could be shown that if the third equation of (5.23) is satisfied, the curvature (5.24) is found to be
constant along the element:

3 4 1
y = {_feyl +7 0, —fey3} (5.24)

Thus, by using a three-node beam element with quadratic interpolations, the shear locking is not
present as in simple linear Timoshenko element (Appendix A3) since the curvature does not vanish.
The following bending cases and the numerical examples in §5.3.4 show detailed results.

Pure bending case
If a state of pure bending is considered,

W= W3 = 0, Wy = G.L/4, -Gyl = 6y3 =a, 6y2= 0 (525)

Substituting (5.25) into (5.21) shows that the transverse shear vanishes through the element. Thus,
shear locking is not expected in this case.

Second bending case with zero shear
However, it is not the case if another state corresponding to a situation where normals remain normal
is considered. For instance, the variation of the displacement along the length of the beam is

considered to be cubic:

w=a(-1428)°, 8, = -w, = -6a (-1428)* /L
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so that
-Wi=W3=0Q, W= 0, Gyl = 6y3 = -6G./L, eyz =0 (526)
By substituting (5.26) into (5.21), the transverse shear is given by:

F 1a a o 2
=8[-——+3—x-3—x 5.27

(5.27) represents a parasitic shear strain since, by using the kinematic hypothesis of Timoshenko, this
shear strain should be zero for (5.26). The transverse shear given by (5.27) gives nonzero shear
everywhere except at:

B3

1 3
x=s () (5.28)

These two points are precisely the locations for the two Gauss point integration rule. It is already
shown in the literature that, for the quadratic element, the points for which the transverse shear
deformation tends to zero coincide with the nodes of the Gauss integration of second order [Jirousek
1984; Binkevich 1998; Belytschko 2000].

Thus, to avoid shear locking phenomenon and to ameliorate the finite element solution [Jirousek
1984], a selective reduced integration is used with two point (5.28) integration rule for the stiffness
matrix terms associated with the transverse shear strain and an exact integration is used for the other
terms (matrix [K;] in appendix A3).

5.2.3 Adapting ‘FEM1’ and ‘FEM?2’ to the torsional theory of thin-walled beams

Neglecting second order warping effects

For thin-walled structures, the thickness warping (or so-called second order warping) is usually
neglected [Batoz (1990) page 195, Murray (1986), Benscoter (1954), De Ville (1989), ...] in linear
analysis since it induces small effects in comparison with those of the contour warping. The second
order warping has indeed a small influence and is neglected in most analyses. In this work, when the
thickness is considered to be small compared to the mid-wall length, terms such as L, Iy, and I, are
neglected when integrating (5.20) since it can be postulated that:

2
(%j <«<1; (5.29)

Thus:
- I can be neglected when compared to I, in the (4”’,4”’) matrix term of kg since:

2
[ (%) h,’dA << [h,*dA

- the terms I, and Iy, can be neglected when compared to S, and S, in the (4‘h,5‘h) and (4th,6th)
matrix term of k; since
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2
j(%) h_ cosa dA << Ihn coso. dA

2
I(%} h, sino dA <<Ihn sino. dA

These approximations are adopted in this work if not otherwise mentioned.

Finite element developments of the additional equations
It is important to note that the warping function must be related to torsion by satisfying additional
equations and that the simplest form for the equilibrium equations is the uncoupled one. It was
previously shown in §3.2.3 that, for equations (5.1) & (5.11), principal axes are used and the
orthogonality equations (3.13, 3.16, 3.17) have to be satisfied. The stiffness matrixes of the preceding
beam finite elements result from developing equations (5.10 & 5.20) and from combining the
orthogonality relationships (3.13, 3.16, 3.17, 4.14 & 4.15). The latter equations are developed by using
‘FEM2’ finite element discretization (similar equations are developed in the case of using ‘FEM1’

finite element).

(3.13)

(3.16)

(3.17)

(4.14)

(4.15)

Expressions (5.31) to (5.35) must be verified for any value of x, which implies that:

(5.31)

(5.31)

(5.32)

(5.32)

(5.33)

ZSQi (uy)=0
i=1
DS, (u;)=0
i=1

n

Izm%{Bexl - 4ex2 + ex3}+ ZIZQi {uil }: 0
i=1
Izm%{_ exl + 4ex2 - 3ex3}+ iIZQi {ui3}: 0
i=1

1 n
IYOJT{39X1 - 49)(2 + ex3}+ Elygi {uil }: 0

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.36°)

(5.37)

(5.37)

(5.38)



(5.33) = Iyw%{— 0,, +40,, —30,3}+ ilygi {u}=0 (5.38")
i=1

(5.34) = (S, - zCA)%{E»le —40,, +0,3}+ S, {uf=0 (5.39)
’ i=1 7
1 n ,
(5.34) = (S, - ZCA)T{— B, +40,, =303+ 2S; , {ui3}=0 (5.39")
i=1 ’
1 n
(5.35) = (Se, + yCA)T{39X1 —40,, + 0,5+ i:Z:ISQi’Z {uj=0 (5.40)
1 0 ,
(5.35) = (S, + yCA)T{— O, +46,, —30,3}+ XS ) {uz}=0 (5.40")
i=1 ’

Elimination of the coupled terms in the stiffness matrix

It is found that equations (5.36 and 5.36’) eliminate the warping/tension-compression coupled terms,
that (5.38, 5.38°, 5.39 & 5.39’) eliminate the warping/bending (xy) coupled terms and that equations
(5.37, 5.37°, 5.40 & 5.40°) eliminate the warping/bending (xz) coupled terms in the stiffness matrix.
This numerical approach is equivalent to the analytical work done in paragraph 4.2.4 setting that the
warping degrees of freedom should not induce normal forces, shear forces or bending moments. And
inversely, the tension-compression and bending generalized forces should not be related to the
torsional warping terms u;. This eliminates the symmetrical coupled terms in the stiffness matrix. The
non zero terms of k® (computed from equations 5.10 & 5.20) obtained after eliminating the coupled
terms (5.36-5.40° for FEM2) and after neglecting the second warping effects (taking into account
5.30) are given in Appendices 2 & 3 respectively.

Relating u; to torsional warping

The orthogonality equations (5.36 to 5.40°) that simplify the system of equilibrium equations
(previous paragraph) must again be used to relate the degrees of freedom. Therefore, there are (n-3)
independent degrees of freedom among the (6-+n) of each longitudinal end node of the finite element.
For one finite element, six dependent axial displacements u; must be separated from the other
independent ones. The displacement vector {q} is thus divided into two parts: dependent degrees of
freedom {qq} and independent ones {q;}. Kinematic equations obtained by neglecting second torsional
warping (as stated in equation 5.30) into (3.13, 3.16, 3.17) give the relationships that can be written in
the following forms :

[Cl{q}=0
or
{d4}= [D] {qi} (5.41)

The entire set of equilibrium equations can be solved by using the Lagrange multipliers (5.42) or by
condensing the stiffness matrix.

[K] [C] {{q}}: {{F}} (5.42)
[C] o |[{A) b} |
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For the condensation method, the set of equilibrium equations is transformed into:

w0 e le=le

By combining (5.41) and (5.43), the final system to be solved is then reduced to:
[[Ksi]+[Kia][DI+[D][Kia] +[D][Kaa] [D]] {qi}={Fi}+[D] {Fa} (5.44)

The (6,2n) C matrix is constituted by two sets of three equations. Each set is related to a longitudinal
end node and is deduced from equations (5.36-5.38) by neglecting second order torsional warping
(taking into account 5.30).

an:SQiuij =0 =12
;Iygiuu =0

n
ZIZ@% =0
i=1

Sy -« 0 0 0
o 0 0
e I o 00 0
Cl= zQ 5.45
=10 0 o . - 64
0 0 0 o
0 0 0 o

Equations (5.34 & 5.35) are used to calculate the coordinates of the shear center yc and zc: the full
system of equations is solved after a static condensation that uses (5.39 - 5.40°) in order to eliminate
Yc and Zc.

Static condensation of mid node degrees of freedom

This final step is not mandatory but is done in order to reduce the total number of degrees of freedom
of a structure. The local unknowns of the central node 2 of each element are statically condensed
before assembling the entire structure so that the total number of degrees of freedom is reduced. The
columns and lines of the stiffness matrix associated with the degrees of freedom of the central node are
eliminated: the terms associated with i™ (varies from 7+n till 11+n) degree of freedom are eliminated
by modifying all the terms (m, j varying from 1 till 17+2n) of the stiffness matrix as follows:

k .=k  ——mij (5.46)

mj mj ij

The condensed matrix is computed numerically and is not developed hereafter analytically.
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5.2.4 Nodal forces equivalent to distributed loads

In the finite element method, distributed forces (5.47) along the element in the direction of the (x.y,z)
axes are transformed into nodal forces.

f=ax +b (5.47)

The resulting nodal forces {F}, statically equivalent to the forces distributed along the element, are
calculated for any (virtual) nodal displacements {q} (17+2n) by equating the external and the internal
work done by the various forces.

) )=o) g 5.48)

{u"} is the (6+n) displacement vector (ug, v, w, O, 0y, 0,, u;) of any point within the element. {u"} is
computed by multiplying a matrix [M] (6-+n,12+2n for FEM1; 6+n,17+2n for FEM2) constituted from
the interpolation functions by the nodal displacement vector {q}.

Since (5.48) is valid for any value of virtual displacements {q}, the contribution of the distributed
forces to those of each node is calculated by:

{F}= Ig[M]T {f}dx (5.49)

For an axial distributed force f:

f,=ax+tb
1 o bL
F ; T gal +7
AU [(N ) £ Lde= 5.50
{raf-Jow" s a’ bl >
302

For a lateral distributed force f, (and identically for f,) and in the case of FEM2:

fy=ax+b
bL
bl T 1 °
F, ¢=[(N) f,Ldg = 5(aL+2b) (5.51)
Fy3 0 1
S(aL+2b)

For a torsional distributed torque m, and in the case of FEM2 (and identically for my and m,):

m,=ax+b
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My g | 6
my, b= [(N)" m Ldg ={~(aL+2b) (5.52)
my; 0 3]

S(@L+b)

The condensation of Fy,, F,, my,, my, or my, gives the equivalent nodal vector with components
associated with the end nodes of each element. If i is associated with the term to be eliminated (one of
the 5 degrees of freedom of the central node), a j term (one of the remaining 12+2n degrees of
freedom) is affected as follows:

. £
fy =1 -k (5.53)

The condensed (12+2n) vector {F} is developed numerically.

It is interesting to note that, for a uniformly distributed lateral force f, = q, the corresponding
condensed vector {F} (using ‘FEM?2’) is found to be the same as that of the Hermitian cubic element
based on the Euler-Bernoulli beam theory (‘FEM1°). By using (5.53) to condensate (5.51) (witha =0
and b = q), the nodal vector is found to be {qL/2, -qL*/12, qL/2, -qL*/12}.

5.2.5 Assembly of beam elements

The behavior of a general three dimensional structure composed of thin walled beams with different
profile geometries is significantly influenced by assembly details. In practice, the carrying capacity
and the stability of beams with uniform cross sections may be increased by bolting or welding
additional plates in highly stressed parts so that the cross section changes abruptly.

The influence of a connection and the assembly of different beam structures are not easily taken into
account in beam analyses. Beam forces and displacements are transferred from one finite element to
another through nodal components on particular points of each element. This can be done routinely if
all the components refer to the same physical point. However, assembled beams and columns may not
have their centroid G or torsional center C (Fig. 5.3) situated on the same axis. This kind of assembly
necessitates a particular treatment. The handling of the torsional axial displacement is particularly
complex since the assembled cross sections do not necessarily fit together after deformation, but may
have some parts of the contour in common. Modeling the real compatibility of the connected cross
sections is a complicated task.

The influence of an assembly is hereby analyzed for each uncoupled loading effect: tension-
compression, flexure, torsion and warping. Regarding tension-compression, bending or uniform
torsion, the transmission is considered to be either ensured (rigid connection) or not. The assembly of
general three dimensional thin walled beams and columns is limited to the usual beam study as done
by Gunnlaugsson (1982), Pedersen (1991) or Shakourzadeh (1999). The displacements (u, v, w, 0, 0y,
0,) of the connected nodes refer to a common assembling point A. This assembling point A, defined as
the point where the continuity is ensured, is assumed to be defined somewhere within the common
contour of the connected cross sections: for example, in Figure 5.3, point A is taken anywhere along
the common line 123.

The influence of the assembly details on the torsional warping of each assembled cross section is
accurately described in the present work. The longitudinal displacements (u;) of selected transversal
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nodes (i=1,...n), chosen as additional degrees of freedom to model the torsional warping of thin
walled structures, enable the description of compatibility equations for arbitrary joints. The warping of
each cross section may be described as totally independent, partially or fully dependent from the other
connected cross sections. When warping is continuous, one finite element node is used to model the
connection. When it is not the case, two or more longitudinal nodes are taken at the same geometrical
connection point; each node belongs to a connected element. One is the master node, and the other
slave nodes are related to it by compatibility equations.

(e

fhz
< (M

Figure 5.3 A straight connection

- The axial displacement due to in-plane tension or compression, usually considered at the centroid, is
a mean value of the longitudinal displacement of the cross section. In particular, it could be taken at
the common reference A.

l,l()Aa = uOGa = l,l()(ja (554)

- The constant mean value of transversal translation due to plane flexure can be taken for the same
reason at the common reference A.

F F F
Va = Vg = V¢
F F F
WA = WG = W¢ (5.55)

However the axial displacement, varying linearly along the plane of bending is proportional to the

flexural rotation of the cross section. At an assembling point, centroids may not coincide and the
adjacent cross sections are assumed to rotate around a common point A depending on the connection.
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uAF = uOGF -Ya OZ + ZA Gy (556)

7z y
0y 0
A UaA Up A
UG UG
G X G X

Figure 5.4 Plane flexure

- When submitted to torsional effects, a cross section rotates around the shear center. If shear centers
of adjacent cross sections do not coincide, the corresponding eccentricity should be taken into account.

val=ve' - (za - zc) Oy
wa'=we' + (ya - yo) 6x (5.57)

- Compatibility equations are required to model the transmission of the first order torsional warping.
They describe exactly how the warping is free on some parts of the contours or partially or totally
restrained on others. For instance, for the straight connection represented in Figure 5.3, the
compatibility conditions between the two beams (1) and (2) are:

2 2 @ =

ul(l) =w, Uz(l) =W, u3 0= U3(2) s u4(1) # 114(2) > 115(1)75 0, u()(l);t 0 (5.58)

Some other examples are given in Figures 5.5a, 5.5b and 5.5c. f; are the internal forces associated with
the degrees of freedom u;.

=1

<]

Figure 5.5a Rigid connection, warping restrained (after Gjelsvik 1981) (u; "= 0, u;¥=0)
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lﬁi

N\

Figure 5.5b Semi rigid connection, warping transmitted (after Gjelsvik 1981) (u; V= u; @)

N

Figure 5.5¢ Hinged connection, independent warping (after Gjelsvik 1981) (u; " = u;@ , £V = £ =0)

The contour warping formulation does not depend directly on the assembling point since functions €
describe a linear variation between the transversal nodes that relate the nodal displacements u; of the
cross section. However, the thickness warping is proportional to the perpendicular distance to the
normal issued from the shear center. When the cross section is rotating around an arbitrary point A,
the continuity must be insured.

0a = Oc thyace (5.59)

where h,cx 1s the distance between the normal issued from the shear center C to the midline and that
issued from the assembling point A. Thus,
uAT = uCT - hnACe ex,x (560)

The transformation matrix (eq. 5.61) applied to the displacements and the forces of each connected

node allows the assembly process (5.54, 5.55, 5.56 and 5.57) by unifying the point of application of
the nodal unknowns and neglecting second order warping continuity (neglecting 5.60).
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u (1 -Z5n ya |[u
v 1 (zZp —2¢) v
w I —(ya—-Yc) w
0, = 1 0, (5.61)
0, 1 0,
0, 1 0,
Yiloyge L U Jpa
or
{dn} %c=[AH{dn} %a (5.62)

Hereafter, the force vector is considered. If external forces {f,}.g are applied on the centroid, the
nodal force vector at the assembly point {f,}«a can be deduced from simple equilibrium equivalence
equations.

The three translation equilibrium equations can be expressed as follows:

fuc = fiwa
fy%G = fy%A
f, %6 = frua (5-63)

The three rotating equilibrium equations can be expressed as follows:

My sa = My v - T 96 (Ya - Yo) + Ty uc (za - zc)

My ooa = My o6 - fi o6 (Za)

M, 94 = Mz y6 + fi G (Ya) (5.64)
Thus the force vector and the stiffness matrix are transformed as follows:

{fa}oic =[AT" {fa}oea

[k]a=[A]" [k]vc[A] (5.65)
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5.2.6 Applications: a thin walled beam behavior including torsional warping

Elastic finite elements ‘FEM1 and FEM?2’ analyze the thin-walled beam behavior including the
torsional warping of open, closed and multi-celled profiles with or without branches and without any
restriction of symmetry. Their performance and convergence are shown for the following examples
submitted primarily to torsion. Arbitrary open (examples 1, 4, 5, 7 and 9) and closed (examples 2, 3
and 6) cross sections are analyzed by using the same warping function and the same finite element
model. If not mentioned otherwise, the calculations are done with a minimal kinematical profile
discretization (minimum number of nodes that describe the geometry of the profile).

The numerical results are compared with analytical computations using various kinematical models
depending on the profile geometry, the loading case and the boundary conditions. The reference theory
is selected to be the de Saint Venant theory when the warping is uniform along the beam length. This
is the case when the warping vanishes (e.g. example 2) due to the radial symmetry of the profile
(circular, square tubular, particular rectangular tubular profiles..). For other particular shapes (L
section, example 1...), the contour warping vanishes and the de Saint Venant theory is taken to be the
reference if the second warping (thickness warping) is neglected. For other general forms of profiles,
the uniform torsion is restricted to the case of a uniform distribution of torsional moment and free
warping along the longitudinal axis of the beam (example 3a). In all these particular cases, the
analytical and numerical results degenerate exactly into Saint Venant theory. In other general cases,
the finite element results converge for refined meshes to:

- the solution obtained with Vlassov theory for open cross sections (examples 4,5,7,8 and 9)

- the solution obtained with Benscoter theory for closed cross sections (examples 3b, 6)

The following examples, summarized in table 5.1, show the difference between the theories in case of
absence or strong non uniformity of warping.

Table 5.1 Description of examples

# Example | Profile type | Profile symumetry|  Torsion Applied torque Warping  |Reference theory

1 Cpen bisymetry Uniform Concentrated Free de St Venant
2a Closed | radial symmetry | Uniform | Uniformly distributed Free de St Venant
2b Closed | radial symmetry | Unifornm | Uniformly distributed | Constrained de St Venant
3a Closed bisymetry Uniform Concentrated Free de St Venant
3b Closed bisyimetry | MNon Uniform Concentrated Constrained Benscoter
da Cpen bisyrmetry | Non Uniform | Uniformly distributed Free Vlassov
4b Cpen bisyrmetry | Mon Uniform | Uniformly distributed| Constrained Vlassov

5 Cpen monosymmetry | Non Uniform | Uniformly distributed Free Vlassov

i Closed asymunetry | Mon Uniform | Uniformly distributed Free Benscoter
7 Cpen bisyrmetry | Mon Uniform | Uniformly distributed | Transmitted Vlassov

8 Cpen bisyimetry | MNon Uniform None Free Vlassov

g Cpen monosymmetry | Non Uniform Concentrated Different cases Vlassov

Example 1: Saint Venant torsion of a thin rectangular cross section

A thin rectangular cross section (figure 5.6b) is considered in order to show that, when the solution of
Saint Venant is exact, the finite element solution degenerates into that one. The beam is simply
supported at its two ends in such a way that the torsional rotation is prevented at the ends and that the
sections are free to warp. A concentrated torque is applied at mid span (Figure 5.6a). G=80GPa;
E=210GPa.

The torsional moment distribution is not uniform along the entire length of the beam but the first order
warping (contour warping ®; in equation 2.33) is equal to zero. According to the theory of Vlassov,
I, = 0 and the solution degenerates into that of Saint Venant: this is the case of pure uniform torsion.
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(a) (b)

0.5m | -
| P

(.
0.005m

Figure 5.6 Simply supported beam submitted to a concentrated torque

The distribution of the torsional angle along the beam length is linear and thus, for both finite elements
‘FEM1’ and ‘FEM2’ (neglecting second order effects; equations 5.30) with linear and quadratic
interpolation of the torsional angle, the exact solution is obtained with minimum discretization
required for the geometry and the definition of the problem. The maximal torsional angle is found to
be 7.5 10"rad and the maximal tangential stresses are found numerically and analytically equal to
0.6MPa.

Example 2 : Saint Venant torsion of a square tubular cross section

For the same purpose of the previous example, a square tubular cross section (figure 5.7¢) beam is
submitted to a uniformly distributed torque leading to a linear distribution of torsional moment. E =
206GPa and G = 82.4GPa.

Two boundary conditions are considered:

-simply supported beam with free warping (figure 5.7a),

-bi-fixed beam with constrained warping at the supports (figure 5.7b).

In both cases, the finite element solution reaches, with minimum discretization (two elements), the
Saint Venant value for the mid span torsional rotation (6,=7.58 10”rad). Indeed, the monocellular
cross section has a particular shape (tubular section with specific dimensions so called Neuber) that
does not warp (m; in equation 2.43 is equal to zero). Benscoter theory degenerates into Saint Venant
theory. In this example as in the previous one, there are no effects of restrained warping and the
uniform torsional theory is the exact solution.

IN.m/m
‘\s F YRS ‘ (a) 0.13 0.12MPa
} L-1im } t =0.002m
j IN.m/m E
j F Y Y ES \;E
(b) 0.1m 0.002m

Figure 5.7 Square tubular beam with uniform density of torque
Since the cross section does not warp, there are no warping shear stresses (Tys). The shear flow of

Saint Venant stresses is uniform along the periphery of the cross-section. The same value is found for
the mean shear stress by numerical and analytical results (1,5’ = 0.125MPa at the left support). Besides,
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additional shear stresses vary linearly through the thickness variation, vanish along the centerline and
reach a maximum value on the outer skin (At,, = 5kPa at the left support). The total variation of the
shear stresses (T’ + Aty) along the thickness (0.002m) is given in Figure 5.7d.

Example 3: torsion of a rectangular tubular cross section

In this example, the influence of warping constraint is discussed for a beam with a closed cross section
(figure 5.8¢) subjected to a uniform distribution of torsional moment. G=82,4GPa; E=206GPa.

Two boundary conditions are considered:

-simply supported beam: fixed rotation at left support; but with free warping at both supports (figure
5.8a),

-free fixed beam: fixed rotation and warping prevented at the left end (figure 5.8b).

C=1kN.m
‘ 2 (a)
| L=1m | t =0.002m 0.05m
| | ’
C = 1kN.m | Il
| : '
(b) 0.1m (C)

Figure 5.8 Torsion of a tubular cross section

When all cross sections are free to warp, the numerical results match those of Saint Venant (0,=1,82
107 rad) which are exact in this theoretical case. If one section is prevented from warping, the warping
is no longer uniform and the solution of Saint Venant is no longer exact. The numerical solutions
approach that of Benscoter (0,=1,813 10 rad) (figure 5.9).

10.0% -
R

s

10% - ¢ > FEM1
e « FEM2
.
L]
[

0.1% ‘ ‘

1 10 100

Number of finite elements
Figure 5.9 Relative difference between values of maximal torsional angle of the beam in 5.8b obtained

by the theory of Benscoter and the finite elements FEM1 and FEM2

In paragraph 2.2, the difference between the torsional behavior of closed and that of open cross
sections has been discussed. The non uniform warping effects have been shown to be much more
important for open cross sections than for closed ones. The approximation that results from solving a
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torsional problem with the de Saint Venant theory is in general more acceptable for closed (0.25% in
this example) than for open cross sections.

The torsional problem of this example is found to be mostly governed by the de St Venant torsion (for
which M,* is proportional to the first derivative of the torsional angle 0,) rather than by the non
uniform torsional term (for which M,” is proportional to the third derivative of the torsional angle 0,).
The distribution of the torsional angle along the beam longitudinal axis is quasi linear and the finite
element discretization of FEMI1 (linear interpolation functions) is sufficient (figure 5.9: FEM1 and
FEM2 results nearly coincide).

Example 4: non uniform torsion of an open cross section

A non uniform warping is considered in this example along a beam with an open cross section in order
to show the convergence of the finite element solution towards that of Vlassov. The theory of Saint
Venant is not exact in this case. A simply supported I beam (figure 5.10a), is sollicited by a uniform
density of torque C = 100Nm/m which leads to a linear distribution of torsional moment along the
length of the beam. The torsional angle is prevented at the ends and the sections are free to warp.
G=82.4GPa; E=206GPa.

C = 100Nm/m
A A A
‘asu\aaxsa‘(a) o
_ C
: L=1m : 0.002m oosm
j C = 100Nm/m | T
L " SR
(b) [ 0.04m

Figure 5.10 Simply supported beam submitted to a uniform density of torque

100.00% - o .
10.00% - *
1.00% - ° FEMI
« FEM2
0.10% - .
0.01% ‘ ‘
] 10 100

Number of finite elements

Figure 5.11 Relative difference between the values of mid span torsional rotation obtained by the
theory of Vlassov and the finite elements FEM1 and FEM2

This is the case of mixed torsion (uniform + non uniform torsion) whose results must converge to

those obtained with Vlassov theory. Figure 5.11 shows how the numerical solution converges to that
of Vlassov when varying the number of finite elements. As expected, the result obtained by the theory
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of Saint-Venant (0,=3,56 10™" rad) is different from the solutions of Vlassov theory (0,=1,227 10™' rad)
and of finite element FEM2. In this example, the non uniform torsion governs a large part of the
torsional problem and the distribution of the torsional angle along the beam longitudinal axis is
exponential and not linear. The finite element ‘FEM2’ (quadratic interpolation functions) is shown
(figure 5.11) to behave far better than ‘FEM1’ (linear interpolation function). Since ‘FEMI1’ is not
suitable for important non uniform torsional effects, ‘FEM2’ is used hereafter when analyzing the
torsional behavior.

Now, the same beam is considered with warping restrained at the supports (5.10b) in order to show the
influence of constrained warping. The results obtained with the finite element model ‘FEM2’ converge
to the solution of Vlassov (figure 5.12). The difference between the finite element FEM2 and Vlassov
is 3% for 10 beam elements. The variation with the solution of Saint Venant is even larger than in the
previous case. This is quite logical since the theory of Saint Venant does not take into account the
effects of non uniform warping, and these effects are stronger when the ends of the beam itself are
prevented from warping. The value of maximal torsional angle with Saint Venant theory is the same as
in the previous case (3.56 10™" rad) and is almost ten times larger than Vlassov one (3.29 107 rad). The
effects of non uniform warping on open cross sections (981% in this example) are really large
compared with those of closed cross sections (0.25% in example 3).

100.00% ~ o

10.00% -

1.00% ~

0.10% \ \
1 10 100

Number of finite elements

Figure 5.12 Relative difference between values of mid span rotating angle obtained by the theory of
Vlassov and the finite element FEM2

Example 5: a channel cross section beam submitted to uniform transversal load

A beam with a channel cross section is submitted to a uniform transversal load (Fig. 5.13a). The
torsional angle is prevented at the ends and the sections are free to warp. E =210GPa, G = 80GPa.
Flexural analyses

Firstly, the uniform transversal load induces a bending in the plane of the load. The numerical
solutions of both finite elements ‘FEM1 and FEM2’ developed in §5.2.1 and §5.2.2 respectively give
the exact value of bending rotation at the supports (6, = 2.115 107rad) regardless of the number of
elements. The maximum deflection occurs at the middle of the beam. The analytical value of this
deflection are obtained by using Bernoulli (without taking into account the shear effects) and modified
Timoshenko (by taking into account a constant shear strain over the cross section) theories. The
difference (5.175%) between these two theories measures the error induced by neglecting shear
deformation effects on beam deflections. The finite element ‘FEM1’ that neglects shear bending
effects gives with minimum discretization (two elements) the Bernoulli analytical value of maximal
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deflection (v = 2.64 10°m). FEM2, based on Timoshenko theory with a selective numerical reduced
integration with two Gauss points gives exactly [Jirousek 1983] Timoshenko value (v = 2.78 10°m).
FEM1 and FEM2 give exact results for bending displacements regardless the number of finite
elements.

!
0.015m
15kN/m
Vidblliodld c
| | 03m| o g
| |
" ™ 15kN/m
| L=4m | 0.01m| | 0.04m
| |
(@) 0.015m
T
0.1m
(b)

Figure 5.13 Channel beam submitted to non-uniform torsion

Prescribing the location of the shear center for the torsional analyses

Secondly, since the load is not applied at the shear center C (Fig. 5.13b), the beam is also submitted to
torsion. For Vlassov theory, taken as the reference solution for this open profile, the distance between
the centroid and the shear center is equal to 0.0625m. This value, computed from equations (3.21), is
found to depend exclusively on the profile geometry. This is a consequence of Vlassov approximation
(HYPV2, §2.2.3.1) stating that warping shear strains are assumed to vanish in the middle surface of a
thin walled beam. With the finite element ‘FEM2’, this distance is found to be exactly the same in the
case of uniform torsion (uniform torsional moment and free warping); this particular case satisfies the
absence of warping shear stresses (as assumed by Vlassov).

If this location is prescribed within the present finite element analyses, the difference for the maximal
torsional angle between FEM?2 results (with 20 elements) and Vlassov analytical solution (6= 7.7165
107rad ) is 0.023%. It is interesting to note that computing analytically the maximal angle of torsion
with Saint Venant theory and neglecting the non uniform torsion lead to a difference of 45.8%! The
theory of Saint Venant is indeed not applicable here because the torsional moment is not constant and
the warping is not uniform.

The distributions of normal stresses o, and contour warping shear stresses T,," caused by the non
uniform distribution of torsional moments are shown in figures 5.14b and 5.14c. Since Vlassov theory
assumes zero warping shear stresses at the mid wall, the analytical calculation of warping shear

®

Stresses Ty
shaped distribution (Figure 5.14c). The numerical study (between parentheses) gives values of shear
stresses for each small segment of the thin wall; the number of these transversal segments result from
discretizing the contour by a finite number of nodes and segments (for results in figure 5.14c, 14
transversal segments are used). The variation of shear stresses along the thickness is linear and is
given by Saint Venant shear stresses T, . They are uniform along the contour (coordinate s), for a wall

are computed from the equilibrium equations (equation 2.40’) and yield a parabolic
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with constant thickness and vanish at the centerline. The variation of 1.’ through the thickness is given
in Figure 5.14a.
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Figure 5.14 Normal and shear stresses due to non-uniform torsion for a channel beam

It is important to note that refining the kinematical discretization (increasing the number of the
transversal nodes that describe the geometry of the profile) has a very small incidence on the torsional
angle and normal stresses distributions. In this example, the difference between Vlassov solution for
the maximal torsional angle and FEM2 18 (FEM2 computations with eighteen transversal segments)
is 0.003% while the difference computed with minimum kinematical discretisation (FEM2_3; three
transversal segments for the entire profile) is 0.023%.

Condensing the location of the shear center for the torsional analyses

If the coordinates of the torsional center are not prescribed but condensed according to equations
(4.14) & (4.15), the values of the torsional angle and the distribution of the normal stresses do not
change significantly. The difference between the two finite elements (prescribing and condensing the
coordinates of the torsional center) is found to be 0.032% for the maximal rotating angle and 0.532%
for the normal stresses at mid span. The location of the torsional center may be then computed as a
function of the finite element solution (equations 4.14 and 4.15). The difference between Vlassov and
FEM2 computations for the distance between the torsional center and centroid (e.g. curve FEM2 3 in
figure 5.15a) is maximal at the ends of the beam since the ratio between the non uniform effects and
the uniform torsional effects is largest for x = Om. Indeed, the torsional moment may be considered as
being the sum of two parts (equation 2.20): the uniform torsional part M," and the non uniform
torsional part M,”. For this example, the ratio M,”/ M,* (0.77 at the beam ends and 0.35 for x = 1m)
decreases when moving from one end to the midspan of the beam.
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Figure 5.15 (a) Difference between Vlassov and FEM2 calculations for the distance between the
centroid and the shear center, (b) warping shear stresses (x = Om) at the mid wall when prescribing
shear center coordinates, (c) warping shear stresses (x = Om) at the mid wall when condensing the

shear center coordinates
In figures 5.15b and 5.15c, the distributions of warping shear stresses at the left support of the beam

are plotted against the contour coordinate (s) in both above cases: prescribing the location of the shear
center as being that of Vlassov (or that of uniform torsion) and condensing the location of the shear
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center. These distributions are computed by using Hooke’s law and the present kinematics. In the first
case (figure 5.15b), shear warping stresses (3 transversal nodes and 4 nodes describe the geometry of
the monosymmetrical profile for FEM2 3; 9 transversal nodes for FEM2 9 and 18 transversal nodes
for FEM2_18) do not match exactly the analytical solution. The prescribed location of the shear center
is not exact and gives, for these warping shear stresses, a vertical bending shear force. Figure 5.15¢
presents accurate computations of torsional warping shear stresses computed with the adequate
location of shear center. This difference between the two cases is more marked in the case of an open
asymmetrical profile where both coordinates of the shear center differ from those of the centroid.
Hereafter, the location of the shear center is taken as being that of uniform torsion in order to compare
the torsional rotation and longitudinal stresses to those computed with Vlassov theory. However,
warping shear stresses will be computed by using the condensation technique.

Example 6: non uniform torsion for a beam with a closed cross section
A beam with a non-symmetric closed cross section (figure 5.16b) is submitted to a uniform
distribution of torque (figure 5.16a). E = 206GPa, G = 82.4GPa, t, = 0.01m. The torsional angle is
prevented at the ends and the sections are free to warp. As in the previous example, the beam is
submitted to non uniform torsion.
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( C) Difference between Benscoter solution and FEM2
values for midspan rotation angle
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Figure 5.16 Maximum torsional rotation angle in case of non uniform torsion for a closed cross section
The difference for the maximum torsional rotation angle between the finite element analysis ‘FEM2’

and the analytical solution based on Benscoter theory (0,=0.153 10 rad) is shown in Figure 5.16¢ for
various descritizations. The error obtained by using Saint Venant theory for the torsional angle is
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2.6%. As expected (discussed in paragraph 2.2), the effects of non uniform torsion are more important
for an open (47.79%, example 5) than for a closed cross section.

Figure 5.17 shows normal and shear stresses caused by non uniform torsion. Shear stresses flow
through the periphery of the cross section. The analytical study gives a parabolic shaped distribution of
these contour shear stresses by considering an equilibrium equation (equation 2.55) in Benscoter
theory. The numerical study gives constant values for shear stresses at transversal segments, obtained
directly from the kinematics by using Hooke’s law by discretizing the contour by a finite number of
nodes and segments (for results in figure 5.17c, 13 transversal segment are used). All the previous
computations are ensured by prescribing the location of the shear center as being that of uniform
torsion (as in Benscoter theory).
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Figure 5.17 Normal and shear stresses in case of non uniform torsion for a closed cross section beam

Example 7: non uniform torsion of continuous beam with three spans
A continuous beam with three spans is analyzed in order to compare the proposed finite element
solution with another finite element solution based on the theory of Vlassov [Batoz, 1990, page 211].

0,008m

INm/m
\.(\.\.C\.C\.\. 0.005 0,2m
|  2m | 4m | 2m |
| : : | 0,008 \\/
0,(x=0)=0  0,(x=2)=0 0, (x=6)=0 0, (x=8)=0 hﬁ - T
| |
| 0,lm |

Figure 5.18: Continuous beam with three spans submitted to a uniform density of torque at central
span

The beam geometry and loading are shown in figure 5.18. The beam is simply supported at its four
supports (where the torsional angle is prevented, and the end sections are free to warp). The central
span is submitted to a uniform density of torque. The beam has an open I cross section. G=77GPa;
E=200GPa.
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Figure 5.19 gives the distribution of rotating angle and bimoment along the left half of the beam. For
the finite element solution with Proki¢ kinematic formulation, the bimoment is calculated from the
forces f; associated with the warping degrees of freedom which are the warping longitudinal
displacements of the transversal nodes. Results obtained with FEM2 based on Proki¢ kinematic
formulation and with the finite element based on Vlassov theory match precisely. It is again shown
that the maximal rotating angle (0,=2,6 10™ rad pour x=4m) would be very poorly estimated by de
Saint Venant theory where 0,= 6,12 10™rad (the difference is 136%).
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Figure 5.19: Distributions of rotating angle and bimoment along the beam in figure 5.18

Example 8: warping of an I beam due to a single axial load P

This example illustrates a particular case in which thin walled structures exhibit a torsional behavior in
the absence of applied torsional torques. A load P = 100kN parallel to the longitudinal axis acts at one
corner at the right end of the beam (L = 10m) in figure 5.20. At both ends, the torsional angle is

prevented and the end sections are free to warp.
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It is well known that three cases of loading (figure 5.21a,b,c) are induced in this case involving an
axial force and two bending moments about the y and the z axes. These internal loads are easily
deduced from the applied load by using simple equilibrium equations (longitudinal force equilibrium
and moment equilibrium around the transversal axes). The moment equilibrium around the
longitudinal axis gives zero torsional moment. This set of loads is in a general Strength of Materials
type of analysis sufficient to describe the behavior of the part of the beam some distance away from
the surface loading. However, in this loading case, thin walled structures have a complex behavior and
additional stresses, resulting from other effects, do not attenuate as quickly along the length of the
beam as in beams with solid cross sections. When the cross section is an assembly of different thin
rectangles, the cross section does not remain plane but warps [Murray 1986, page 6].

0.0196m
0.612 p
0.0119m A A
L
0.0196m | l
|
.0.229m| P

Figure 5.20 An I beam submitted to an eccentric single axial load

(a) (b)
j ﬁ
(© (d)

Figure 5.21 Longitudinal stresses corresponding to four sets of loading resulting from a single load
applied in 5.20; a: compression, b &c: bending, d: torsional warping

A fourth set of stress distributions is hereby considered (figure 5.21d). The corresponding load is the
torsional bimoment that is associated with the cross section warping. A twisting occurs along the
longitudinal axis even in absence of applied torsional torques and a torsional moment appears when
the bimoment varies along the length of the beam (equation 2.38 for Vlassov theory and equation 4.18
for the present analyses). The analogy between the flexure and the torsion presented in paragraph 2.2.3
can be used to clearly illustrate this phenomenon. If a simply supported beam is submitted to a flexural
couple at one end, the bending moment distribution is linear and the shear force distribution is uniform
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over the length inducing transversal stresses. Even if there are no applied forces, the couple induces a
reaction force at each end of the simply supported beam in order to ensure equilibrium.

For the loading given in figure 5.20, analytical computations are developed by using Vlassov warping
function in order to qualify the present finite element results. The different analytical and numerical
values of rotating angle at mid length and of warping at the left support of the beam are compared in
table 5.2. The value of the constant torsional moment along the beam has been found to be exact for
all the calculations (My = 1401.48Nm). The distribution of the torsional rotation along the beam is
given in figure 5.22.

0.05

0.04

O T T T T 1
10

Figure 5.22 Diagram of torsional rotation [rad] along the longitudinal beam in figure 5.20

Table 5.2 Rotating angle [rad] and warping [m] along the longitudinal beam in Figure 5.20

Analytical FEM, lelt FEM, 2elts FEM, 10elts |FEM, 20elts
twist at mid length 4.3282E-02 5.0588E-02 5.0588E-02| 4.3487E-02| 4.3333E-02
warping at left end 3.5198E-04| 7.0951E-04| 3.9734E-04| 3.5398E-04| 3.5248E-04

Axial stresses are maximal at the right end of the beam where the load is applied (on the right lower
part of the cross section: -181.94MPa). They are induced by an axial load (N), bending moments (M,
and M,) and a torsional bimoment (B) as follows: from N : 3.38%; from M, : 18.33%; from M, :
4.82% and from B : 73.47%. Warping normal stresses are shown to be larger than bending stresses and
cannot be ignored.

Example 9: influence of warping boundary conditions

This example analyses the effect of warping restraint on the torsional behavior of a simple beam
submitted to a torque (Figure 5.23). The supports are taken to be either free to warp or partially or
completely prevented from warping. The beam is divided into sixteen identical finite elements. E =
200GPa and G = 80GPa. Seven types of warping conditions are considered:

- fully restrained warping at both ends; (Case I, figure 5.23b).

- partially restrained cross sections at both ends (@ @ is restrained); (Case II),

- partially restrained cross sections at both ends (@ ® is restrained); (Case III),

- free warping at left end and totally restrained warping at right end; (Case IV),

- partially restrained cross sections at both ends (® @ is restrained); (Case V),

- free at left end and partially restrained (@@ is restrained) at right end; (Case VI),
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- free warping for both ends; (Case VII).
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Figure 5.23 A Beam submitted to torsion
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Table 5.3 Rotating angle [rad] at 1.75m from left end for different types of warping conditions

restrained

partial 12

partial 23

indep restr.

partial 34

indep partial

indep

0.00314482

0.00315434

0.00316203

0.00708769

0.01188824

0.01255013

0.01255013

Figure 5.24 gives the distribution of rotation angle along the beam and table 5.3 gives the value of the
rotation angle at 1.75m from left end. For the first and last cases, the rotating angle and the bimoment

distributions obtained from the present warping function are in excellent agreement with analytical

values obtained with Vlassov warping function. It is expected to find that the torsional angle is

maximal in case of free warping and minimal in case of totally restrained warping. The solutions for

partially restrained warping are between these two extremes. The decreasing value of torsional angle

depends on the amount of restrained warping. By taking the free warping case as a reference, the
torsional angle decreases of 5.27%, 74.75% and 74.87% if respectively ©@, @® and @@ are
restrained. This is related to the fact that the warping is more important on segment @ ® than on ©@.

It could be concluded that in such structures, warping resistance is important. The torsional stiffness is

significantly increased when cross sections are fully or partially restrained against warping.
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Figure 5.24 distribution of rotating angle [rad] along the beam for different types of warping
conditions at supports

5.2.7 Applications involving connections

Two examples are presented in order to analyze the linear behavior of structures combining beams
with different thin-walled cross-sections and to investigate the influence of the torsional warping
transmission on the overall behavior. The numerical results are compared with other results obtained
by using shell finite element analyses.

Example 1 Transmission of torsional warping through a connection in a frame
This example illustrates the influence of the joint description on the behavior of a frame.

C
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Y2 Y1
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Figure 5.25 Portal frame geometry with H (1) and U (2) cross sections
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The frame consists of a vertical column (1) with a H-section connected to a horizontal beam (2) with a
U-section (Figure 5.25). A torque C acts along the longitudinal axis of the beam (2). The two supports
are clamped but keep the warping free: 6 degrees of freedom (u, v, w, 6y, 0,, 0,) are set equal to zero.
The torsional rotation is calculated at the connection by assuming different warping transmission
modes at the corner of the frame. E = 200GPa, G = 80GPa, L = 10m.

If the connection at the corner allows the complete transmission of forces and moments, the value of
the maximal rotating angle obtained by a beam finite element using Vlassov warping function (Batoz,
1990, page 211) is 0.028024 rad for C = 100kNm. The difference between this result and the results of
the beam element ‘FEM2’ by assuming that warping is continuous as shown in Figure 5.26.

1.0% -

0.1% 4 *

0.0% A

0.0% \ 1

1 10 100
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Figure 5.26 Difference with Vlassov finite element solution for the torsional rotation at the connection
and FEM2

Table 5.4 gives the results of the analysis with ‘FEM2’ by assuming different transmission modes of
warping:

-independent warping for both profiles,

-warping transmitted along one transversal node: @ for H profile (beam 1) section and @ for U
profile (beam 2)

-warping transmitted at a common segment: @@ ® for H profile (beam 1) section and @@ @O for U
profile (beam 2)

-restrained warping for both profiles.

The influence of the transmission of warping varies within a range of 0.37%.

Table 5.4 Rotating angle at the rigid joint

transmission of warping [rad]

independant warping 0.0279448
partial (1common point) 0.0279243
partial (1common segment) 0.0279239
restrained warping 0.0279223

If the joint at the corner is a simple hinge allowing independent rotations for the connected members
with independent warping, the horizontal U beam is then submitted to a uniform torsion. Finite
element analyses with the present warping function ‘FEM2’ and with Vlassov warping function
(Batoz, 1990, page 211) give the same results for the case of independent warping of the U beam and
the H column (for C = 1kNm, 6, = 0.078125rad) and the numerical solutions do not depend on the
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number of elements. When the transmission of warping changes, the rotating angle varies within a
range of 9.9%; when warping is restrained, 0, = 0.07108rad.

Example 2: Assembly of beam elements

The second example, already solved in the literature (Gunnlaugsson & Pedersen 1982, Pedersen
1991), illustrates an application involving the assembly of beam elements with different cross sections
within a simple beam structure. A simply supported beam (L = 2.4m) is divided in three prismatic thin
walled beam elements. The two end elements have a tubular thin cross section and the connecting
element has an open U shaped cross-section. The wall thickness is constant and equal to 0.003m. The
beam is loaded by torques at its ends C = 1kNm (Figure 5.27). E=210 MPa, v =0.3.

0.003m
\" node 4

/N

0.2m

A

node 2

1kNm

Figure 5.27 Box girder with large opening submitted to torsion

Gunnlaugsson (1982) and Pedersen (1991) have computed the variation of the rotating angle along the
beam. The values of the rotating angle and the warping axial stresses of Gunnlaugsson beam element
are shown by the continuous line (curves a) in Figure 5.28.

He compared his results with those of a plane stress finite element model (curves c). He also used a
beam model assembled in such a way that the warping function is continuous (curves b) (Fig. 5.28).
The finite element ‘FEM?2’ is used with sixteen beam elements. Two superposed finite element nodes
are taken at each intersection where the cross section geometry changes abruptly in order to capture
the discontinuity of the warping function. FEM2 results are not influenced significantly by the choice
of the connection point at the contour (for the maximal rotation angle, the difference is 0.0001% if the
cross sections are assembled by node 2 or node 4). For the results in figures 5.29 and 5.30, the
connection point is taken at node 2. The torsional angle distribution is represented by the triangles in
Figure 5.29 along the right half of the beam. FEM2 results are compared with the results given by
Pedersen (1991). The variation of the rotating angle along the beam is much larger in the open part
than in the closed part of the beam. The present finite element solution with transmission of warping
matches the results of the analysis with the plane stress finite element model performed by Pedersen.
The variations given by the elements of Gunnlaugsson (curve a, Figure 5.28) and Pedersen (Figure
5.29) are slightly lower. The torsional rotation calculated by a beam theory neglecting the
discontinuity of the warping function is much larger (curve b, Figure 5.28). When warping is
restrained at the connection, the torsional rotation is smaller: the solution is given by the diamond
shaped points in Figure 5.29.
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Figure 5.28 Results from Gunnlaugsson (1982)
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Figure 5.29 Comparison of the rotation angle along the girder by using ‘FEM2’ (16 beam elements)

and the results of Pedersen (1991)
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The normal stresses result from the resistance of the cross sections to the non uniform warping. The
distribution found by the present finite element analysis (given in Figure 5.30) matches the distribution
calculated by Gunnlaugsson (Figure 5.28, curve c). At the connection between the open and the closed
cross sections (x = 0.6m), the plane stress finite element gives the local stress concentration. The beam
theory gives a discontinuity in the distribution of the normal stresses since the hypothesis of Saint
Venant is no longer verified. This inaccuracy that occurs at most junctions because of the overlap of
the cross sectional areas has a small effect and can be disregarded. Anywhere else, the stresses given
by ‘FEM?2’ are closer to the plane stress finite element solution than to Gunnlaugsson beam solution
whose model is stiffer. However, the response given by the beam finite element model that does not
take into account the warping function discontinuity at the connection is that of a more flexible
structure.
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Figure 5.30 Values of axial stresses due to non uniform warping along the girder by using ‘FEM2’
with 16 beam elements
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5.3 Finite element with shear bending warping

5.3.1 Displacement field

In order to develop numerical methods for accurate shear bending results within the objectives fixed in
paragraphs 3.3 and 4.3, another beam element ‘FEM3’ is presented in this paragraph. The kinematics
is adapted by relating >Q'u; to the warping due to bending shear forces. Proki¢ warping function is
represented by a contour (or first order) warping assumed to vary linearly along each polygonal
segment of the contour. This new approach presents the advantage of automatic data generation and
unified geometric characteristic computations regardless the type of the cross section (closed, open,
asymmetric...). For simplicity, the developments in this paragraph deal with bending in (xz) axis.
Similar analyses are done for (xy) axis but are not presented hereby. Tension/compression and torsion
are not taken into account since they are analyzed in previous paragraphs. The efforts required to solve
a general problem by taking into account not only torsional but also bending warping shear effects are
not justified —in our opinion— because the accuracy gained in practical problems is not so high.
However, for the finite element ‘FEM2’ in particular and for Timoshenko beam theory in general, the
transverse shear strain is assumed to be constant through a beam cross section and a corrective
modification has to be introduced in order to calculate the displacements and stresses resulting from a
flexural loading. The present developments will be mainly used in this study in order to determine the
shear correction factor for arbitrary profiles. As stated in §2.1.2, the shear correction factor is mostly
evaluated in the literature by an energetical approach. It is a function of the distribution of the first
moment over the area of the cross section. Evaluating the first moment is not always simple since it
depends on the profile geometry and specifically different methods are required for open and closed
thin-walled profiles.

The displacement field, introduced in (3.23) in order to accommodate the warping of the cross section
without the need of a corrective factor, describes the displacement vector at any point q within the
cross section (§3.3):

z0, + ZQi(y,z)ui(x)
i=1

uq
v, = 0 (5.66)
W w

5.3.2 Finite element definition

As in paragraph (5.2.1), the interpolation functions are taken quadratic for the transversal displacement
(w) and the rotation (6y) and linear for the warping longitudinal displacements (u;).

1-35 +2€° et )
(N>T = 148(1-¢) ; <Nu> Z{E_, } with ﬁzf (5.67)
—§(1-2¢)

The displacements (w,0y,u;,...) can be related to the nodal displacements by using the interpolation
functions as follows:

w=<N>{qy}

0y = <N>{qoy}

5-37



u; = <Ng>{qui}; i=1,2,...n (5.68)
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Figure 5.31 Finite element with (xz) bending shear warping effects

5.3.3 Stiffness matrix and additional equations

The finite element calculations are derived in the same usual manner as in the previous paragraphs
(e.g. §5.2.2). It is important to note that the problem is not well defined without the orthogonality
relationships (5.69) and the non zero shear boundary conditions (5.70). These additional equilibrium
equations are given by equations (4.22):

;SQiul =0

n

E SQi . ul =0

E{Iyﬂiui =0 (5.69)
u.-ug=0, where ¢ is an edge node and d is the adjacent one. (5.70)

Similarly to the torsional warping, if the additional constraints (5.69) are satisfied, the bending
warping (xz)/tension-compression coupled terms and the bending warping (xz)/bending (xy) coupled
terms vanish in the calculation of internal forces and stiffness matrix terms. The warping degrees of
freedom associated with (xz) bending do not induce normal forces, shear forces (Ty) or bending
moments (Mz). Inversely, the tension-compression and (xy) bending generalized forces should not
derive from the terms u;. This eliminates the symmetrical coupled terms in the stiffness matrix. The
non zero terms of k' obtained after this elimination are given in appendix AS5.

Equations (5.69) have been again used in order to relate the degrees of freedom ‘v;” and to restrain
these general parameters to the bending shear warping (xz). Depending on the profile geometry (more
precisely the number of edges in an open profile), additional relations are written in the form of
equation 5.41 and are added to the initial equilibrium system written in the form given in appendix AS5.
The resulting set of equilibrium equations is solved by using the Lagrange multipliers (equation 5.42).
The development of the present beam finite element is based on the displacement field for which the
constant shear strain hypothesis is relaxed. Numerical examples (§5.3.4) are analyzed in order to show
that:
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- the shear locking phenomenon, induced by the inconsistency of the straightness hypothesis
does not occur in this ‘FEM3’ finite element;
- ‘FEM3’ gives accurate results when analyzing shear warping bending effects on arbitrary
profiles.

Since the modified Timoshenko model (including shear correction factor) gives accurate results when
computing the deformation of a thin walled structure submitted to bending, it is then concluded that
combining torsional warping (FEM3) and shear bending warping (FEM?2) effects for a 3D thin-walled
structural analysis is not justified. The number (6+2n) of degrees of freedom per node increases
significantly the computational costs while Timoshenko modified model gives accurate transverse
displacement results. The present developments are thus suitable for inclusion as a ‘black box’ in the
finite element code ‘FEM2’ in order to accurately and automatically determinate the shear correction
factor for arbitrary profiles. The analysis of a 3D structure containing multi-shaped open and closed
profiles, achieved by using modified Timoshenko model ‘FEM2’ and torsional warping effects
(paragraph 5.2.2), will begin by a separate routine that determines the shear correction factor:
A simply supported beam is submitted to a uniformly distributed force. The maximal deflection is
computed by using ‘FEM3’. The analytical value of this maximal deflection is taken from the
modified Timoshenko model (eq 2.13), where the shear correction factor k is the unknown. Equating
these two solutions allows the determination of the shear correction factor.
Finally, it is important to note that the shear stresses computations resulting from ‘FEM3’ consist in a
variable distribution of stresses over the profile contour (one value for each transversal segment) while
‘FEM2’ gives one approximate value (one for the entire profile).

5.3.4 Applications on bending shear warping

In this paragraph, applications aim mainly at validating the finite element ‘FEM3’ which includes
shear bending warping effects. Comparisons are done with Euler Bernoulli beam theory and
Timoshenko beam theory to demonstrate the ability of the theory to enhance available solutions
provided by existing beam theories when the aspect ratio of the beam varies.

The different results are:

- analytical results with Bernoulli beam theory ‘BBT’ which is based on the normality assumption and
neglects shear bending effects;

- analytical results based on Timoshenko beam theory ‘“TBT’ which is based on the planar assumption
and considers a constant shear strain state without the shear correction factor (or, more exactly, with
the shear correction factor set to unity);

- analytical results based on the Modified Timoshenko beam theory ‘TBTM’ taking into account the
shear correction factor [§2.1.2]; this model is considered to be the reference for all the other theories
while computing differences in Figures 5.32, 5.33, 5.34 and 5.35 and table 5.6. The difference is
calculated as follows:

Value pp — Value

Y%difference = theory (5.71)

Value g

- finite element results ‘FEM1’ based on Bernoulli kinematic formula (BBT) and developed in
paragraph 5.2.1. The stiffness matrix is given in Appendix 2.

- finite element results ‘FEM2’ based on Timoshenko beam kinematics shown in paragraph 5.2.2 with
quadratic interpolations for the displacement w and the rotation 0, and a selective reduced integration.
The stiffness matrix is given in Appendix 3.
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- finite element results ‘FEM3’ (paragraph 5.3) which takes into account the shear bending warping of
the cross section by considering a linear interpolation of (nn) additional degrees of freedom (Appendix
5). Two discretizations are required for ‘FEM3’: the usual finite element discretization and in addition,
a kinematic discretization. The kinematic formulation uses linear functions Q; associated to the nn
degrees of freedom u; which are related to the transversal nodes of the discretized cross section. The
thin profile is divided into a finite number of transversal segments which represent polygonal parts
connected by transversal nodes. An edge transversal node in an open cross section is connected to only
one transversal segment (e.g. in a T section, there are three edge nodes while in Figure 5.36a, nodes 1
& 6 are the only edge nodes). The warping of the cross section is approximated by linear variations
along the transversal segments. The inaccuracy induced by this approximation is maximal for the
minimum discretization required to describe the geometry of the profile and is reduced for refined
discretizations. With increasing transversal nodes and segments, the linear warping between adjacent
transversal nodes approaches the exact distribution of warping in order to insure the convergence of
the kinematic approach and to give accurate results. Higher order functions €2; may be used to
formulate exactly the problem with minimum discretization. For the elastic isotropic cross sections
studied in this work, this approach is not considered.

In addition, other displacement-based finite elements are considered in order to evaluate in some cases
the locking phenomenon and to detect whether the behavior of FEM2 becomes poor (an overview of
displacement finite element models of shear deformation beam theories is presented in [Reddy,
1997]):

- TLE is based on modified Timoshenko kinematic formula (TBTM) with linear interpolation and
presents locking shear phenomenon (Appendix 6). The stiffness matrix and the force vector are given
in (5.72) and (5.73) [Batoz, 1990, page 86].

LN S SR
000 0 2L 1 2L
1 1 1
GA| 1 0 -1 3 2L 6
[K]== 0 o |TELL ] 6 (5.72)
| 2 2L
1
L 3
<f>=<q% 0 q% o> (5.73)

- RIE is the reduced integration linear Timoshenko beam element and is based on a reduced
integration for the stiffness coefficients associated with the transverse shear strain and a full
integration for the other terms. The shear locking problem is avoided for identical (and especially
linear) interpolations for w and 6, by approximating the shear strain distribution by a constant shear
strain. The shear correction factor is taken into account.

Among displacement-based finite elements, this approach is widely used to overcome the locking
problem. The stiffness matrix and the force vector for RIE are given in (5.74) and (5.73).

4 -2 -4 -2L
El (1+49)L2 2L (1-49)L?
[K]=— (5.74)
43¢ 4 2L
(1+49)L?
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12EL,
where ¢ = ————
Lk, GA

- CIE is a consistent interpolation Timoshenko beam element with a quadratic interpolation for the
displacement w and a linear interpolation for the rotation 6,. The shear correction factor is taken into
account. The element has end nodes having two degrees of freedom and the middle node has only a
deflection as degree of freedom. The middle node degree of freedom can be condensed in order to
reduce the matrix size. The stiffness matrix is then found to be equal to (5.74). However, the force

vector for uniform loading is found to be equal to:

L > L 1
£\ = _ 5.75
< > a 2 a 12 a 2 a 12 (5-75)
Example 1

A simply supported beam with span L = 10m and thin rectangular cross section (bxh) is analyzed. The
beam is submitted to a uniform load q. Three longitudinal nodes (two finite elements), required for the
description of the problem, are taken for all the finite elements.

1.E-02% -
1.E-03% -
=
H
@ ——L/h=200
Q
5 LE-04% =100
o
E —&50
Z  1LE-05% - —A-100/3
5
= —*-25
=
2 E06% - —-20
—+— 10
1.E-07% ‘
1 10 nn

Figure 5.32 Difference between FEM3 and TBTM for a simply supported beam submitted to uniform
load

Table 5.5 BBT, TBTM and PBT results [m] for maximal deflection of a simply supported rectangular
beam submitted to uniform load 10N/m

b h |L |BBT TETM FEM3, nn=2 |FEM3, nn=4 |FEM3, nn=7 |FEM3, in=10 |FEM3, nn=20
0.002| 0.05|10|0.297619048|0.297637798| 02976347 0.2976369| 02976375 0.2976376] 0.2978378
0.002| 0.1|10|0.037202381|0.037211756| 0.0372102| ©0.0372113| 00372116] 00372117 0.0372117
0.002] 0.2|10|0.004650298|0.004654985| 0.0046542| 0.0046548| 00046549 0.0046549] 0.0046550
0.002] 0.3|10|0.001377866|0.001380991| 00013805 0.0013808| 00013809 o0.0013810] 0.0013810
0.002| 04|10|0.000581287|0.000583631| 0.0005832| 0.0005835| 0.0005836] 0.0005836] 0.0005836
0.002] 0.5|10|0.000297619|0.000299494| 00002992 c.0002994| 00002995 0.0002995] 0.0002995
0.002]  1|10|o.000037202|0.000038140] 0.0000380| c.o000381| 0.000G381| 00000381 0.0000381
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The values of the maximal displacement obtained by Bernoulli and Timoshenko beam theories and
‘FEM3’ with increasing kinematic discretization are compared in Table 5.5 for varying values of the
aspect ratio (L/h). nn is the number of transversal nodes whose longitudinal displacements are taken as
degrees of freedom to model the warping of the cross section. Figure 5.32 shows the difference
between FEM3 and TBTM when the kinematic discretization is refined. The convergence is shown for
different values of L/h.

Table 5.6 and figures 5.32 and 5.33 present additional results from which it can be concluded:

- By comparing FEM1 results in table 5.6 to BBT results in table 5.5, the Hermite cubic element
FEM1 is found to give the exact solution of Bernoulli analytical results with minimum finite element
discretization. However, it does not coincide with TBTM values (the difference is 2.5% for L/h=10).

Table 5.6 Finite element maximal deflection [m] for simply supported beam L=10m, and thin
rectangular cross sections with b = 0.002m and varying values of height h

h TETH FEM1 TLE RIE ZIE FEM3, nn=2 |FEM3, nn=7 |FEM3, nn=20
0.05(0.2976378| 02976190 | 0.0000750 (01785902 |0.2381140| 02976347 0.20976375 0.2976378
0100372118 0.0372024 | 0.0000375(0.02233028|0.0297713 00372102 0.0372116 00372117
0200046550 0.0046503 |0.0000187 [0.0027949|0.0037249 00048542 0.0046549 0.0046550
0.3/0.0013810|0.0013779|0.0000124 (000082958 |0.0011054 0.001380%| 0.0012809 0.0012810
0400005836 |0.0005813 | 0.0000092 (00003511 (00004674 00005322 0.00053326 0.0005826
0500002995 | 00002976 | 0.0000073 (00001804 | 0.0002400 | 0.0002992| 0.000299%5 0.0002995
1/0.0000381 [0.0000372 | 0.0000034 |0.0000233 |0.0000307 | 0.0000380| 0.0000381 0.0000381
1.E+00%
; A — : ;
1.E-01% +
=
=
= 1.E-02%
8
g —&-FEM3, nn=2
2 LE-03% —— FEM3, nn=4
= —+—FEM3, nn=7
E 1.E-04% —-e—FEM3, nn=10
% —6—FEM3, nn=20
g 1.E-05% —BBE
A —>TLE
1.E-06% ——RIE
—=-CIE
1.E-07% - T \
10 100 1000
L/h

Figure 5.32 Finite element errors for maximal deflection of simply supported beam submitted to a

uniformly applied load with varying aspect ratio (L/h); all finite element analyses performed with two
elements

- In figure 5.32, it is shown that as for Bernoulli theory ‘BBT’, the difference between FEM3 and the
analytical solution TBTM increases with increasing values of h. FEM3 is shown to be locking free and
the solution approaches the modified Timoshenko solution with finer kinematic discretization.
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- The TLE element (table 5.6 and figures 5.32 & 5.33) is excessively poor with two elements. The
shear locking phenomenon appears clearly since the error increases with increasing aspect ratio
(decreasing thickness beam), the error is 99.975% for L/h=200!

- In figure 5.33Db, it is clear that the RIE and CIE are not completely free of locking. This remark
coincides with the literature analyses, e.g. Reddy [1997], where it is noted that, in addition, refined
meshing is necessary since it is shown that, for CIE and RIE, two elements give unacceptable
solutions.

L/h

1 10 100 1000

100% ﬁ/‘ﬁk

[ ]
[ ]

--TLE

_H,,,_.————'r — t t t —+ RIE
= CIE

err % TBTM

m
i}
i}
i}

10%

Figure 5.33b Illustration of shear locking shear phenomenon; two finite elements (enlargement of
figure 5.32)

Example 2
The simply supported beam in the first example is now considered to be submitted to a pure bending.
Two couples are applied at the extremeties of the beam (figure 5.34).

Vi 2.

| L |
| |

Figure 5.34 Simply supported beam submitted to a pure bending

5-43



In this theoretical case, Bernoulli solution ‘BBT’ is exact since shear forces vanish along the length of
the beam. TLE, RIE and CIE are then compared with the finite element ‘FEM2’ with selective reduced
integration. The results obtained here are given for two finite elements.

- FEM3
99.0% (a) . ——t—+ ot = CIE
-+ RIE
—+ TLE
=
m
;@ 49.0%
=
(D)
_1 .0% /& ————f— &8 — 8 s #-—= |
1 10 100 1000 10000
L/h
—-—FEM3
0.010% - CIE
- RIE
(b)
0.005%
H
m
AQ
=2
$—
b5
0.000% * * . ‘
10 100 1000 10000
-0.005%
L/h

Figure 5.35 (a) Locking shear phenomenon for the maximal deflection of a simply supported beam
submitted to a pure bending with varying aspect ratio (L/h); (b): enlargement of figure 5.35a with CIE,
RIE and FEM3 values

In figure 5.35a, ‘TLE’ exhibits a locking shear phenomenon. For increasing values of L/h, the error
between the exact solution ‘BBT’ and ‘TLE’ becomes higher. Besides, as stated by Reddy (1997), the
linear equal interpolation reduced integration element (RIE) and the consistent interpolation element
(CIE) are not completely locking free. The minimum discretization (e.g. one element per member) for
both methods does not give the exact solution. Figure (5.35b) represents an enlargement of (5.35a) and
shows the performance of CIE, RIE and FEM3. Between CIE, RIE and FEM3, FEM3 is the least free
of locking element. In the case where L/h=1000, the differences between BBT and TLE, CIE, RIE and
FEM3 respectively for the maximal deflection are 99.999%, 0.00821%, 0.00821%, 0.667E-9%
respectively.
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Example 3

A hollow flange beam (45090HFB38) [Avery, 2000] is studied by neglecting the bend radius at the
corners (Figure 5.36b). As stated by Avery (2000), this cross section is developed by ‘Palmer Tube
Mills Pty Ltd’. It is used for its efficient structural behavior that results from torsionally rigid closed
triangular flanges and its economical fabrication processes although it has complicated behavior
characteristics. A second profile having the same overall dimensions than the two-celled profile is
considered as an open (Figure 5.36a).

For both profiles, a simply supported beam with span L is submitted to a uniformly distributed load q
acting through the centroid. E = 200GPa, G = 80 GPa.

The values of the maximal deflection, calculated by using Bernoulli and Timoshenko theories, are
compared with the results obtained by the finite element FEM3 based on the kinematics developed
above. The minimum transversal discretization that describes the profile geometry consists in dividing
the thin profiles (Figure 5.36a & Figure 5.36b) into five and seven transversal segments (ns =5 & 7
respectively) connected by six transversal nodes (nn = 6). This kinematic and transversal minimal
discretization is required in order to describe the behavior of the profile. Refined discretizations are
obtained by dividing the previously described transversal segments into equal parts and are
characterized by the total number of transversal nodes (nn).

Figures 5.37 and 5.38 compare, for both profiles, the results of the above mentioned analytical and
finite element methods for the maximal deflection of the simply supported beam for varying values of
beam length L. In Figures 5.37a and 5.38a, the difference (eq. 5.71) between different models (BBT,
TBT, FEM2 and TBTM) is plotted against the length L of the beam. In Figures 5.37b and 5.38b, the
difference (eq. 5.71) between the finite element taking into account shear bending effects (FEM3) and
‘TBTM’ is plotted for different values of beam length against the total number of transversal nodes

3 b

nn-.

Transversal
segment 5-6

Transversal __OiOZn: ________
noded - w7V N
0.185m| = 0-0038m
Y — =
y
0.185m
Edge node 1 T 60—4;1 ——————————
e - =
0.09m 0.09m
(a) (b)

Figure 5.36 (a) open cross section, (b) two-celled cross sections

For different values of the span L and for the open profile, Figure 5.37a illustrates the difference
between the analytical results of Bernoulli ‘BBT’ (and similarly Timoshenko ‘TBT’) and the modified
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Timoshenko ‘TBTM’ theories; “TBTM’ being taken as reference. The finite element ‘FEM?2’ based on
Timoshenko kinematics without the correction factor gives exactly the same results as TBT for both
profiles (In figure 5.37a, curves TBT & FEM2 match exactly).

The effects of shear deformation on the beam deflection depend on the length L of the beam (Figure
5.37a, curve BBT). Neglecting shear deformation effects in short beams leads to an error (measured by
the difference between BBT and TBTM) of 32.67% for h/L = 0.3. For a long beam (e.g. h/L = 0.0225),
this error is equal to 0.272%. The shear correction factor in Timoshenko theory is also important for
short beams for the same reason (Figure 5.37a, curve TBT). By increasing the beam length (where h/L
varies from 0.3 to 0.0225), the difference between TBT and TBTM decreases from 12.95% to 0.108%.
Figure 5.38a illustrates the same results for the closed cross section. The error that results from
neglecting shear deformation effects (measured by the difference between BBT and TBTM) is very
important for short beams and varies from 36.28% to 0.319% for h/L decreasing from 0.3 to 0.0255.
The difference between TBT and TBTM that measures the importance of the shear correction factor in
Timoshenko theory varies from 16.1% to 0.142% for the same variation of h/L.

40% 40% - —— BBT
’ (a) open profile —+~BBT ’ (b) closed profile
< TBT >< IBT
—— FEM2 —~ FEM2
30% A 30% +
20% - 20% -
10% -~ 10%
0% ‘ * ‘ 0% \ T K \
0 5 10 15 20 25
Lim] 0 5 10 L[m]ls 20 25

Figure 5.37 Differences between TBTM and BBT, TBT & FEM2 for maximal deflection of simply
supported beam with the open profile (a) and the closed profile (b)

Figures 5.37b and 5.38b show the application of the model when shear bending effects are taken into
account by modeling the warping due to shear forces. It is interesting to note that no shear correction
factor is needed here since this model respects the no shear boundary condition (equation 5.70). This
solution, which is automatically deduced from the geometry of arbitrary cross sections, is shown to
converge to the modified Timonshenko beam theory (TBTM): the difference between the ‘FEM3’
finite element analysis and the ‘TBTM’ results decreases when refining the discretization. The
minimum discretization (nn = 6 for the profile represented in Figure 5.36a) does not give the exact
solution and refined meshing is required to approximate the non linear distribution by small linear
variations between adjacent transversal nodes in order to give more accurate results. This is due to the
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kinematics where the warping, representing the longitudinal displacement of the deformed profile, is
modeled as varying linearly along the contour (Q' are linear functions).

1.6% 7 (a)open profile —-L=1.5m 0.6% (b)closed profile —-—L=1.5m
-3
1.2%
0.4% -
0.8%
0.2% ~
0.4%
0.0% - 0.0% -~ !
5 10 15 20 25 5 10 15 20 25
nn nn

Figure 5.38 Comparing beam shear theories for maximal deflection of simply supported beam with the
closed profile.
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5.4 Finite element with distortional warping
5.4.1 Displacement field

In this section, a numerical method is developed in order to study profile distortions within the
objectives fixed in paragraphs 2.3, 3.4 and 4.4. A beam finite element ‘FEM4’ is developed by
adapting Proki¢ warping function, a contour (or first order) warping assumed to vary linearly along
each profile polygonal segment, in order to take into account the distortional warping. The axial,
bending and torsional behavior, are not taken hereby into account. The displacement field has been
introduced (3.31) at any point q within the cross section for one distortional mode I:

n .
u, — o0y, + >.Q'y;

i=1
Vg (= —(2-Zq) 0 (5.89)
Wq (Y= Ye)R Oy

Each distortional mode is associated with a joint I selected from the transversal nodes in order to
separate the profile into rigid parts. y;, Z-; and i, are functions of the profile coordinate s. For each

distortional mode I and for each associated contour part, y-and Z. are the coordinates of the
distortional centers, [1,is the specific rotation ratio with respect to a reference part. {1, 0,; measures the
distortional rotation. For instance, if an open profile without ramifications is considered, and if the
right part is considered to be the reference part, 6, measures the rotation of all the material points

located at the right of the joint I, while p;0,; measures the rotation of all the material points located at
the left part.

5.4.2 Finite element definition

The interpolation functions (5.90) are taken quadratic for the rotations (04) and linear for the warping
longitudinal displacements (u;).

z
Yy
L2 L2
Ox“ exlz exl3
1 2 3
Upp Uzp ... Uny Upp U ... Up2 U3 Un3 ... Un3

Figure 5.39 The finite element with distortional effects
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1-38 +2¢7 et .
(N>T = J4E(1-€) ; <Nu> Z{E,. } with E":f (5.90)
—-&(1-28)

The displacements (0, u;,...) can be related to the nodal displacements by using the interpolation
functions as follows:

051 = <N>{qgu} ; [=1,2,...m
u; = <Ng>{qui}; i=1,2,...n (5.91)

5.4.3 Stiffness matrix and additional equations

The finite element calculations are derived in the same usual manner as in previous paragraphs (e.g.
§5.2.2). The equilibrium equations must be written in their uncoupled form. The three kinematical
equations (equations 3.32, 3.33 and 3.34) have to be satisfied for each longitudinal node. (5.92 — 5.94),
expressing the finite formulation of the previous equations and including the interpolation functions N
and N, have to be satisfied for arbitrary values of x.

(3.32) = ;Sd <Nu>{qul}:0 (5.92)
(3.33) = g, | '>{qexl}+§lzgl <Nu>{qul}=0 (5.93)
(34 = g, { '){qexl}+i1ygl (N, )ay, }=0 (5.94)

It could be easily seen that, if the kinematic equations (5.92, 5.93 and 5.94) vanish for any value of x,
the axial force and bending moments (N, M, and M,) are reduced to their uncoupled usual form.
Equations (5.95-5.97) are derived from the elimination of the coupled terms when computing the
bending shear forces and the torsional moment by using the finite element discretization:

M) = g, SaeSa)(N)fag, 12, (N)fa, J=0 (595)
(TZ) = (_Sﬁl")l,z * Sﬁly a SyCIHI )<N '>{qexl,x } * iSQi <Nu > {qui }

i=l1 P

0 (5.96)

I-- -1 -- -S. - - +S. - +1- - +1- -
( ZUHOp y YOy, ZeyMHy Oy y YeHHyor , MMy Of o MMy, 05 ,
1
=> — I - — -5 — — _ —1 - —
(MXI ) +I“I“JZZ + IHI“JYY SHIHJZCJZ SHIHJYCJY + IZ“IHJ“)J,y IWIHJ‘”J,Z
S S 4 A - 4A S 4§ N'{ }
HiHyZorZ HiHyYery MMy ZerZeg HiMyYerYer MMy Ze @y y MMy @y . )< > qexl

n

+> (-1

i=1

+S (5.97)

A4S+l -s )N >{q }
Z“IQ:y HIZCIij y""’IQ:Z HIyCJsz v Ui

The distortion/tension-compression, the distortion/bending and the distortion/torsion uncoupling have
been thus ensured in the calculation of internal forces and stiffness matrix terms. The distortional
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warping degrees of freedom do not induce normal forces, shear forces (T, and T,), bending moment
(My and M,) or torsional resultants (My' and M,,). The tension-compression, bending and torsional
generalized forces do not derive from the terms u; describing the distortion.

Expressions 5.92 to 5.97 must be satisfied for any value of x, which implies that:

(5.92) = gsgi (u;)=0 (5.98)
n
(593) = Z],l[(nl {36 49x12 + 9){13 } + ZIzQi {uil } = 0 (599)
i=l1
1 n
(5.93) = Ly, I{—exn +40,, =303} + 21 i {uis}=0 (5.100)
i=1
(5.94) = Lo {39 — 40,1, + 0,3+ ;Iygi {uj}=0 (5.101)
1=
n
(594) => IY”I(DI L{ GXH + 49 36){[3 } + ZIyQI {ui3} =0 (5 102)
i=1
1 n
(5.95) = Sgay, + Sz Sz T 30 — 402 + 0 f+ gsgi’y {ui }=0 (5.103)
1 n
(5.95) = Spey, +Siz Sz )E{—exn +40,5, — 30,5} + ESQ{Y {u3}=0 (5.104)
1 n
(596) = (SHIO‘)I,Z - Sﬁ]y + S?Clgl )1{39 49 12 + 9X13} ESQi,Z {ull} = 0 (5 105)
(5.96) = gon, ~Siy +Ssem) T { O1 +40,15 — 30,5} + ngiﬂz {ui3}=0 (5.106)

Similar developments are done for equation (5.97).
By neglecting second order distortional warping (calculations similar to those in equation 5.30), (5.99,
5.100, 5.101 and 5.102) are reduced to (5.107 and 5.108).

§I o Ui =0 (5.107)
n

>1 u, =0 (5.108)
i

The stiffness matrix results from developing general equations (5.10). By combining the above
described orthogonality relationships (equations 5.95-5.108), the coupled terms in the stiffness matrix
are eliminated. The non zero terms of k obtained after this elimination are given in Appendix 7.

Kinematical equations (3.32, 3.33, 3.34 and 3.35) are added to the initial equilibrium system in order
to relate the degrees of freedom ‘u;” and to restrain the warping parameters to distortional warping.
Similarly to the case of torsional warping developments (§5.2.3), two methods can be used (the
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condensation technique and the method involving lagrange multipliers). The additional relations (5.95,
5.96 and 5.97) together with the relations resulting from the joint/distortional centers dependency
(2.76 and 2.77) are used in order to determine the values of p, yci, Zcr... The approach used in this
study for unbranched profiles consists in considering Sm unknowns (yci, Zc1, Wiycr, MiZcr, Wi [=1,...m)
to be calculated or condensed from five equations (5.95, 5.96, 5.97, 2.76 and 2.77). These five
equations are linear with respect to the five unknowns.

5.4.4 Applications on distortional warping

The performance and the convergence of the elastic beam finite element ‘FEM4’ including distortional
warping are shown by comparing the results with analytical computations using Takahashi model
[1978, 1980...] and numerical shell calculations. The Poisson coefficient is taken equal to zero in the
numerical shell computations that aim at validating the finite element ‘FEM4’ based on the
assumption HYPT4 (paragraph 2.3.3). In the first example, the distribution of rotations, normal
stresses and shear stresses associated with distortion are compared and discussed for a
monosymmetrical profile. The second example compares the flexural, torsional and distortional
behaviors exhibited by a beam submitted to a single transversal load applied at one corner of its
asymmetrical profile.

Example 1: Distortion of an open monosymmetrical profile

The distortional rotation and warping of a clamped-free beam with an open thin walled profile (four
polygonal segments [Ls = 0.08m] x [t = 0.001m]; Figure 5.40b) is prevented at the clamped end. At
the free end, the beam is submitted to two opposite horizontal loads of 100N (Figure 5.40a).
G=84GPa; E=210GPa.

t=0.001m

Figure 5.40 Clamped-free beam submitted to distortional loading

Problem definition

This profile, already analyzed by Takahashi (1978), presents a simple case of a monosymmetrical
profile with one distortional mode (associated with the joint 3). The distortional deformation of the
profile consists in the rotation of two rigid parts (left: 1-2-3 and right: 3-4-5) separated by the joint 3.
Since the two rigid parts are symmetrical with respect to the vertical axis passing through the joint 3,
the rotational angles are expected to have equal magnitude but opposite sign (u = -1). Due to
symmetry and to the alignment of the joint and the associated distortional centers (equation 2.77), the
distortional centers are expected to be situated on the horizontal axis passing through the joint 3. The
coordinates of the distortional centers are computed within the present finite element analyses by
applying equations (5.95-5.97). For uniform distortion without additional local plate bending (uniform
distribution of distortional moment along the beam length; distortional rotation prevented at one end
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with free warping), the computed location (figure 5.41b) coincides exactly with that found by
Takahashi (1978). Similarly to Vlassov computations, Takahashi warping function is assumed to be
the same for arbitrary loading and boundary conditions since it assumes zero warping shear stresses at
the contour (HYPT2 in §2.3.3). The position of the distortional centers, computed by Takahashi theory
(equations 3.36-3.39), depends only on the geometrical shape and dimensions of the profile. However,
in the present finite element analyses, the location of the distortional centers depends on the solution in
arbitrary loading cases and boundary conditions but is always found to be positioned on the horizontal
axis passing through node 3 for this monosymmetrical profile.

The distribution of M’ along the profile contour resulting from plate additional bending and defined
in §2.3.4 is given in figure 5.41la. The loading in figure 5.40a induces a distortional torque
M,; = -11.32N.m associated with the joint 3 and computed from equation 4.45.

0.048m 0.048m

Et’/4

3)

(1] (2] 4] (5]

Figure 5.41 (a): Stiffening effects (distribution of M’ along the profile contour). (b): Position of
distortional centers

Finite element calculations

Results with the finite element ‘FEM4’ developed in §5.5 are compared with analytical computations
(see also Mahieux 2003) with Takahashi theory and numerical results with shell elements (400
elements; figure 5.42) by using the software Samcef (Samtech s.a. 2002).

Figure 5.42 Meshing with Samcef shell finite elements
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Figure 5.43 (a): Distortional rotating angle distribution along the longitudinal axis (x); (b): Rotating
angle distribution along the contour coordinate (s) for x=2m

The diagram of the distortional angle along the longitudinal axis of the beam is first investigated. The
distortional rotation of the right part of the profile is plotted in figure 5.43a. For shell elements, a
rotation angle is calculated as the average of rotations of all the nodes that belong to the right part (s =
0.16-0.32m). The differences between shell results and the finite element analysis ‘FEM4° (with 20
elements) and Takahashi analytical solution for the maximal distortional rotation angle are 2.13% and
4.88% respectively. It is important to note that the assumption of rigid part rotations in beam theories
(Takahashi and FEM4) is relaxed in shell element analyzes.
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Figure 5.44 Normal stresses oy due to distortion of a monosymmetrical open profile for x = 1.5m

5-53



Figure (5.43b) shows that, for beam theories, the distortional angle is uniform in each part (left: s = 0-
0.16m; right : s = 0.16-0.32m) while, for shell results (continuous line), it varies slowly along each
part and drops sharply around the joint (s = 0.16m). In both cases, it is opposite in the left and right

parts due to the profile monosymmetry.

Figures 5.44 and 5.45 show the distributions of normal stresses (oy, 0s) at X = 1.5m. The beam finite
element results ‘FEM4’ are compared with analytical computations based on Takahashi theory and
with numerical results from Samcef shell analyzes. An excellent agreement was found.
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Figure 5.45 Local stresses o at the upper skin for x = 1.5m
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Figure 5.46 Shear t,; stresses due to distortion of a monosymmetrical open profile for x = 1.5m
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It is important to highlight that the distortional centers are prescribed as being those of a uniform
distorsional case —except for the results concerning warping shear stresses— In Takahashi beam
theory, the shear stresses are computed from normal stresses by using longitudinal equilibrium
equation. Similarly to Vlassov theory, they cannot be computed from kinematics by using Hooke law
since they would be equal to zero. However, in ‘FEM4’ analyzes, the zero midwall shear assumption
is relaxed and shear stresses are calculated from Hooke law for each transversal segment of the profile.
Figure 5.46 shows the distribution of contour warping shear stresses Ty at x = 1.5m by condensing the
location of the distortional centers. Since warping shear stresses T,s° have a parabolic shaped
distribution (Takakashi or Samcef results in figure 5.46), ‘FEM4’ results need refined discretization of
the contour by a finite number of nodes and segments (16 transversal segments are used for results
FEM4 16 in figure 5.46; 4 transversal segments are used for results FEM4 4). The curve
FEM4Prsc_16 (16 transversal segments) presents the erroneous warping shear stresses that would
appear if the distortional centers are prescribed as those of Takahashi. It is interesting to note that the
difference between prescribing (as being that of uniform distortion) and condensing the location of the
distorstional centers is found to be very small for the values of the distorsional angle and the normal
stresses.

Example 2: Distortion of an open asymmetrical profile

A clamped-free beam is considered with an asymmetrical open profile (Figure 5.47b; all the degrees of
freedom are constrained at the clamped end). The thickness is t = 0.00lm. The dimension of the
contour is given by the lengths of transversal segments: Ls;; = 0.06m; Ls;; = 0.15m; Ls;4 = 0.06m;
Lsss = 0.075m]. A horizontal load P = 100N acts at the free end (Figure 5.47a). G=84GPa; E=210GPa.

) LU

N

774

Cp'
1 2

12

y

(b)

Figure 5.47 (a) Clamped-free beam submitted to bending, torsion and distortion; (b) Position of
torsional and distortional centers

Problem definition

According to the approach proposed in this work, the behavior of the thin walled beam is evaluated as
being originated by four different cases (a + b + ¢ + d) induced by the applied load P (figure 5.49).
case a- A force Fy (-100N x cos24.11 = -91.279N), resulting from the projection of the load P on the
principal axis (y), captures the (xy) bending behavior. A uniform shear force Ty and a linear bending
moment Mz are distributed along the beam length.
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case b- A force Fz (-100N x sin24.11 = -40.844N), resulting from the projection of the load P on the
other principal axis (z), captures the (xz) bending behavior. A shear force Tz and a bending moment
My are uniformly and linearly distributed along the beam length respectively.

case c- A torsional torque Cx' (100N x 0.04002m = 4.002Nm), resulting from the product of the
intensity of the force vector and the radius distance from the center of rotation Cr to the point of
application of the load, captures the torsional behavior. A torsional moment (Mx) is uniformly
distributed along the beam while the restrained warping at the clambed end of the beam induces a non
uniform distribution of a torsional bimoment with respect to the longitudinal direction.

case d- A distortional ‘torque’ Cx" (100N x 0.05360m = 5.36Nm) resulting from the product of the
intensity of the load P and the radius distance from the center of right rotation Cp' to the point of
application of the load. Similarly to the case (c) related to torsion, a distortional moment and a
distortional bimoment are uniformly and non uniformly distributed along the beam length.

The distortional mode considered hereby is associated with the joint 3. The distortional deformation of
the profile involves the rotation of two rigid parts (0p' for the left rigid part: 1-2-3 and 0y for the right
rigid part: 3-4-5) around the respective distortional centers Cp' and Cp'). Since the profile is not
symmetrical, the rotating angles are not the same (6p' = pfp; p # -1). The distribution of M%
(resulting from plate stiffening effects) along the profile contour is given in figure 5.48.

37.24Nm/m

Figure 5.48 Distribution of M®,; along the profile contour

BP =37.313N

AP =137.313N YL
oP =137.313N

(atbtc) (d)

yP=137.313N

Figure 5.49 Separating distortional loading cases (d) from the bending/torsional loading case (atb+c)
for the case of loading in figure 5.47a

Figure 5.49 presents the distortional case (d) when uncoupled from the well known bending/torsional
cases (atb+c). For the distortional configuration d, the applied load P is divided into two forces (yP)
and (AP) acting respectively on the left and right parts of the cross section. The coefficients y and A are
computed by setting that the flexural and torsional resultants are equal to zero (yP + AP =0) while the
distortional moment is equivalent to that of the initial configuration resulting from the applied load
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P(p dp' yP+ dp’ AP = dp"P). dp' and dp" are the radius distances from the center of left rotation Cp' and
the center of right rotation Cp' to the point of application of loads acting on the right part and the left
part respectively. The flexural torsional configuration (a+b+c) is determined by setting that the
flexural and torsional resultants are those of the applied load P (aP + BP = P) and that the distortional
moment p dp' oP + dp" PP = 0) is equal to zero. This way of decomposing the forces in not single and
is presented hereby for the purpose of enhancing the understanding of the problem definition.

The coordinates of the torsional and distortional centers and the value of the distortional ratio are
computed within the present finite element analyses by using equations (5.34-5.35) & (5.95-5.97).
They are found to coincide exactly with those of Vlassov and Takahashi theories in the cases of
uniform torsion and uniform distortion without including the additional local plate bending (uniform
distribution of torsional and distortional moment along the beam length; torsional and distortional
rotation prevented at one end with free warping). As previously discussed, this is due to the fact that
Vlassov and Takahashi warping functions assume zero warping shear stresses at the contour (HYPV2
in § 2.2.3.1 for torsion & HYPT2 in §2.3.3 for distortion).

Finite element calculations involving distortion

Results with the finite element ‘FEM4’ are compared with analytical computations with Takahashi
theory and simulations with shell elements (7000 elts; figure 5.50) by using the software Samcef
(Samtech s.a. 2002).

Figure 5.50 Meshing with Samcef shell finite elements

The distribution of the distortional angle 6p" along the longitudinal axis of the beam is plotted in figure
5.51. The differences between shell results and the finite element analysis ‘FEM4’ (with 20 elements)
and analytical solutions with Takahashi formulation for the maximal distortional rotation angle are
respectively 0.75% and 2.245% for the right part rotation.

Figure 5.52 compares the distribution of the rotating angle along the contour coordinate (s) at the end
of the beam. The local effects captured in shell simulations and not considered in Takahashi and
FEM4 calculations are shown to be more important in the left part (the differences between shell
results and FEM4 and Takahashi solutions are 14.69% and 13.3% respectively).
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Figure 5.51 Distribution of the distortional rotating angle along the beam length (x)
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Figure 5.52 Rotating angle (torsion+distortion) distribution along the contour coordinate (s) for x=2m

In this example, a very good agreement is found between the results of the proposed theory and those
resulting from a complete shell analysis. The distortional behavior is shown to be important since, in
this simple example, the distortional rotation (0.029rad) is not negligible if compared with the
torsional rotation (0.040rad).

Figure 5.53a shows the distributions of normal stresses (o) resulting from the distortional mode at x =
1.5m. The beam finite element results (FEM with 20elements) are compared (figure 5.53b) with
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numerical results from Samcef shell analyzes and with analytical computations based on Takahashi
theory for distorsion. The contribution of each loading cases (a, b, ¢ & d) in the total value of normal
stresses for this example is shown in table 5.7. The distortional behavior in this example is very
important and neglecting it leads to erroneous results. For the transversal node 5 (s = 0.345m), the
distortional contribution in normal stresses is equal to 2.9 times that of bending and 3.3 times that of
torsion.
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Figure 5.53 Normal stresses for x = 1.5m resulting from (a) distortion only; (b) bending, torsion and
distortion
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Table 5.7 Normal stresses [Pa] of different loading cases

siloading case a b c d
(xv) bending (x2) bending torsion distortion
0 3,847,393.64 -3,808,521.25 9.877,579.22 -4,615,217.35
0.6 2,956,705.64 2,568,510.51 -4.432 300.53 -1,177,381.73
0.21 -2,027,070.50 -4,565,335.31 191,409.80 5,127.502.35
0.27 -2,919.214.48 1,811,696.44 -234,833.07 -12,096,150.68
0.345 -427.326.41 5,378,037.19 4,395,130.21 14,404,655.36
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Figure 5.54 shear stresses for x = 1.5m resulting from (a) distortion only; (b) bending, torsion and

distortion
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Similarly to the previous example, the results —except those concerning warping shear stresses— are
done by prescribing the torsional center, the distortional centers and the distortional ratio as being
those of a uniform torsional and distorsional case.

Figure 5.54a shows the distribution of distortional warping shear stresses T4s at x = 1.5m by
condensing the location of the distortional centers and the value of the distortional ratio. Since warping
shear stresses T," have a parabolic shaped distribution, ‘FEM4” results need refined discretization of
the contour by a finite number of nodes and segments (12 transversal segments are used for results
FEM4 12 in figure 5.54a...). For Vlassov and Takahashi theories, the shear stresses are computed
from normal stresses by using the longitudinal equilibrium equation. The curve FEMPrsc 16 (with 16
transversal segments) presents the erroneous warping shear stresses that would result if the location of
the distortional centers is prescribed as being that of a uniform distorsional case. Once again, the
difference between prescribing and condensing the location of the distortional centers is found to be
very small for the values of the distorsional angle and the normal stresses.

The distance GCr (in figure 5.47b) between the torsional center Crand the centroid G and the distance
GCp' (in figure 5.47b) between the left distorsional center Cp' and the centroid G are found to vary
along the longitudinal axis of the beam. The values associated with the uniform torsional (GCr =
0.0718m) and uniform distortional cases (GCp' = 0.066m) are taken as the reference value in order to
compute the differences computed for GCr and GCp' along the beam length. These differences are
maximal at the clamped end for which non uniform torsional and distortional effects are dominant
when compared to the uniform torsional and distortional effects. These differences are plotted in figure
5.55.
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Figure 5.55 Curve FEM2 16: difference for the distance between the centroid and the torsional center;
curve FEM4 16: difference for the distance between the centroid and the left distortional center
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5.5 Non linear element for buckling analyses

5.5.1 Step by step solution

When the relation between the displacement field and the applied forces is non linear, the solution
requires a linearization process and robust numerical algorithms. The non linear problem is
transformed into a set of linear problems that follow the evolution of a configuration. The solution
follows the equilibrium path in a step by step procedure. The aim is to evaluate equilibrium positions
at successive discrete states.

At each step, the equilibrium of the structure must be satisfied and the values of the kinematic and
static variables must be determined. This is repeated until the complete solution path has been
obtained.

The equilibrium of any deformed configuration is expressed by the virtual work principle. Two forms
are given in Appendix 2. The updated lagrangian description is used hereby so that the reference
configuration is the last known equilibrium configuration C' of the structure. The virtual work
principle expressed in the current configuration as reference is given by (5.109). Similar developments
can be done for any other description.

*

{R}=[ejo,dv—[f,udv—[fu/da=0 (5.109)
v v a

Vi1 ar1

If the current configuration is out of equilibrium, {R} does not vanish and is called the vector of
residuals or vector of out-of-balances forces.

All the variables, coordinates, displacements and stresses are known in C' and are supposed to satisfy
(5.109). In order to determine the solution process for the next step (next configuration C™"), an
approximation must be taken for the coordinates of points in C'*'. The computed stresses depend on
the path chosen between the two configurations as well as on the integration scheme along this path.
Since approximations are done during this process, the stresses will not be in equilibrium with the
applied forces and the out of balance forces will not be equal to zero. It is then necessary to search for
another configuration that will be closer to equilibrium. An iterative procedure is needed to correct the
coordinates and to reach an acceptable configuration closer to equilibrium.

5.5.2 Updated lagrangian formulation

Let {dx} be the vector of nodal coordinate increments. The corresponding increment of the out of
balance forces {dR} is related to {dx} by:

{dR} = [Kr] {dx} (5.110)

where [Kr] is the tangent stiffness matrix defined as the derivative of {R} (5.109) with respect to x. Its
expression can be obtained by differentiating (5.109). The differential is in general not simple since
the configuration is changing.

To simplify the developments, body forces are only considered in order to shorten the notations.
Similar developments can be done for the surface forces. The change in virtual work is expressed
between two very close configurations C' and C™*'. u; are the unknown increments in the displacements
occurring between situation i and situation i+1 at which the two configurations C' and C"' are in
equilibrium. V is the volume in C". F is the incremental applied force assumed to be a deformation
independent loading: the load is not affected by a perturbation of the coordinates of C'. The value of df
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which represents the perturbation of the applied loads induced by dx vanishes since the loading is
conservative.

In the unknown configuration C'', the applied forces, stresses and strains are not known and thus the
virtual work is written by taking the known configuration C' as reference (see Appendix 8, equation
A8.24):

{R}=[E;S;dV—[uF;dV =0
\% \%

[E;S;dV = [uFdv (5.111)
\% \'%

The linear part of the Ej; Green strain tensor is found to be the infinitesimal strain:

. zl(%+%J (5.112)

Y 2 aXJ 5Xi

The incremental strain, stress and applied force decompositions are:

ou
Uzl ou;  Ouj  duy Ouy ey teg (5.113)
2 6XJ aXi 6Xi GXJ
Sij :Gij +Asij (5114)
e _ 1| duy duy (5.115)
2 aXi axj

In (5.114) the unknown PK2 stress tensor components S;; are decomposed into two parts: one part
known at the situation C' (o) and an unknown increment (As;). F; are the body forces of the situation
C™'measured in C'.

For a hyperelastic material (Appendix 0), in case of large displacements but small strain, the second
Piola Kirchhoff stress tensor is computed from:

dsij = dijkldEkl (5.116)

where djjq is the stress-strain tensor at the configuration C'. In practice, djj are constant components of
elastic tensor defined in a manner similar to the small deformation ones.

Since C*'and C' are very close configurations, the application of (5.116) can be approximated by [see
also De Ville 1990 page 5.36...]:

Asji =djqEy (5.117)

By using (5.117), (5.113) and (5.114), equation (5.111) can be written as:

[ EjdijqEndV +] ejodV +[ gi0:dV = [u;F,dV (5.118)
\Y% \Y \Y \Y%
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This represents a non linear equation for the incremental displacements u; and thus cannot be directly
solved. In order to linearize the equilibrium equations, approximate solutions will be obtained by
assuming that:

E; =& (5.119)

By using the approximation (5.119), the non linear term e;Asij which is a higher order term in u; will

be dropped and the following incremental constitutive equation will be used:

As = djjen (5.120)
Thus, the approximate equilibrium equation to be solved is:

.[ gijdjjadV +.[ eodV :f u; FdV - ,[ gj05dV (5.121)
\Y \Y \% \Y

Due to the non-linearities of the system, linearization will not give an exact solution and iterations
may be required within each loading step to approach the exact solution of (5.111).

5.5.3 Discretized equilibrium equations

Since no analytical solution exists for any arbitrary geometry, loading and boundary conditions,
numerical buckling calculations are developed with the finite element method. The finite element
‘FEM2’ based on Timoshenko model for bending and including torsional warping effects is developed
for buckling analyses.

As introduced in paragraph 5.2.2, the displacement field is interpolated by:

vq |=[nlial (5.122)

where {q} is the nodal displacement vector with respect to a cartesian reference base, and [77] is given

by (5.15).

As it was already noted, the virtual work principle is discretized by using the actualized lagrangian
description with C' as reference. Similar developments can be done with any other description.

Under matrix form, the first term of equation (5.121) can be written as in linear elastic calculations
(5.10) as follows:

{a}' { ! (|:BL:|T [H][BLJ)dV}{Sq} (5.123)

K, = .[[BLT[H][BL]dV (5.124)
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For the second term of (5.121), identically, a matrix form can be established (see also Proki¢1996).
The second term can then be expressed as follows:

fa}' {i (|:BNL:|T [0-]|:BNL:|)dV}{6q} (5.125)

Ky = [BNLT [o][Bxe ]aV (5.126)

where [ o ] is the Cauchy matrix.

o, 0 0 7, 0 7, O
0 oo 0 O Tyy 0 7,
0 0 o,b 0 0 0 O
[0]: Tyy o 0 0 o0 o0 o (5.127)
0 0 Tyy 0O 0 0 O
i, 0 0 0 0 0 O
_O i, 0 0 0 O 0_
i 0 0
Ox
0 i 0
[5).4
0 0 i
[5).4
0
B =l— 0 0 5.128
[Bne ] By {n} ( )
0 0 i
oy
i 0 0
0z
0 i 0
L oz J

B is a matrix relating the deformations to the nodal displacements.

By denoting the tangent matrix Kt with K; + Kyp =Kr, the equilibrium equations can be written with a
weak form by using the actualized lagrangian configuration as follows:

[ Ki] {q} = {R}-{F} (5.129)

{F} includes the finite element evaluation of internal forces:

(F}=] [BLT[G]dV (5.130)

v

{R} is the finite element evaluation of applied loads as in paragraph 5.2.4.
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5.5.4 Tangent Stiffness matrix calculation

The displacement at any point is deduced from the 6+n degrees of freedom as follows:

— 00, + X0y 20 (x)
Uq uy| |70y |0, [ 1
Vg =90 ¢+40 +4V +3—=(z—2¢)0, (5.131)
Wq 0 w 0 (y-ve)bs

The interpolation functions are used and the calculation of By is based on the following calculations:

—o(N"){q, }+ X0 (v.2) (N, )a, }
u, <N{1>{qu0} Z<NI>{qey} _y<N'>{qu} _(Z_ZC)<N’>{qe }
Vx 0 0 <N'>{qv} — ! \
wol o (NYa,) | o ovoiNlie, 1
u, =10 +10 #1=(N)Ma, b f+i-0,(N)a, 1+ 20, (v.2)(N, )a, }
w 0 0 0 ‘ )
u,;y 0 (N') {qey b 0 W) ) .
i 0 0 0 -0, <N,>{qe }+ZQ721(y,Z)<Nu>{qui}
~(N){a, }
(5.132)
() o) 2(N) ~y(N) @'(Ny) |
<N’> —(Z—ZC)<N'>
(N} (y=y)(N)
By~ o, (N') -N Q' (N,) (5.133)
(N) |
0, (N} (N) QL (Ny)
I -(N) ]
[N |
{N'}
N}
B '=| 0N} 2=z ){N'} (y-y){N} o {N'} {N} -0, {N'} —{N} (5.134)
z{N'} {N}
-y{N'} -IN} |
o'fy) o Ny LN
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5.5.5 Solution procedures

The incremental iterative technique, implemented for solving the nonlinear system of equations
(5.129), combines the Newton Raphson method with the constant arc length of incremental
displacements. It assumes that the solution is known at an initial discrete step (t), and iterations are
performed to calculate the (t+1) equilibrium configuration by considering the equilibrium between the
exterior load forces and the nodal interior forces (equivalent to stresses in the element). Critical loads
are calculated by taking into consideration that the structure, already in equilibrium, reaches instability
if there is more than one equilibrium position for the same loading level. The criterion to determine
this buckling state is the singularity of the tangent stiffness matrix [Kr] of the structure. This solution
procedure is fully described in Appendix A9.

5.5.6 Applications to buckling problems of thin walled structures

The influence of non uniform torsional warping on the flexural torsional buckling of elastic thin
walled structures is analyzed and discussed by comparing different kinematical formulations. The
proposed warping function offers the advantage of automatic data generation and geometrical
characteristic computations of arbitrary asymmetric cross sections. The 3D nonlinear finite element
beam model, based on developments in paragraphs 5.5.3 & 5.5.4, is validated for various profile
geometries and loading cases by comparison with existing analytical solutions. The following
numerical examples involve the minimal discretisation required for the geometrical description of the
contour profile: 4 transversal nodes and 4 transversal segments are required for a rectangular tubular
profile, 6 nodes and 5 segments are required for an I profile... Besides, the shear center is prescribed to
be that of uniform torsion (as in Vlassov or Benscoter computations).

Example 1: Plane frame flexural buckling

The first example illustrates the plane flexural buckling of a portal frame (Figure 5.56a). The columns
and the beam of the frame are identical and the closed cross section is given in figure 5.56b.
E =210GPa, G = 80GPa.
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Figure 5.56 Buckling of a frame consisting of members with closed cross section

The frame buckles first in a sway mode in bending. The difference between the finite element results
and the solution given by Timoshenko (1961) is shown in Figure 5.56c. The numerical value of the

5-67



first critical load converges to the value given by the analytical solution of Timoshenko (P, = 652N)
when the total number of elements increases.

Example 2: Pure torsional buckling of a column
A column with a cruciform section submitted to an axial load is considered (Figure 5.57). The
thickness of the walls is t = 4mm. L = 1m, G = 80.8GPa, E = 210GPa.
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Figure 5.57 Torsional buckling of a column with cruciform cross section

According to Vlassov theory, this kind of cross section does not warp. The theoretical torsional
Eulerian buckling load is 258398N. To initiate the torsional buckling of the column, a small
perturbation is needed in the finite element analysis; this is introduced by applying a small torsional
moment M, at mid height of the column. Figure 5.57 gives the relationship between the axial load and
the angle of twist at mid height for increasing values of P and M. The horizontal line @ is the critical
load 258398N. The curves represent the geometrical non-linear variation of the angle of twist at mid
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height for different values of the ratio M,/P: M,/P = 5.107 m for the curve®, 15.10'm for®, 5.10°m
for® and 15.10° m for®. The relationship between the load and the angle of twist is obviously
influenced by the magnitude of the applied torsional perturbation, but all curves reach asymptotically
the level of the elastic buckling load corresponding to pure torsional buckling.

Example 3: Flexural torsional buckling of a column
A column with an open monosymmetric cross section is submitted to an axial load passing through the
centroid (Figure 5.58): L = 20m, E = 210GPa, G = 80GPa.

P | 0m |
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t,=0.01lm
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Figure 5.58 A column with open monosymmetric cross section
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Figure 5.59 Buckling analysis of a column with open monosymmetric cross section

Numerical results are compared with two analytical solutions. The first one is based on Vlassov theory
for columns with open cross sections and the second is based on the proposed warping function. The
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non linear buckling equations are developed from a state of combined torsion, bending and axial
compression. They are obtained from general equilibrium equations written for the deformed beam or
column. The solution is given by taking into consideration the boundary conditions.

The first critical load is computed by using Vlassov theory. The analytical result (P, = 102223N) is
then compared with the one based on Proki¢ warping function. The two analytical calculations give
similar results with a difference of 0.0001%. The difference between the finite element solution and
the reference value based on Vlassov theory is illustrated in Figure 5.59.

0,

10 4=+ = == == e e e - - -

15

Number of elements

2 'mmm ®m mm ® mEE ® ¥ ® ®E B =2 ® = EE = = ]
0.E+00 2.E+06 4 E+06 6.E+06 8.E+06 1.LE+07

Critical loads [N]

Figure 5.60 Critical loads for the centrally loaded column (figure 5.58)

In a general flexural torsional buckling of a beam-column, the (xy) bending modes, the (xz) bending
modes and the twisting modes are coupled. The first-order theory gives three homogeneous equations
and represents an eigenvalue problem. When, the shear center (C) and the centroid (G) coincide, the
equations are uncoupled and the solution gives a discrete set of buckling modes. The lowest critical
load is, in general, of practical significance. When C and G do not coincide (examples 1 and 2),
buckling involves simultaneously torsion and bending, and the critical load is lower than if torsional
effects are ignored.

Numerically, when the number of finite elements increases, the number of detected critical loads
increases. Figure 5.60 shows the critical values obtained for the same example (figure 5.58) up to
10MN. The squares along the horizontal axis of figure 5.60 represent the reference values of the
buckling loads (based on Vlassov theory). The other sets of values correspond to buckling loads
detected by finite element analyses with increasing number of elements (1, 2, 10, 16 and 20 elements).
For one element, there are only three critical values when the applied load P increases from zero to
10MN. For two elements, the numerical values of buckling loads are improved and other critical loads
appear and so on... Each critical value converges to the reference solution when the number of
elements increases.

5-70



Example 4: Lateral torsional beam buckling
An I beam (Figure 5.61) is loaded by two couples at its ends and is therefore submitted to uniform
bending. L = 20m, E = 300GPa, G = 99.5GPa. The critical value of the bending moment
corresponding to the lateral torsional buckling is computed analytically by using Vlassov warping
function (M., = 6262.26Nm). Figure 5.61b shows how the numerical solution converges to the
reference solution based on Vlassov theory.
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Figure 5.61 Lateral torsional buckling of an I beam

Example 5: Buckling of a one-celled monosymmetrical cross section

A column (Figure 5.62a) submitted to an axial load and a beam (Figure 5.62b) submitted to uniform
bending are considered. The cross section (Figure 5.62c) consists of one cell and two walls. L = 20m,
E =206GPa, G = 82.4GPa. The analytical solution of this problem was already presented in paragraph
44.7.
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Figure 5.62 Flexural torsional and lateral torsional bukcling of an I beam with one cell
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For the first case (figure 5.62a), the lowest critical load is a coupling of flexural and torsional
buckling. The difference between the analytical value (161kN; see table 4.2) and the present finite
element solution is 21.53% for a two finite element discretization and 0.79% for a ten finite element
discretisation.

In the second case, the beam (Figure 5.62b) is subjected to a uniform plane bending that induces
compression in the thin walled cell and traction in the bottom flange. In this case of lateral torsional
buckling, the differences between the present finite element and the analytical calculations (528Nm;
see table 4.2) is 8.82% for a two finite element discretization and 1.01% for a ten finite element
discretisation.

Example 6: Buckling of columns with different cross sections
A column with two different cross sections (1) and (2) is submitted to an axial load P (Figure 5.63b).
The thickness is constant and equal to 20mm, E = 200 GPa, G = 80 GPa, L;= 6m, and L, = 14m.
Two cases are considered:
- two thin rectangular profiles as in figure 5.63a,
- Tand U profiles as in figure 5.63c.
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Figure 5.63 A column (b) with two cases of a change in the cross sectional geometry: case (a) and case

(©)

For the first case, a method for estimating theoretically the Eulerian flexural buckling load of such a
column with different cross sections can be found in (Timoshenko 1961); the value obtained for the
critical load is 200.3N. Other solutions (table 5.8) give higher values since they derive from energy
methods. By performing an Eulerian stability analysis with shell elements (Samcef; Samtech s.a.
2002), P.; is equal to 201.2N. The Eulerian stability analysis with Samcef beam elements (that include
Saint Venant torsional theory) gives also an acceptable solution since the contour warping vanishes for
the thin rectangular profiles. The buckling load obtained by a buckling analysis with 20 present beam
elements is P.,= 201.4N.

5-72



Table 5.8 Flexural buckling loads

Pcr [N]
Timoshenko, exact method 200.3
Timoshenko, approximated method  (202.0
Samcef beam, 50 elts 201.9
Samcef shell, 1840 elts 201.2
Present beam finite element, 20 elts  |201.4

For the second case (with the cross sections I and U given in Figure 5.63c), the difference between the
values of the first critical load found by an analysis with shell elements (880 elements, P, = 65.64kN)
and the present finite element analysis (20 beam elements) is 0.4%.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the previously stated objectives are shown to be met within the presented work. A
summary of the principal key points of the thesis is followed by a general discussion of the results.
The main achievements and conclusions of the work are provided. Several areas of further research
that could complete the work presented in this dissertation are suggested.

6.1 Objectives

This thesis has investigated the behavior of thin walled 3D beam structures with arbitrary profiles. The
main objectives have been:

- a detailed understanding of mechanical behaviors such as non uniform torsion, shear bending
and distortion,

- the elaboration of an efficient theoretical formulation and the implementation of the associate
finite element model in order to analyze:

uniform and non uniform torsion
bending shear effects
distortion
of thin walled beams by using a single warping function for:
a broad variety of cross sectional shapes comprising multiple branches and cells
asymmetrical profiles where the shear center does not coincide with the centroid

partial transmissions of warping in beam assemblies...

6.2 Complexity

Thin walled beams are usually cold formed from flat strips or welded from thin plates, resulting in a
wide variety of cross sectional shapes and forms. Their behavior is poorly described by elementary
formulations for which the mechanical components are reduced to stretching, bending and uniform
torsion. In practical applications, large shear strains and stresses are exhibited. A significant non
uniform warping arises from restrained supports and from general non uniform distributions of shear
forces, torsional moments, torsional bimoments or other resultants associated with the in-plane
deformation of the entire cross section, and called within this dissertation distortional moments and
bimoments.

The representation of these important effects in structural applications was a big challenge:
approaching the intricate problem by a simplified and ‘computationally manageable’ formulation.
Several complex mechanical aspects had to be taken into consideration in order to obtain an accurate
representation of the real structural behavior.
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6.3 Research topics

The reviewed research that describes the main topics concerned with the present work was presented
in the first part of the dissertation ‘Overview’.

In chapter 1, some basic assumptions and computations were surveyed for thin walled beam analyses.
The complexity of the relevant computational schemes was highlighted and the present work was
positioned by comparison with published literature. Even at the early stage of bibliographical work,
difficulties arose from abundant and diversified literature concerning the subject, lack of early
publications or translations, unclear correlations between approximations and conclusions, missing
links or justifications...

The objective of improving the understanding of the mechanical components of existing thin walled
beam theories was met in Chapter 2. The concept and history of main theories have been discussed in
order to improve the understanding of the mechanical behavior and to prepare the theoretical and
numerical developments presented in parts II and III.

The performance of any beam method for the calculation of shear bending effects was shown to
depend closely on adequate correction factors. The shear correction factor in Timoshenko formulation
was found to depend on the geometrical aspect of the cross section, and particularly whether the
profile does comprise or does not closed cells. In the kinematical description of the displacement field
in high order bending shear theories, some coefficients were found to depend on the geometrical shape
of the cross section.

Some remarks and results have been correlated with the undertaken assumptions: torsional shear
stresses found to be zero when computed from Vlassov kinematics, Vlassov warping function
inadmissible for closed profiles, erroneous torsional moments when computed as internal resultants of
stresses resulting from Benscoter kinematics, influence of the thickness warping function, deducing
the thickness warping from the normality assumption of thin plates, limitations of Proki¢ analyses
concerning the torsional behavior of monosymmetrical and asymmetrical profiles... The mechanical
interpretation of some assumptions, approximations and relations has been improved: identifying the
distortional behavior as located somewhere between local and global classifications, selecting ‘global’
distortional modes, computing local plate bending due to the membrane stiffening, describing the bi-
rotation of ‘hinged’ profile frame, calculating the coordinates of the distortional centers, evaluating the
distortional centers and joints dependency...

A brief presentation of elastic buckling of beams and columns was followed by analytical
developments using Benscoter warping function for the calculations of flexural-torsional and lateral-
torsional buckling in the case of a multi-branched profile comprising a closed cell.

6.4 Methodologies

Based on the knowledge and the in depth assessments of Chapter 2, a unified approach with a single
warping function has been formulated in this work in order to compute the response of thin walled
beams with arbitrary profiles. Starting from Proki¢ work, the contour warping was represented by a
linear combination of longitudinal displacements at cross sectional nodes. The expression (XQ' u)),
involving a sum of variables with constant ‘coefficients’ placed in front of each, allows a separation
between:

- the variables ‘v’ which are longitudinal displacements varying with the longitudinal beam

coordinate (x);

and
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- the functions ‘Q"” which are constant with respect to x and linear with respect to the cross
sectional contour coordinate (s).
This warping function, presented in Chapter 3, is very general since —unlike Vlassov, Benscoter,
Takahashi warping functions or high-order bending theories— its qualitative distribution over a cross
section is not predetermined or associated with a specific problem (e.g. torsional, distortional, shear
bending...). One of the main achievements of this thesis was to develop adequate enhancements of
this general warping function in order to qualitatively and quantitatively reflect and capture the nature
of mechanical behaviors. Specific constraints linked to different mechanical effects had to be
introduced at both kinematical and equilibrium levels.
At the kinematical level, constraints have been prescribed in order to dedicate the general expression
Q' u)) to a specific mechanical warping (torsional, distortional or bending shear). These constraints,
developed in Chapter 3, concern the expression of the displacement field. They are found by linking
the warping degrees of freedom to one specific physical sub-problem and by decoupling this problem
from the other stretching, bending, torsional and/or distortional terms. The satisfaction of these
kinematical relations resulted in a twofold uncoupling at the level of the virtual work principle and the
resulting equilibrium equations:
(1) the dependency of normal forces and bending moments on torsional and distortional
warping degrees of freedom was relaxed;
(i))the contribution of stretching and bending rotational degrees of freedom —when not
involved in warping— in the computation of bimoments and warping resultants disappeared.
At the equilibrium level, additional relations were formulated in order to eliminate similar twofold
dependencies:
(1) bending shear forces from torsional and distortional degrees of freedom; torsional moment
from distortional warping degrees of freedom...;
(ii)torsional and distortional moments and bimoments from bending degrees of freedom and
so on...
Other requirements —such as the no shear boundary condition in bending, the dependency between
distortional joint and centers...— contributed to the definition of the mechanical problem. In order to
capture the physical problem, all the previously described constraints —most were already used in the
uncoupling process— have been re-introduced in the proposed formulation according to the following
classification:

— those involving undetermined torsional and distortional characteristics have been used in order
to condense and evaluate these unknowns (coordinates of the torsional center, coordinates of
the distortional centers, distortional rotation ratio);

— those driven at the stage of the displacement field description have been added to the
equilibrium equations in order to identify the nature of warping represented by the additional
degrees of freedom u;.

6.5 Result summary and discussion

The building of a robust method that efficiently captures many complex physical behaviors has been a
cautious and tedious task. Simple techniques of identifying, superposing and decoupling the different
mechanical components constituted a crucial key of success for the developing process. The ability of
the proposed model to capture the response of thin-walled beam structures was assessed under various
loading cases by developing analytical formulations for simple problems (chapter 4) and finite element
models for complete 3D beam structures (chapter 5). The results may be discussed in five different
categories: (i) torsional behavior, (ii) flexural behavior, (iii) distortional behavior, (iv) buckling and (v)
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discussion on the general concept and suitability of warping functions and location of torsional and
distorsional centers.

6.5.1 The torsional behavior

The first developments handled the torsional behavior of thin walled beams. A 2-node beam element
(FEM1) included the normality assumption (Bernoulli theory) for bending and related n warping
degrees of freedom —where n is the number of transversal nodes of the beam element profile— to the
torsional behavior. This finite element model is based on a linear polynomial interpolation of torsional
rotations and warping degrees of freedom. Exact solutions were found with minimum finite element
discretization for the following cases of uniform torsion, i.e.:

- the case of a uniform variation of warping and of torsional moment distribution along the beam

length;
- the case of arbitrary loading and boundary conditions for particular thin profiles with zero
warping (e.g. those presenting radial symmetry...).

However, for the remaining cases, the influence of non uniform torsional effects was not captured
accurately since the exact solution consists in an exponential-varying torsional rotation and warping
along the longitudinal beam. Numerical examples in Chapter 5 showed that ‘FEM1’ gave acceptable
results in the case of minor non uniform torsional effects and behaved rather poorly in the case of
strong non uniform torsional effects. This motivated the implementation of a 3-node beam element
(FEM2) by applying linear interpolation functions for longitudinal displacements and quadratic shape
functions for the other degrees of freedom. The resulting finite element is based kinematically on
Timoshenko model for shear bending and on relating the warping degrees of freedom to non uniform
torsional effects.
A wide variety of beam structures with different profile geometries was analyzed for various loading
cases. The torsional rotation, the amount of warping as well as normal and shear stresses were
computed. The numerical examples of Chapter 5 showed an excellent agreement with analytical
computations including Vlassov theory for open profiles and Benscoter theory for closed profiles, with
shell finite element simulations in Samcef (Sametch s.a.) and with some published results from the
literature. The accuracy of ‘FEM2’ was shown to depend on the finite element discretization that aims
at approaching the exponential —with respect to the longitudinal axis x— nature of the response by
polynomial functions. It could be concluded that, for a standard beam member, a discretization with
ten elements gives reasonable accuracy while a twenty element discretization gives an excellent
agreement. Similarly to other contributions, warping restraints were found to have a strong impact on
the beam response. Partial or full warping restraints were shown to stiffen significantly the torsional
behavior of beam structures, particularly for open profiles exhibiting an important non uniform
torsional behavior. The accuracy was also assessed in the case of beam assemblies with different
shaped profiles where the connection type determines the nature of the warping transmission. The
discontinuity of warping at the assembly point was found to influence strongly the beam response.

6.5.2 The flexural behavior

The 2-node finite element ‘FEM1’ with Hermitian cubic shape functions gave —as expected and well
known in the literature— the exact solution of Bernoulli. The assumption of Bernoulli theory was
shown to be unacceptable in some cases, especially for short beams with high and thin profiles. The 3-
node finite element, based on Timoshenko, has been modified by a reduced integration scheme for the
stiffness terms associated with shear bending effects in order to avoid the shear locking problem.
Exact solutions were found in the cases of linear and quadratic distributions of bending moment. The
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shear correction factor was also introduced. The resulting modified ‘FEM2’ gave an excellent
agreement with the modified Timoshenko analytical solution under uniformly distributed applied
loads.

The necessity of an automatic and unified computational method of the shear correction factor
constituted an additional motivation for adapting the present warping function to bending shear
warping effects. Full developments (FEM3) aimed therefore at capturing the influence of warping due
to shear bending. The effects of shear deformation on the beam deflection were evaluated for different
profile forms and dimensions: rectangular cross sections with different height/width ratios, an open
asymmetrical profile with many branches, a high thin profile comprising closed cells. It was concluded
that the benefit of including shear bending warping in order to predict the displacements of a structure
is marginal when compared to the benefit of including torsional warping. The accuracy gained in
computing torsional warping, when compared to the Saint Venant solution, was found to be much
more important than the accuracy gained in computing bending shear warping, when compared to the
modified Timoshenko solution. As a result, it was suggested to keep the modified 3-node element
‘FEM2’ for the general analysis of 3D beam structures and to apply the developments including
bending shear warping effects for the calculation of the shear correction factor only. Since the
proposed warping function allows automatic and accurate computations for arbitrary profiles, ‘FEM3’
was included as a ‘black box’ in ‘FEM2’ in order to compute the shear correction factor before
analyzing the flexural behavior of a 3D beam structure with the modified Timoshenko model.

6.5.3 The distortional behavior

Additional developments involved the distortional behavior of thin walled profiles. The kinematics of
this work (and particularly the general warping function Q' u;) was adapted and introduced in a finite
element model (FEM4) in order to capture the response of a structure exhibiting one mode of
distortional behavior. The mechanical nature of profile distortions was defined and described in an
approach similar to that currently used by Takahashi. Important similarities have been identified
between the distortional theory and the torsional theory with uniform and non uniform effects. The
torsional mode was found to be a particular mode of the distortional modes. The cross sectional
distortion was identified as being induced by particular external loads which are statically equivalent
to zero. The resulting stresses attenuate very slowly along the length of the beam. The location of
distortional centers and the distortional rotational ratio were determined. An excellent agreement was
found between ‘FEM4’ results and other results involving Takahashi analytical beam theory and
numerical shell computations using the commercial code Samcef for the distortional rotation, normal
and shear stresses distributions. The influence of the distortion on the stresses, usually ignored in thin-
walled beam designs, was shown to be important when compared to bending and torsion even in
simple loading cases (e.g. second example in paragraph 5.4.4).

6.5.4 Buckling

A non linear finite element based on the updated lagrangian formulation was developed by including
Timoshenko kinematics and torsional warping degrees of freedom for 3D thin walled beam structures.
An incremental iterative method using the arc length and the Newton-Raphson methods were used to
solve the non linear problem. The resulting non linear finite element model was validated for beams,
columns and frames submitted to various loading cases. Numerical computations of critical loads were
compared with analytical solutions using Vlassov or Benscoter warping functions, and to numerical
simulations with shell finite elements. The proposed finite element was found to converge to reference
solutions when mesh is refined. It was shown again that, for a single beam, an acceptable agreement is
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found for a discretization with ten elements and an excellent agreement is found for a twenty elements
discretization. The present non linear element was able to capture the pure flexural, pure torsional,
flexural torsional and lateral torsional buckling of beam structures with different forms of profile
(monosymmetrical, asymmetrical, open, comprising cells...).

6.5.5 Discussion on warping functions and locations of torsional and distortional centers

The simplest solution of a torsional problem corresponds to the case of a uniform distribution of cross
sectional warping along the beam axis. The corresponding theory, commonly known as the de Saint
Venant method, restricts its applications to a few exceptional cases. The non uniform torsional
behavior is extremely complex and an exact theory involves unfortunately laborious mathematical
complications for general cases of profile geometries, torsional loading and boundary conditions.
Approximate theories have been developed for thin walled beams. Open profiles are commonly
analyzed by Vlassov theory which assumes an inflexible cross sectional contour. Warping shear
strains are assumed to vanish in the middle surface of the thin walled structure and the out of plane
displacement (or warping) of the profile is obtained as a function of the rotating angle. Starting from
the kinematics of this approximate theory, the longitudinal warping stresses are also expressed as a
function of the rotating angle while shear warping stresses are found to be equal to zero.

Closed thin walled profiles have been analyzed by approximate theories based on the assumption that
the distribution of warping is the same as in the case of uniform torsion. A new parameter is
introduced and is found to depend on the angle of rotation of the profile. Longitudinal warping stresses
are found to be function of this new parameter while shear stresses cannot be derived directly from the
kinematics but have to be found by other methods.

Within the previously overviewed methods, and as a result of the undertaken approximations, the
warping function and the location of the torsional centers were found to depend only on the geometry
of the cross section.

Within this thesis work, it was shown how these approximations were relaxed. The warping function
and the torsional center do not represent a pure characteristic of the profile geometry. They depend on
the solution of the problem, and thus, on the applied loading and on the boundary conditions. These
more general computations give accurate analyses in the cases where shear warping stresses at the
midwall are large (e.g. short beams with thin profiles).

The location of the shear center, as computed by Vlassov for open asymmetrical profiles or by
Benscoter for closed asymmetrical profiles, is found with the present analyses in the case of uniform
torsion; i.e. the case of uniform distribution of torsional moment and free warping. For this particular
loading case and boundary conditions, the present finite element calculations give exactly the location
of torsional center as computed by Vlassov and Benscoter. This coincidence could be expected since
Vlassov and Benscoter theories do not take into account warping shear stresses in their kinematical
formulations. In the case of a uniform torsional case, warping shear stresses vanish and the present
finite element results coincide with those of Vlassov and Benscoter. However, in general loading cases
and boundary conditions, Vlassov and Benscoter computations use the same warping function and
torsional center —as in the case of absence of warping shear stresses— while the present computations
do not. If the location of the torsional center is prescribed in the finite element computations as being
that of uniform torsion, the torsional rotation and longitudinal stress distributions are found to be those
of Vlassov and Benscoter. However, erroneous shear stresses are obtained if calculated from the
kinematics by using Hooke’s law. This error vanishes for bisymmetrical profiles and gets larger with
increasing distance between the torsional center and the centroid.
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Similar observations were found for the distortional behavior. The locations of the distortional centers
were found to be exactly those of Takahashi in the case of uniform distortion (uniform distribution of
distortional moment and free warping along the length of the beam) without taking into account the
local plate bending. Similarly to the torsional behavior, the location of the distortional center and the
amount of warping were found to vary along the beam in general loading cases and boundary
conditions.

6.6 Suggestions for further works

The introduction of this thesis stated that the main aim of this work was to investigate 3D thin walled
beam structures for arbitrary geometry, loading cases and boundary conditions and to enable an
accurate representation of the widest range possible of behaviors. The target was reached; all the
designed and developed models gave satisfactory results and were conclusive. The work has provided
important information that enhances the understanding of structural problems and the fundamental
physical principles that underlie them.
The developed model proved to be applicable to the examined behaviors. However more situations
could fall within the scope of the formulation. For example, the distortional model, developed for
arbitrary cases of profile geometry, could be validated for other profiles. The finite element with
bending shear effects could be validated for the calculation of shear stresses. The variation of the
position of the shear center could be investigated for a structure exhibiting buckling...
A wide range of practical problems (central cores of towers, bridge decks, naval structures...), that
initially motivated this research, could be deeply explored and fully analyzed by the 3D developed
model. Such a complete application might reveal additional questions to be answered, would explore
the advantageous effects of the presented advanced beam model and would certainly give a better
understanding of its limitations.
Finally, the present work provides the opportunity to explore new horizons:
- applying the presented analyses in order to optimize the geometry of a profile or the bracing of a
structure,
- developing additional non linear computations with the presented warping function in order to
study the distortional buckling and its interaction with the other effects,
- studying the plastic and the full non linear post buckling behaviors within the present
formulation.
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Appendix 0. Constitutive relations

The calculation of the constitutive relations that describe the stress-strain relation is important for the
analysis of the behavior of structures. In order to complete any finite element development and to ensure
sufficient equilibrium equations for the unknowns to be found, it is necessary to describe how the material
behaves when submitted to deformation histories. Constitutive laws depend on the physical constitution of
the material and are introduced to describe the macroscopic behavior under loading. They link the
kinematic and static variables of a deformed body in order to fit accurately the observed physical behavior.
Clearly, this task is not easy and is a subject of lots of research [De Ville 1989 §5.6...]. The simplest law
for solids is the elastic linear Hooke law. The behavior of elastic materials depends only on the current
level of the strain. This implies that the loading and unloading stress-strain relations are identical and that
the original shape is recovered upon unloading. The solids are considered to return to their initial
undeformed configuration upon stress removal. The constitutive law implies that the stresses in a given
configuration only depend on the strains in this configuration and not on a strain history.

For a general behavior of a non linear material, the constitutive equations are given by a relation between
the rate of stresses and the rate of strains. This work is restricted to the elastic behavior of thin walled
structures. The purely mechanical behavior of metallic structures generates large displacements and small
deformations. When thermodynamic effects such as heat conduction are not considered, the response of the
material may then be modeled by a simple extension of linear elastic laws by replacing the stress by the
PK2 stress and the linear strain by the Green strain [De Ville 1989 §5.6.2]. This is called a Saint Venant-
Kirchhoff material:

Sii=dijuEw (A0.1)

djju are the components of the fourth-order tensor of elastic moduli which are constants for the Kirchhoff
materials. The corresponding rate relationship is:

dSij = dijkldEkl (A0.2)

djj are called the tangent moduli.



Appendix 1. Calculation of geometrical properties
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Appendix 2. Elementary stiffness matrix (without shear effects)
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Appendix 3. Elementary stiffness matrix with Timoshenko shear effects
{quo} " = <uor ,ues>
{qv} " = <Vor ,Voa, Vos>
{qu}’ = <Wo1 ,Woz, Wos>
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If the selective reduced integration method is used (§5.2.2), K; is evaluated by using a two point Gauss
integration rule (equation 5.28):
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Appendix 4. Transition to global axes

The equilibrium equations and the finite element calculations have been developed in this dissertation in
principal axes related to the orientation of each beam element of the structure. To analyze a complete
structure, the assembly process of different elements needs to refer to a common axis system. Since
detailed information can be found in the literature on the finite element method, only basic formulae and
equations are given hereafter.

Transition from principal axes to given local axes

If the longitudinal axis x of an element remains the same, the matrix [t] allows the transformation of nodal
forces or displacements from the local principal axis to an arbitrary local axis system. [t] is an identity
matrix modified to insert a rotation matrix Rg (A4.1) of principal axes y and z. B3 is the angle between
principal axes and the local axes where the cross section geometry is described.

1 0 0
[RB]: 0 cosB —sinf (A4.1)
0 sinf cosP

{Qu}10=Tt]" {Gn} pme

[T toe =[t1"[K] prne [1]

{fad 1oe =TT {f} pme

[t]"=[t]" (A4.2)
Transition from local axes to global axes

Equations (A4.2) are used with a rotation matrix Q[3x3] that allows the transformation from local axes

(x,y,2) to global axes (X,Y,Z). Batoz and Datt [Batoz 1990, page 183] gave the following transformation
matrix.

[Q]=[QAl[R,] (A4.3)
where:
_a —ab -c |
\/az+c2 \/a2+02
[Qal=|b +a’+c? 0

—bc

a
C
Ja2+c? Wa?+d?

with
1
<a b C>ZI<X21 Y, Z, >

Xa1, Yo and Z,; are the differences of co-ordinates of extreme nodes of the element. The length of the
element L is thus:

L =X3,+ Y3 +23,

The position of the local axes y and z of the cross section is characterized by the angle o between the local
axis y and the intersection between the planes (x,Y) and the cross section plane (yz).

This angle of orientation (o) can be given as a data [Batoz 1990, page 183], or computed from the
coordinates of an arbitrary point D (Xp, Yp, Zp) at the positive part of the local axis y is taken at the second
node of the element. The distance between the extreme node 2 and the arbitrary point D is L,p.



a is the angle between the local axis y whose direction is defined by the unit vector coordinates d; (A4.4)
and the intersection vector between the planes (x,Y) and the cross section plane (yz) that is defined by its
unit vector coordinates o; (A4.5).

<d>=<XD_X2,YD‘Yz,ZD‘ZZ> (A4.4)
L2D L2D L2D

_(_—a Ja 2 _—bc A4S
e AL el (A

[R,] can be directly calculated by inserting the expressions (A4.6) and (A4.7) of cosp and sinf} in (A4.1).

cosa = ), 0;d; (A4.6)
3

ﬁnazLJubd3—0§b)2+(qd3—o§h)z+(qd2—02d02 (A4.7)

If the local axis x is parallel to the global axis Y (a = 0 et ¢ = 0), the angle i between the global X and the
local z characterizes the rotation.

If x and Y have the same direction

0 siny cosy
[Q]=|-1 0 0 (A4.8)
0 cosy -—siny

with
cosy = Zp=2y (A4.9)
2D
sin _Xp=Xy A4.10
\j ( )
2D

If x and Y have the opposite direction,
0 siny cosy

[Q]=|-1 0 0 (A4.11)
0 —cosy siny

with

cos\y = Zy=Zp (A4.12)
2D

siny = 2~ Xp (A4.13)
2D



Appendix 5. Elementary linear stiffness matrix with (xz) bending warping effects
{qu}" = <Vor Vo2, Vos>

{qu} " = <Wor ,Wo2, Woz>

{doy} " =<0y, 0,2, B3>

{qo.} " =<0,1, 0,2, 05>

T_ L
{Quif =<uj ,u>;i=1,2,...n

k% <q,.q, >=GA[K,]

ket <qv-9e, >=-GA[K;]

k' <qq _,q9, >=EL[K,]+GA[K]

k® <qy,q, >=GA[K,]

k¢ <4y 90, >=GA[K]

ke < do, »do, >=EI,[K, ]+ GA[K,]

&l <4q,.q, > =G[stZ][K7]

1 < dp,-dy, > =EL [Kg]+ ngfz [Kq]

k¥ <q,, »Qu; >=Eljig; [K ]+ Gllgi o) +1gi o) 11K;]

[Ki], [K;]...[Kg] are given in Appendix 3.



Appendix 6. Shear locking problem presentation

Timoshenko model deals with bending behaviors by including shear bending effects as it has been seen in
§2.1.2. The simplest beam finite element with linear interpolations for both transversal displacement and
section rotation displays strong over-stiffening and significant errors in some cases. In this appendix, a
brief presentation of this problem, the so-called locking phenomenon, is introduced and developments are
done, for simplicity, for a two dimensional (xz) beam lying along the x-axis.

In Timoshenko model, the generalized strains are the shear strain (A6.1) and the curvature y (A6.2):

yE = W + 0y (A6.1)
(A6.2)

% =0y«

For a two-node beam Timoshenko element, (A6.1) and (A6.2) can be developed as follows:

F 1 1 1 X 1 X
Yoy = {_EWI +IW2} +5(1 —f)ey1 +5(1 +f)ey2 (A6.3)
1 1
x= —Zeyl + Zeyz (A6.4)

For this simple linear Timoshenko element, the absence of shear strain (A6.5) along the entire length of the
beam induces two equations (A6.6). The second equation of (A6.6) leads to zero curvature (A6.7):

Yz =0 (A6.5)
1 1 1
——w, + W2+29y1+59y2 =0
1 1
Zeyl +Z9y2 (A6.6)
1=0y,=0 (A6.7)

This shows that for linear Timoshenko element, the shear locking represents the inability of the element to
represent exact pure bending.

In particular, if a pure state of bending (A6.8) is considered, (A6.3) gives the corresponding shear strain
(A6.9).

W1:W2:0 , 6y1=-6y2=oc (A68)
vE = —?a (A6.9)

From (A6.9), it could be seen that the strain is found to be nonzero along the element except at x = 0. This
is incompatible with the equilibrium equation of the state of pure bending where the shear and hence the
strain should vanish when the moment is constant. The transverse shear which appears in this state of pure
bending is often called parasitic shear and has large effects on the behavior of the element.



3.2
—jcng Ebh jeyxd —Eblzlﬁ (A6.10)

2
j Ty dQ = 0 = L Gon| [+ 2dx = g 2L (A6.11)
27 2 6

Consequently, the ratio between the shear energy and the bending energy (A6.10 and A6.11) for the case of
pure bending of a rectangular (bxh) beam is proportional to (L/h)>. The shear energy should be equal to
zero in case of pure bending but for this element, the parasitic shear energy absorbs a large part of the
available energy. The displacement solution is influenced by shear effects where it should be only

associated to bending effects.



Appendix 7. Elementary stiffness matrix with distortional effects
{Qoxt} " = <01, Oxi2, O03>; I=1,2,...m

T_ L
{Quif = <uj,up>;i=1,2,...n

k' < do, -0, > = Gl [K, ]+ EDyy [ K ]

kel<qel,qu_ > :G[IZ‘2i —IDIi +s™ i

— SDI
2 ZQ’y ZCIQ’y

YCIsz ]I:K7 ]

kel < qui ’quj >= EIQin [K4]+ G[InyQ’Jy + IQEZQJZ ][K3]

[Ki], [Kz]...[Ks] are given in Appendix 3.



Appendix 8. Basic concepts of non-linear analyses

The analysis of slender thin-walled structures which offer a high resistance for a relatively light weight
takes into account economy and stability. As thin walled structures have a very high loading capacity, their
design is usually determined by structural instabilities. Due to their small thickness, they are subject during
the loading process to large deflections and to significant changes in stiffness so that the load-deflection
curve becomes non linear. The hypothesis of linearity and the principle of superposition cannot be adopted
and the reference configuration cannot be kept as the undeformed structure. The non linear displacement
response is thus determined by applying gradually the load and solving linear sets of equations. The load is
divided into a series of increments and the stiffness of the structure is adjusted at the end of each increment.
The purpose of this paragraph is to introduce the nonlinear analysis in order to study the elastic stability.
The kinematic equations describing the geometric movement of a structure and the basic mechanics
relations introducing the stress concepts are given. As the instability often occurs after a small deformation
of most thin walled structures, the hypotheses of moderate rotations and small stress-strain relations are
kept forwardly.

The finite deformation solid mechanics is detailed in standard references (Criesfield 1997; Belytschko
2000; Zienkiewicz 2000;...). This appendix, based mainly on the work of Akoussah (1987) and De Ville
(1989), presents a brief outline of the basic equations. A deformable three dimensional body is considered.
Different successive positions in the space and during the deformation history are analyzed. A
configuration denotes a set of positions of the structure for a given load level. If C' et C* are two
configurations and if the coordinates of C' are taken as independent variables to describe %, the
configuration C' is called reference configuration and the description of the movement is called lagrangian.
The deformed structure is referred by the position vector position of material points in a chosen reference

configuration in a three dimensional space.
M
(
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Figure A8.1: Undeformed, intermediate and deformed configurations for finite deformation problems.

Three successive configurations are considered:

-the initial configuration C° refers to the unloaded and undeformed state of the structure,

-the deformed or current C' represents the deformed state or the position at a load level t of the structure,
-an intermediate configuration C' refers to an intermediate state between the first two configurations.

A Cartesian system is used and the description is called actualized since the reference configuration is
taken as C'.

Deformation
The position vector has three coordinates that can be treated as components of one column matrix:



(x(X,0) = (X)+(u(X)) (A8.1)

The displacement vector <u> = <u,v,w> is introduced as the change of arbitrary point p between two
frames (C°,C") in a Cartesian system.
<X>=<X,Y,Z> is the initial position vector.

Ct

7.7

Figure A8.2 Common reference for all the configurations

The displacement components (Uy or uy), with respect to either a reference configuration C° (Uy) or a
current configuration C' (uy) respectively, are related through:
Ui = U (A82)

Both components may be used equally for finite element developments.

A fundamental measure of deformation is described by the deformation gradient [J] which is a direct
measure that maps a differential line element dx in the reference configuration C° into one in the current
configuration as:

(dx) = (dX)+(du) fdx)} = [1 " %}{dx} — [J]{dX}
o u A ]
A
X o
x| x ey az
ow o ow . ow
- - 1+—
| X oy oz

where [I] is the identity matrix.

J=det[J]>0 (A8.4)

[J] is subject to the constraint (A8.4) to ensure that material volume elements remain positive. F may be
used to determine the change in length and direction of a differential line element and the determinant J
maps a volume element in the reference configuration into one in the current configuration:

(dx) = (dx)[37"
dV =(dX*dY).dZ becomes dv = (dx *dy).dz =JdV (A8.5)



The following relations are also given:

dA’ = (dX*d¥)=n dA® dA = (dx *dy) = ndA
{njaA=J[] " {n°}dn’ {da}=1[1] " {an’} (AS.6)

If dI° and dl are the lengths of differential elements dX and dx respectively, the following relations are
obtained:

(d10)2 —(dX){dX}  (dI)? = (dx){dx]}

(d1)* = (dX)[]" [7]{dx} (A8.7)

It is common to introduce the Green strain [E] for deformation measurements:

(d1)* - (d10)2 =(dX)(]' 1~ [ {dX} = 2(dX)[E]{dX}

where [E]=_ ([T PI-[1)) o Ey=2 (-3,

In terms of the reference displacements,

(A8.8)

1{ou, dU; ouU, duU,
p== + +
To2loX; oX;  oX; 0X;

% ....A.A..“‘........ tdl

v

x,X

7.7

Figure A8.3 Movement of a differential element

The right hand side of equation (A8.8) can be split into linear and nonlinear strains. The linear strain is
noted &j;.

Stress measures
In the following developments, capital and small letters are used to design respectively the variables in a
reference configuration C'and in the current configuration C'.



Stresses measure the amount of force per unit of area. p is a material point of the deformed configuration C'
and Aa is an elementary surface which orientation is defined by a normal 7. Let Af be the force vector
acting at this area element. The definition of the stress vector 7 (n) at p is given by the limit:

jf(ﬁ) = lim A—f (A8.9)
Aa—>0 Aa

This vector is defined by unit of deformed area in the configuration C' and can be expressed in different
manners.

=2

+ » X
ZA/

Figure A8.4  Stress measures

Cauchy stress

In finite deformation problems, the stress is defined with respect to the chosen configuration. If the current
configuration is selected, the Cauchy (true) stress is a symmetric measure defined as follows:

tJda = Gijnida = Gijdai

(@) = [o]" {n} (A8.10)
with
O xx Txy Txz
[c]=| 1 Oy Ty (A8.11)
Tax zy Oz
Y, ¥
Ly

Tzy —» Ox X
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Figure A8.5 Components of [0]

They are usually used to define general constitutive equations for materials.

If df is the load acting on the differential area da which normal is 7 in the configuration C', then:



{df }= {tida =[c}da) (A8.11)

Second Piola Kirchhoff stress
The second Piola Kirchhoff stress S is a symmetric stress measure with respect to the reference
configuration and is related to the true or Cauchy stress through the deformation gradient as:

1
o5 =TSl (A8.13)

The force vector {F} and the stress vector {T}, associated with the Piola Kirchhoff stress definition, are
related as follows:

{dF}={T}dA =[S}dA) (A8.14)

{T} is a surface traction defined by:
{t} da={T} dA (A8.15)

The elementary area da in C' results from the deformation of an elementary area dA in C'.
Identically, a volume force f, = p.f in C' can be related (A8.17) to Fy in any known configuration C' by
using (A8.16):

pdv =p;dV (A8.16)
f,dv=FydV (A8.17)

py is the mass density in the current configuration and f is body force per unit mass. The relation with the
reference configuration mass density p; results from the principle of mass conservation.

It should be noted that the values of Piola-Kirchhoff stresses (expressed by unit undeformed area) can be
very different from those of Cauchy (expressed by unit of deformed area) if the solid is subjected to large
deformations.

Equilibrium equations

By keeping quantities relating to the current deformation, the equilibrium equations for a solid subjected to
finite deformation are deduced from the principle of conservation of movement quantity. They describe the
macroscopic behavior of materials under loading effects.

Let v be a volume in the configuration C' having a as contour and submitted to external forces f, per unit of
deformed volume and f; par unit of deformed surface. The equilibrium in the current configuration is:

Folod
Ox .

J

+£.=0 ij=1,3 (A8.19)

The equilibrium equations are nearly identical to those of small deformation.

The boundary conditions consist of two types :
-mechanical or traction boundary conditions [c]{n}= {f}, on a;

-geometrical or displacement boundary conditions on a,



where
a=a,va; and a, Na; =0 (A8.20)

By using a matrix formulation :

b {o}+ {£}=0 (a821)
where <G>: Ox Oy O, Tyxy Ty sz>
O 9 o 9 4 S
ox oy 0z
awpl=lo £ o 2 2 (A8.22)
oy ox 0z
0o 0o 2 o 9 9
| 0z dy 0x |

Virtual work principle

In order to construct finite element approximations, it is necessary to write a formulation in a weak or
variational form. In this work, analyses are developed for materials behaving elastically when subjected to
deformation histories. To simplify the numerical developments, capital and small letters are used to design
respectively the variables in a reference configuration C' and in the current configuration C'.

y fk

{hj
&hy

Figure A8.6 Boundary conditions in the equilibrated configuration

The principle of virtual work for real forces and virtual displacements implies that, at equilibrium, the
virtual work done by internal forces is equal to the work done by external forces for any virtual
displacement field. v and V denote the volume in C' and C'; a and A represent the part of the surface of C'
and C' on which specified tractions f, and F, are applied; f, and Fy are body forces in C' and C', ¢
represents the Cauchy stresses and is associated with the virtual infinitesimal strain tensor €.

The equivalence between two reference configuration formulations (A8.23) in C' and (A8.24) in C' is
developed hereby.

17al

mC: W = szGijdV - Ju?fvidv — .fu}-kf da=0 (A8.23)
v v a

InC: W' = [ES;dV~ [ U{FydV - [U;F,dA=0 (A8.24)
\% \% A

u* and U* are assumed to be kinematically homogenous virtual displacements (assumed to vanish on
geometric boundary conditions so that reactions do not appear in virtual work formulation). These virtual
displacements can be chosen as infinitesimal and taken as arbitrary variations of displacement du or 6U
(equation A8.2).



The choice of the selected stress tensor (and hence the expression of the virtual work) depends on the
adopted reference configuration (C' or C'). By using a reference configuration (A8.24), the second Piola-
Kirchhoff stress tensor S is found to be conjugated to the Green strain E.

The equivalence between the internal work in (A8.23) and (A8.24) (see also De Ville 1989 §5.5.2.2) is
shown below in (A8.29) by using equations (A8.25...28) which are deduced from (A8.2), (A8.5), (A8.8)
and (A8.13).

[dv=[ldv (A8.25)
U= Sij Uj (A826)

1 Ox; an
%i =T ax, M ax
k il

(A8.27)

The Green strain tensor is expressed in terms of reference displacements as

(A8.28)
aX X, T oX, OX

1

The first term of (A8.23) is developed as follows:

OX . . odu ;
J‘GUSS dv = J‘l 0X; ig, 0X,, Odu; N X iy
2 an aXl 8XJ aXm 6Xi 8Xm

4 . OX; odu ;
jcu&s dv = j—skl( Ox; Xy OOu; | OXj OXoy dev
2
;

oX, X, 0X,, 06X, 0X, X,

. . . 0(X.+ U, oou;
J.Gij&sijdv = J.lskl a(Xl bl Ul ) Sml asul + ( J J) Smk J dV
2 X, X, X, X

m

j o;e;dv = j skl[(s,k aa(U ) 20u; +(5jl+a(Ui))%]dV

X, X, X,
4 . 0U, odu;
fclﬁs e I sk{a&lk , 08u 0U; adu; U, J] v
X, X, X, X, X, X,
j 008, dv = j SOE,dV (A8.29)
v \%

The equivalence between the external work in (A8.23) and (A8.24) is directly found by using (AS8.25),
(A8.15) and (A8.17).



Appendix 9. Solution methods for the non linear problem

Significant changes of shape can take place suddenly without warning for structural members with elastic
behaviour. Such phenomenon of loss of equilibrium stability constitutes a typical failure mode for some
structures. The theory of stability is a basis for design and examination of the safety of new and existing
structures. It deals with critical loads and deformations associated with sudden changes of the states of a
structure.

In a general loading process, a structure becomes more flexible and is subject to large geometric changes
when the loading reaches critical values. The configuration must be actualized since the associated
governing equations are nonlinear. This appendix shows how the loss of stability is detected for the elastic
structures under conservative loading that are analyzed in paragraph 5.5. The following developments are
based on the work of Criesfield (1997, chapter 9) and on that of Fafard (Batoz 1999, course 4).

The energy functional in paragraph 5.5.2 is reformulated in general terms as:
m(u,L) =TI(u) —Au'F (A9.1)

where 7 is the total potential energy, I1 is the strain energy which is function of a finite set of displacement
variables u, F is a fixed external load vector and the applied loads vary in magnitude by a single scalar
multiplier A.

With A fixed, a small change in potential energy, om, is approximated by truncated Taylor series:

2
8n=%8u+%8uT2u—g8u+... (A9.2)
% =R (A9.3)
o*n

By using the notations in paragraph 5.5, (A9.3) can be identified as the out of balance forces or gradient R
and (A9.4) can be identified as the tangent stiffness matrix Kr.

om = R6u+%8uTKT6u+... (A9.5)

Higher order terms in (A9.5) are omitted. In order to ensure equilibrium, the energy change in (A9.5)
should be stationary with respect to du. The theorem of equilibrium state sets that the conservative system
is in equilibrium if the first variation of potential energy equals zero:

%‘ =R(u,A)=0 (A9.6)

The set of non linear equilibrium equations (A9.6) for n degrees of freedom of the discrete model
determines the configuration that an elastic structure assumes under a given set of loads. Stable
configurations of equilibrium are determined according to the Lagrange-Dirichlet theorem. For stable
equilibrium, a small change of energy must be positive for any small perturbation du about the equilibrium



point. The potential energy is positive definite and a minimum of potential energy occurs in the stable
equilibrium configuration.

Su' K 6u >0 (A9.7)

(A9.7) must be satisfied for all du.

In case of conservative system, an equilibrium state is unstable if the change in energy is negative for a
small perturbation du. Kt is no more positive definite and will have at least one negative eigenvalue.

A neutral state is defined by the fact that the second variation of potential energy is equal to zero. Kt has a
zero eigenvalue.

det(K 1) =0 (A9.8)

Given a solution at a level A involving us et A, a Taylor expansion of (A9.6) for A varying gives by
neglecting higher order terms:

In order to find the equilibrium path for the structure, (A9.10) must be solved:
Au=ArK;'F (A9.10)

When equation (A9.8) is satisfied, (A9.10) does not have a solution and the associated state is called
critical. The potential system reaches a critical state of equilibrium if the first and second variations of
potential energy equal zero. This critical or singular point can be either a limit point (figure A9.1a) or a
bifurcation point (figure A9.1b) and corresponds either to a snapping or to a buckling phenomenon
respectively.

(@) (b)

U

v

U

Figure A9.1 Singular points: Limit point (a) and bifurcation point (b)

In the (n+1) dimensional space, a curve (figure A9.1) is constituted by plotting a set of points with
coordinates A and u; which are solutions of (A9.6). The curves in the (n+1) dimensional space constitute
the equilibrium path. The primary branch passes through the origin of the coordinate system and the
secondary branch does not.

Parameterization of load displacement curve
The concept of scalar load multiplier A is thus introduced as a factor multiplying a load vector up to the
desired level.



A parameterization of the load-displacement curve is necessary to introduce functional aspects of the
resolution. n+1 is the total number of unknowns where n is the number of degrees of freedom and the n+1
unknown is the scalar load multiplier A.

{R}=MF}- Ry }= 10} (A9.11)

F corresponds to equivalent nodal forces. It depends strictly on the external loading given for a problem.
Ry is the internal force vector that depends on the displacements u. A is the load level parameter.

It is crucial to choose the most suitable parameter that dictates the path tracing of the load-displacement
curve. If the parameter is chosen to be A or any displacement u;, the algorithm fails at limit points or at
‘snap-throughs’. To overcome this, the arc length method is used and a curvilinear axis coordinate s that
follows the load displacement curve is taken hereby as a parameter (A9.12).

A =A(s)

{uf=tu(s)}

(A9.12)

The load level parameter A is therefore the variable to be determined as a function of s.

The tangent unit vector at the point s of the curve is:

{t}= {{g}} (A9.13)

2
where{l.'l}zi du ,X:i%,with m= du {d_u}Jr %)
m | ds m ds ds/ (ds ds

As t is a unit vector,

(Ot} =)+ ) =1 (A9.14)
In order to approximate the equilibrium path by a broken line of chords whose end points correspond to

successive discrete values, the incremental form is used instead of the differential one. (A9.14) is
discretized as follows:

{u}:{ﬂ} (A9.15)

As
AL
h=—s (A9.16)
(Au).{Auf+(A%)? = (As) (A9.17)
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Figure A9.2 Spherical arc length procedure for one degree of freedom (after Criesfield 1997)

In (A9.17), a scaling parameter v is required because the load contribution depends on the adopted scaling
between the load and displacement terms.

(Au).{Auf+y?(AL) = (As) (A9.18)

If the loading term involving y is set to zero (A9.19), the method is known as cylindrical rather than
spherical [Criesfield 1997 page 274, ...]. (A9.18) is thus reduced to (A9.20).

v=0 (A9.19)
Au).{Au}= (As)? (A9.20)

Equation A9.17 describes the evolution from step to step by using the arc length method. As, the discrete
arc length value of the curve ({u}, A), represents at each step the fixed radius of the desired intersection (see

figure A9.2 & A9.3). AL and Au are incremental and relate back to the last converged equilibrium state.
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Figure A9.3 Cylindrical arc length method for 2 degrees of freedom (after Batoz 1999)

Cylindrical arc length method calculations

Solving equation (A9.11)

Let Au; be the increment in the displacement u from the beginning of a step till the current iteration i. du; is
the increment in the displacement between two consecutive iterations i-1 and i. Identically, let AA; be the
increment in the load parameter from the beginning of a step till the current iteration and 82, is the

increment between two consecutive iterations i-1 and i.
At a new unknown level, the change in displacement du; must be calculated from (A9.11) to ensure the
equilibrium.

bu, J=[K R, J+ o1, Fo ) (A9.21)

The iterative displacement du; can be split into two parts involving internal and external forces:

B =K IR 80, KT {Fu ) (A9.22)
Pu f={Bujg |+ 1 Bug (A9.23)
OA, is still unknown and the new incremental displacement can be written as:

AU f= {Au s+ Bugg S0 Buge ) (A9.24)
AN =Ak; + )i (A9.25)

Then, (A9.24) is inserted into (A9.20) and a scalar quadratic equation is solved in order to determine SA;.

a(81)* +b(81)+c=0 (A9.26)
where

a=(8u;p ){duy | (A9.27)
b=2{8u; J(Au s [+ Bugg ) (A9.28)
o=({au; J+ Bu D(fau, J+ Bugg ) - (as) (A9.29)

This is applied for each iteration in order to let the Euclidean norm of the vector Au equal to As.

Finding the appropriate root to (A9.26)

For a regular curve, there are two intersection points between the circle and the load displacement curve
(figure A9.4). Equation (A9.26) has then two roots and the appropriate one must be chosen. Both solutions
(M1 and OA,) are computed and the closest to the previous incremental direction is kept in order to prevent




the solution from diverging or ‘doubling back on it tracks’ [Criesfield 1997 page 277]. This criterion is
based on the fact that during the iteration process, two consecutive iterated vectors point roughly in the
same direction.

The solution with minimum angle between Au; and Auy, is kept (with maximum cosine of the angle):

cos(0,) = Bu; Au;, | (A9.30)
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Figure A9.4 Selection of solution for the cylindrical arc length method (after Batoz 1999)

Predictor solution

The set of linear problems is solved starting from a first estimate. At the first step (s = 0) of calculation, the
value of As can be determined from a given value A\ of the load increment:

e A 1 1
As = A (au!, A (A9.31)
In this particular case for s = 0, the problem is linear and [Kr ]= [K].

In the beginning of any other step p (arbitrary values of s), the value of AA is calculated from (A9.32):

A =B (A9.32)
<Au1F> ulF

Real values of (A9.32) are found if :
[fau o+ fuie )| < (as)

Two predictors are possible and the sign of <Au>§ _I{AulF } is prevalent. If the tangent matrix is positive

definite, the positive sign is kept. However, if it is not the case, a negative pivot implies one negative
eigenvalue for the tangent matrix. Discussion about the nature of this singular point is found in [Criesfield
1997 page 286].
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