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A REFINED 1D BEAM THEORY BUILT ON 3D SAINT-VENANT’S SOLUTION TO
COMPUTE HOMOGENEOUS AND COMPOSITE BEAMS

RACHED EL FATMI

This paper proposes a refined 1D beam theory (RBT) built on the 3D Saint-Venant (SV) solution estab-
lished for arbitrary composite cross-section. In this theory (RBT/SV), the displacement model introduces
sectional out-of-plane warpings, Poisson’s effects and distortions. For a given cross-section, the sectional
displacement modes are extracted from the computation of the correspondent 3D SV’s solution. These
sectional modes, which reflect the mechanical behavior of the cross-section, lead to a beam theory that
really fits the section nature (shape and material(s)). As a result, RBT/SV allows to recover a more
realistic spatial behavior for the beam, to catch a significant part of the edge effects, and hence to com-
pute a relatively short beam. In order to apply RBT/SV, a package (named CSB) of two complementary
numerical Matlab tools have been developed: CSection and CBeam. CSection computes by 2D-FEM
the deformation modes of the cross-section, and CBeam uses these sectional modes to generate the corre-
spondent beam theory and compute by 1D-FEM the beam. A significant set of homogeneous/composite
beams have been computed and, to show the efficiency of such a theory, 3D RBT/SV results have been
systematically compared with those provided by full 3D-FEM computations.

1. Introduction

Nowadays, the design of homogeneous beams is well understood and the calculation methods available
for engineers are sufficient to meet the requirements of current mechanical engineering, even if walled
profiles are not completely under control (especially when thin/thick and open/closed multicellular sec-
tions are involved).

In contrast, composite beams are not so easy to design. Their mechanical behavior is much more diffi-
cult to understand and to predict. Laminated composite beams are known to exhibit complex phenomena
such as coupled deformations arising from the anisotropic nature of the layers and from the stacking
sequences. And the situation is more complex when, to reduce cost and weight, thin-walled open/closed
composite sections are involved. Detailed structural models are then essential in order to fully exploit
such specific effects in the design phase. In addition to the structural level, detailed 3D stress analysis is
of practical relevance for laminated composites and especially the interlaminar stresses which may result
in delamination and failure of the laminates.

Today, using composite beams is a real trend in many engineering applications but the use of 3D
finite element (3D-FEM) analysis to facilitate design is costly. This trend calls for the development of a
realistic general beam theory and efficient numerical tools, suitable for the analysis of beams exhibiting
3D effects, for which the classical beam theory (CBT) assumptions are no longer valid. In CBT, a beam

Keywords: refined beam theory, Saint-Venant’s solution, composite section, out-of-plane warpings, Poisson’s effects,
distortions, end-effects.
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is practically reduced to a 1D body; nowadays, a beam must be considered as a 3D s/im body whose
cross-section can warp in and out-of its plane. Furthermore, a general beam theory has to account for
the shape of the cross-section, the spatial arrangement of the materials and their anisotropy and must, at
least, lead to an acceptable approximation of the 3D stress state in each material, which is fundamental
for a composite beam.

This is the objective of the present beam theory which refers to the extended 3D SV’s solution es-
tablished by Iesan [1976] for an arbitrary composite cross-section. This theory is the result of a work
initiated more than 10 years ago. It started offering low cost numerical methods [El Fatmi and Zenzri
2002; 2004] to compute the extended 3D SV’s solution as expressed by Ladeveze and Simmonds [1998]
in the framework of the exact beam theory. More recently a first formulation of a composite beam theory
based on SV’s results have been proposed [El Fatmi and Ghazouani 2011a; 2011b] but it was limited
to symmetric section and particular orthotropic materials. The present work, which could be seen as a
large extension of this first formulation, deals with an arbitrary homogeneous/composite cross-section.
It is worth noting that this beam theory is free from all the classical assumptions and no homogenization
step is needed for the composite case.

The accuracy of a beam model depends on its aptitude to capture the behavior associated with the
two small dimensions eliminated in the final 1D beam analysis. From the literature surrounding the
development of (1D) beam theories, three important approaches can be identified:

» beam theories based on kinematic (and static) assumptions using some engineering experience or
intuition;

e beam theories based on the asymptotic expansion of the 3D solution, using small parameter(s)
inherent to the beam features;

« the so-called one-dimensional beam-like theory which derives from the 3D Saint-Venant (SV) solu-
tion of SV’s problem.

These different approaches have been discussed in [El Fatmi and Ghazouani 2011a] and we will not
take the same (one can also see the interesting review on classical and advanced beam theories of [Carrera
et al. 2011]). However, the beam theory proposed here being completely based on 3D SV’s solution, this
approach deserves some attention again.

Established first for homogeneous and isotropic section, SV’s solution have been extended by Iesan
[1976] to any composite section wherein each material is anisotropic and where the beam is also subjected
to any uniform lateral loading. 3D SV’s solution has always been a reference for the development of beam
theories, and now even more since its extension to any composite sections [Giavotto et al. 1983; Ladeveze
and Simmonds 1998; Dong et al. 2001; El Fatmi and Ghazouani 2011a; Yu et al. 2012; Genoese et al.
2014a]. This is due to the status and the asymptotic nature of SV’s solution, as well as to the sectional
mechanical characteristics it provides [Ladeveéze and Simmonds 1998; El Fatmi and Zenzri 2002; Yu et al.
2012; Blasques 2012; El Fatmi 2012; Genoese et al. 2014a]. SV’s solution, SV’s principle, and SV’s
end-effects are redundant key-words in the literature around SV’s problem for which the main results
need here to be recalled.

Because it describes the exact 3D solution in the interior area of the beam, 3D SV’s solution (also
called central solution) reflects the real mechanical behavior of the section that results from its shape
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and its materials. It is worth noting that an important set of sectional quantities can be extracted from
the computation of 3D SV’s solution [El Fatmi and Ghazouani 2011a; 2011b; Yu et al. 2012; Blasques
2012; El Fatmi 2012]; these quantities are:

o the canonical sectional stress fields o', that correspond to each one of the six cross-sectional stresses
(the shear forces, the axial force, the torsional moment, the bending moments);

i

[, and the sectional Poisson’s effects IT., related to each one

« the sectional out-of plane warping W
the 6 cross-sectional stresses;

« the structural sectional stiffness 6 x 6 matrix I's, wherein the off-diagonal terms reflect the coupling
effects (between bending, torsion and tension) that can occur for an arbitrary composite section.

The existence of the sectional properties are mainly due to two important mathematical properties of
SV’s solution; this one is polynomial with respect to the beam axis and is a linear function of the (six)
cross-sectional stresses. Using these properties, Berdichevsky [1979] has shown that 3D SV’s solution
can be split! into a set of 2D problems on the cross-section and a set of 1D equations that defines a beam-
like theory (denoted here by SVBT). This splitting has been later used in several works to compute SV’s
solution using a 2D finite element technique, where only the section has to be discretized [Giavotto
et al. 1983; El Fatmi and Zenzri 2002; 2004; Alpdogan et al. 2010; Blasques 2012; El Fatmi 2012;
Genoese et al. 2014b]. Recently, using different numerical methods, software has even been developed
as variational asymptotic beam section analysis (VABS) [Yu et al. 2012], beam cross-section analysis
software (BECAS) [Blasques 2012], or composite section and beam analysis (CSection, a part of CSB)
[El Fatmi 2012] to provide, for any section defined by its 2D geometry and its material(s), all its sectional
characteristics (o, Wi, TIL | Ty,).

Besides, concerning the end-effects, SV’s Principle is usually taken to mean that these effects vanish
closely to the loaded ends. In many cases, this is not true; see [Toupin 1965] for counter examples,
and also the end-effects analysis of [Horgan and Simmonds 1991; 1994] and [Volovoi et al. 1999] when
strongly anisotropic materials and/or thin-walled open profiles are involved. For such beams, end-effects
can persist over distances comparable to the beam length, and even dominate the structural beam behavior;
in that case SV’s solution may no longer be valid to describe the elastic solution in the interior part of
the beam.

The most famous case deals with the torsion of a cantilever open thin-walled profile (Figure 1(a)) for
which the built-in effects (characterized here by a distance d) can reach the loaded end. In that case,
SV’s solution is no longer valid to describe the solution in the interior part of the beam. This leads to a
structural mechanical behavior for the beam significantly different from that predicted by (1D) SVBT’s
torsion; in that case one has to resort to the nonuniform torsion of [Vlasov 1959] which accounts for the
restrained warping right to the built-in section.

Let’s use this example to also show that, unlike conventional beam theories that distinguish compact
and walled (and even thin or thick, open or closed) sections, no distinction should be done for a composite
section. Indeed, consider the rectangular compact composite section shown in (Figure 1(c)), where both
materials are isotropic but with different elastic Young’s moduli £; and E>. When E| = E>, the section

10ne could find a link with the proper generalized decomposition (PGD) method [Polit et al. 2015], but it is worth noting
that this decomposition is here an exact mathematical property of 3D SV’s solution.
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Figure 1. Built-in effects for cantilever beams subjected to tip torsion.

becomes a compact homogeneous section, and one can show that the built-in effect (d) remains close
to the built-in section (Figure 1(b)), SV’s solution is valid in the interior area of the beam and SVBT’s
torsion correctly describes the structural behavior of the beam. In contrast, when E; >> E5, the beam
behavior becomes similar to that of an open profile. It is here clear that the built-in effect, for this
composite section, may spread over a distance d that depends on the material contrast E/E, which may
significantly influence the structural behavior of the beam.

What to learn from this example? Moving away from the end sections, the 3D solution tends asymp-
totically towards SV’s solution. The end-effects depend on the whole nature of the cross-section and the
boundary conditions, and are not necessary confined close to the end sections but can significantly spread
in the interior area of the beam. In particular, for open profile or/and strongly anisotropic composite
section, such end-effects may dominate the global elastic behavior of the beam. For such beams, it is
then important to refine classical beam theories (and even SVBT) by incorporating, at least, the most
influential end-effects. Thus, for a really general beam theory, no distinction about the kind of section
has to be done. The behavior of a section is due to its whole nature: shape and material(s).

To improve the prediction of the classical beam theories which assume a rigid body motion of the
cross-section, the so-called higher order beam theories are built on displacement models that allow
some deformation of the section. In literature, some refined beam theories are based on a mathematical
modeling of the displacement field and others, more physical, are based on a modeling that account for
the cross-section nature.

As mathematical modeling, a significant contribution is the Carrera unified formulation (CUF) pro-
posed in [Carrera and Giunta 2010]. In CUF, different N-order beam models can be developed using the
same unified displacement field expression. Let (x, y) and z be the coordinates of the cross-section and
the beam axis, respectively. The displacement model is written as an expansion of generic functions, F7,

M
u(x,y,2) =y Fr(x, ) (2), (1)

=1
where M is the number of terms of the expansion, F; the base functions that model the kinematic of
the cross-section and u. the displacement vector. A common choice is the use of a Taylor-like x/y/-
polynomial expansion (where i and j are integer such as 0 < (i + j) < N); in that case, one can show
that the total number of displacement variables (or degrees of freedom) is given by [3(NV + 1)(N +2)/2]
for an N-order beam theory. CUF, allows, a priori, to deal with an arbitrary cross-section. However, this
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approach remains N-dependent and, in practice, the choice of N is not so evident because it depends
on the cross-section complexity and the beam problem to solve. One can find a CUF presentation and
several applications in [Carrera et al. 2015] and also a software using CUF, named MUL2, on the website
mul2.com.

In the other modeling way, more physical, the displacement field is written as

enrichment
rigid motion of the section
e e
Ew o, )= u@+0@AX +Y n@M(x,y), 2)

k=1

where (u, ®) are the cross-sectional displacement (translation and rotation), X the in-section vector
position, and {n} a set of n; control parameters of the sectional displacement modes M* which are
supposed to be known. The objective of such models is to allow and control some sectional displacement
modes to better satisfy the boundary conditions, which could capture some end-effects. This approach
requires, as a first step, a cross-section analysis to determine the set {M*} of sectional modes to be used
in the enrichment part of the displacement model. However, this way leads to a beam theory that really
fit the cross-section, and hence the beam problem, if the set {M*} is sufficiently representative of the
cross-section mechanics.

The pioneers of such theories are Benscoter [1954] and Vlasov [1959], who deal with the torsion of
thin-walled profiles using as sectional mode an approximation of the SV-torsional out-of plane warping of
the section. Later, both theories have been extended (or generalized) to different shapes of homogeneous
sections and also adapted to some composite sections [Loughlan and Ata 1998; Kim and White 1997;
Roberts and Al-Ubaidi 2001; Ferrero et al. 2001; Lee and Lee 2004; Yu et al. 2005; Kim et al. 2006;
Pluzsik and Kollar 2006; Jung et al. 2007; Sapountzakis and Mokos 2007].

A significant contribution, even if limited to thin open/closed profiles, is given by the generalized
beam theory (GBT) initiated by Schardt [1994] and currently developed by Camotim, Silvestre and their
colleagues [Camotim et al. 2006; Silvestre et al. 2011; Bebiano et al. 2015]. GBT is a beam theory
including, as sectional modes, out-of plane warpings and distortions. In GBT cross-section analysis
step, the section is reduced to a piecewise description of its contour from which the computation of the
sectional modes is done; one can find a description of this procedure in [Camotim et al. 2007] or in the
manual of the software GBTUL (http://www.civil.ist.utl.pt/gbt/) based on GBT computations.

Another solution, available for an arbitrary cross-section, is to refer to the extended 3D SV’s solution.
Indeed, the set of sectional modes {W', TI. } introduced above and that can be extracted from the compu-
tation of the correspondent SV’s solution is particularly indicated” to reflect the cross-section mechanics,
taking into account its shape and material(s). Using this way that refers to 3D SV’s solution I proposed in
[El Fatmi 2007a; 2007b; 2007c] for homogeneous beams a general nonuniform warping theory including
as sectional modes the three SV out-of plane warpings {W’S‘V, i=1,...,3)} related to the two shear forces
and the torsional moment; its enrichment displacement part is written 22:1 Nk (2) W’S‘V (x, y). Later this
work has been extended in [El Fatmi and Ghazouani 2011a] to composite beams, including also, as in

2Vlasov and Benscoter models constitute examples that refer to SV’s solution, using as its unique sectional mode an approx-
imation of the SV-torsional out-of plane warping.
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plane deformation, the SV sectional Poisson’s effects leading to the following displacement model

3 3
Ew, o {0}, (B) =u@+0@AX+)_ eI (x, )+ Y Bi@Wi,(x, ), 3)

i=1 j=1

where II., are the sectional Poisson’s effects related to the axial force and the two bending moments.
However, the correspondent beam theory was limited to x-y-symmetric sections made of orthotropic
materials for which the principal material coordinates coincide with those of the beam (this kind of cross-
section will be denoted by so-CS). Except the limitation? to so-CS, the displacement model (Equation (3))
has the advantage to lead to a refined beam theory (RBT) adapted to the section nature. This RBT built on
SV’s solution has been applied [El Fatmi and Ghazouani 2011b] to analyze the built-in effects influence
on the structural behavior of end-loaded cantilever beams. The results, obtained for a representative set
of so-CS, showed that the beam theory is able to describe the built-in effects, and hence their influence
on the structural behavior of the beam. Moreover, moving away from the built-in section, the results
(3D displacements and stresses) tend towards 3D SV’s solution in the interior part of the beam, which is
expected for a beam model built on 3D SV’s solution.

In contrast with this beam model (Equation (3)) where the unknowns are only the kinematic parameters
N (or o and i), an alternative way has been proposed by [Genoese et al. 2014a; 2014b] where the
beam theory is obtained on the basis of a mixed Hellinger—Reissner principle by defining the static and
the kinematics on the basis of stresses and displacements that refers to SV’s solution: the kinematic
description uses the six SV’s sectional modes (as in (3)) and the stress field is evaluated as the sum of
the contribution due to the central solution (or SV’s solution) and to the six sectional modes.

The present refined beam theory (denoted RBT/SV) is a large extension of the RBT proposed in
[El Fatmi and Ghazouani 2011a], also built on SV’s solution, but valid for an arbitrary cross-section:
compact or walled, mono or multicellular, thin or thick, symmetric or not, homogeneous or composite and
each material may be fully anisotropic and free oriented. For that aim, the enrichment of the displacement
model will not be limited to the (SV) sectional out-of plane warpings and the (SV) sectional Poisson’s
effects but introduces also some sectional distortion modes (denoted by D/, j=(,..., p)); these latter
are fundamental to help describe the mechanical behavior of thin/thick-walled profiles (Figure 2), but also
some strongly contrasted composite beams (see the example of Figure 1(c)). There are different ways
to choose the sectional distortions [Silvestre et al. 2011; Basaglia et al. 2011; Genoese et al. 2014b]; in
the present RBT/SV, D/ are also be derived from SV’s solution. RBT/SV displacement model is then
defined by (2) where all the sectional modes M* that express the enrichment part are extracted from
SV’s solution: M* = {II' , Wi Dl i=(,....6)and j=(1,..., p)}.

To solve a beam problem using RBT/SV, two steps are needed. The first step (the cross-section anal-
ysis) has to determine the sectional modes; this is achieved using an upgraded version of the numerical

31t is shown in [El Fatmi and Zenzri 2002], for this particular case of cross section, that the Poisson’s effects are only due
to the axial force and the bending moments, the out-of-plane warpings are only due to the torsional moment and the shear
forces, and no elastic coupling is present in the structural behavior of the correspondent beam. For arbitrary composite beam,
several elastic couplings between extensional, flexural and torsional deformations may occur [Chandra et al. 1990; Chandra and
Chopra 1991; Rand 1998; 2000; Rappel and Rand 2000; Volovoi et al. 2001; El Fatmi and Zenzri 2002; 2004] and one can
show that each one of the six cross-sectional stresses may lead to a Poisson’s effect and an out-of plane warping (see the case
the laminated section in Figure 12). Therefore, the choice of so-CS makes it possible to avoid the elastic couplings.



COMPUTATION OF HOMOGENEOUS AND COMPOSITE BEAMS 351

Distortion
of a thin-walled
section

=

—

Figure 2. Left side: examples of a Poisson’s effect, an out-of-plane warping and a
distortion for an I-section. Right side: an arbitrary distortion.

Matlab tool, named CSection, I recently developed [El Fatmi 2012]. The second step uses these sectional
modes to generate the correspondent beam theory and to solve the beam problem; for this step a second
numerical Matlab tool, named CBeam, has been developed.

In the present paper, the first section recalls the main properties of 3D SV’s solution needed for the
development of the beam theory. The second section describes how the (SV) sectional modes can be
extracted from SV’s solution. Then, in the third section, starting from the displacement model, the
corresponding beam theory is established and discussed. The numerical implementation of RBT/SV and
the numerical tools CSection and CBeam are presented in the fourth section. Finally, using RBT/SV, the
last section is devoted to the computations of a significant set of homogeneous and composite beams.
To clearly show the accuracy of the beam model and the numerical tools* CSection and CBeam that
come with it, the 1D/3D results focus on the critical points as the shear force effect in the 1D structural
behavior of the beam and the 3D stress fields in the interior area of the beam and close to the ends.
1D/3D RBT/SV results are compared to 1D/3D SV’s solution and to the those provided by full 3D-FEM
computations, using the finite element code Abaqus.

2. The extended Saint-Venant’s problem and solution

One can find in [El Fatmi and Zenzri 2002; 2004; El Fatmi and Ghazouani 2011a; El Fatmi 2012] details
about the 3D SV’s solution and its properties; in this section we just recall the reference problem and the
general expression of the correspondent 3D SV’s solution’ and some important properties. Indeed, this
solution is here fundamental to extract the sectional displacement modes that will be used to formulate
the beam theory.

2A. The reference beam problem. SV’s problem is a 3D equilibrium elastic problem Figure 3. The
composite beam is along the z axis and occupies a prismatic domain €2 of cross-section S independent of
z and length L. Sy is the lateral surface, Sp and Sy, are the end sections. A point of the beam is marked
P = zz 4+ X where X belongs to S. The materials constituting the beam are linear elastic, anisotropic
and perfectly bonded together; the elastic tensor field denoted by K is z-constant (vectors and tensors
are noted in boldface characters).

4CSection and CBeam can be used as Matlab tools. An evaluation version of CSection and CBeam can be obtained from
the author upon email.

SHere, the SV problem is not the original one established for homogeneous and isotropic section and due to Saint-Venant,
but that of [Iesan 1976] extended to composite section and a lateral uniform loading.
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Figure 3. The extended Saint-Venant’s problem.

The beam is in equilibrium under a body force density f on €2, and surface force densities F, H
and H on Sy, So and S;, respectively; the densities f and F are supposed z-constant. The equations
of the linearized equilibrium are

dive + f =0 in 2,
e®)=1(V'E+VE) inQ, @
o=K:e(§) in €,
o-n=F on Siat,
(—2)=H S0,
o-(—z2 o onSy )

o-z=H; onS;,

where &(£) is the strain tensor associated to the displacement field &; V, (-) and (:) denote the gradient,
the transpose and the double contraction operators, respectively; a is the stress tensor and # is the unit
vector that is normal and external to Sj,.

2B. 3D SV’s solution. 3D SV’s solution is the unique (z-polynomial) solution that exactly satisfies (4)
and satisfies the boundary conditions (5) only in term of resultant (force and moment). To express
hereafter SV’s solution, we introduce the forces and moments related to Hy and H :

[Fo,Col= [ [Ho, X AHoldS, [FL,CL]=/[HL,X/\HL]dS, (6)
S() SL

and the classical cross-sectional stresses [R, M] defined by

T M,
R:/(a-z)dS: T, |, M:/(X/\rf~z)dS: M, |, (7)
S N S M,

where the six components are the 6 classical internal forces [T, Ty, N, M, M, M,]: the shear forces,
the axial force, the bending moments and the torsional moment, respectively.
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2B1. Case without a lateral loading. In this case, the loading is reduced to [Hg, H1] and 3D SV’s
solution is given by

6
Eo(x,7,2)=u(@) +0@) AX+ )Y F@ULx, ). ®)
i=1

6
oo (X, y,2) =Y Fi(2)ol,(x, ), ©)
i=1

where F; is one of the six internal forces {Ty, Ty, N, My, My, M;}. In these expressions, the cross-
sectional displacement [u, @] and the cross-sectional stresses [R, M] are solution of the following set®
of 1D equations:

R =0,
M +zAR=0,
u+zAw R
m ~ [ N ]=ASV [M] (10)

[Rv M]ZIO = [_F07 _C0]7
[Rv M]ZZL = [FL9 CL]a

where ()’ denotes the derivative with respect to z. Besides, the 6 x 6 compliance matrix Ag,, which
defines the structural 1D behavior of the beam, is related to the elasticity tensor K by

Agy =[A], /\ijzfaév(x,y):K‘l(x,y):aiv(x,y)dS- (11)
S

Remark 2.1. In 3D SV’s solution, U’ , ¢, and A, don’t depend on the beam problem, but only on
the section nature (shape and materials). For a given cross-section defined by its 2D geometry and its
material(s), these (SV) sectional quantities can be determined once and for all. In that case, for a given
beam problem, they can be used to easily obtain the correspondent 3D SV solution; for that aim, two

steps are needed:

(i) Agy is used to solve the 1D problem (10) to obtain the correspondent 1D solution [u, @, R, M];

(ii) then, [U iv, aév] are used to immediately express the 3D SV’s solution according to (8) and (9).

2B2. Case with a lateral loading. 1f a z-uniform lateral loading [ f, F] is added to [H, H ], the ex-
pression of SV’s changes’ and, in particular, the expression of the displacement becomes

6

E(x,y, ) =@+ 0@ AX+)_ F(ULX,y) + Dy(x, ), (12)
i=1

5These 1D equations define the SV beam-like theory (SVBT).
7For more details, see [Ladeveze and Simmonds 1998; El Fatmi and Zenzri 2002; 2004].
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Figure 4. The sectional distortion Dy, related to the uniform lateral load.

where the vector Dy, which is proportional to [ f, F], depends only on the section nature (shape and
materials) and the kind of [ f, F] loading. Therefore, for a given uniform lateral loading [ f, F], Dsy
can be determined once and for all [El Fatmi 2012].

3. The sectional displacement modes

Three kinds of sectional modes are extracted from the SV displacement expressions (8) and (12): the
Poisson’s effects and the out of plane warpings related to each one of the six internal forces and several
sectional distortions. An example of each kind of mode is given left side of Figure 2. For a given section
(shape and materials), all these SV sectional modes will be provided by the numerical tool CSection
[El Fatmi 2012] which has been upgraded for the present work (a quick presentation of CSection is done
in section-5A).

3A. Sectional Poisson’s effects and out-of plane warpings. The expression of the 3D SV displacement
(Equation (8)) may be seen as the contribution of two parts:
e [u(z) + @(z) A X], which reflects the rigid motion of the section,

. [Zf?:] F;, (U (x, y)], which reflects the contribution of each internal forces to the deformation of
the section.

Because U gv depend only on the section nature (shape and materials), they are viewed as sectional
deformation modes. Moreover, each U, can be split into two parts:

o Wi, = (UL, -z) z, the out of plane warping,
¢ le = Ulw - W;V’
The set of {IT.,, W'

L.
sv?

the in plane warping that can be related to the Poisson’s effect.
i=1,...,6} define a first set of deformation modes for the section.

Remark 3.1. For homogeneous and isotropic sections and even for so-CS introduced above, Poisson’s
effects are only due to the axial force and the bending moments, and the out-of plane warpings are only
due to the shear forces and the torsional moment. However, for an arbitrary composite section each
one of the six internal forces may contribute® to the Poisson’s effects and to the out-of-plane warpings;
Figure 12 shows these sectional modes for a laminated section (symmetric or antisymmetric) using
anisotropic layers.

8This is intimately associated to the elastic couplings between extensional, flexural and torsional deformations that can occur
for an arbitrary cross-section.
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1 1

5 cases of loading to get 5 sectional distortions

Figure 5. Example of uniform lateral loads for the I-section.

{ ] 1 117

—>
S5cases — 11 cases —
—

! l IS

Figure 6. Different load cases (5 and 11) for the I-section.

3B. Sectional distortions. An arbitrary sectional distortion (right side of Figure 2) may be approximated
by the combination of p simple distortional modes. The way used to identify a simple distortional mode
is the following (Figure 4): we consider a SV problem with a particular uniform and lateral load F and
we extract from the corresponding displacement SV solution (Equation (12)), the vector Dy,. The later
which contributes to the displacement and which is due to the presence (and the location) of the lateral
load is viewed as a distortional mode; for instance, see the result obtained for Dy, in the right-side of
Figure 4. To obtain p simple distortional modes, one has to consider (separately) p cases of lateral loads.
For example, five uniform lateral loads® may be considered to compute (separately) five simple distortion
modes for the I-section (Figure 5), each case is related to a uniform lateral load. These five cases can
be summarized on the cross-section (left side of Figure 6). However, one could choose a larger number
of cases, for example the 11 cases presented in the right side of Figure 6. Figure 7 shows the 11 simple
sectional distortion modes (computed by CSection) that correspond to the 11 load cases. This procedure
is not automatic and need a little experience: dealing with a thin-walled section, each case of load is
chosen to cause the local bending of a branch, or a part of the section contour easy to deform.

Remark 3.2. Other sectional modes are being investigated:

» The procedure to generate the distortions is not automatic and requires some experience. An alter-
native solution (more systematic) is to choose the first natural in-plane modes of vibration of the
section.

9For this particular section, thanks to the symmetries, these loads can of course be theoretically reduced to one vertical load
and the horizontal one. However this example is here given only to show how the loads can be chosen.
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Figure 7. The 11 sectional distortions of the I-section.
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Figure 8. Cantilever composite beam subjected to a body force and a tip traction.

» Concerning the out of plane warpings, they are here limited to those extracted from SV’s solution
and they might be considered as the most important ones. However, for the case which cannot be
described with SV’s modes, an enrichment may also be done using the first out-of plane natural
vibrations of the section.

To allow these investigations, the software CBeam presented in Section 5B has been designed to run
regardless of the number of sectional modes provided for the section.

4. The refined beam theory built on SV’s solution

To derive the equations that govern the beam theory (RBT/SV), we consider just for convenience, the
cantilever composite beam (Figure 8) subjected to a body loading f and a traction H acting on Sy.

4A. Kinematical modeling. The RBT/SV displacement model is given by

Erprsy(X, ¥, 2) =&, @, (n) =u(@) + 0@ A X + (D) M*(x, ), (13)
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where (i (z)M k(x, y)) is here a sum using the repeated indices convention with k € {1,...,n}. In
RBT/SV model, the sectional modes M* are the own modes of the section that derive from the corre-
spondent 3D SV’s solution. The set of sectional modes M* is given by all the available sectional modes
for the cross-section:

. Wév, the sectional out of plane warping (i € {1, ..., 6}),
. H;V, the sectional Poisson’s effects (i € {1, ..., 6}),
. ng, a set of sectional distortion modes (j € {1, ..., p}).

The beam theory associated with this displacement model, parametrized by (u, w, {n}), is derived
below thanks to the virtual work principle; however, this way being classical, only the main equations
are specified and commented (for more details see, for example, [El Fatmi and Ghazouani 2011a]).

Using the matrix notation, the strain tensor components corresponding to this displacement model are

_ - _ — k
Exx 0 nkM)]i'x
Eyy 0 T)kMy,y

: Mr + MF
] = 28y _ 0 " N ( 11” + y,);c) ’ (14)

2e; Yx =YXz mME .+ M
20| | mrme || o

| €z | _Vz+YXx_ny_ n;/(Mé‘

where y =u'+zAw@, x =w',and (-) , or (-), , denote the derivative with respect to x or y, respectively;
Z is the unit vector along the beam axis, as already mentioned.

4B. Internal forces, external forces and equilibrium equations. Let us denote by é =&, @, {n}) a
virtual displacement that satisfies the boundary conditions (&, @, {1}) = (0, 0, {0}) at z =0 and & = &(§)
the corresponding virtual strain tensor. The internal virtual work is

Wi:—//a:édez. (15)
LJS
Using (14), W; takes the form
W,-=—/(R-;3+M-6>+A";ﬁ/+A’§rﬁ)dz
k (16)
=/[R’.a+(M’+xAR)-(:>+(A’</—A(§);ﬁ]dz—[R-ﬁ+M-&+Ak@]L,
L

where (R, M), the classical cross sectional stresses, and the new (or additional) ones (A, A'S‘) are related
to the stress tensor by

R=/aum (17)
S

M=f@ﬂmmﬂ, (18)
S
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Ak:/(erMf+rsz§+ogsz) s,
s
Ak—/(o Mr o, MF 4o (M M) o MR+ MY ) dS
s ¢ XX x,x Yy ty,y Xy X,y VX X2z, x yzitiz,y ’

where

[Oxx, Oyy, Txys Txzs Tyzs 0]

are the components of the stress tensor. The external virtual work is
We=/ /f-édsczz+ H-£ds.
LJS St
Using the expression of é, W, takes the form
We:/L(p-ﬁ+u-é)+/ckr'77<)dz+l’-ﬁL+C-5)L+ Qkﬁzu

where the (1D) generalized external forces (p, u, Kk, P, C, Q%) are defined by

p:/de, P=| HJS,

S Sr

u:/X/\de, C=| XAHS,
S Sr

KkZ/f-Mk, o= | H- -Mtds,
S SL

(19)

(20)

21)

(22)

(23)

where (p, u, P, C) are classical and (k*, Q%) are new (or additional) generalized external forces related
to the sectional deformation modes M. Thanks to the principle of virtual work, Equations (16) and (22)

are used to provide the equilibrium equations

R +p=0,
M +xAR+pn=0,
A — Ak 4k =0 (for all k),

and the boundary conditions
x=L, (R,M)=(P,C) and A*=QF (forallk).
4C. Structural behavior. Using matrix notation, the strain tensor can be written %:

[el(x, y,2) =B(x, y)9(2),

(24)

(25)

(26)
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with L
Vx
Yy
0000 0 0 ... M, 0 ...] Ve
0000 0 0 ... M, 0 ... Xx
0000 0 O ...M MK O ... Xy
B= x,y yox , g = i 27
1000 0 —y MmE, Mt Xz 27)
0100 0 x ... MY M} ... :
001y —x 0 ... 0 ME o] Mk
M

where & represents the generalized 1D strain vector. If I denotes the corresponding generalized cross-
sectional stress vector, the 1D elastic constitutive relation can be written J = I' & where I' defines the
1D structural rigidity operator

R Y

M X
l=r| . 28
Al Mk (8)

Ay i

The operator I' may be derived from the identification
/([61]’[ Klle;)dS =[9,1T[D,], (29)
s

where (¢;,%;) and (e, D) are any virtual strains. Introducing the expression of the deformations
(Equation (26)), we obtain the following results for I':

FZ/B’(x,y)[K](x,y)B(x,y)dS- (30)
S

4D. The RBT/SV equations. To summarize, the displacement model & (u, w, {n}) has led to a beam
theory governed by the set of 1D equations

R +p=0,

M +xAR+u=0,
. (31)

AF — AR ik =0 (forall k),
J=TI9,
and, for the cantilever reference problem (Figure 8), the 1D boundary conditions are
x =0, (u,», {n}) = (0, 0,{0}),

(32)

x=L(R,M)=(P,C), Ak = 0% (for all k).
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4E. The correspondent 3D solution. Let u’, ®°, {n°} be the 1D equilibrium solution of a beam problem
using RBT/SV. Conforming to the displacement model, the correspondent 3D solution is given by the
3D displacement field

Esprsv (X, ¥, 2) = EW, ©°, (N)) =u(2) + 0’ (2) AX + i (2)M*(x, y), (33)

which leads to the 3D stress tensor field

orp/sv (¥, ¥y, 2) = K(x,y) 1 e(§°(x, y, 2)) = [K](x, y)B(x, y)D°(2). (34)

The 3D stress field may also be given with respect to the internal forces:
okersy = [K1(x, y)B(x, )T ' T°(2). (35)

4F. Comments. RBT/SV displacement model (Equation (13)), which is built on 3D SV’s solution, may
be seen as a model which starts from the exact 3D SV displacement form (Equation (8)), where the
sectional stresses F; are relaxed in favor of independent in-and-out warping parameters (1;). These
new kinematical parameters (1;) lead, by duality, to enrich the static ones (the internal and external
generalized forces) which could better satisfy the boundary conditions. Therefore, if the beam length is
sufficiently large, it is expected that 3D RBT/SV solution coincide with 3D SV’s solution in the interior
area of the beam, and better describes the end effects (see the examples presented in Section 6C).

5. Numerical implementation and numerical tools

To solve a beam problem using RBT/SV, two steps are needed; each one of them is associated to a
numerical tool: CSection and CBeam. CSection computes by 2D-FEM the sectional modes of the cross-
section; then, CBeam, uses these sectional modes to generate systematically the correspondent beam
theory (RBT/SV) and to compute by 1D-FEM the beam problem. Developed on Matlab platform as any
Matlab-tool, CSection and CBeam are complementary and constitute a package named CSB (composite
section and beam analysis). These numerical tools are quickly presented hereafter.

5A. CSection to compute the sectional characteristics. CSection [El Fatmi 2012] is a numerical tool
devoted to the computation of all the sectional characteristics of an arbitrary cross-section

(P, ol T, Wi(i=1---6),D{(j=1---p)}.

sv? sv?

CSection is developed conforming to the numerical method proposed by El Fatmi and Zenzri [2002]. This
method consists in solving, by 2D finite elements, a set of elastic problems on the section from which
all the above sectional characteristics are deduced. In the first version, the sectional modes provided
by CSection were limited to the Poisson’s effects and the out-of-plane warpings. For the present work,
CSection has been upgraded in order to provide also a set of sectional distortions. For a given cross-
section, n = 6 4 p linear 2D problems are solved and the numerical cost is low considering that the n
problems use the same rigidity matrix. The time needed to compute a section with 1000 elements (six-
node triangles) is about a few seconds on a common PC; however, for a composite section as a laminated
one, the discretization can be more important and need a little more time (for instance, the laminated
cross-section presented in Section 6B has 5230 elements and its computation is about 20 seconds).
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Remark 5.1. It is worth noting that all the characteristics provided for a section constitute a relevant set
of information about the section Mechanics that can help section design and even predict the mechanical
behavior of the beam that will result.

5B. CBeam to compute the beam. CBeam computes the equilibrium of a straight beam subjected to any
loading and boundary conditions. CBeam solves by 1D-FEM the beam problem according to RBT/SV
equations regardless of the number' of sectional modes available for the cross-section.

RBT/SV displacement model (13) uses a set of kinematical parameters {u, , {n}} which represent
m = 6-+n independent degrees of freedom (DOF) for the displacement field: three translations [u., u,, u_],
three rotations [wy, wy, ;] and the n; associated to the sectional modes available for the cross-section.
In CBeam, RBT/SV equations are solved by 1D-FEM using cubic (Hermite type) interpolation (shape)
functions for each one of the m DOF.

In CBeam, the loading has to be introduced in a 3D way, as it is applied and localized on the beam.
The computation of the 1D sectional forces (or generalized external forces) needed by the 1D-FEM
computation (as «* or O in (23)) are ensured automatically by CBeam.

The displacement boundary conditions may act on each sectional parameter of the displacement model
(or each DOF). For instance, for a built-in section, one has to block not only the cross-sectional displace-
ment (#, @) but also {n} to restrain the deformation right to the built-in section. Another interesting use
is the simulation of a diaphragm placed inside a closed thin-walled profile: one may block just the in
plane deformation right to the cross-section where the diaphragm is located.

In CBeam, just for comparison, two solvers are proposed: RBT/SV solver and SVBT solver. RBT/SV
solver solves the beam problem using RBT/SV and SVBT solver solves the beam problem to get the
correspondent 3D SV’s solution!! according to (8)—(10) (see Remark 2.1). Using RBT/SV solver or
SVBT solver, the resolution being by 1D-FEM, the time required to solve any beam problem is really
insignificant (less of one second on a common PC).

6. Numerical applications and results

To illustrate the efficiency of RBT/SV and the numerical tools CSection and CBeam that come with, a
significant set of homogeneous and composite beams are computed, using different loads and displace-
ment conditions. The panel of the different cross-sections and beam problems to be analyzed have been
chosen to clearly show that RBT/SV is able to describe the different kinds of 3D effects related to the
section nature (shape and materials), to take for account a significant part of the end effects (as those
related to the restrained warpings) and to provide a good description of the structural beam behavior,
even if the beam slenderness is relatively small.

The most important 1D/3D results are presented focusing on the 3D stress fields, in the interior area
of the beam and close to the ends. RBT/SV results are compared to 3D SV’s solution (also computed by

10For the present work, the sectional modes are those deriving from 3D SV’s solution, but (in CBeam) the user is free to
introduce any additional sectional mode he wants to consider, as an analytic closed form function of the section coordinates x
and y. Each additional mode is associated systematically to an additional parameter (1) which is viewed as a new degree of
freedom for the section deformation. In CBeam, the independence of the sectional modes is systematically checked and the
current solver uses a simple diagonal preconditioning to avoid the singularities of the operators.

H0f course, for SVBT solver the displacement boundary conditions act (as in classical beam theory) only on # and w.
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Mats E; =200GPa v=0.25

Matc E. ={200, 100, 10,4, 1} GPa v =0.25

Mat33 | Ez =148.00 GPa Ex =837GPa Ey =28.37GPa
GXZ =4.40 GPa GYZ =4.40GPa GXY =2.72GPa
Vxz = 0.33 Vyz = 0.33 Vxy = 0.54

Table 1. The materials.

CBeam but using SVBT-solver) and to those provided by a full 3D-FEM computation, using the finite
element code Abaqus.

6A. The materials, the sections and the beam problems.

6A1. The materials. The materials are given in Table 1 where E, G and v denote the Young modulus,
the shear modulus and the Poisson’s ratio, respectively. Mats (s as skin) and Matc (c as core) are two
contrasted isotropic materials for which E;/E,. can reach 200; Mat33 is an orthotropic'? material used
in [El Fatmi and Ghazouani 2011b] and chosen because its ratio £/G ~33 is important which can
significantly influence the amount of the restrained warping effect in case of torsion, even if the beam is
not an open-walled profile.

6A2. The sections. Three homogeneous sections (H1, H2 and H3) and three composite sections (Cl1,
C2 and C3) are considered; their dimensions are specified in Figure 9:

H1 H2 -, H3
1B [
— [ b | C b
Cc1 C2
c —C
h1 L
h2 h 3t
h1
Ii| I b
C3s:[0,30,30,0] C3a: [0,30,-30,0]
t t
] . | -
t t
I b | f b
H1: h=100mm; t=20mm C1: h2=2xh1=50mm; b=50mm;
H2: h=50mm; b=150mm C2: h=b/2=100mm; c=75mm; t=5mm

H3: h=50; b=150mm; t=10mm C3: h=8mm; b=30mm; t=1mm
Figure 9. The different cross-sections and their dimensions.

12 Mat33 is in fact a transversely isotropic material.
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« HI is a thick isotropic (Mats) I-section;

o H2 is a compact rectangular orthotropic (Mat33) section;

« H3 is a thin orthotropic (Mat33) box section;

« Cl1 is a sandwich section where the materials are isotropic (Mats, Matc) and strongly contrasted
E;/E. =200;

e C2 is a nonsymmetric open-walled and sandwich section where the materials (Mats, Matc) are
isotropic with Es/E. = 50;

e C3 is a symmetric (C3s) or antisymmetric (C3a) laminated section using the same layers (Mat33)
with [0, 430, 430, 0] and [0, —30, 430, 0] orientations, respectively.

6A3. The beam problems. Using the above sections, six equilibrium beam problems (Figure 10) are
analyzed:

» P1: the bending-torsion of a cantilever Hl-beam of length L = 104; the end loads are applied as
indicated in Figure 10 where the magnitude of the force is F = 1000 N;

o P2: the torsion of a cantilever H2-beam of length L = 104; the end loads are applied as indicated
in Figure 10 where the magnitude of the force is F = 1000 N;

« P3: the bending of a clamped-clamped H3-beam of length L = 10#; the upper face of the beam is
subjected to a pressure ¢ = 10000 Nm~2;

 P4: the bending of a clamped-clamped composite C1-beam of length L = 204; the beam is subjected
to the body force f = pg with g = 10ms ™2, p; = 7500 kgm 3, p. = 250 kgm3;

» P5: the bending-torsion of a short (L/h = 7) cantilever composite C2-beam subjected to a lateral
traction g = 10000 Nm~?2;

e P6: a cantilever laminated C3-beam of length L = 104 (symmetric or antisymmetric) subjected to
a tension ¢ = 10000 Nm~2.

6B. Cross-section analyses.

6B1. Sectional constants. Tables 2 and 3 provide, for each section, the (nonzero) components of the
6 x 6 rigidity matrix Iy, related to the structural 1D behavior. Note that, as expected: no elastic coupling
is present for the sections H1, H2, H3 and C1; for C2, the only off-diagonal term (I"1¢) is due to the
nonsymmetry'? of the section; however the laminated composite sections C3a and C3s exhibit 2 and 3
off-diagonal terms, respectively, which reflect different elastic couplings (between extensional, flexural
and torsional deformation) arising from the anisotropic nature of the layers and their stacking sequences.

Remark 6.1. For the sandwich section C1, one can deduce from I'y, (computed for different ratios
r = E;/E.) the values of the shear coefficients k, with respect to r. The reults, given in Table 4,
clearly show how much k, can be affected when the sandwich is strongly contrasted. In such a case, it
is expected to get an important shear force effect for an x-flexure of the correspondent beam (see the
solution to problem P4).

3For C2, the position of the shear center C, given by CSection, is yc = GC, y = —9.37 mm.
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6B2. Sectional modes. For the sections H1, H2, H3, C1 and C2, Figure 11 presents the Poisson’s effects
(associated to the axial force and the bending moments) and the out of plane warpings (associated to the
shear forces and the torsional moment). However, these sectional modes are given by Figure 12 for the
laminated sections C3s and C3a; note that for these sections, each one of the six internal forces contribute
to a Poisson’s effect and an out-of plane warping. Besides, some additional sectional distortions are
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Figure 10. The equilibrium beam problems.
Sect. H1 H2 H3 Cl
Iy 2.8788-10% | 2.7500-107 | 2.1254-10% | 1.6117-108
I 1.3211-10% | 2.7460-107 | 3.8106-107 | 2.4131-10°
I3 1.0400-10° | 1.1100-10° | 7.2000-10% | 5.0250-108
Cas 1.3787-10° | 2.3125-10° | 2.5400-10° | 7.2969-10°
Tss 6.7467-10° | 2.0813-10° | 1.7140-10° | 1.0469-10°
Te6 5.7766-10* | 2.1724-10* | 2.9900-10° | 3.0352-104

considered for the walled sections H3 and C2 and presented in Figure 13.

6C. Beam problems: 1D/3D results. Each beam problem has been computed using the numerical tool
CBeam to get the 1D/3D RBT/SV solution and the correspondent 1D/3D SV solution. The 3D results

are compared with a full 3D-FEM computation using Abaqus.

Table 2. The nonzero components of the (6 x6) rigidity matrix for the sections H1, H2,
H3 and C1.
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Sect. C2 C3s C3a
'y 1.0070-10% | 2.5017-10°% | 3.7185-10°
Iy 1.0252-10% | 7.1272-10° | 8.2449.10°
33 9.8980-10% | 1.6309-107 | 1.6515-107
Ta4 1.4007-10° | 134.1989 139.7267
Iss | 5.1182-10° | 946.9796 1.1268 -103
I'es | 3.9179-10% 40.2305 40.0723
I3 3.0162-10°

Tis —7.1338-103
Tis 9.4318-10°

I'ss —40.9738
36 8.4477-103
Tu6 —20.3360

Table 3. The nonzero components of the (6x6) rigidity matrix for the sections C2
and C3.

r 1 10 50 100 200
ky | 0.8330 | 0.2087 | 0.0469 | 0.0238 | 0.0120

Table 4. The shear coefficient k, with respect to the ratios r = E/E, for the sandwich
section Cl1.

Starting with the same [x, y]-discretization for the section (used in CSection), the beam is obtained
in Abaqus by extrusion (with respect to the beam axis) and the z-discretization along the span is chosen
in line with the [x, y]-discretization (i.e., in terms of size elements). As finite element, the computations
are achieved with the C3D15 nodes quadratic triangular prism.

The comparison between RBT/SV, SV and 3D-FEM results are systematically done for the most
important components of the stresses: the axial stresses o, and the shear T = +/ rfz + ry2z, at the midspan
(z = L/2) of the beam and very close to the built-in section (0 < z < &/20) simply denoted by zg which
should read z/L = 0.

6D. PI1: Bending-torsion of a cantilever thick-walled beam. Figure 14 presents the sectional stress
fields for o, and t at the midspan and very close to the built-in section. On can note that RBT/SV and
3D-FEM results are in agreement and coincide with those of SV at midspan. Besides, Figure 15 shows
the z-variation of the axial stress o,, along the span for two point A and B belonging to the extremities
of the upper flange of the section. Note that, as expected SV results are the same for both points (for
which the axial stresses are due only to the bending), but RBT/SV and 3D-FEM results, which are quite
comparable in the major interior area of the beam, show how much the restrained warping (due to the
torsion) affects the axial stresses. One can deduce from Figure 15 that the built-in effect spreads over a
distance of about d ~ 5h = L /2.
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Figure 11. Sectional deformations: Poisson’s effects and out-of plane warpings.

6E. P2: Torsion of a cantilever orthotropic beam. It is known that the restrained warping effect is
important for a walled open section subjected to torsion. However this effect can also be important for a
compact section when the ratio E/G is large [El Fatmi and Ghazouani 2011b]. This ratio is about 2.5 for
an isotropic material and its value for the present (Mat33) material is about 33. In Figure 16 the stresses
provided by RBT/SV and 3D-FEM results are in agreement (in the major part of the beam). Moreover,
Figure 17 depicts the z-variations of the axial stress o, for a point A close to a section corner, and the
z-variation of the shear t for the point'* B in the middle of the big side of the section. Note that, moving
from the free end, the shear t vanishes in favor of the axial stress o,,. RBT/SV and 3D-FEM results are
really comparable and show that the built-in effect (related to the restrained torsional warping) spreads
over a distance d & L for this compact section; in this case SV’s solution is no longer valid to represent
the central solution.

6F. P3: Bending of a thin orthotropic box beam. Figure 18 depicts the 3D deformed shapes obtained
by RBT/SV and the 3D-FEM computations. Note the (local) bending of the upper face of the beam due
to the loading. To achieve this result, which reflects the location of the load, 8 distortional modes (see

14This point B is chosen because it is the point where the shear is maximum for SV’s torsion.
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C3s:[0,+30,+30,0] C3a:[0,-30,+30,0] | C3s:[0,+30,+30,0] C3a:[0,-30,+30,0]

Tx

E3
b=y
| S |
fzd
G
=ty

Figure 13. Sectional deformations: distortions for the walled sections H3 and C2.

the left side of Figure 13) have been added to the sectional Poisson’s effects and out-of plane warping
modes to be used in RBT/SV.

Figure 19 shows that RBT/SV and 3D-FEM results are mainly in agreement for the axial stress o,
and the shear 7 in the midspan and close to the built-in section. Instead of the shear, which is nil in the
midspan, the bottom of the right side of Figure 19 compares, the o,,-field due to the local bending of the
upper face of the beam: the results are qualitatively comparable but the magnitude of RBT/SV results
are about 50% less than 3D-FEM ones. Thus, using some distortional modes, RBT/SV seems able to
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Figure 14. o, and 7 fields at z0 and midspan. Comparison of SV, RBT/SV and 3D-
FEM results.

Figure 15. o,,-variations along the span for two points A and B belonging to the upper
flange. Comparison of SV, RBT/SV and 3D-FEM results.

account for the location of the loading, which leads in this case to the bending of the upper face of the
beam, but the oy, stress level is underestimated.
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Figure 16. o, and 7 fields at z0 and midspan. Comparison of SV, RBT/SV and 3D-

FEM results.

Gz MPa

Figure 17. o,;- and t-variation along the span for the points A and B. Comparison of

SV, RBT/SV and 3D-FEM results.

6G. P4: Bending of a sandwich beam strongly contrasted. The 1D deflection due to the present x-
bending is given by u,(z). Figure 20 compares SV, RBT/SV and 3D-FEM results.!> The shear force
effect is here important and taken into account by TPSV. However, for TPSV, the out-of plane warpings
due to the shear force are free at the ends which leads to a more flexible beam behavior. In fact these
warpings are restrained right the built-in sections and the deflection appears notably less pronounced
as depicted by RBT/SV and 3D-FEM results. It is clear for this example, that these end effects are

15For the 3D-FEM results, right to a cross-section at a z abscissa, uy(z) is taken as the average of the 3D displacement with

respect to y axis.
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Figure 19. o,;, v and o, fields at z0 and midspan. Comparison of SV, RBT/SV and
3D-FEM results.

important and dominate the structural behavior of this (strongly contrasted) sandwich beam. For the
stresses, Figure 21 shows that RBT/SV and 3D-FEM results are in agreement for the axial stress o, but
this is not so true for the shear 7 even if it is qualitatively acceptable.
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Figure 21. o, and 7 fields at z0 and midspan. Comparison of SV, RBT/SV and 3D-
FEM results.

SV -

6H. P5: Bending and torsion of a short unsymmetric open-walled sandwich profile. For this unsym-
metrical section, it is expected that the lateral loading leads to the bending and torsion of the beam as
it is shown by the 3D deformed shape given by RBT/SV and 3D-FEM results in Figure 22: note, at
the free end, that the out-of plane warping of the section and its shape are relatively well described by
RBT/SV result. To obtain this result nine distortional modes (see the right side of Figure 13 have been
computed by CSection to be used in RBT/SV. Figure 23 shows that RBT/SV and 3D-FEM results are
also in agreement for the axial stress o, and the shear 7 in the midspan and close to the built-in section
even if the beam slenderness is here relatively small (L/h = 7). For more details, Figure 24 depicts the
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Figure 23. o, and 7 fields at z0 and midspan. Comparison of SV, RBT/SV and 3D-
FEM results.

0,.-variations along the span for two points A and B belonging to the skin and the core, respectively;
RBT/SV and 3D-FEM results are relatively in agreement and clearly different from that of SV. This is
due to the built-in effect (or the restrained warping) which spreads over a distance comparable to the
beam length, and dominates the structural beam behavior.
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Figure 25. 3D deformed shape for the symmetric and antisymmetric laminated beam:
RBT/SV and 3D-FEM results.

61. P6: Tension of a symmetric/antisymmetric laminated beam. As expected for these laminate beams
the tension leads to a lateral y-bending for the symmetric case and a torsion for the antisymmetric one, as
it is shown by the 3D deformed shapes obtained by both RBT/SV and 3D-FEM computations. In terms
of stresses, Figures 26 and 27 show that RBT/SV results are in agreement with the 3D-FEM ones, for
both cases, symmetric and unsymmetric. For these cases, the end effects are not important and remain
confined close to the ends and SV results appear valid to describe the solution in the major interior area

of the beam; thus SV’s solution (and hence TPSV) may be used to solve these beam problems, at least
for this loading.

7. Conclusion

The present refined (1D) beam theory (RBT/SV) is free from all the classical beam assumptions and
valid for an arbitrary cross-section. For a composite section, it is worth noting that no homogenization
step is needed, and RBT/SV is able to predict the 3D local stresses (the six components of the stress
tensor) in each material, which is fundamental for a composite beam.
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The enrichment of the displacement model uses the main deformation modes of the section (Poisson’s
effects, out-of plane warpings and distortions). For a given section, these sectional modes being extracted
from the correspondent 3D SV’s solution, they lead to a beam theory that really fits the section nature
(shape and materials).

From the significant set of cross-sections and beam problems presented in this paper, it is clear that
RBT/SV is able to describe not only the elastic structural behavior of the beam but also the 3D solution
in terms of displacements and stresses in the major interior area of the beam, even if the slenderness
is relatively small. Different kinds of 3D effects have been described; these are related to the shape of
the section (thin/thick, walled/compact, symmetric/unsymmetric), to its composite nature (anisotropies
of the materials, even strongly contrasted) and to the edge effects,'® especially those due to a built-in
section. Theoretically, any boundary condition may be treated, but for the particular case of cantilever
or clamped beam, the edge effects appear to be very well described; for other cases, the results on edge
effect description will depend on the boundary condition prescribed.

The present refined beam theory may be considered as a general (1D) beam theory not only because
valid for an arbitrary cross-section (shape and material(s)) but also because it could also be seen as a
refinement of SV’s approach and hence the correspondent TPSV. Indeed, far from the ends, 3D-RBT/SV
results (as 3D-FEM ones) tend toward those of 3D SV’s solution when the beam length is sufficiently
large (or the ends effects sufficiently small or confined). This result is here expected because RBT/SV is
built on SV results: the enrichment in RBT/SV displacement model §ggr/gy. using the sectional modes
extracted from 3D SV’s solution, contains the shape of 3D SV displacement &, (Equation (8)).

From a practical standpoint, the application of RBT/SV, which deals with detailed results for arbitrary
cross-sections, has to be obviously (or inevitably) performed through a numerical way. For that purpose,
a package (CSB) of two complementary numerical tools has been developed to accompany RBT/SV:
CSection & CBeam. CSection computes by 2D-FEM the sectional characteristics of the cross-section
and CBeam uses these characteristics to solve by 1D-FEM the beam problem according to RBT/SV
(regardless of the number of the sectional modes available for the cross-section). Thanks to these two
steps which combine 2D and 1D computations for the beam, it is possible to recover an important part
of the 3D beam behavior, exhibiting detailed 3D effects in terms of displacements and stresses. These
numerical tools, which are easy to use, can really help section and beam design and prevent (at least as
a first step) the use of costly 3D-FEM computations, especially when working with strongly anisotropic
materials and/or thin-walled open/closed profiles. The present work is currently limited to a constant
cross-section along the beam axis; its extension to the case of a variable cross-section is under study and
will be proposed in a very near future.
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