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Abstract

In many engineering structures, the effects of shear and torsional loads are an important
aspect of both the analysis and the design process. These effects are usually neglected in
typical framed structures. However, in some relevant cases, such as bridges, shear walls
or thin-walled frames, it is essential to account for the shear and torsional loads and
their interaction with the other loading conditions to correctly reproduce the structural
response.

In this framework, the main task is to accurately describe the nonlinear structural
response in terms of global behavior and local stress-strain distributions, reproducing
the coupling of the stress components and its influence on the global response. This
results even more important in large scale structures made of cementitious and/or inno-
vative composite materials, widely adopted in nowadays professional practice. Indeed,
these structures usually show degrading mechanisms and softening behavior. Hence,
they require sophisticated computational models and ad hoc analysis strategies to pre-
dict the structure capacity under severe loading conditions.

A standard approach to analyze these structures is the adoption of beam-column
finite element (FE) models, which are often preferred with respect to two-dimensional
(2D) plate/shell or three-dimensional (3D) FEs, because of their efficiency and low
computational cost. However, most beam-column FE formulations are based on the
classical Euler-Bernoulli or Timoshenko theory, assuming the cross-sections to remain
plane during the loading process. This assumption requires specific corrective measures,
when the shear and torsion and the related warping effects are pronounced.

This work discusses the simulation of RC members with a 3D 2-node beam FE that
includes warping effects. The FE formulation in [1] is extended to allow the descrip-
tion of structural members with softening material behavior. The governing equations
are derived from a four-field Hu-Washizu variational principle, with independent in-
terpolation of the warping displacement field from the rigid section displacements, the
generalized section deformations and the material stress fields. In particular, the warp-
ing of the cross-section is described by interpolating the out-of-plane displacement with

the addition of a variable number of local degrees of freedom to those commonly used



for the beam FE. The global nonlinear response and the local distributions of strains
and stresses are described introducing a fiber cross-section discretization. Hence, the
coupling of axial, flexural, shear and torsional effects in terms of material response is
automatically taken into account.

Focusing on RC structures, the damaging mechanisms of the concrete material
is described by adopting a new 3D nonlinear constitutive relationship with plasticity
and damage. This is an enhanced version of that proposed in [2] and introduces the
description of the unilateral effects typically appearing in concrete-like materials, due
to the crack opening and closure. A Drucker-Prager type plastic model is coupled
with a two-parameter isotropic damage model, where two scalar variables are used to
describe the damage in tension and compression, respectively.

The localization problems and the related mesh-dependency, due to the softening
material behavior, are controlled through a regularization technique based on a prop-
erly modified nonlocal integral procedure. For beam-column FEs, the nonlocal strain
measures are evaluated performing the integration of the local generalized section de-
formations along the element axis, whereas for 2D FEs the nonlocal integration is
performed considering the generalized membrane/plate deformations.

The proposed model is implemented and validated through some correlation studies.
These consider the numerical analysis of a series of plain concrete and RC beams
subjected to torsional loads and of two RC shear walls. The results are compared with

experimental measurements and with those of standard FE beam models.
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Chapter 1

Introduction, literature review and

objectives

1.1 General

Beam-column finite elements (FE) are widely used to describe the inelastic response of
structural members in large scale simulations, because of the optimal balance between
accuracy and computational efficiency they offer.

Among the different beam FE models, force-based and mixed formulations have
proven superior capacities with respect to the classical displacement-based models un-
der large inelastic, cyclic deformations, although the slight increase in computational
cost for the element state determination.

In this framework, many researchers focused their efforts on the development of
efficient, discrete fiber cross-section model to effectively capture the multi-axial cou-
pling of the beam stress resultants under general constitutive material relations. While
classical Euler-Bernoulli beam formulations assume that plane sections remain plane
and normal to the axis and are unable to capture the effect of shear and torsion, recent
studies have proposed enhanced models accounting for these effects. Nonetheless, the
existing models do not appear to give a complete and realistic representation of the
cross-section warping with the resulting shear stresses and strains and they fail in re-
producing accurately the interaction of the shear and normal stresses along the beam
axis, the local response near the boundaries and the shear lag phenomenon.

This issues result more relevant when dealing with damaging materials, such as
concrete or innovative fiber reinforced composites. Indeed, nowadays the numerical
simulation of plain and reinforced concrete (RC) structures under severe loading con-
ditions is still a challenging problem, given the complex phenomena characterizing their

mechanical behavior.




2 Introduction, literature review and objectives

This chapter provides an introductive and general overview of the topics discussed in
this dissertation and of the motivations that have driven to the presented work. This
overview starts with a discussion of advantages and disadvantages of beam-column
FEs in numerical structural analyses, illustrating the benefits of mixed and force-based
models with respect to displacement based ones and presenting the literature review
of existing beam-column FEs able to account for shear and torsional effects. Then, it
presents a short description of the most common materials used in engineering struc-
tures, i.e. steel and concrete, focusing on their mechanical properties and presenting
the literature review of existing plastic-damage material models. The chapter concludes

with the objectives of the work and its main outline.

1.2 Beam-column FEs for structural analysis

In large scale numerical simulations, beam-column FEs are often preferred over 2D
and three-dimensional 3D FEs, such as shell and solids, because they require signifi-
cantly lower computational costs, yet providing sufficiently accurate solutions. In fact,
although all real structural elements are 3D, many of them are sufficiently slender to
be represented by 1D models. Classical beam theories describe the behavior of a 3D
element by representing it as a collection of cross-sections orthogonal to a straight (or
a curved) segment, usually indicated as element axis. By imposing specific hypotheses
on the static and kinematic description, these theories condense all the mechanical in-
formation of the cross-sections in the reference axis and describe the element response

through the resulting 1D model (Fig. 1.1). Considering this assumption, the mechan-

Y 3D frame Y 1D model

Figure 1.1: 3D frame as a 1D beam-column element.

ical response of frames and columns can be described considering the effects due to
the four basic actions: axial forces, bending moments, shear forces and torsional mo-
ments (Fig. 1.2). Under linear elastic material responses, these effects can be studied
separately and later superimposed to obtain the total response of the frame. This
approach constitutes the fundamental idea of the De Saint Venant beam theory [3-7],

where the definition of appropriate boundary conditions provides very accurate solu-
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tions for linear elastic beams. Under nonlinear material responses, the superimposition
of the effects due to the four basic actions can not be applied and other theories are

preferred for the definition of numerical FE element models.

N Lo M T /A> M=
ST TS T

M

(a) Axial (b) Bending (¢) Shear (d) Torsion

Figure 1.2: Basic force/deformation behaviors of a rectangular prismatic beam represented
as deformed shape of a general beam portion.

The simplest beam theory for the formulation of FE models is known as Euler-
Bernoulli beam theory, which assumes that plane cross-sections remain plane under
deformation and orthogonal to the element axis. As shown in Fig. 1.2, under shear
actions, the general cross-section undergoes warping deformations and its plane is no
longer orthogonal to the element axis. Warping deformations arise under torsional
actions as well, although the orientation of the cross-section plane with respect to axis
does not change. Hence, the Euler-Bernoulli beam theory only accounts for the ax-
ial /flexural behavior of the beam, totally neglecting the effects of shear and torsional
loads. Several theories and numerical models have been proposed in the last decades to
overcome this limitation, many of which are based on the classical first-order shear the-
ory known as Timoshenko beam theory [8]. A description of both the Euler-Bernoulli
and the Timoshenko beam theories is given in Sec. 3.2 within the framework of force-
based numerical models and the literature review on the most important beam-column
FEs accounting for shear and torsion is presented in the following section.

Regardless of the adopted beam theory, beam-column numerical models consist in
the discretization of each member of the structure through one or more FEs, where the
nodal variables are considered as global degrees of freedom (DOF) and from them the
mechanical fields (displacments, strains and stresses) are interpolated along the axis to
determine the contribution of each element. Hence, beam-column FEs are usually clas-
sified as: displacement-based, force-based and mixed formulations. In displacement-
based FEs, the global element variables are the nodal displacements; these are in-
terpolated over the element length by means of appropriate shape functions (usually
defined on polynomial basis) and the resulting displacement fields are used to evaluate
the response inside the element volume. In force-based FEs, the internal response of
the element is evaluated starting from the stress fields that are interpolated along the

element length by imposing the equilibrium with the nodal forces. Mixed FEs are a
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combination of these two approaches, that is they are derived by independently inter-
polating the stresses and the displacements, i.e. two-field mixed FE, or the stresses,
the displacements and the strains, i.e. three-field mixed FEs. Additional fields can be
considered and interpolated as well, to obtained enhanced multi-field formulation, as
done for the model described in Sec. 3.4.

The standard 2-node displacement-based Euler-Bernoulli FE interpolates the nodal
displacements with linear Lagrange polynomials for the axial components and cubic
Hermite polynomials for the flexural/bending ones. As result, the strain and stress
variations over the element axis for the axial and the flexural components are constant
and linear, respectively. This condition is in general not sufficient to describe the
response of beams under nonlinear material response, as the stresses and the strains
often concentrate in small parts of the element and exhibit sharp variation along the
axis. Although higher order elements can be defined [9], the displacement interpolation
usually requires fine discretizations of each structural members, thus, increasing the
overall computational cost. By contrast, by adopting force-based or mixed FEs, one
element per member usually suffices to obtain very accurate solutions, because the
strain/stress variations over the element length are defined through the equilibrium
and the constitutive equations and in general they are exactly evaluated for any loading
condition [10-14].

However, material nonlinearities can be treated in different ways when defining
beam-column FEs. Indeed, nonlinear beam-column models are usually divided in two
categories: models with lumped nonlinearities and models with distributed nonlin-
earities. A detailed summary of the earlier proposals of such models is provided by
Spacone [15]. Formulations belonging to the first category identify specific cross-section
of the element or specific portions along the element axis where the strains and the
stresses assume their maximum values (usually at the ends) and concentrate the inelas-
tic behavior of the beam in these zones. These models are usually referred to as plastic
hinge models and their first proposals date back to the pioneering works by Clough et
al. [16,17] and Giberson [18]. Among them, formulations known as zero-length plastic
hinge models, like the just mentioned ones, consider a linear elastic element with zero-
length nonlinear springs concentrated at the ends that simulate the nonlinear behavior
of the end cross-sections in terms of generalized section forces and deformations. In
particular, the nonlinear springs can describe only the nonlinear moment-rotation re-
lation, assuming the axial behavior of the cross-section as linear and defining what is
known as one component models, or they can describe both the nonlinear moment-
rotation relation and the nonlinear axial force-elongation relation, defining what is

known as two-component models. For the latter case, many enhanced elements have
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been proposed, usually describing the axial/flexural interaction under monotonic and
cyclic loads through the definition of equivalent yield surfaces and flow rules, according
to the classical plasticity theory, to describe the evolution of the generalized section
forces. Among them it is worth mentioning the recent works by Liu et al. [19] and by
Kostic et al. [20]. Finite-length plastic hinge models have been proposed as well, in
terms of generalized cross-section constitutive laws [21,22] or through the definition of
a fiber model discretization of the cross-section [23,24].

Formulations belonging to the second category consider that material inelastic be-
haviors can occur in any part of the element, i.e. they are smeared along the beam axis.
Hence, they usually take advantage of a numerical integration rule along the element,
defining a discrete number of quadrature cross-sections with nonlinear constitutive
laws, to directly integrate the element response (Sec. 4.2). Among these models, those
considering a fiber cross-section discretization (Sec. 5.3) have shown high efficiency
and accuracy [25-29]. Indeed, the quadrature cross-sectional response derives from the
numerical integration of the material longitudinal fibers composing the element, which
leads to two main advantages: (1) they do not require the definition of nonlinear con-
stitutive relations in terms of cross-section resultants, because the constitutive laws are
defined at the fiber material level; (2) they allow to easily account for the interaction

between the different stress components.

1.3 Existing 1D FEs for shear and torsion

Shear and torsional effects are usually neglected in the analysis of framed structure,
as these have a reduced influence on the overall mechanical behavior with respect to
the axial and flexural actions. Thus, Euler-Bernoulli FEs are frequently used in spite
of more complex numerical models. However, in many structural applications, shear
and torsional deformations become relevant to correctly describe the response and the
adoption of formulations able to account for these effects is mandatory. For instance,
in steel structures shear forces control the response of the short elements that resist to
the horizontal loads in eccentrically braced frames (shear links) [30], whereas torsional
forces significantly influence the behavior of thin-walled beams, especially when buck-
ling phenomena take place. Indeed, because of the relevant cross-section out-of-plane
deformations occurring in the latter case, flexural/torsional buckling behaviors often
depend on the warping effects arising at the element boundaries and on the way beams
converging in the same structural node interact with each other [31-34]. In concrete
and RC structures, shear forces can not be neglected in the analysis of non-slender el-

ements [35], such as shear walls [36] or squat bridge piers [37], whereas torsional forces
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in all cases can yield relevant tensile strains and stresses, thus reducing the element
capacity [38]. Moreover, structural members with applied warping constraints at the
boundaries, such as bridge girders, can be subjected to relevant shear-lag phenomena,
strongly influencing their elastic and inelastic behavior [39,40]. Bairdn [41] provides
an accurate overview of the resistance mechanisms of RC elements under shear and
torsion: friction and aggregate interlock, dowel action of longitudinal reinforcements,
the truss mechanisms by Ritter and Morsch, etc., which are nowadays considered in
many design codes, e.g. the Eurocode [42]. In addition, Bairan presents a detailed re-
view of existing beam models accounting for shear, mainly focusing on smeared crack
approaches for the material modeling [43].

As mentioned, the easiest models to describe the shear stress/strain evolution in
beam-column element are based on the Timoshenko theory [8], which does not force
the cross-sections to remain orthogonal to the element axis, unlike the Euler-Bernoulli
theory, but it however assumes them to remain plane during the loading process. Be-
cause of this assumption, only constant shear strain distributions can be considered
under shear actions (linear under torsional actions, see Sec. 3.2) and, thus, specific
corrective measures are required to capture the correct behavior of the element. To
address this issue, 2D plate/shell or 3D FEs are often used, but these require very
high computational burden, although leading to accurate predictions of the structural
responses.

Several Timoshenko beam-column FEs have been proposed, assuming constant
shear over the cross-section. The standard 2-node displacement-based model with
linear interpolation of the cross-section transversal displacements and rotations [44]
exhibits shear locking issues, as opposed to the force-based and mixed models, which
are free from locking and which show relevantly higher performances, particularly for
inelastic material responses [14,45]. However, many authors have presented enhanced
displacement-based FEs that overcome the shear locking, either adopting a reduced in-
tegration approach [46] or introducing additional nodal DOFs to perform independent
interpolations of the transversal displacements and rotations [47,48].

By extending the standard Timoshenko model and by accounting for the warping
deformation of the cross-sections, Bairan [41] has proposed a generalized beam model
that describes non-uniform shear strain/stress distributions through an enhanced cross-
section model, ensuring the equilibrium conditions between the fibers composing the
element. The model adopts an accurate 3D material model to describe the brittle
behavior of concrete and a 1D model to represent the transversal reinforcements, which
are numerically described as embedded in the element volume. Some refinements of this

first proposal have been later presented by Bairdan himself and other authors [49,50],
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who studied the response of RC beams with several cross-section shapes under general
monotonic loads.

Saritas [51] and Le Corvec [1] have also worked on this topic, proposing enhanced
models to describe the effects of shear and torsion in structural frames and have pro-
vided a detailed literature review on beam-column FE models developed until the
earliest 2000s. Saritas has proposed a 2-node force-based Timoshenko FE based on
an enhanced kinematic description. The model assumes a fixed pattern for the shear
strains over the cross-section due to the shear forces, evaluated under linear elastic
conditions. The general 3D version of this model, also including the torsional effects,
is discussed in Sec. 3.3.

Other formulations based on either shear strain or shear stress fixed pattern de-
scriptions have been proposed for both shear and torsional actions, among which it is
worth mentioning the contributions in [52-54]. However, because of their assumption,
all of them lack in correctly representing the inelastic evolution of the material state
during the loading process, as it is shown for the Saritas’ model in Sec. 6.4.

By contrast, Le Corvec has proposed a 2-node mixed FE that accounts for the warp-
ing of the cross-sections by introducing a specific displacement field, in addition to the
standard ones due to the rigid body motions. The model interpolates this warping
field over the element volume, adopting a standard approach based on the definition
of independent shape functions and introducing a specific number of additional DOFs.
Thus, the warping displacement pattern over each element cross-section and the result-
ing shear stress/strain distribution are treated as element unknowns and are constantly
updated during the loading process by imposing specific equilibrium conditions. More-
over, the additional DOFs can be used to apply warping constraints at boundaries and,
thus, to account for shear-lag phenomena. Le Corvec has used this model to study the
response of 3D steel beams and has demonstrated its high numerical performances and
modeling flexibility. Hence, this is chosen as starting point for the model proposed in
this work (Sec. 3.4).

Besides the beam-column FEs already mentioned and leaving out the models re-
viewed in [1,41,51], other very recent proposals based on sophisticated interpolatory
approaches are worth to be considered. Ferradi et al. [40,55] and Vieira et al. [56,57]
have described the cross-section out-of-plane displacements through the composition of
independent warping modes, evaluated by imposing equilibrium conditions and adopted
as independent warping interpolation functions. A similar approach has been proposed
by Dikaros et al. [58,59], who considered four independent warping functions in each
spatial direction for the shear actions and two warping functions for the torsional ac-

tions; each of them is associated to a specific parameter, which is evaluated during the
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loading process by exploiting the longitudinal equilibrium equations.

Finally, Genoese et al. [33,60] has defined a mixed beam model based on the De
Saint Venant beam theory, where the standard shear and torsion warping functions are
integrated with an accurate description of the stress fields. The latter are evaluated
as the sum of the exact De Saint Venant contribution and some further terms due to
variable warping and are introduced in a Hellinger-Reissner functional to obtain a Ritz-

Galerkin approximation of the model in terms of generalized cross-section quantities.

1.4 Common materials for engineering structures

Despite other common materials, like masonry and wood, and many innovative mate-
rials, like polymers or composites, new civil engineering structures are mostly realized
with steel and/or concrete members, because of the good balance these materials offer
between mechanical properties and economic costs. Hence, in the last decades, many
efforts have been dedicated to study the behavior of both structural steel and con-
crete, mainly aiming to (1) understand the phenomenological processes characterizing
their mechanical responses, (2) develop efficient numerical models to reproduce these
responses in structural analyses and (3) improve the material performances, in terms
for instance of strength and ductility. Indeed, a wide bibliography is available on the
topic, among which it is worth mentioning some fundamental reference books [61-63].

As for many metals and alloys, the mechanical behavior of the steel is basically
related to the way the material is composed at the microscopic scale, that is by a
crystalline lattice with randomly distributed imperfections, such as dislocations. Small
levels of stresses in the material only produce a reversible movement of the singular
atoms composing the lattice, resulting in elastic macroscopic deformations. By con-
trast, high levels of stresses produce a permanent movement of the dislocations inside
the lattice, due to the change in the arrangement of its crystalline planes, which possess
a low resistance to shear. This results in a macroscopic growth of plastic strains with
consequent energy dissipation.

A typical stress-strain curve resulting from an uni-axial test on a steel element (e.g.
a reinforcing bar) usually shows an initial elastic branch, corresponding to the reversible
deformation of the material, and a subsequent nonlinear plastic one, corresponding to
the formation of permanent strains and starting when the stress exceeds the elastic
limit o, (Fig. 1.3a). Moreover, the plastic branch is often characterized by strain-
hardening phenomena, i.e. the increase of the material strength produced by the
plastic strain growth. In fact, when dislocations are forced to move, they accumulate

in some areas of the crystalline lattice and produce an increase of the material stiffness
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and strength. The strain-hardening phenomena lead to two fundamental macroscopic
effects, which need to be accounted for during the numerical analyses. The first one is
usually reproduced in numerical models through the kinematic hardening. It consists
in the increase of the material strength observable in monotonic loading conditions and
often causing of the Bauschinger effect, that is the decrease of the yielding stress in
compression, when the material accumulate plastic strains in tension, and vice versa
(Fig. 1.3a). The second macroscopic effect, instead, is usually reproduced in numerical
models through the isotropic hardening and consists in the increase of the yielding
stress, for both tension and compression, due to subsequent loading/unloading beyond
the elastic limit (Fig. 1.3b).
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Figure 1.3: Schematic representation of typical responses for steel materials.

Finally, another phenomenon characterizes the mechanical response of steel mate-
rials. This is the material failure, represented by the progressive break of the inter-
molecular bonds connecting the crystalline planes and by their physical separation.
The steel failure can be caused by high strain levels or by the combined effects of fa-
tigue and, as for reinforcing bars, local instability under cyclic actions. However, this
phenomenon is often neglected in the numerical simulations and is only considered in
specific structural problems.

Unlike steel materials, showing such a ductile behavior, the mechanical response
of concrete materials is influenced by more complex phenomena and, in general, it
presents a brittle behavior. Indeed, as concrete is an heterogeneous composite with
differently sized aggregate particles embedded in a cement paste, its response mostly
depends on the interface bond between the mortar and the aggregates. The microcracks
propagation along these interfaces causes the low strength in tension and nonlinear
behavior in compression at low stress levels. The creation and growth of microcracks or

microvoids and the collapse of the microporous structure is usually referred as damage
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[64] and translates into a loss of stiffness and strength of the material.

A typical uni-axial stress-strain curve in tension (Fig. 1.4a) shows an initial elastic
branch up to a level of stress that is usually 10 + 12 times smaller than the material
peak compressive strength. Above this level the interface microcracks start to grow
and usually one of them (or in any case very few of them) propagates very quickly in
direction orthogonal to the applied load, leading to an abrupt failure of the material
(softening behavior).

As opposed, in compression the material is more ductile. The stress-strain curve
in this case (Fig. 1.4a) shows a linear elastic behavior up to almost the 30% of the
peak compressive strength, because the level of stress does not suffice to generate
microcraks propagation. For higher stresses, instead, the material softens, but it still
shows a hardening response. In this phase, the transverse tensile strains due to the
Poisson effect generate cracks nucleating in the direction parallel to the applied load
and, when the maximum strength is reached, the material starts failing, exhibiting a

quick and brittle loss of resistance.
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Figure 1.4: Typical mechanical monotonic response of concrete materials.

As the damage in compression is mainly produced by the transversal expansion of
the material, the application of a confinement pressure in this direction can significantly
increase the compressive strength. Indeed, several studies on the concrete behavior
under bi-axial compression have shown that the maximum compressive strength can
be increased up to 20 + 25% with respect to the uni-axial case and much higher levels
of resistance can be obtained for tri-axial compressive stress states [65]. For example,
Fig. 1.4b shows the bi-axial failure envelope as results from the experimental studies
by Kupfer et al. [66] on three different types of concrete with an unconfined uni-axial
compressive strength of 19.0 MPa, 31.5 MPa and 59.0 MPa.
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The mechanical behavior under cyclic loads is also important. From a computa-
tional point of view it is characterized by two phenomena, that need to be taken into
account in numerical simulations. The first one is the unilateral effects between tension
and compression. Considering a material element volume subjected to tensile stresses,
each time a crack opens, the element exhibits stiffness lowering, because the stress
transmission between the two facing surfaces defining the crack is no longer possible.
When the load is reversed in compression and the contact between the two surfaces is
restored, part or all the stiffness lost in the tensile phase is recovered, that is the dam-
age created in tension usually does not affect the compressive behavior of the material.
By contrast, when the material is damaged in compression, the loss of stiffness is not
recovered when reloaded in tension, i.e. the damage created in compression also affects
the tensile response of the material. A schematic representation of this phenomenon is
shown in Fig. 1.5a.

The second relevant aspect is the the growth of plastic strains. Indeed, despite
concrete is mainly a brittle material, plastic strains occur upon unloading and reloading,
in both tension and compression. For instance, Fig. 1.5b shows the experimental results
by Karsan and Jirsa [67] on the uni-axial cyclic behavior in compression of a concrete
specimen. In numerical models, the presence of plastic strains is modeled through the
coupling of damage and elasto-plastic models.

These mechanical phenomena also characterize the response of masonry and com-
posite materials. Hence, in structural simulations their behavior is numerically de-
scribed through damage formulations that are similar to those adopted for concrete.

The following discussion limits to a literature review on the most consolidate three-
dimensional (3D) material models for standard concrete, focusing on continuum dam-

age and plastic-damage formulations.

1.5 Existing 3D damage and plastic-damage mate-

rial models for concrete

In last decades, many constitutive models have been developed to reproduce the be-
havior of damaging materials, following different approaches. The most accurate way
for describing the evolution of cracking phenomena is the adoption of FE models with
embedded discontinuities, i.e. models that represent the discontinuities due to the
crack opening in terms of displacement [68] and/or strains and stresses [69] discon-
tinuities. These are based on the fracture mechanics theory and on the studies on
brittle materials started by Griffith [70] in 1921. They usually refers to the definition

of cohesive-zone models [71]. Despite their accuracy, embedded discontinuity models
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Figure 1.5: Typical mechanical cyclic response of concrete materials.

are very onerous and not suitable for large scale structure analysis. An accurate review
of these models can be found in [72] and it is not pursued in this work.

A different approach considers the adoption of nonlinear models based on elasticity
theory. These models do not represent the cracks as embedded in the material, but they
only take into account the damaging effects by defining a nonlinear elastic constitutive
relation that aims to reproduce the mechanical behavior of the material [73], usually
starting from empirical considerations. Because of their simplicity, this kind of models
has been extensively adopted within beam-column FE formulations, especially equiva-
lent one-dimensional (1D) strain models, that are perfectly suitable for Euler-Bernoulli
beam formulations (see Sec. 3.2). Indeed, some robust and consolidate proposals, such
as [74,75] are nowadays commonly used in both research and professional applications.
However, the FE formulation considered in this work requires the adoption of 3D con-
stitutive relations, as discussed in the following sections and in Chap. 3. Hence, 1D
material models are not taken into account in this review. Bi-dimensional (2D) and 3D
elastic nonlinear relations have been proposed as well, even though they consider more
complex assumptions. Very performing formulations of this family belong to the class
of the smeared cracks approaches. In these models, cracked concrete is simulated as a
continuous medium with anisotropic characteristics that depend on the crack orienta-
tions and on their evolution during the loading process. A detailed review on smeared
crack approaches is provided by Bairan [41], starting from the pioneering works on
the Modified Compression Field Theory by Vecchio and Collins [76]. Similar advanced
constitutive models, belonging to the class of the anisotropic damage formulations,
are known as microplane models [77]. These allow to consider preferential directions

along which the material stiffness degrades more than others, usually defining differ-
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ent damage variables to independently modify the component of the elastic stiffness
tensor [72].

Many attempts of defining simple but accurate 3D formulations have been made
through nonlinear models based on damage mechanics, thus referred to as damage
models. In this formulations, linear elastic constitutive relations are in general modified
by introducing some scalar variables that are used to reduce the material stiffness
and strength and, thus, representing the softening behavior of the concrete (see Sec.
2.3). One of the first proposals of damage models dates back to the works by Mazars
[78] and Lemaitre [79]. In 1986 Mazars introduced an isotropic damage model based
on the definition of two damage variables D, and D., independently describing the
material degradation under tensile and compressive stresses. The combination of the
two damage variables provides the total damage parameter D, used to describe the
initial elastic stiffness degradation, and results from the definition of two weighting

coefficients a;; and «., linked to the tensile and the compressive stresses, that is:
D = atDt + CYCDC (11)

The model is only suitable for monotonic loading simulations and it does not account
for the residual plastic strains experimentally observed in concrete after unloading.
However, many refinements of the original formulation have been proposed during the
years [64,80], until the latest one by Mazars et al. [81] in 2014, which allows for cyclic
and dynamic loading simulations, yet neglecting the plastic phenomena. In this case,
one damage variable D is defined, but this is evaluated from the combination of two

thermodynamic variables Y; and Y. (see also Sec. 2.3):
Y=rY,+(1-r)Y, (1.2)

In Eq. (1.2), 7 is a weighting factor to identify the tensile/compressive state and
evaluated from the principal effective stress. Its definition has been proposed for the
first time by Lee and Fenves [82], as discussed later.

Almost simultaneously to Mazars, in 1985 Lemaitre proposed the first damage
model coupled with a Von Mises plasticity criterion to describe the plastic strain growth
in the material, but considering only one damage parameter to represent the material
stiffness degradation. Although Lemaitre underlined the relevant role of the plastic
strains in the nonlinear cyclic response of concrete, the adoption of the Von Mises
criterion and the definition of one damage parameter represent a drawback of the
model, as the description of the non-symmetric behavior in tension and compression

results inaccurate.
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The adoption of other plasticity theories for the definition of plastic-damage for-
mulations have been extensively investigated [83]. Indeed, non-symmetric plastic for-
mulations are usually preferred over the classical Von Mises and J2 plasticity [63],
which are widely used to represent steel materials. The easiest extension of the J2
model to consider the non-symmetric behavior in tension and compression is known
as Drucker-Prager plasticity [84], which is described in Sec. 2.2 and is adopted for the
plastic-damage model proposed in Sec. 2.4. This represents the 3D generalization of
the Mohr-Coulomb criterion, usually adopted for soils and considering higher resisting
stresses under compression and lower resisting stresses under tension.

Lubliner et al. [85] have proposed an enhanced yield criterion, known as Barcelona
model, and have adopted it in a one-parameter damage model, later modified by Lee
and Fenves [82] to define a two-parameter plastic-damage formulation. In their model,
Lee and Fenves have proposed a specific way to combine the tensile and the compres-
sive damaging responses, based on the evaluation of the weighting factor r, later on
considered by Mazars [81] (Eq. (1.2)). In [82] the factor r is adopted to combine the

principal plastic strains, used to evaluate the damage variable, and resulting as:
P =o6,rel 4+ 0.(1—r)E .. (1.3)

Eq. (1.3) allows a correct representation of the unilateral damage recovering upon load
reversal.

Comi and Perego [86] have considered two scalar damage variables, D; and D,, and
have used them to directly modify the total stress tensor o. They have proposed a

specific combination of the tensile and the compressive stresses, resulting as follows:
o=2u(1-D)(1—-DJe+ K(1—-D;)(1—-D.et+ K (1—-D,)e" (1.4)

where p and K are the initial undamaged shear and bulk moduli, respectively, € is
the deviatoric part of the strain tensor &€ and e/~ = trace*/~ (&) I are its hydrostatic
positive/negative parts. In other words, they use (1) a combination of both the tensile
and the compressive damage variables to modify the deviatoric part of the stress tensor
associated to the shear effects, (2) the same combination to modify the hydrostatic
tensile part of the stress tensor and (3) the compressive damage variable to modify the
hydrostatic compressive part. In this way, the shear component are influenced by both
the tensile and the compressive damage, the pure compressive behavior is influenced
by the compressive damage, to represent the unilateral effects, and the pure tensile
behavior is influenced by the tensile damage as well as by the compressive damage

produced under previous compressive states of the loading history.
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A different model, but presenting similar features, has been proposed by Faria and
Oliver [87], who have defined two distinct damage variables, d* and d~, as well and
have used them to compute the damaged stresses from the positive and negative part

of the effective stress tensor, &1 and o, i.e.:
o=(1-d)e"+(1—-d)o~ (1.5)

In this case @ and o~ are simply defined considering the sign of the principal effective
stresses.

Finally, Addessi et al. [2] have proposed a one-parameter plastic-damage model,
which is modified in this work to formulate the constitutive relationship proposed
in Sec. 2.4. In [2], the damage variable D is evaluated from the combination of
two equivalent strain measures, Y; and Y,, describing the tensile and the compressive

behavior, respectively, i.e.:
. Y.

=+
}/Ot }/OC

Yo: and Yy, being the initial damage thresholds. Moreover, the damage evolution law

Y (1.6)

depends on two material parameters, a and K, which are also obtained from specific
combinations of the tensile and the compressive ones, a;/. and K., on the basis of
appropriate weighting coefficients, ay /., i.e.:

Kt Kc

a=aoa; + a.a,. and K:ozty——i—ozcy
0t Oc

(1.7)

Even though the model considers a non-symmetric plastic criterion, its main drawback
is related to the assumption in Eq. (1.6), which does not allow to represent the uni-
lateral effects between tension and compression under cyclic loading. The formulation
proposed in Sec. 2.4 overcomes this issue, proposing a different approach to combine

the tensile and the compressive degrading effects.

1.6 Objectives

The present work focuses on the study of the cross-section warping effects in RC frames
subjected to relevant shear and torsional loads. Its main goal is the definition of efficient
tools for the numerical description of the non-uniform shear stress/strain distributions
due to the warping and their interaction with the damaging phenomena typical of

concrete-like materials. In particular, the objectives of the work are:

1. The extension of the beam-column finite element formulation proposed by Le

Corvec [1] to the analysis of RC structures. This is accomplished through two
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fundamental tasks: the definition of a material constitutive law, which is able to
correctly represent the concrete behavior under any kind of stress/strain state; the
introduction of an efficient regularization technique to prevent the damage/strain
localization and mesh sensitivity issues. For the first task, the idea is to define and
implement a new 3D plastic-damage model on the basis of the one proposed in [2]
and to develop an optimized procedure for condensing out the stress components
that are irrelevant for the beam formulation. For the second task, instead, an

integral nonlocal formulation is applied to the adopted beam-column FE.

2. The extension of the beam-column finite element formulation proposed by Le
Corvec to the adoption of new kinds of interpolation functions for the description
of the warping displacements over the element cross-section. In particular, the
adoption of Hermite polynomials is explored, aiming to reduce the total number
of additional warping DOFs introduced in the numerical model, but preserving
the accuracy of the solution. Moreover, a new procedure to remove the cross-

section rigid body motion from the warping displacement field is investigated.

3. The formulation of a new a consistent nonlinear solution algorithm for finite
element proposed in [1]. In particular, the idea is to define a non-iterative solu-
tion scheme, more suitable for the analysis of nonlinear softening behavior and

numerically more efficient, as opposed to the original iterative proposal.

Adopting the beam-column FE formulation, with the above enhancements, this study
aims to investigate the relevance of correctly representing the material shear stress/strain
distributions inside the element volume, when dealing with the analysis of RC frames,
and to analyze the influence of the boundary effects, that is the introduction of warping
constraints and the related shear-lag effects. To this end, a fiber discretization of the
element cross-sections is considered, to capture the multi-axial coupling of axial, shear,

flexural and torsional components.

1.7 Work outline

The dissertation is organized as follows: after this introductive chapter, Chap. 2
describes the proposed 3D plastic-damage constitutive model, with a preliminary de-
scription of two elasto-plastic models (the J2 and the Drucker-Prager plasticity) and
of classical damage models. Chap. 3 presents the beam-column formulation and dis-
cusses the refinements for the warping displacement interpolation and the variational
formulation; an overview of the standard Euler-Bernoulli and the standard Timoshenko

beam models is also given, together with the description of the enhanced model by
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Saritas [51], extended to the 3D case. Chap. 4 analyzes the classical regularization
techniques for force-based and mixed beam-column FEs and illustrates the adopted ap-
proach based on a nonlocal formulation. Chap. 5 examines all the FE computational
aspects, starting from the description of the non-iterative solution algorithm for the
beam-column Element State Determination, moving to the description of the Section
State Determination and of the fiber section discretization and concluding with the
description of the proposed plastic-damage material model linearized solution proce-
dure; this chapter also presents the proposed nonlinear static condensation approach.
Finally, Chap. 6 illustrates the correlation studies performed to validate the proposed
numerical models and investigates their computational abilities, with the overall con-

cluding remarks presented in Chap. 7.







Chapter 2

3D material constitutive model

2.1 Introduction

Metal materials and cementitious materials are the most adopted for engineering civil

structures.
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Figure 2.1: Schematic representation of ductile and fragile material response.

Metals, like structural steel and aluminum, are homogeneous materials exhibiting
a ductile mechanical behavior. From a numerical point of view, the description of
their response is relatively simple and it is usually performed through elasto-plastic
constitutive models. In fact, their behavior under severe loading conditions presents
few key aspects (Fig. 2.1a): symmetric response, that is equal nonlinear behavior
in tension and compression; strain hardening, that is positive material stiffness after
yielding; residual plastic strains, that is inelastic residual deformations occurring after
the loading removal. By contrast, cementitious materials, like concrete and masonry,

are heterogeneous materials exhibiting a fragile mechanical behavior. Their numerical
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simulation is more complex and requires the adoption of models able to account for
the damaging effects. The damage is the onset and growth of micro- and macro-
cracks, which produce a reduction in stiffness and strength of the material, up to the
collapse of the structure. In particular, the effects of damage generally implies (Fig.
2.10): nmon symmetric behavior, that is tensile strength lower then the compressive
strength; strain softening, that is negative material stiffness in the inelastic branch of
the response; damage irreversibility, that is the reduction in strength and stiffness due
to the damage can not be recovered.

To simplify the description of these complex properties, damage models are usually
formulated without describing the heterogeneity of the material and its microscopic
behavior, but referring to a representative volume element, which describes all the
material properties by homogenized variables. In other words, traditional stress-strain
constitutive relations are used to model the material response, with the inclusion of
internal variables that represent the degrading effects occurring during the loading.

However, as for metals, inelastic deformations may occur for brittle material as
well, due to inter-granular displacements. Hence, the more advanced formulations for
concrete-like materials use to combine damage models with elasto-plastic models, to
account for both the degrading effects and the plastic strain growth. These are thus
defined plastic-damage models.

This chapter describes a new 3D plastic-damage material model developed to re-
produce the behavior of concrete-like materials under complex tri-axial stress state.
The following two sections give an introduction of the main criteria that are the basis
of the proposed model. In particular, Sec. 2.2 summarizes the fundamental equations
of the standard J2 and Drucker-Prager plasticity; the latter is incorporated in the
proposed model to describe the evolution of the plastic strains during the damaging
process. Sec. 2.3, instead, presents the basic concepts for the definition of a general
damage model, giving some classical examples from the literature. Finally, Sec. 2.4
describes the model developed in this work. The entire discussion refers to the Voigt
notation of the Cauchy stress and total strain tensors, which are here indicated with

the six-component vectors o and e, respectively:

T T
U:{ Oy Oy Oz Tgy Taz 7—yz} and 82{ € &y &z Yoy Vaz Vyz}

2.2 J2 and Drucker-Prager plasticity

The J2 plasticity model [63] is a classical 3D stress-strain relation to describe the

evolution of the plastic strains inside the materials. This is based on the decomposition
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of the total strain € into the elastic part €° and the plastic part €P, leading to the

definition of the following elastic constitutive law:
oc=C(e—¢e?)=Ce° (2.1)

where C is the elastic isotropic stiffness matrix, depending on the Young’s modulus FE
and on the Poisson ratio v. During a general loading path, a Von Mises yield surface
f governs the plastic growth, according to both an isotropic and kinematic hardening

law. This yield surface can be expressed as:

fr(lo, ¢, a) = |7T—C|—\/§(O'y+HiOé) (2.2)

where 7 is the deviatoric part of the stress vector o and is computable through the

operator P, i.e.:

mn=Po (2.3)
with: ) )
2 -1 -1 0 0 0
-1 2 -1 000
11]-1 -1 2 000
P=-— (2.4)
3 0 0 0 3 00
0 0 0 0 3 0
0 0 0O 0 0 3

¢ is the kinematic back stress and « the isotropic hardening variable. Their evolution
laws are related to the rate of change of plastic deformations &P, following an associative

flow rule and resulting as:

o Of . /2. L2,
Y — _— = Y — — = — p
€ _)\80 An, et 3>\, ¢ 3Hk€ (2.5)

where the & = d¢ /0t indicates the derivative with respect to a pseudo-time variable ¢.
In the Egs. (2.5), n = n/|n| is the normal to the yield surface, with n = 7 — ¢, and A

is the plastic multiplier, which is assumed to obey the following Karush—Kuhn—Tucker

complementary conditions:
}\ > 07 fJQ(a-a Ca a) < 0, }‘fJQ(U7C7a):0 (26)
and the consistency requirement:

).‘f:72(0-7CaO'/) = O (27)
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The incremental form of Eq. (2.1) is expressed as:
oc=C%¢ (2.8)

where C is the elasto-plastic tangent stiffness matrix. During an elastic loading or
unloading state, this is equal to the elastic stiffness C, whereas during a plastic loading

state it is evaluated as:

C?=C%=C— (2.9)

4G2 )\ < 117 T) 4G? nn”
3 nn

I—- — — —

where I is the 6 X 6 identity matrix and 1 is a vector that extracts the volumetric part
of o, resulting as:

1=[1 1 10 0 0 (2.10)

G and K are the shear and bulk moduli, respectively, while o,, H; and H} are ma-
terial parameters denoting the yield strength, the isotropic hardening modulus and
the kinematic hardening modulus, respectively. In the general case, the isotropic and
kinematic hardening modulus can be assumed as function of o to account for nonlinear
hardening evolution [63], i.e. H;(a) and Hy(«). However the present work considers
only the case of linear hardening, that is constant H; and Hj are assumed.

The plastic yield function at the first onset of the plastic process (e’ = 0, { = 0
and a = 0) is plotted in Fig. 2.2 adopting the parameters in Table 2.1. Fig. 2.2a

Table 2.1: Mechanical parameters adopted for the J2 plasticity.

E =30000MPa v =0.2 oy, =30.0MPa  H; =0.006E H,=0.020F

shows the yield function in the principal stress space where fjo (green surface) is a
cylinder with the axis parallel to the octaedric axis. Its representation in the o1 — o9
stress plane is the ellipse in Fig. 2.2, showing that the yield function intersects all
the principal axis at the same value 40, which is the yield strength of the material.
This results in a symmetrical behavior of the model in the tensile and compressive
stress state conditions, as observed in Fig. 2.4a, where an example of cyclic uni-axial
response is given.

Because of this symmetry in the mechanical response, the J2 plasticity model is
more suitable for the representation of metal material. On the contrary, to govern
the evolution fo the plastic strains €? in brittle material, the Drucker-Prager plasticity
model with linear isotropic and kinematic hardening [84, 88, 89] represents a better
choice. This model can be seen as an extension of the J2 plasticity, where the yield

function is assumed to be also dependent on the volumetric part of the stress tensor,
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Figure 2.2: Plastic yield function f2 at the first onset of the plastic process.

that is on the first invariant I; = 17

fop(o,¢,a) =|m— (| - \/g(%—i‘Hia) tulh=frtph (2.11)

with p being an additional mechanical parameter governing the ratio between the yield
strength in tension and compression. In fact, the term p [; in Eq. (2.11) transforms the
cylindrical yield function of the J2 plasticity in a cone having the same axis and the tip
in the tri-axial tensile domain. Following [90], the yield strength o, and the frictional
coefficient 1 can be evaluated on the basis of the uni-axial tensile and compressive

strengths, o, and o, as:

20,0y 2(00—0,5)

g, = on = —
Y )
0-c+0-t Uc+gt

] (2.12)

The 3D and 2D representation of the Drucker-Prager yield function are given in Fig.
2.3 adopting the parameter in Table 2.2. In this case, the yield function intersects the

Table 2.2: Mechanical parameters adopted for the J2 plasticity.

o = 3.3MPa

E=30000MPa v=02 " _ 4/ 0\p,

H; =0.005E Hp=0.020F

negative axes at —o, and the positive axis at o, < |0/, allowing for a non-symmetric
behavior in the tensile and compressive stress state conditions. Fig. 2.4b gives an

example of cyclic uni-axial response for this model.
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Figure 2.3: Plastic yield function fpp at the first onset of the plastic process.
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Figure 2.4: Cyclic uni-axial behavior under imposed strain history for the J2 and Drucker-

Prager model (parameters in Table 2.1 for J2 and parameters in Table 2.2 for
Drucker-Prager).

For the Drucker-Prager plasticity the elasto-plastic stiffness can be evaluated as:

6GKuni1”
G + 2/3(H, + Hy)

CP?=CPHp=C% — (2.13)
while all the other equations defined for the J2 plasticity remain the same. In fact, when
o, = 0., the Drucker-Prager model degenerates in the J2 one, because o, = 0y = o,
and p = 0.
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2.3 Basic concepts for damage models

When a brittle material is subjected to high levels of stresses, micro-cracks, voids and
dislocations can emerge. These produce a reduction in both the stiffness and strength,
which need to be accounted for in a numerical model. To describe the behavior of
brittle material, characterized by these degrading mechanisms, a common approach is
the adoption of isotropic damage constitutive models. The basic idea of these models
is to represent the macroscopic behavior of the general infinitesimal volume of the ma-
terial with a classical isotropic stress—strain relation, introducing into the stress-strain
relationship an internal scalar variable D, representing all the microscopic phenom-
ena. In particular, the total stress—strain relation representing the material response
is defined considering an effective stiffness matrix C, exspressed as a function of the

internal variable D that is used to modify the initial elastic stiffness matrix C:
oc=C(C,D)e (2.14)

An easy way to define the evolution of C is to assume the strain equivalence prin-
ciple, stating that the strain state of the real damaged material is the same state con-
sidered in the constitutive law and represented by the strain vector €. This principle

leads to the following expression of Eq. (2.14):
c=(1-D)Ce=(1-D)o (2.15)

with C(C, D) = (1 — D) C and D ranging from 0 to 1, where D = 0 corresponds to
the initial undamaged state of the material and D = 1 to the complete degraded state.
The vector & = Ce is called effective stress vector and it represents the stress state in

an equivalent fictitious material where no damage occurs. This is equal to:

o

c=Ce=—— 2.16
An alternative way to define the evolution of C is to assume the complementary energy
equivalence principle [91], stating that the complementary energy of an infinitesimal
real damaged material volume is equivalent to that resulting from the constitutive law.
In this case C (C, D) = (1 — D)’ C, that is Eq. (2.14) become:

o= (1-D)}*Ce=(1-D)’s with &:cs:(l:‘D)Q (2.17)

In both cases, the evolution of D depends on the mechanical state of the material

and, in general, on some internal variables Y; (with ¢ =1, 2,...), evolving on the basis
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of a loading-unloading damage limit function fp (o, €,Y;). According to the second law
of the thermodynamics, the damage is an irreversible process satisying the Clausius-
Duhem inequality. Its evolution is ruled by Karush-Kuhn-Tucker conditions and the

consistency condition, resulting as:
D>0  fp(o,eY;)<0 Dfp(o,e,Y:)=0 D fp(o,eY)=0 (218

For instance, in the pioneering model proposed by Mazars in 1986 [78], based on the
strain equivalence principle and on the assumption of zero plastic strains, the damage
limit function depends on an equivalent strain measure ., and on an internal variable

Y, which is function of D, i.e.:
fD (5eq7 D) = Eeq — Y(D) (219)

The equivalent strain measure e, is defined as function of the positive (tensile) principal

strains €;, witht=1,...,3:
3

Eeq = Z <5z>j_ (220)

i=1
where (o), denotes the Mac’Auley brackets, selecting the positive part of the variable
o, and Y (D) is the internal variable related to the damage growth, so that Y (0) = eq,
is the initial damage threshold. D is obtained combining two different variables, D; and
D., for the tensile and the compressive behavior, respectively, introduced to represent
the unilateral effects, typical of the concrete-like materials. The following evolution

laws are stated for both:

_ €O,t<1 — Ah)

€eq

D=1 — Aj e Brlceaeor) with  h=t,c (2.21)

The latest version of the model, called © model [81], considers two different equiv-

alent strain measures, defined as:

[z-:l \/3J€2 [51 6\/ 3Jz—:2

Tt T (1 —20)  2(1+v) T 51 -20)  5(1+v)

(2.22)

where .4, is related to the cracking phenomena in tension and is associated to the
internal variable Y;, whereas €. is related to the crushing phenomena in compression
and is associated to the internal variable Y,.. Hence, two limit functions are considered,

resulting as:

ft (5eq,t7 }/t) = Eeqit — 3/157 fc <€eq,ca }/c> = Eeq,c — }/c (223)
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I.1 and J.5 are the first invariant of the strain tensor and the second invariant of the
deviatoric strain tensor, respectively. The damage variable D is expressed as function

of a single internal variable Y, following the same evolution laws (2.21):

Yo(l — 4)

D=1-
Y

— Ae B Y0) (2.24)
where Y is a combination of Y; and Y,, with Y} its initial threshold (see [64, 80, 81]
for the details of the two models). Fig. 2.5 shows an example of (a) cyclic uni-axial
response for this model, (bi) the assigned strain history and (bii) the related evolution
of the damage variable. In the same figures, the main steps of the two cycles performed

in the loading path are indicated with capital letters.

%1073 Cyclel ~ Cycle2

C
Lol ii O A : ‘
®76-5-4-3-2-1 01 = "o 200 400 600 800
Ex x10° Time
(a) Stress/strain relation. (b) i: Strain history - ii: Damage evolution.

Figure 2.5: Cyclic uni-axial behavior under imposed strain history for the u model.

Many other formulations of damage models can be found in the literature, e.g.
[82,86,87], proposing different definitions of the limit functions, of the equivalent strain
measures and of the damage evolution laws. For instance, Simo and Ju [92] define the

equivalent strain measure as equal to the material internal energy:

1 1
€eq = §€T Ce= QsT o (2.25)

which is more suitable for metal materials, whereas de Vree et al. [93] assume:

k—1 1 k—1 2 12k
=77 la+—\|(——L L 2.26
0 T 9kl — 20) “%%$<1—2u1>_%u+yy 2 (226)

with x being the ratio between the tensile and compressive damage stress thresholds.




28 3D material constitutive model

2.4 Proposed 3D plastic-damage material model

This section describes the 3D plastic-damage model proposed in this work, which is
a modified and enriched version of that proposed in [2]. The first part of the section
introduces the theoretical aspects of the model, whereas the second part describes
the meaning of the model parameters and their calibration. The equation in Sec. 2.3,
described for the elastic-damage models, are extended to account for the plastic strains

eP. i.e. to defined a plastic-damage model.

2.4.1 Model definition and fundamental equations

The stress-strain law is defined according to complementary equivalence principle, i.e.:
o=(1-D)?’C(e—¢€")=(1-D)& (2.27)

The Drucker-Prager plasticity with linear kinematic and isotropic hardening, intro-
duced in Sec. 2.2, is adopted to govern the evolution of the plastic strains eP. The
main equations of the Drucker-Prager model, i.e. Egs. (2.11), (2.5) and (2.13), are

expressed in terms of the effective stress vector o as follows:

. B 2
flo,¢,a)=|Po — (| —/;(0y+ Hia) + ply = fra+p 1y (2.28)
3
. . 0 . . 2 . . 2 )
el = /\ag =n, &= \/;)\, ¢ = ngs” (2.29)
4G2 \ 117 4G? nn? +6GKpun1”
»=C — I- - —an’ |- 2.
Cr=Cm T ( 3 ““) 3Gy ops iy 2

with n = n/|n| and 7 = P o — . The independent material elasto-plastic parameters
are the uni-axial tension and compression strengths, o; and o, related to o, and g
through Eq. (2.12), and the hardening parameters Hj and H;.

The rate constitutive relation is deduced by differentiating Eq. (2.27) with respect

to the pseudo-time variable ¢:
o= (1-D)?C(e—¢P)—2(1—-D)C(e —e’)D = C, ¢ (2.31)

where C; is the material tangent stiffness matrix, resulting as:

oD

C,=(1-D)?C®—-2(1—-D)CEeg®
1 =(1-D) (1-D)Ce

(2.32)

To account for the unilateral effects typical of brittle-like materials, two different
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variables are introduced for the damage due to prevailing tensile state, D, € [0, 1], and
the damage due to prevailing compression state, D, € [0, 1]. Their evolution processes
are governed by the loading/unloading limit functions f;(Y;, D;) and f.(Y,, D.), defined

as follows:

[i(Ye, Dy) =Y, — Yor — (aYs + ki) Dy (2.33)
fc(Yrca Dc) = Y; - %c - (ac}/; + kc)Dc (234)

where Y; and Y, are two equivalent strain measures defined in the following, and Yy,
Yoe, @, ae, ki and k. are material parameters governing the damage threshold (Yy, and
Yo.) and the rate of the damage evolution (ay, a., k; and k.). Fig. 2.6 plots fi(Ys, Dy)
and f.(Y., D.) in both the principal strain plane €; — g5 and stress plane o, — o5 for a

virgin material and adopting the parameters in Table 2.3.

Table 2.3: Mechanical parameters adopted for the proposed damage model.

E = 30000 MPa v=20.2
o = 3.3 MPa o. = 30.0 MPa H;,=0001F H,=070F
Yo =72-107° k. =20-107° a; = 0.8
Yo = 3.6- 1074 k.=50-10"3 a. = 0.1 5 =0.0
3 %104 5
1.5} 0 \\I
0 . 1
\ g - :
& -1.5 \ = !
\ ~ -10 !
-3l \ B :
--f \ 15 |- - ft i
-4.5¢
—fc \ —fc :
-6 . . . M -20 . . . 1
-6-45 -3 -15 0 15 3 20 -15 -10 -5 0 5
€1 x10~4 o1[MPa]
(a) Principal strain plane e3 = 0. (b) Principal stress plane o3 = 0.

Figure 2.6: Damage limit functions f; and f. at the first onset of the damage processes.

The evolution of D, and D. follows the classical Karush-Kuhn-Tucker and consistency

condition, resulting as:

D, >0, frn <0, Dy fr =0, Dyfn=0 with h=tc (2.35)
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together with the condition D; > D., ensuring that the damage emerging during a
compressive state is not recovered in a successive tensile state.
Once the evolution problems of the two damage variables D, and D, have been

solved, the overall variable D is evaluated as the combination of them, in the form:
D=o; D+ a.D, (2.36)

where o and a, are weighting coefficients. Their expressions are defined as:

n; n;
ap = , = —5=1—o4 (2.37)
¢+ n? nZ +n;

with:
}/;e Ye

" Yo + (aYe + k) D’ e

n = Yoo+ (@YF + ko)D

The introduced strain measures Y; and Y, are related to the total strain vector e,

whereas Y,° and Y are related to its elastic part €°. These are defined as:

3 3

Y: = ;(601, Y. = ;(602— - p §<€j>—<€k>— (2.38)
Yy = ;g;<€f>ia Yo = ‘_l<€f>3 - z;%<€§><62> (2.39)

where [ is an additional material parameter governing the shape of the limit function
in compression and e; and ef, for ¢ = 1,2, 3, are equivalent total and elastic strains

respectively, defined as:

3 3
ei=(1—-2w)é+v) ¢, ef = (1—2w)E +v) & (2.40)

j=1 j=1

being ¢; and £ the principal total and elastic strains.

2.4.2 Meaning and calibration of the material parameters

The proposed plastic-damage model depends on two elastic parameter, the Young
modulus F and the Poisson ratio v, and on further eleven material parameters: four of
them are the Drucker-Prager model’s parameters, o;, 0., H; and H;; the other seven
ones are the damage model’s parameters, three related to the tensile behavior, Yy, a;
and k;, and four related to the compressive behavior, Yy, a., k. and .

The parameter calibration starts from defining the stress damage thresholds oo, and
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oo for the tensile and the compressive responses. Considering an uni-axial stress state
(Fig. 2.7a), a typical concrete-like material exhibits a maximum strength in tension
Otmaz, 10 + 12 times smaller than that in compression o ;4,. Moreover, the tensile
strength degrades quickly after the damage activation, so that oy is generally equal to
Otmaz- On the contrary, og. is generally smaller than o ,q,. In this stress condition,
if the damage is activated before the plastic yielding, the strain damage thresholds e,
and &g, related to oy, and og., depend only on the parameters Yy, and Y. respectively,

because in tension a; = 1 and a,. = 0; the opposite in compression. Hence:
Yor = eor(1 — v — 207), Yoo = €0e(1 — v — 207) (2.41)

with Yy, and Yj. representing the equivalent strain measure thresholds. Although no

UI
Ot,maz =00t A
; €ot Ex
""""" O0oc
B
——————————————— F 0 maa -40 SRR S S e
6 5 4 -3 -2 -1 0 1
€ x1073
(@) Schematic representation. (b) Numerical response.

Figure 2.7: Monotonic uni-axial behavior in tension and compression for the proposed dam-
age model with damage thresholds.

limitation exists for them, the following values are suggested for oy, o., Yy and Yj,:

0t Zo_t,max and YE)t = O¢,max (1 — V- 2V2)/E

Oc =0cmag and Yoo < Oemaz (1 —v — 2v%)/E

given the maximum strengths ot e, and ocime, of the real material (usually Y,. =
5+10Yy). Then, H;, Hy, a;, ac, k; and k. can be set to reproduce the plastic strain
growth and the damage evolution in both the monotonic and the cyclic cases. The
monotonic responses obtained with the parameters in Table 2.3 is shown in Fig. 2.7b
and an example of cyclic uni-axial behavior is shown in Fig. 2.8.

In particular, the isotropic hardening coefficient H; influences the increment of

strength that the material exhibits during subsequent loading cycles. For instance,
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(a) Stress/strain relation. (b) i: Strain history - ii: Damage evolution.

Figure 2.8: Cyclic uni-axial behavior under imposed strain history for the proposed dam-
age model - e, = (0.15, —4.0, 0.5, —5.0, —1.1) - 1073 (the gray capital letters
indicate the main steps of the loading path).

Fig. 2.9a shows the cyclic response in Fig. 2.8a for two different values of H;. For
H; = 0.001 E (dashed line), in the compressive part of the first cycle, the material
reaches, before unloading, the stress related to the point D; at the second cycle, after
switching from tension to compression, the same compressive stress value is obtained
and then the material keeps degrading. By contrast, for H; = 0.020 E (solid line) the
stress obtained at the second cycle (point G) is higher than that obtained at the first
one (point D).

The kinematic hardening parameter Hj,, instead, governs the plastic strain growth,
as shown in Fig. 2.9b. Here, the experimental test by Karsan et al. [67] (gray line)
is reproduced adopting two sets of parameters (the other parameters are the ones in
Table 2.3):

Numerical 1: H,=0.15F, ke=4.5-10"% (solid black line);
Numerical 2: H,=045F, k.=3.8-10"% (solid dashed line).

The set 1, with smaller value of Hy, leads to larger residual plastic strains after the
unloading and (in this case) better represents the experimental behavior. On the
contrary, the set 2, with a bigger value of Hy, leads to a smaller amount of residual
plastic strains. However, because Hj also influences the increment of the effective
stresses after the yielding, from Eq. (2.27) results that it also controls the level of
stress reached in the post-elastic zone, that is it influences the post-elastic material
strength, and its calibration is correlated to the calibration of the parameters a;, a.,

k; and k.. In particular, k; and k. govern the damage rate growth in tension and
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Figure 2.9: Influence of H; and Hj in the proposed damage model .

compression, respectively; whereas, a; and a. control the softening branch slope of the

material response. These parameters are subjected to the following limitations:
kt/c > 07 Qt/c S [0, 1] (242)

and are defined so that the higher are their values the more ductile is the material

response. Fig. 2.10 shows some examples for the compressive case.
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(a) Monotonic behavior in compression for  (b) Monotonic behavior in compression for dif-
different values of the parameter a.. ferent values of the parameter k..

Figure 2.10: Influence of a. and k. in the proposed damage model (the other parameters
are the ones in Table 2.3).

Finally, the parameter 5 € [0, 1] governs the shape of the damage limit function f.
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in the compressive-compressive part of the domain, as shown in Fig. 2.11a. Hence, it
can be set to correctly reproduce the material failure envelope. Fig. 2.11b, contains the
material failure envelope in the principal stress plane (black lines), assuming o3 = 0
and normalizing o; and oy with respect to the uni-axial compressive strength o 4, =
34.6 MPa. In the same figure, the experimental data 1 and 2 (gray lines) refer to
the tests from Kupfer et al. [66] on concrete specimens with an unconfined uni-axial

compressive strength of 35.1 MPa and 59.0 MPa, respectively.
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(a) Damage limit function f. for different (b) Material failure envelope in the principal
values of 3. stress plane o3 = 0.

Figure 2.11: Influence of 3 in the proposed damage model (the other parameters are those
contained in Table 2.3).

Regarding the cyclic behavior, it is important to note the ability of the model in sim-
ulating the unilateral effects typical of the concrete, that is the crack closure/opening.
In fact, as shown by the damage evolution paths in Fig. 2.8b.ii, when the stress state
switches from tension to compression (from B to C and from F to G) the damage
is recovered and it assumes the maximum value reached in the previous compressive
phase (i.e. the virgin material state for the first cycle). By contrast, when the stress
state switches from compression to tension (from D to E), the damage is not recovered,
that is its value remains constant to the maximum value assumed in compression (or
this becomes equal to the maximum value reached in the previous tensile path, if this
is bigger); in fact the point B and E in the stress-strain graph do not coincide.

Finally, the response under pure shear loading is shown in Fig. 2.12 in terms of shear
stress 7, vs shear strain +,,, for (a) the monotonic and (b) the cyclic case. Under this
loading condition, the behavior is strongly characterized by the tensile damage growth
and thus its evolution has basically the same path of that obtained under tensile uni-

axial stress. The tensile damage occurs for both the positive and the negative shear
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stress values, hence, as expected, no unilater effects and no damage recover appears in

Fig. 2.12b.

3.5
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(a) Monotonic behavior.

Figure 2.12: Monotonic and cyclic behavior
proposed damage model.
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(b) Cyclic behavior.
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Chapter 3

Beam-column FE formulation

3.1 General

As widely shown in literature, force-based and mixed beam-column FEs are the most
efficient formulations for the analysis of framed structures. However, only few models
to date are formulated to satisfactorily represent the effects produced by shear and
torsional loads. This chapter describes a 2-node, three-dimensional (3D) beam-column
FE based on a modified Hu-Washizu variational potential, as proposed by Le Corvec
in [1]. With respect to the standard Hu-Washizu mixed formulation, with only three
independent fields, i.e. displacements, strains and stresses, Le Corvec’s formulation
introduces a fourth additional field, describing the out-of-plane displacements due to
the warping of the element cross-section. This leads to the definition of a four-field
mixed formulation, which is adopted in the present work to investigate on the effects
of cross-section warping on the degrading behavior of RC frames. The cross-section
warping displacements are included in the formulation through a classical interpolatory
approach, that is they are interpolated in the element volume with the addition of a
variable number of local degrees of freedom (DOF) to those commonly used for the
beam FE and with the definition of specific shape functions. This is performed at
two independent levels: along the axis and over the cross-section, selecting the shape
functions within the class of the Lagrange polynomials. Hence, the evolution of the
warping displacements during the loading process and the coupling between the shear
and torsion with the normal stress components are taken into account.

Further important improvements are here proposed with respect to the model in [1].
Indeed, the introduction of the local DOFs associated to the warping field presents two
drawbacks: (1) it increases the overall computational burden and (2) it reduces the
numerical robustness; the latter issue results from the procedure proposed in [1] for

eliminating the cross-section rigid body motions from the additional warping field.




38 Beam-column FE formulation

Aiming to (1) reduce the number of additional DOFs, the present work extends the
element formulation to the adoption of Hermite 2D polynomials for the interpolation
of the warping displacements over the cross-section area, since with the same order
of integration these polynomials require less parameters than the Lagrange one [94].
Moreover, aiming to (2) increase the element robustness, this work proposes a new way
for eliminating the cross-section rigid body motions from the warping field.

The description of the adopted FE formulations starts with a preliminary overview
of classical beam-column force-based formulations. In particular, Sec. 3.2 presents
the classical Timoshenko model, giving the basic issues characterizing the equilibrated
approaches [14, 25,95, 96]; for sake of completeness, the Euler-Bernoulli model is also
described. Sec. 3.3 presents a generalized 3D version of the enhanced model proposed
in [51]. In this formulation, to (partially) remove the hypothesis of rigid body section
and to account for the shear effects, particular assumptions are made for the shear
strain distributions over the cross-section, basing on linear elastic analytical solutions.
Finally, the adopted formulation including cross-section warping is described in Sec.

3.4. Small displacements and strains are assumed for all the models.

$ QY,I /T Uy s

/o —> —>

/ Uy, HX,J
u
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Figure 3.1: Finite element global reference system: nodal displacement vector components.

First, a global reference system (O, X,Y, Z) is defined, where the 2-node standard
3D element has twelve DOFs, corresponding to the nodal displacement components
(Fig. 3.1), that is three translations and three rotations at each node, listed in the
vectors uy, uy, 0; and 0 ;. The undeformed element length is indicated with L, cor-
responding to the distance between the two end nodes I and J. The displacement

components are collected in the vector u, resulting as:

u= {u? er u’ 9§}T (3.1)
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The corresponding nodal force components are collected in the vector p, resulting as:
T T T 7’
p= {PI my | o mJ} (3.2)

with p;, ps, m; and m; being the nodal force and moment vectors.

According to the equilibrated approach, the rigid body motions of the element are
eliminated and the formulation is referred to the local basic reference system (1, x,y, z),
shown in Fig. 3.2. The axis «x is parallel to the direction going from node I to node J,
while y and z are the cross-section principal axes. The deformation DOFs are collected

in the basic displacement vector v, defined as:

VvV = {u%J 82’[ HZ,J Qx,J ey,[ Gy,J}T (33)

where u, ; is the translation of the node J parallel to =, 6, ; and 6, ; are the nodal
rotations around z, 6,7 and 0, ; are the nodal rotations around y and 0, ; is the
rotation at node J around z. The vector v is related to the vector u, by the following
compatibility expression:

V=a

s u (3.4)

where a, is the kinematic matrix, defined as:

-1 0 0 001 0 0 00O0]
0 1/L 0 010 —-1/L 0 000
0 1/L 0 000 —-1/L 0 001
ag = / / (3.5)
0 0 0 -1 0 0 0 0 0 1 00
0 0 —-1/L 0 1 0 0 0 1/L 0 0 0
0 0O —-1/L 0 0 0 O 0 1/L 0 1 0 |
The basic force vector q, corresponding to the vector v, results as:
q= {pr Magq Meg Mag Myr my“]}T (36)

where p, ; is the force parallel to x at node J, m,; and m, ; are the nodal moments
around z, m, ; and m, ; are the nodal moments around y and m, ; is the moment at
node J around z.

By imposing the virtual work equivalence, the element global stiffness matrix k
and the element force vector p in the global system are related to the basic variables
through the transpose of the matrix a, [95]:

k=alf'a, P+ Py =a, q (3.7)
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Figure 3.2: Finite element local reference system: basic displacement components.

where f is the element basic flexibility matrix and p,, are the element nodal forces due
the loads distributed along the element axis.

The following sections discuss the definition of f and the equations governing the
element kinematic, static and constitutive laws for the different formulations. Only the

case of prismatic beams with uniform cross-sections is considered.

3.2 The Timoshenko and Euler-Bernoulli force-based

formulations

The Timoshenko beam theory is based on the rigid plane cross-section assumption.
Hence, at each point of the local axis x, the generalized section displacement vector

u,(x) is defined as:

uy(e) = {u(z) 0.(2) wv(@) Ou(2) 6,(z) wlx)}’ (3:8)

where u(z), v(z) and w(z) are the translation components of the cross-section at z,
and 6,(x), 0,(x) and 0,(z) are its rotations (Fig. 3.3a). The displacements u,,(z,y, 2)
at the generic point M of the cross-section are, in general, described by the three fields
uz(z,y, 2), uy(x,y, 2) and u,(x,y, z), representing the material displacements along =,
y and z, respectively. Given the assumption of rigid plane cross-section, u,,(z,y, 2)

corresponds to the section rigid displacement u,.(z,y, z), resulting as:

Up (T, Y, 2)
u(2,y,2) = Uy (2,9,2) ¢ =as(y,2)us(z) (3.9)

Uy (2, Y, 2)
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(a) Section displacement vector components. (b) Point axial displacement.

Figure 3.3: Cross-section rigid displacements.

where u, ,(x,y, ), Uy y(x,y, z) and u, . (x,y, z) are the components of the material point
displacements associated to the cross-sections rigid body motion and as(y, z) is the

compatibility operator defined as:

1 -y 0 0 20
a;(y,2)=10 0 1 —z 0 0 (3.10)
00 0 y 01

The compatible strain vector &,,(z,y,2) at M is, in general, described by the three
strain fields e, (2, y, 2), Yay (2, y, 2) and v,.(z, y, ), corresponding to the material point
axial strain along x and the shear strains in the planes x —y and x — z, respectively. As
for the displacements, in this case €,,(x, y, z) is equivalent to the contributes e, (z,y, 2)

compatible with the section rigid displacements and resulting as:

Era(T, Y, 2)
e (,y,2) = VT,xy(xayvz) = a,(y, ) e(z) (3.11)
’Ymcz(% Y, Z)

The generalized section deformation vector e(x) is introduced in Eq. (3.11), as:

ea(x) u'(x)
X () 0.(x)
D RV G RTE X 512
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with eg(x) being the axial deformation, x,(z) and x,(z) the flexural curvatures, x,(z)
the torsional curvature and 7, (z) and v, (z) the shear deformations; ¢’ = 9o /dx denotes
the derivative with respect to x of the variable ©.

The stress components work-conjugated with the strain quantities in &,,(x, y, z) are

collected in the stress vector o, (z,y, z), defined as:

ou(2,y, 2)
U'm<l',y,2) = Tacy(xay7z> (313)

Teo (2,9, 2)

where o, is the normal stress along the beam axis direction, and 7,, and 7,, are the
shear stresses in the cross-section plane parallel to y and z, respectively. By enforcing

the virtual work equivalence for the cross-section as:
sel(r)s(x) = / Sel(z,y,2) om(x,y, 2) dA (3.14)
A

the following definition of s(z) is deduced [97]:

s(x) = /AasT(y,z) om(z,y,2)dA = (3.15)

N(x) being the axial stress, M,(x) and M,(x) the bending moments, M,(x) the tor-
sional moment and 7),(z) and T’ (x) the shear forces. By differentiating Eq. (3.15) with

respect to the e(z), the tangent section stiffness matrix ky(x) is obtained:

ky(x) = / al(y,2) k(z,y,2)a,(y, 2) dA (3.16)
A
governing the incremental generalized section constitutive relation:
s(x) = ky(z) é(x) (3.17)

The tangent material stiffness matrix is defined as: k,,(z,y, 2) = dop(x,y, 2) /0em (2, Y, 2).

This is involved in the material incremental stress-strain law as:

d-m(xvya Z) = km(xayVZ) ém(l’,y, Z) (318>
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As a consequence of the assumption of rigid plane sections, the material strains
em(x,y,2) = e.(x,y,2) in Eq. (3.11) assume linear distributions over the cross-section
and, for linear elastic material, this implies linear distributions for the material stresses
om(z,y,2) as well. Such a result is not suitable for a real frame structures where
the warping of cross-sections leads to higher order distributions of the stress/strain
fields, even for linear elastic conditions. Hence, some specific corrections need to be
introduced. In particular, the axial strain e,(x,y, z) in a prismatic homogeneous beam
assumes a non linear distribution only for particular warping deformations of the cross-
sections and/or under specific warping constrain (shear-lag effect), with the warping of
the cross-section becoming relevant for some applications. By contrast, the influence
of the warping effect on the shear strains v,,(z,y,2) and v,.(x,y, z) is more often
essential. In fact, only constant and linear strain distributions are considered in the
Timoshenko beam theory and the equivalences 7, ,,(z,y,2) = v,(z) — 2 x,(z) and
Vraz (X, Y, 2) = 7.(x) +y xz(x) in Eq. (3.11) do not ensure the longitudinal equilibrium
of the element [51,98]. Hence, the classical shear correction factors 1, and v, and
the torsional correction factor ¥, need to be introduced. Eq. (3.11) is thus rewritten

introducing a modified matrix a, 7(y, 2):

er(2,y,2) = asr(y, 2) e(x) (3.19)

with:
1 —y 0 0 z 0

a,r(y.2) =10 0 o, =2V 0 0
0.0 0 YV 0 Vihe

and Egs. (3.15) and (3.16) become:
() = [ ali(y.2) oule.y.2) 4 (3.20)
A
k() —/ alr(y,2) k(2 y,2) asr(y, z) dA (3.21)
A

For linear elastic material response, k,,(z,y, z) is a diagonal matrix depending on

the Young’s and shear moduli, £ and G, i.e:

k- = (3.22)

o o O™
o O o
Qo o
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Hence, for a homogeneous section, the tangent stiffness matrix kg r(z) result as:

EA —ES. 0 0 ES,
~ES. EL 0 0 —ES,.
e |0 0 G, A —G S, 0 0
s 0 0 —GJiuns, G, 0 GVIULS.
ES, -ES,, 0 0 El, 0
0 0 0 GVIA.S. 0 Gi), A

(3.23)
where Sy, S, and Sy, are the section first moments of area, I, and I, are the second
moment of area with respect to the axes z and y respectively and I, is the polar moment
of area. If the local element axes y and z are chosen as the principal cross-section axes,

the matrix k,(x) assumes the following standard diagonal forms:

(FA 0 0 0 0 0 |
O ELL 0 0 0 0
K 0 0 GAZ 0 0 0 (324
O 0 0 GJ 0 0
0o 0 0 0 EI 0
0 0 0 0 0 GA:|

where E'A is the section axial stiffness, /1, and 1, are the section bending stiffnesses
with respect to y and z respectively, GJ is the section torsional stiffness, J = 1,1,
being the torsional inertia, and GA; and GA] are the section shear stiffnesses with
respect to y and z respectively, Ay = 1, A and A} = 1. A being the shear areas. When
Eq. (3.24) is considered, no coupling between the generalized section forces exists.

In any case, following the equilibrated formulation, the stress vector s(z) is ex-

pressed as a function of the basic element force vector q as:

1 0 0o 0 0 0
02-1 2 0 0 0
0 -+ -1 0 0 0

s(x) = b(x) q + s,(x) with  b(z) = (3.25)
0 0 0 1 0 0
0 0 0 0 2-1 2
0 0 0 o0 b1

where b(x) is the equilibrium matrix and s,(z) is the generalized section stress vector

due to the loads distributed along the element axis. Eq. (3.25) can be introduced in
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the inverse form of Eq. (3.17), obtaining:
e(x) = fi(z) 8(x) = fi(z) b(z) 4 (3.26)

where f,(z) = k;!(z) is the tangent section flexibility matrix. The virtual work equiv-
alence is enforce for the beam, stating that the work done by the virtual basic forces dq
on the basic deformations v(z) is the same as the work done by the virtual generalized

stress s(z) on the generalized deformations e(z) along L, i.e. [95]:

5qTV:/O 6s” (z) e(r) dw (3.27)

By introducing Eq. (3.25), the following compatibility condition results:

V:/0 b’ (z)e(x) dx (3.28)

By differentiating Eq. (3.28) with respect to q and introducing Eq. (3.26), the tangent
element flexibility matrix f is obtained:

ov .
f= o /0 b7 (2) £,(x) b(x) da (3.29)

corresponding to the inverse of the element basic stiffness matrix k and governing the

incremental element basic constitutive relation, i.e.:
q=kv with k= f" (3.30)

Starting from the Timoshenko beam formulation described above, the Euler-Bernoulli
theory can be derived, imposing that the cross-sections remain plane and orthogonal to
the beam axis after deformations. This assumption implies that the shear deformations
vy(x) and v,(z) are zero along the entire beam, leading to the following relationship
between the cross-section transversal displacements and rotations:

v, () = ag(;) —0.(z) =0, vo(z) = aqg(;) +O,(x)=0  (3.31)

In this case, the shear/torsional variables are neglected and only the axial/bending
behavior of the beam is taken into account. In fact, the independent generalized

section displacement components in the vector uy(x) are:

u, pp(z) = {u(z) v(z) w(z)}’ (3.32)
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and the generalized section deformations in the vector e(z) result as:

ea(x) u'(x)
epp(t) =\ X:(z) 0= v'(2)

Xy (@) —w"(z)

(3.33)

Hence, the only compatible material strain €, (z,y, z) due to the section rigid displace-

ments is the axial one:

€r,EB(xa Y, Z) - 5r,m(x7 Y, Z) = 8@(1’) - sz(x) + ZXy(QZ') = as,EB<y7 Z) e<x> (334)

a; pp(Y, 2) being the compatibility matrix defined as:
a.pp(y,2) =1 —y = | (3.35)

and the axial stress o,(x,y, 2) is the only material stress component, o, gg(x,y,2) =
04(z,y, z). The shear strains v,, (2, y, z) and 7, (2, y, z) and the shear stresses 7., (x, y, 2)
and 7. (x,y, z) are neglected.

Egs. (3.15) - (3.17) are modified accordingly, giving the following definitions of the

generalized section force vector and of the tangent section stiffness matrix:

sea(e) = [ alup(y2) (o)A = { M) (3.36)
A
M,(z)
Keen(e) = [ alop(0: ) bna(r.5.2) a0(y, ) 4 (3.37)
A
with Eq. (3.18) resulting as:
G2(0,Y, 2) = kpma(7,Y, 2) €rp(2, Y, 2) (3.38)

and k. (2, y, 2) = 0o.(z,y, 2) /0. (x,y, z) being the tangent material stiffness.

Under linear elastic material response, ky, .(z,y, 2) = E and kg gp(x) result as:

EA —ES., ES,
kitp=| —-ES. FEI —ES,. (3.39)
ES, -ES,. FI,

reducing to the following standard diagonal form for y and z assumed as the principal
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cross-section axes:

EA 0 0
kiZg=1| 0 EL 0 (3.40)
0 0 FI,

The equilibrium Eq. (3.25) becomes:

SEB(Z') = bEB(ZC) q -+ Sq7EB(l') (341)
1 0 0 0 0 0
with bep(x)=|0 £2-1 2 0 0 0
0o 0 00 2-1 ¢

bep(z) and s, gp(z) are the reduced versions of b(x) and s, gp, respectively. Egs.
(3.28) and (3.29) are modified accordingly, giving the following definitions of the ele-

ment compatibility equation and of the element basic flexibility matrix:

V:/O brp(7) eps(z) dv (3.42)
f:/o brp(7) fs gp(z) bep(z) dx (3.43)

with £, pp(z) = Kk, pg(x) and f = k™. Note that Egs. (3.42) and (3.43) do not account
for the torsional behavior of the beam, since the fourth column of the matrix bgp(x)
is zero. This means that the torsional basic deformation 6, ; coming from the integral
in Eq. (3.42) is always zero and the flexibility matrix f result singular. For practical
purposes, a correction of both these definitions is then necessary. Indeed, during the
element state determination, described in Sec. 5.2.1, the value of 6, ; can always be
assumed equal to the compatible one given by Eq. (3.4) and the following incremental
basic constitutive relation can be used for the torsional component:

GJ .
Mo,y =~ O, (3.44)

where GJ/L is the element tangent torsional stiffness (usually assumed constantly
equal to its linear elastic value).

Henceforth, the standard Timoshenko and Euler-Bernoulli models are indicated as
TFF (Timoshenko Force-Based Formulation) beam and EBFF (Euler-Bernoulli Force-

Based Formulation) beam, respectively.
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3.3 Enhanced formulation with non-uniform shear

strain distribution

The generalized 3D version of the enhanced model proposed in [51] is described in the
following. Adopting a simplified approach, it accounts for non-uniform shear strain
distributions over the element cross-section due to the warping. In particular, referring
to the Timoshenko beam theory, the hypothesis of rigid body section is maintained,
assuming Eq. (3.8) for the definition of the generalized section displacement vector
u,(x) and Eq. (3.9) for the material point displacement vector u,,(z,y, 2) = u.(z,y, 2).
However, the modified following expression is assumed for the compatible material

strain vector &,,(z,y, 2):

(2,9, 2)
Em(1,Y,2) = 3 Yay(2,y,2) ¢ = as(y,2) e(x) (3.45)
72:2('1;7 y7 Z)
1 —y 0 0 z 0
with a(,2) = 0 0 pu(y,2) =2V 0 py.(y,2)

0 O pzy(y,Z) y\/% 0 pzz(yv Z)

The generalized section deformation vector e(x) is the standard one, given in Eq.
(3.12), whereas the compatible matrix a,(y, z) in this case depends on four functions
defined over the cross-section area: py,(y,2) and p,,(y,2) describe the shear strain
distributions associated to the generalized deformation ~,(x); similarly, p,.(y,z) and
p2-(y, z) describe the shear strain distributions associated to the generalized defor-

mation 7,(z). These functions are evaluated under the assumption of linear elastic
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Figure 3.4: Linear elastic solutions for the shear strain distribution associated to the gen-
eralized deformation 7, (), for rectangular, I-shaped and channel sections.
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material response for a specific shape of the cross-section and are assumed to be valid
for the nonlinear case as well. For instance, these can be evaluated for thin-walled
beam referring to the classical Jourawsky theory, that is under the assumption of con-
stant shear strain distribution across the thickness of the cross-section. In Fig. 3.4, a
schematic representation of p,,(y, z) and p,,(y, z) is shown for a I-shaped and a chan-
nel section. For the rectangular sections, p,,(y, 2) = py:(y,2) = 0 and the other two

functions result as:

5 yQ 5 52
pyy(y,z) = Z (1 - 4h2> 3 pzz(yaz> == Z (1 - 4b2> (346)

Once the compatible matrix as(y, z) in Eq. (3.45) is defined, the element formula-
tion can be derived following the same steps as for the TFF beam. In particular, the
forces s(z) in Egs. (3.15) and the matrix ky(z) in Eq. (3.16) result as:

s(x) :/Aa’f(y, 2)om(z,y,2)dA (3.47)
k.(z) = /A &7 (y, 2) ko (2, 7, 2) Au(y, 2) dA (3.48)

with o, (z,y, 2) and k,,(x,y, z) defined in Eqgs. (3.13) and (3.18), respectively. The
other Egs. (3.25) - (3.30) are modified accordingly. Henceforth, this model is indicated
as ETFF (Enhanced Timoshenko Force-Based Formulation) beam.

A similar model is proposed in [1], where an additional improvement is proposed
to better represent the torsional behavior of the beam. In particular, referring to the

formulation in [99], the generalized section deformation vector e(x) is extended as:

&) = {ea(r) xo(2) (@) xaol2) xy(@) 2:(x) (@)} (3.49)

where ((x) = 0”(z) = x’.(z) governs the warping displacements of the cross-section, so

that the material point displacements u,,(z,y, z) result as:

U (2, Y, 2) w(y, z) 0,(z)
U (2,y,2) = wy(r,y,2) ¢ =u(r,y,2)+ 0 (3.50)
uz(xa y? Z)

and the material strains e,,(z,y, z) result as:

ex(2,y,2)
Em(T,Y,2) = | Yay(,y,2) ¢ =&y, 2) &(x) (3.51)
7$Z<x7y7z)
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with:

1 —y 0 0 z 0 w(y, 2)
9w (y,2)

és(y7 Z) = 0 0 pyy(% Z) —z+ T 0 pyz(yv Z) 0
0 0 puyly,2) y+ L(Zy’z) 0 p..(y,2) 0
w(y, z) is the warping function [100] and represents the deformed (warping) shape of
the cross-section under torsional loads. This can be defined in closed form for linear
elastic material and particular section geometries and then adopted in the nonlinear
case.

With the previous definitions, the generalized section force vector s(z) becomes:

é(x):/AésT(y,z) on(z,y,2)dA = M, () (3.52)

T.(z)
B(x)

n

where the additional generalized variable B(z) is the bi-moment:

B(x) :/Aw(y,z) o.(x,y,2)dA (3.53)

Similarly, the tangent section stiffness matrix ky(x) becomes:

A

ko(z) = /A A7 (y, 2) ko (2,1, 2) As(y, 2) dA (3.54)

Under linear elastic material response, for a homogeneous section with y and z chosen
as the principal cross-section axes, the constitutive relationship for the bi-moment

assumes the following expression:
B(z) = E / Wy, 2)dA ((z) = ET ((x) (3.55)
A

where ' = [, w®(y, z) dA is the warping inertia of the cross-section and ET represents
its warping rigidity.

Despite the improvement proposed in [1], the enhanced model described in this
section presents some drawbacks. The main one is related to the assumption made for

the compatibility matrix in Eq. (3.51). Indeed, as the functions py,(y, 2), psy(y, 2),
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pyz(Y, 2), p22(y,2) and w(y, z) are defined with respect to a linear elastic material re-
sponse, when nonlinear behaviors emerge, the resulting strain distributions in general
do not satisfy the cross-section equilibrium. Once, py, (v, 2), P2y (Y, 2), py=(y, 2), p22(Y, 2)
and w(y, z) are chosen, £,(z,y, 2), Yay (2, y, 2) and v, (x,y, 2) result as linear combina-
tions of the functions in a,(y, ), the generalized section deformations é(z) being the
combination coefficients (to be found during the element state determination); no ad-
ditional condition is imposed to ensure that the resulting strain distributions correctly
represent the nonlinear behavior of the cross-section and locally satisfy the equilibrium.
An example of this problem is given in Sec. 6.4. Moreover, the model fails in providing
a complete representation of the effects due to possible warping constraints applied at
the element boundaries. With the assumption in Eq. (3.51) warping constraints can
be taken into account imposing that 0 (z) = 0 at the ends of the beam, but this only

affects the torsional behavior of the element, while the shear one is unchanged.

3.4 A 3D mixed beam-column finite element with

section warping

The 3D beam FE proposed in [1] is briefly described in the following, focusing the at-
tention on the enhancements introduced in the present work. The adopted FE accounts
for the section warping through a four-field mixed variational formulation. Henceforth,
it is indicated as WMF (Warping Mixed Formulation) beam.

3.4.1 Element kinematics

At each point of the local axis x, the generalized section displacement vector ug(x) is
defined according to the classical assumption of rigid plane cross-sections, that is as in
Eq. (3.8) which is rewritten in the following (Fig. 3.5a):

uy(z) = {u(x) 6.(x) (@) Ou(x) 6,(2) w(x)}

To describe the warping of the beam cross-sections, this hypothesis is partially re-
moved, assuming that these can undergo out-of-plane deformations, although remain-
ing rigid in their plane. Hence, the displacements u,,(x,y, z) at the generic point M of

the cross-section is expressed as the additive composition of the rigid part u,(z,y, z)
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(a) Displacement vector components. (b) Material axial displacement.

Figure 3.5: Cross-section warping displacements.

and the displacements associated to the warping u,(z,y, z) (Fig. 3.5b):

U (1,9, 2)
U (z,y,2) = u,(r,y,2) ¢ =u(z,y,2)+uu(z,y,2) (3.56)

u,(z,y,2)

As a consequence of the in-plane section undeformability, i.e. ¢, = e, = 7v,. = 0,

the warping displacement fields have non-zero values only in the x direction, that is:
Wy (z,y,2) = {up(z,y,2) 0 0} (3.57)
Hence, the vector u,,(z,y, z) can be expressed as:
W (2, y, 2) = ag(y, 2) us(z) + {uw(z,y,2) 0 0} (3.58)

with the matrix a,(y, z) defined in Eq. (3.10).
By applying the compatibility operator, the material strains at M result as:

ou(x) 00, () N Z@Hy(x) N Ouy(,y, 2)

B ov(x) 00,.(x) Ouy (z,y, 2)
Yoy (T, Y, 2) = — 0,(x) + Y o + ay (3.60)

B ow(x) 00, (x) Ouy(x,y, 2)
Ve (T,y,2) = Oy(x) + P +y E + P (3.61)
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leading to the following expression of the strain vector €,,(z,y, 2):

E:E(x7 y7 Z)
Em(T,Y,2) = { Yay(z,y,2) ¢ = as(y,2) e(x) + €u(2,y,2) (3.62)
sz(xm%Z)

where e(z) is the standard generalized section deformation vector in Eq. (3.12) and
ew(x,y, z) contains the vector collecting the strains due to the warping displacement

Uw(z,y, z). This is defined as:

auw<x7 y? Z) au’IU(x) y? Z) au”u}(l’? y’ Z) }T (3 63)

The virtual work equivalence (Eq. (3.14)) can be applied , considering the virtual
rigid strains de,(z,y, z) = as(y, z) de(x). This leads to the definition of the standard

generalized section forces s(z), as in Eq. (3.15) which is rewritten in the following:

s(x):/Aa;‘F(y,z) om(z,y,2)dA

The section forces s satisfy the equilibrium along the element axis (Eq. (3.25)), that
1s:
s(z) = b(x) q + s,4(2)

Finally, the force field p,(x,y,2) is introduced. It is work conjugated with the

warping displacement u,,(x,y, 2) and arises when this is constrained in some sections.

3.4.2 Warping displacement interpolation

The warping displacement field w,(z,y, 2) is interpolated according to the classical
approach based on the use of shape functions. The study in [1] interpolates w,(z,y, 2)
along the element axis x independently from the interpolation over the cross-section.
The Gauss-Lobatto integration rule is used to set along the element axis the location of
n,, interpolation points, at x1, ..., x;, ..., @,,, and a set of 1D Lagrange polynomials
N;(x) is defined with respect to these points. An example is shown in Fig. 3.6. The
warping displacement field, thus, results as:

Nw

U (T, y,2) = ZNZ(m) Ui (T4, Y, 2) (3.64)

i=1

where w,,;(2;,y, 2) is the warping displacement field of the cross-section placed at z;.

Then, w,;(z;,y,2) is interpolated over each of these n, cross-sections by subdi-
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Figure 3.6: Lagrange polynomials for the warping interpolation along the element axis:
cubic polynomial N3(z) related to the third of n,, = 4 interpolation points.

viding them into several rectangular patches: in every patch, a regular distribution of

interpolation points is assumed, for a total of s,, points (Fig. 3.7). According to them,

y—x—X Rect. 1: -] Rect. 1: m
x Y X 2 x 3 pnts 3x 1puts yl| . Rect. 2:
Ze?r y Rect. 3: fi 1 x 4 pnts
¥ * X Rect. 2: - 2% 2 puts X ~ Rect. 3:
2 x 2 pnts X >x| 3 x 1 pnts
sw =12 sw =10 Sw =8

Figure 3.7: Warping interpolation points over the element cross-section.

a set of m,, 2D interpolation functions M;(y, z) is defined. Each of them corresponds

to an additional warping DOF for the element.

Uw OUw

Lagrange Hermite

Figure 3.8: Warping DOFs at each point for the Lagrange and the Hermite polynomials.

Lagrange polynomials are used in [1] for the functions M;(y, z). In this work, the
element formulation is extended to the adoption of Hermite polynomials and pro and
cons of the resulting interpolation are explored. For the Lagrange polynomials only
one internal DOF is required at each of the s, interpolation points, corresponding to
its warping displacement wu,,; the total number m,, of warping DOFs is thus equal to

Sw. By contrast, Hermite polynomials require three internal DOFs at each point, one
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corresponding to the warping displacement u,, and two corresponding to the derivatives
Ou,, /0y and Ou,,/0z. In this case the total number m,, of warping DOFs is equal to
3 s, (Fig. 3.8). Fig. 3.9 shows some examples of both kinds of interpolation functions.

Henceforth, w,,,;; denotes the generic j—th warping DOF at the section z;, coincid-
ing with the displacements u,, for the Lagrange polynomials, and with the displace-

ments u,, and their derivatives for the Hermite polynomials:

t1 t2 t3

{uwr, Uwo, Uws, ...} ={ull", ub™c o wb™e ...} Lagrange  (3.65)
pnt 1 pnt1

oul ouly

oy ’ 0z

{uw,la Uy,2, Up,3y - - - } :{uﬁ)nt17

, ...} Hermite (3.66)

Hence, the warping displacement field at the i—th cross-section can be written as:

(a) Lagrange polynomial for u,, in a (b) Lagrange polynomial for du,,/dy in
rectangular section - m,, = 9. a rectangular section - m,, = 12.

|

|

|
|
|
!

(¢) Lagrange polynomial for u, in (d) Lagrange polynomial for du,,/dy in an
an L-Shaped section - m,, = 10. L-Shaped section- m,, = 30.

Figure 3.9: Example of warping interpolation function in a rectangular cross-section and in
a cross-section composed by a set of rectangular portions.

Mw

uw,i(xiu Y, Z) = Z Mj(y, Z) Uy,ij = M(% Z) Uy, i (3-67)

=1

where u,,; is a column vector collecting all the m,, warping DOFs w,,;; of the i—th

cross-section and M(y, z) is a row vector containing all the related m,, shape functions
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M;(y,z). Finally, introducing Eq. (3.67) into Eq. (3.64), the total field u,(z,y, 2)

results as:

(2, y,2) = n_ZwNZ(x) M(y, 2) 0, = N(2)M(y, 2) u, (3.68)

where N(z) is a row vector containing all the n,, shape functions N;(z) defined along

the element axis, M(y, z) is a n, X (n,m,) block diagonal matrix defined as:

M(y, z) 0 e 0
VI O (3.60)
and the vector u,, collects all the warping DOFs of the beam FE as:
u, = {uZ;l ul, ...oouL, ugmw}T (3.70)

Accordingly, the vector p,, is defined containing the warping forces p,, ; work-conjugated

with the warping DOFs, as:

po={pl, ph, ... P, ... ph.) (3.71)

where p,,; collects the warping forces of the :—th cross-section.
Basing on the boundary conditions imposed for the warping quantities, the addi-
tional warping DOFs in u,, and the work-conjugated forces in p,, are treated in different

ways. The study in [1] distinguishes two cases:

1. The warping DOFs are treated as external variables and are added to the standard

twelve ones;

2. The warping DOFs are treated as internal variables, i.e. they are condensed out
with the evaluation of the element flexibility matrix, as detailed later; only the

standard twelve DOFs in Eq. (3.1) result as actual independent element variables.

In both cases, warping displacement constraints can be applied. When the warping
DOFs are treated as external variables, the warping displacement constraints are ap-
plied with the standard approach typical of the FE method; the corresponding forces
Pw,ij are non-zero and result as constraint reactions. Moreover, instead of applying the
constraints, in this case it is also possible to apply external forces corresponding to the
Puw,ij- When the warping DOFs are treated as internal variables, the warping displace-

ment constraints are applied enforcing specific conditions on the wu,,;; and modifying
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the element flexibility matrix. No external load can be applied at these DOFs. Only
the case of internal warping DOFs is considered in this work and no partial constraint
is assumed in the correlation studies, that is at general ¢j—th warping point either
the condition of fully restrained warping DOF w,;; = 0 (pw; # 0) or the condition
of totally free warping displacement p,,;; = 0 (uy,; # 0) is enforced. Note that, in
practical cases, the warping displacement is restrained for a whole cross-section of the
element (or more of them), that is the displacement field w,(z,y, z) is zero over the
entire section area. For both the Lagrange and the Hermite interpolation polynomials,
this can be obtained ensuring that w,;; = 0 for all warping DOFs located at that
cross-section, even though for the Hermite polynomials some of them represent the
derivatives of the warping displacement field. In fact, if w,(z,y, z) = 0 over the entire

section area, then its derivatives are zero as well.

3.4.3 Variational formulation

The equations governing the element state determination, for evaluating the element
flexibility matrix and the internal force vector, are derived on the basis of a modified
Hu-Washizu variational principle, that is on the definition of an energy functional de-
pending on four independent fields: the three standard ones [14] u,,(z, vy, 2), en(z, y, 2)
and o,,(x,y, z) and the additional warping displacement field w,(z,y,2). The func-

tional is written as:
Ty, €0, O, 1) — / o7 [en () — ] dV + / W(en)dV — Ty (3.72)
1% 1%

where W (e,,) is the internal potential energy and Il is the external load potential.
Following the formulation in [1], Eq. (3.72) is modified introducing Eqgs. (3.58)
and (3.62) and the Hu-Washizu functional IT is expressed in terms of the generalized

section displacement ug(x) and deformations e(x), resulting as:

(s, €, 0, Uy) = / o’al [e(u,) —e]dV + / Wi(e,up)dV —u’ p — /L u! b, dz
' Y RNERE)
Here, the external load potential is written in terms of the nodal quantities u and p and
of the loads by distributed along the element axis. The stationarity of II(us, e, o, ty)

with respect to the four independent fields provides the following governing equations:

Stationarity w.r.t.: Governing equation:
u,(z) a,q=p+DPr (3.74)
o(r) (2., 2) = &len(r,y, 2) (3.75)
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on(x,y,2) v:/0 b’ (z)e(r) dx (3.76)
211, 2) puoi= [ st des [ N s G0

The first three are the classical equations of a standard three-field mixed FE formula-
tion. Equation (3.74) is obtained by enforcing the stationarity with respect to us(z)
and introducing Eqgs. (3.4), (3.15) and (3.25); this represents the element equilibrium.
Eq. (3.75) is obtained by enforcing the stationarity with respect to e(z) and repre-
sents the general nonlinear constitutive law governing the response of the material.
Eq. (3.76) is derived by enforcing the stationarity with respect to o, (x,y,2) and
introducing Egs. (3.4) and (3.15); this represents the weak form element compatibility.

The additional Eq. (3.77) represents the section equilibrium condition related to
the warping effects. This requires the loads p,,; at the cross-section x; to be equal to

the integral of the stresses s? and s??, due to the section warping and defined as:

(@) = { s5(2) }: { [y, 2)" .y, 2) dA } (378

[,a%(y, 2)" om(z,y, 2) dA

where and a¥*(y, z) are two matrices with dimensions 3 x m,,, composed as follows:

M(y, 2) 0
al(y,z) = o |, ali(y,z) = | e (3.79)
0 OM(y,z)
0z

To implement the developed FE in a standard displacement-based numerical code,
a specific solution algorithm need to be conceived, as described in Sec. 5.2.2. This
requires the linearization of the governing equations and the definition the element
flexibility matrix f. The linearized form of Eqs. (3.74) - (3.77) result as:

al Aq = Ap (3.80)
Ao, — 80[6,,52(;,%2)] Aenm(2,y,2) = K A&y (2, y, 2) (3.81)
L
Av = / b” (x) Ae(z) dz (3.82)
0
L ' L
Apy, = / 81\;(x)Asfv(x) dx + / N;(z) As¥* () dx (3.83)
0 z 0

After some manipulations (see [1]), the following set of equations is obtained:

k Au= Ap (3.84)
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As(z) = ky(z Z[ () + Ni(z) KY (2) | Aug, (3.85)
Av — / b7 () Ae(z) da (3.86)
AP = /0 al\gfc)mm)dw /0 N;(z) As¥(z) da (3.87)

together with the linearized form of the section equilibrium equation, resulting as:
As(r) = b(z) Aq = b(z) f T Av (3.88)

In particular, Eq. (3.85) represents the generalized section constitutive law and is
obtained by linearizing Eq. (3.15) and introducing Eq. (3.81). Following the same

procedure, the linearized forms of Eqs. (3.78) is derived, resulting as:

As® (z) = k2 ( +Zl (z) + Ny(x) Rgﬂ(@] Au,; (3.89)

AsV?(z) = kY% (x +Z[ kyx (z) + Ni(z) Egzw(x)] Au,; (3.90)

Eqgs (3.88), (3.89) and (3.90) contain two contributions, one depending on e(x), i.e. on
the cross-section rigid motions, and one related to the section warping deformations.
The standard section stiffness matrix and the additional section warping stiffness

matrices are defined as follows:

k, = / al k, a,dA (3.91)
A

k?, = ( /A al'k,, a® dA) r=k2T (3.92)
kY = ( /A al'k,, a¥? dA) I =k% T (3.93)
k?, =17 ( /A (a®)" k,, a, dA) =T7Ke, (3.94)
kv =17 ( /A (a¥*)" k,,, a, dA) = (3.95)
k? =TT (/A (a®)" k,, a® dA) r+v=r"k, I+¥ (3.96)
kv: =17 ( /A (a¥)" k,, a¥* dA) Fr+¥ =TTk T+W (3.97)
k¥ =TT (/A (a®)" k,, a¥? dA) T+%=T"k%T+¥ (3.98)
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kve =17 ( / (a¥*)" k,, a® dA) T+v=r"k"T+W (3.99)
A

where I and W are a projection and a correction matrix, respectively, and defined later.
Substituting Eq. (3.88) into Eq. (3.85) the increment of the section strains Ae is

computed, resulting as:

Ae(r) = k7 '(z) {b(:c) Aq — ; [‘gﬁ (2)k2, (2) + N;() Rg;(a:)] Auw} (3.100)

Eq. (3.100) is introduced in Egs. (3.89) and (3.90) and the resulting expressions of
As? (z) and AsY?(x) are used in the warping equilibrium Eq. (3.87), whose compact

form, thus, results as:

pr = bws Aq + kww Auw (3101)

Au,, and Ap,, being the increments of u, and p,, respectively. After manipulating
the governing equations, the element basic flexibility matrix f is derived, expressed as

the sum of two terms, as:
L
f=1f4f, = / b" k' bdr + by, k! by, (3.102)
0

where f; is the classical flexibility matrix, according to the equilibrated beam formula-
tion, and f,, represents the contribution due to the warping effects. The matrices Ky,

b.s and b,, are defined as follows:

Kot oo Kpin
Ky =
Kuno1 - Kungn, (3.103)
bus1
by, = : and bsw = [Psw1 - DBswn,]
bus .,

where:
L
~ ~ i
kw,i,n :/ kww,im, - kws,i kss ksw,n dx
0

L L
Busi = / Kusi k' bde and bawi = / b’ k' Ky dx
0 0

_N, [oN,

- ON,,
kwwin -
” ox [ ox

ox

k®  + aniﬁ,?{u] + N, l kY® + anz%]
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Ros = Nifer N R and g =N
’ ox ' ox

kT, + N k%2
When the matrix k,, is symmetric, both the f; and f,, are symmetric too, since l~{§w =
(ko.)" ke = (kez)' and ko, = (ki)' so that by, = b7, and ky, is symmetric
as well. Conversely, if k,, is non symmetric, by, # b’ and k., is non symmetric.
Eq. (3.102) states that the warping of the cross-sections gives an additional contri-
bution to the element stiffness, due to the matrix k,,,,, which depends only on the warp-
ing interpolation functions and on the material stiffness. To ensure the non-singularity
of this matrix, the cross-section rigid body motions have to be eliminated from the

displacement field w,(z,y, z), that is the following condition needs to be satisfied:

/ y | wwi(ziy, 2)dA :/ y | M(y,2)u,,,dA=0 (3.104)
A A

Therefore, the interpolation functions M;(y, z), defined in Eq. (3.67), is conveniently
modified. To this end, the procedure described in [1] could be followed, which is
here generalized to the case of Hermite interpolation functions. This is based on the
definition of the projection matrix I' and the correction matrix ¥ in Eqgs. (3.91) -
(3.99), as:

r=1I(m, —RV and U=y V'V (3.105)

I(m,) being the m,, x m,, identity matrix and R the m,, x 3 matrix, representing the
rigid body motions of the element section. This contains the coordinates of the s,

warping points as follows:

R = 1] QgTy (3T3 (3106)
Lagrange Hermite

I ro rs ry I I3

1 Y1 Z1 1 hn 21

1 Yo Z9 0 1 0

1 Ys z3 O 0

1 Ysw—2 Rsy—2 1 Ysw s

1 Ysuw Zs., 0 0 1

Finally, V is a 3 x m,, matrix containing the average values and the first moments of
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the shape functions over the cross section:

1
V= / y | M(y, z)dA (3.107)
A
2

and aq, as and ag are constants determined imposing that the product V R is equal
to a 3 x 3 identity matrix.

In this work, taking advantage of the Gram-Schmidt orthonormalization [101], a
new definition of I' and W is suggested, which does not depend on the matrix R and on
the constant . In particular, the rows of V are linear independent vectors and they
form the basis of the subspace S representing the section rigid body motions for the
M;(y, z). Hence, the matrix A = VT (V VT)_I V is the matrix projecting the vector
M(y, z) into S. Applying the Gram-Schmidt orthonormalization on V, the orthogonal
matrix V is computed and the matrix A simply becomes A = VTV. Therefore,
the projection matrix I', which is the matrix projecting M(y, z) in the orthogonal

complement of S, is evaluated as:

A

I =1(m,)— VTV (3.108)
and the correction matrix W is evaluated as:

v=V'Vy (3.109)




Chapter 4

Regularization technique

4.1 General

FE models adopting strain-softening constitutive relations are likely to exhibit damage
and strain localization effects. In fact, when the material reaches its maximum strength
and experiences the post-peak branch of the constitutive response, the behavior be-
comes unstable, leading to the ill-posedness of the structure governing equations. From
a computational point of view, the stability of the material depends on the satisfaction
of the following inequality, imposing that the scalar product of the incremental stresses

6 and the incremental strains € must be strictly positive [72]:
oc'e=¢"Cle>0 (4.1)

In Eq. (4.1) the incremental form of a general constitutive law (e.g Eq. (2.31)) is
introduced to express the material stresses in terms of material strains and the tangent
stiffness matrix C; is considered. In the post-peak part of the material response, the
C, is no longer positive definite and thus Eq. (4.1) is not satisfied, that is the material
results unstable.

As known, this effect usually produces strain/damage localization and the related
mesh-sensitivity problems and this makes difficult to identify the real softening response
of the structure. For beam-column FEs, this issue affects the whole element length in
displacement-based models and a single quadrature cross-section along the element
axis in force-based models [96]. Indeed, displacement-based formulations evaluate the
cross-section deformations, and thus the material strains and damage, from the cross-
section displacements, which are interpolated over the element length considering the
nodal DOFs and a fixed set of shape functions. Hence, during the softening part of

the structural response, strains and damage localize in one element of the mesh (or a
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group of them), while the rest of the structure unloads. This is also typical of both 2D
and 3D FEs based on the interpolation of displacement fields over the element domain.
By contrast, force-based formulations evaluate the material strains and damage at
each quadrature cross-section independently, considering the generalized section forces
equilibrated with the nodal forces and the constitutive relation. In fact, for practical
purposes it is common to evaluate the integral over the element length, appearing in
element governing equations, through a numerical integration rule. For instance, Eq.

(3.29), defining the element flexibility matrix for the TFF beam, is used in the form:

Ngs

£ / b7(2) £,(2) blz) dz = 3 b (a7) £, (20) bla2) wi
L t=1
where the z;, with ¢ = 1,...,n,,, are the locations along the axis of the quadrature
cross-sections and the wy, with ¢ = 1,...,n, are the associated quadrature weights.

On these weights depends the localization zone length. Fig. 4.1 shows an example. A

5 FEs 1 FE - 5 Quad. sections
o F . F
__— Localization zone _— Localization zone
Aﬁ H#+— 8 == n % — . ————
B S
Le Le Le Le Le L L2 L3 Li Ls
(a) Displacement-based FEs (b) Force-based FEs

Figure 4.1: Example of localization zone length for beam-column FEs.

cantilever beam is subjected to a transversal load at the free end, so that the maximum
stress occurs at the fixed end. For displacement-based elements, the beam is discretized
with 5 FEs (the black square dots represent the end nodes) and the localization zone
is represented by the length L. of the element that is closest to the fixed end; in
the example, all the element have the same length, but it has no influence on the
localization zone. For force-based elements, only one element can be used to discretize

the beam and five quadrature points are adopted (gray dots). A weighting length equal
L
2
the distances L to Ly between the blue vertical bars. In this case, the localization zone

to wy= is associated to each quadrature cross-section. In the figure these lengths are
is represented by the weighting length L; associated to the quadrature point closest
to the fixed end. This means that for displacement-based models the localization zone
depends on the FE size, whereas for force-based and mixed models this is related to the
number of quadrature cross-sections adopted for the most stressed element changes.

For both displacement- and force-based FEs, the adoption of a regularization technique
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is mandatory to obtain an objective representation of the structural response.

The most common approaches for regularizing the softening response of FE models
are the nonlocal integral procedures and the gradient methods [2,102], which are usually
applied for displacement-based formulations. These are based on the idea that damage
occurring in a certain point of the structure depends on the stress/strain state of a
representative volume of material surrounding that point. Hence, during the evaluation
of the structural response, each element has to take into account for the material
response evolution occurring in the points lying in its neighborhood and this requires
the adoption of some specific routines. For force-based beam-column FEs, a different
approach is proposed in [96], where the element regularization is performed taking
advantage on the 1D numerical integration rule adopted to evaluate the integral over
the element length. This technique calibrates the weighting lengths associated to the
end quadrature points (where the localization occurs) so that the resulting solution
does not depend on the total number of the element quadrature points. Hence, this
method does not require the nonlocal ”interaction” between the elements of the mesh
and results to be very efficient from a computational point of view. Basing on the same
idea, a similar regularizing method is proposed in [23] and [103], aiming to generalize
the original proposal in [96] and to solve the drawbacks of that approach. In all cases,
the method only applies to force-based beam-column elements and thus its adoption
makes it difficult to compare the responses obtained with 2D and 3D models.

After giving an overview on these techniques and on the standard nonlocal formu-
lation in Sec. 4.2, Sec. 4.3 presents regularization approach adopted for the correlation
studies of this work. Referring to the 3D material model in Sec. 2.4, this formulation
consists of a nonlocal integral definition of the material strains, which are evaluated
from nonlocal measures of the generalized deformations. To optimize the computational
burden, the adopted formulation assumes a specific weighting function to perform the

nonlocal integral evaluation in the element volume.

4.2 Overview on the standard methods

This section presents two standard techniques to regularize the softening behavior
of damaging structures. The first one is the approach proposed in [96] and later on
adopted and improved in [23] and [103]. This method, which is only applicable to force-
based and mixed beam-column FEs, ensures the objectivity of the structural response
by controlling the quadrature weights associated to the cross-sections of the element
and results very efficient and cheap. The second technique is the classical nonlocal

formulation approach applicable to any kind of FE.
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4.2.1 1D integration rules for force-based and mixed beam

elements

In force-based and mixed beam-column FEs, the definition of the element governing
equations requires the integration over the element length L of specific fields. In the
TFF and the ETFF models described in Secs. 3.2 and 3.3, these integrals are performed
in Eqgs. (3.28) and (3.29) to evaluate the compatible basic deformations v and the basic

tangent flexibility matrix f, i.e.:

v /L b7 (z) e(z) dz. £ /L b7 (z) £.(x) b(z) da

As described above, for the general case of nonlinear material responses, their solutions

is usually obtained through a numerical integration method, as:

Ngs Ngs

v~ Z:le(xt) e(x;) wy, f ~ Z:le(xt) fo(z:) b(xs) wy

Considering that for common framed structures where the lateral loads are predom-
inant, the maximum stress usually arises at the end cross-sections (unless particular
distributed load are applied), the Gauss-Lobatto (GL) scheme is the most suitable to
perform the integration, because this includes the end points and allows to evaluate
their response [96] (see for example Fig. 4.10). With the definition of the equilibrium
matrix b(z) in Eq. (3.25), for an homogeneous beam with uniform cross-section, the
minimum number of GL points needed to correctly evaluate the initial elastic stiffness
of the element is n,s = 3. The same is true for the EBFF model in Sec. 3.2.

Similar considerations hold for the WMF models described in Sec. 3.4. In this
case, the integration over the element length is also performed to evaluate the warping

forces p,; in Eq. (3.77), i.e.:

L aN. L
Pu,i :/ aNZ(x)st(x) d:c—l—/ N;(z)s¥*(x) dx,
0 Ox 0

and the warping matrices Ky, bs, and by, in Eq. (3.103). Hence, the accuracy of
the numerical integration also depends on the polynomials chosen for the interpolation
functions N;(x) in Eq. (3.64). If r, is the maximum order of the functions N;(x), that
is n,, = r; + 1 warping sections are located along the element axis, for an homogeneous
beam with uniform cross-sections (considering also Eq. (3.89), (3.90) and(3.100)) the
minimum number of GL points needed to correctly evaluate the initial elastic stiffness
of the element is ng =7, +2 =n,, + 1.

Taking advantage of stress concentration occurring at the end cross-sections, Ad-
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dessi and Ciampi [96] proposed to perform the numerical integration subdividing the
element into three parts: two end parts, where the damage localization is supposed to
occur, and a middle one, which can either remain elastic or being damaged as well.
Fig. 4.2 gives an example where the different parts are bounded by vertical blue bars
and the quadrature cross-sections are indicated by the gray dots. The numerical inte-
gration is performed independently in each part: the GL scheme or the Gauss-Radau
(GR) scheme [23] is always applied for the end ones, because it is necessary to have a
quadrature cross-section placed at each element end, whereas the middle part can be
discretized with any numerical scheme (in the figure, the GL scheme is adopted here as
well). In particular, the lengths L;, L,, and L; of the three parts are set on the basis of
the two characteristic lengths L.; and L. ;. Considering that the damage localization
occur at the end cross-sections, L.; and L.; determine the width of the localization
zones at the ends I and J, respectively.

Once the five parameters L.;, L. ;, n;, n, and n; are defined, the basic idea of the
method consists in forcing the localization to occur in the two end zones L.; and L. ;.
This is done choosing the length L; and L; so that the quadrature weights associated

to the ends I and J are equal to L.; and L. j, respectively. Indeed, if n; is the number

Part ¢ Part m: Part j:
n; = 2 nm =4 n; = 3 Localization zones
AN / — S~
I'm 2 - - — —0 J I r-— - J
] I L e
Li Lm L; L(f,yf L(J,_j
(a) Element subdivided in 3 parts (b) Quadrature weights for the ends I and J

Figure 4.2: Example of Addessi-Ciampi regularization rule: (a) the element is divided in 3
parts i, m and j, with different lengths: (b) the quadrature weights for the first
node of the part 7 and the last node of the part j are set equal to L.; and L. ;.

of quadrature cross-sections placed in the part ¢ of the element, the length L; need to
chosen so that:

Le;= I;wz‘ — Li=2L.;w, (4.2)
where w; is the quadrature weight associated to the first point in the adopted adimen-
sional quadrature scheme with n; points, i.e. w; = 2/n;(n; — 1) for the GL scheme and
w; = 2/n? for the GR scheme. Similarly:

L

)]

where wj; is the quadrature weight associated to the last point in the adopted adimen-
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sional quadrature scheme with n; points, i.e. w; = 2/n;(n; —1) for the GL scheme and

w; =2/ n]2 for the GR scheme. Consequently:
L,=L—-L;,—L, (4.4)

where L is the total length of the element. The parameter L.;, L.;, ni, nm, and n;
must always be selected so that from Eq. (4.4) results L,, > 0.

Note that, in practical situations, the damage localization usually occurs only in
one of the two end zones of the beam, that is either in L.; or in L. ;. Yet, which of the
zones is really involved is generally unknown before the analysis. Hence, both of them
need to be considered during the structural model definition, adopting the approach
now described. By contrast, if this information is known (as for the cantilever beam
in Fig. 4.1, where the localization can only occur at the fixed end), a similar approach
can be used. It consists in dividing the element in only two parts, considering only one

of the two localization zones, either L.; or L. ;. Fig. 4.3 shows two examples.

Part a: Part m: Part m: Part j:
n, = 2 nm =4 nm =4 nJ. =3
; N ; ; / ;
g — —a o— —
»}—‘« Localization zone Localization zone ~ .| |
Le,i L(:.j
-] -
Li Lm Lm L}
(a) Element subdivided in L; and Lmn (b) Element subdivided in Lm and L,

Figure 4.3: Examples of Addessi-Ciampi regularization rule where the element is subdivided
in only 2 parts.

Regardless of which subdivision is adopted (in 3 parts or in 2 parts), another im-
portant observation concerns the number of quadrature cross-sections placed in each
part of the element with respect to quadrature scheme adopted. Indeed, two cases can

be considered:

1. The number of quadrature cross-sections n; and n; in the end parts is grater

than 1. In this case, these cross-sections are placed accordingly to the GL or the
GR scheme (Fig. 4.2). If the GR scheme is used, the Gauss-Legrende scheme

should be used in the middle part of the element, to reduce the total number of

quadrature cross-sections and thus the computational cost. By contrast, if the
GL scheme is used, it is more convenient to use the GL scheme in the middle

part of the element as well. In fact, each quadrature cross-section located at the




Regularization technique 69

boundaries of the middle part of the element can be used for both the numerical
integration of the middle part and the numerical integration in the adjacent
end part. Hence, keeping the order of accuracy the same, the total number of
quadrature cross-section results lower. For instance, the element in Fig. 4.2
considers a total number of 7 quadrature cross-sections, that is only 7 cross-
sections are evaluated during the Element State Determination, even though it

uses a 2-, 4- and 3-points scheme in each part, respectively.

. The number of quadrature cross-sections n; and n; in the end parts is equal to 1.

In this case, these cross-sections are usually placed at the element ends, endpoint
scheme (Part i of the element in Fig. 4.4), but they can also be placed at the
center of each part, midpoint scheme (Part j of the element in Fig. 4.4) even
though their quadrature weights are always equal to L.; = L; and L.; = L;,
respectively [23]. This second choice, however, can lead to an overestimation of
the element resistance (or of its yielding resisting forces), as shown in [23], because
the quadrature cross-sections, where the stresses are monitored, do not coincide
with element ends, where the maximum values arise. Hence, the endpoint scheme
is usually preferred. In any case, to reduce the total number of quadrature cross-

sections, the Gauss-Legrende scheme should be used in the middle part.

The case of n; = n; = 1 can be also used to reproduce the classical plastic hinges model.

Indeed, if the material response of the central part of the element is assumed linear

elastic, the final model results as a beam with material nonlinearities concentrated at

the ends, where the lengths associated to the plastic hinges are L.; and L. ;. The study

in [23] shows that, in this case, the contribute of the middle elastic part to the element

flexibility matrix f and to the element basic deformation v can be easily evaluated

considering only the element geometry, the material elastic properties and the element

basic

forces q, that is by-passing the actual evaluation of the quadrature cross-sections

states, which is required only at the end quadrature points.

Part ¢: Part m: Part j:
n; =1 nm = 3 n; =1 Endpoint Localization zones  Midpoint
AN N N
I'g — - ——a J I (Fo55— - | J
- ] . -
Li Lm L/ L(f,vl L{f,j
(a) Element subdivided in 3 parts (b) Quadrature weights for the ends I and J

Figure 4.4: Examples of Addessi-Ciampi regularization rule with one quadrature cross-

section in the end parts.
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In all cases, the regularization approach here described presents three drawbacks.
Firstly, the method does not ensure the correct evaluation of the initial elastic stiffness
of the beam. In fact, only if each part of the element is discretized with enough
quadrature cross-sections the element stiffness matrix is correctly integrated, but this
may result in very onerous model. For instance, for the TFF model it is necessary to
place 3 GL points in each part, resulting in a total of 7 quadrature cross-sections, or 2
GR points in the ends part and 2 Gauss-Legendre points in the middle part, resulting
in a total of 6 quadrature cross-sections. However, the error provided by adopting less
quadrature points is usually negligible (except in special cases) compared with order of
magnitude of the element stiffness. Hence, a computationally inexpensive model can
be always adopted without significant loss of accuracy.

Secondly, even though the method efficiently regularizes strain-softening response,
it can fail in representing correctly a strain-hardening and thus it can only be used
when it is known a-priori that a specific element is going to show a pure elasto-
softening behavior, without any hardening. This is proved in the study by Scott
and Hamutcuoglu [103], where an alternative approach is also proposed to solve this
issue. In particular, the purpose of the study is to define a general regularization
approach that can be applied for elements showing both hardening and softening be-
havior. Hence, they formulate a method based on the interpolatory quadrature scheme
and on the introduction of two additional quadrature cross-sections, properly located
along the beam axis. Unfortunately, the location of these additional cross-sections still
depends on the nature of the element behavior, that is they need to be close to the el-
ement ends for hardening behaviors and far from them for softening behaviors. Hence,
considering also that the interpolatory scheme increases the computational cost of the
model, it is not clear what advantage this model offer over the standard one described
above and thus it is not considered for the correlation studies of this work.

The last important drawback is that the regularization approach proposed by Ad-
dessi and Ciampi does not really avoid the damage localization. As described, it allows
to set the width of the localization zone, but the localization still occurs and, if not
well controlled, it can lead to unexpected results. For this reason, the present work
uses a regularization approach which is based on the nonlocal integral formulation, as

described in the following sections.

4.2.2 Standard nonlocal formulation for FEs

The standard nonlocal approach for FEs was introduced by Pijaudier-Cabot and Bazant
in [104], basing on the formulations proposed by Kroner [105], Kunin [106] and others.

These original proposals state that the stresses of a material point needs to be eval-
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uated considering the response of a whole neighborhood of that point and evaluating
the mean values of the strains occurring in it. In other words, they assume the local
response in terms of stresses to be dependent not only on the (local) strains of the
considered point, but also on those occurring around it. Adopting a similar hypotesis,
Pijaudier-Cabot and Bazant introduced an important enhancement to the formulation,
that is they distinguish between the influence that the nonlocal variables have on the
material stresses and that they have on the damage variables. Indeed, they consider
that the elastic and the elasto-plastic (hardening) response of the material should not
be modified by the nonlocal formulation, as opposed to the softening one. Hence, they
assumes that the nonlocal strains do not act directly on the material stresses, but they

are used to modified only the damage variables.

Le L

(a) 1D formulation (b) 2D formulation

Figure 4.5: Schematic representation of the Gaussian function w adopted as weighting func-
tion for the standard nonlocal integration.

In a general 3D local damage model, as in Sec. 2.3 where the nonlinear constitutive
law is given by Eq. (2.15), the damage variable D is only function of the local strains
(generally represented by one or more equivalent measures e.,), D(g). In this case,
the standard nonlocal formulation can be defined assuming D as function of nonlocal
strains &, i.e. D(&). These are derived by averaging the local strains in a specific

reference material volume V,. Indeed, the formulation evaluates € as:

fVT E(l‘, Y, Z) W(Qf, Y, Z) dV
er UJ(Q}, yv Z) dv

g = (4.5)
w(z,y,z) being a weighting function introduced in the averaging process. Usually,
w(z,y, z) is associated to a given characteristic length L., related to the radius of the
reference volume and assumed as a material property. Many different expressions can

be adopted for w(z,y, z); a common one is the following:

Ad?
(@, 1, 2) — exp (—QL) (46)
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In Eq. (4.6), the averaging process is extended to the whole material volume V' and
the function w(z,y, z) is used to define the reference volume. Here, Ad = |x — x|
is the distance between the point G located at xg = {z¢, ya, ZG}T, where the non-
local strains & has to be evaluated and the point located at x = {z, v, Z}T. The

corresponding 1D and 2D expressions result as:

€= fL;L(Z)(:)(Z?rdm with  w(z) =exp <—§§2> (4.7)
and
g = L e}x;dy;(icw;;c;iﬁ aA with  w(z,y) = exp (—W) (4.8)
A ? c

respectively, where Az = x —xg and Ay = y —yg. In Eq. (4.7) the weighting function
w(z) is a one-dimensional Gaussian function centered in z¢ and having the inflection
points at © = x¢ + L. (Fig. 4.5a). The function is equal to 1 in z¢ and tends to
zero moving away from this point. Eq. (4.8) is the two-dimensional version, whose
representation is given in Fig. 4.5b.

As shown, for all the three Eqs. (4.6), (4.7) and (4.8), the representative volume
V., being a segment in the 1D case and a circle in the 2D case, is defined through
the weighting function w. Indeed, one can consider that for all the material points
farther than 4L, from xg the function w is so small that the contribute of the strains
is negligible at those points.

The main drawback of the nonlocal approaches is the increase of computational cost
they imply. In fact, the nonlocal variables are in general evaluated for each quadrature
point of each element and this means that every time the Element State Determination
is performed (e.g. Sec. 5.2 for beam-column FEs) the local variables of the entire
structure need to be pre-emptively computed and stored. The general expressions
defined in Eq. (4.5) refer to the definition of the nonlocal formulation in terms of
nonlocal strains. In this case, the local strains of all the quadrature points of all
the FEs need to be computed and stored before each Element State Determination
and, then, they are used to compute the nonlocal strains. However, many different
approaches can be considered, that is other variables can be assumed for the nonlocal
averaging process. For instance, one can directly evaluate the nonlocal values of the
equivalent strain measure ¢., and/or of the damage internal variables, when this allows
to simplify the calculation. Obviously, it depends on the specific FE formulations
adopted to model the structure and this need to be chosen very carefully. Moreover,

as suggested in [104], even though the structure is 3D (or 2D) the averaging process
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can be performed considering only one principal direction, if specific constraint allows
to neglect the effects produced in the others. For instance, in a standard Timoshenko
or Euler-Bernoulli beam-column FE (as the ones described in Sec. 3.2) the hypothesis
of rigid plane section prevents the localization in the cross-section plane and allows to
evaluate the nonlocal variables considering only the direction parallel to the element
axis. The nonlocal formulation adopted in this work considers all these concepts and,
to reduce the increase of computational cost due to the averaging process, it defines an

optimized procedure to evaluate the nonlocal variables for the different FE types.

4.3 Adopted nonlocal damage formulation

The adopted regularization technique is based on the nonlocal integral formulation.
Although the approach can be easily applied to any damage model, in the following
it is defined referring to the proposed 3D material model in Sec. 2.4. In this material
model, the damage variable D is obtained from the combination of two variables D, and
D., through two weighting coefficients «; and o, (Eq. (2.36)). D; and D, are evaluated
on the basis of the total material strains e(z,y, z), whereas «; and «. are evaluated
on the basis of the elastic part €®(z,y, z). The main criteria of the proposed nonlocal
formulation consists in computing the nonlocal variables €(x, y, z) corresponding to the
total strains and to use them for the definition of D, and D.. By contrast, the elastic
strains €°(z,y, z) used to define oy and «. remain local, as these coefficients simply
measure the tensile and the compressive state of the considered material point.

The definition of the nonlocal variables €(z,y, z) depends on the FE type adopted
to model the structure. The two following parts of the section describe the new criteria
for defining these variables, referring to a beam-column (1D), a 2D and a 3D FE model.
These criteria are, however, based on the same approach and, thus, they allow to easily

correlate the different techniques.

4.3.1 Nonlocal model for beam-column FEs

In beam-column FEs, the nonlocal strains € derive from the nonlocal definition of the

generalized section deformations e(x), computed at each quadrature cross-section as:

é(x)

_ee@e(@dr W):{exp(—ﬁfi) T

Jow(z)d 0 if Az > 2L,

Ax = r — g measuring the distance between the cross-section located at xg, where

é is evaluated, and that located at z (in any other element of the structure domain
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S), contributing with its deformation e(z) to the averaged deformation measure in
2. The parameter L. influences the extension of the averaging process. In fact, the
weighting coefficient w(z) is a Gaussian function having the same shape of that in Eq.
(4.7) but it is truncated at Az = £2 L.. This function is schematically represented in
Fig. 4.6. As described in Sec. 4.2, the contribute of the cross-section farther than 4L,
from z¢ is negligible and thus, to reduce the computational cost, the averaging process
can be restricted to the relevant neighborhood of the considered point by truncating

the weighting function w(x).

Figure 4.6: Schematic representation of the function w,(z,y) adopted as weighting function
for the adopted 1D nonlocal integration.

Eq. (4.9) is used in the WMF model described in Sec. 3.4, considering that the
material strains here consist of two parts (Eq. (3.62)): one part a,(y, z) e(x) depending
on the generalized section deformations and the other part €,(z,y, z) depending on
the warping displacements u,,(x, y, z); the latter are interpolated in the entire element
volume and the definition of a,(y, z) e(x) ensure that the localization in the plane of the
section is not possible. Hence, the strain-damage can localize only at the quadrature
cross-section along the beam axis. The nonlocal total strains in each fiber of the cross-

section can thus be evaluated as:
E(r,y,2) = a,(y,2) &(z) + €u(7,y, 2) (4.10)

The same observation can be done for the TFF and the ETFF models in Secs. 3.2 and
3.3. In the cases, the nonlocal variables can be computed with the same Eq. (4.10), but
neglecting the contribution of &, (x,y, z) and adopting the appropriate compatibility

matrix ag.

4.3.2 Nonlocal model for 2D and 3D FEs

In standard 2D and 3D FEs the nonlocal strains &(z,y, z) can be derived from the
extension of Eq. (4.9) to two and three dimensions, respectively. For instance, for 2D

membrane FEs, if x—y is the plane of the element, at every quadrature point G the local
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deformation measures consist in the three in-plane strains e(z,y) = {ez, &y, Yay}’;
for 2D plate FEs, if + — y is the plane of the element, at every quadrature point G
the local deformation measures consist in the three plate curvatures and the two plate

shear deformations e(z,y) = {Xu, Xy, Xay> Yoz Vyz} . For these FEs, Eq. (4.9)

becomes: o
8(z.y) = Jsel@,y)w(z,y) dudy (411)
Jgw(z,y) dudy
with:
(2,9) = _sz + Ay?
w(x,y) = exp 72[/2

Azxr = x — zg and Ay = y — yg measuring the axis projections of the distance between
the quadrature point located at xg = {z¢, yg}T, where é is evaluated, and that located
at x = {z, y}".
For 3D FEs, if x — y — z is the space of the element and the deformation measures
at every quadrature point G are the strains e(x,y,2) = {es, €y, €2y Vays Vazr Yoz} s
Eq. (4.11) becomes:
_ Jvelzy, 2)wlz,y, 2) dedydz

e = 4.12
&(@.y,2) [y w(z,y, z) dedydz (412)

with:

Ax? + Ay? + A22>

w(:z:,y,z) = exp <_ 27,2

4.3.3 Nonlocal model validation

To validate the proposed regularization technique, two series of numerical test are
performed on two simplified structural model. The first model refers to a rectangular
RC wall subjected to in-plane cyclic horizontal loads [107] (WSH6) and the second
model refers to a U-shaped RC wall subjected to bi-axial cyclic horizontal loads [108,
109]. Both structures show relevant shear stress/strain effects and their cyclic and
monotonic numerical response is analyzed in Sec. 6.4. The two validating models of
this section represent these shear walls, with the same geometries but considered as
plain concrete structures.

For the rectangular wall (Fig. 4.7), the proposed plastic-damage model in Sec. 2.4
is used, adopting the material parameters in Table 4.1. Because the goal is to analyze
the transition from the hardening branch of the response (pre-peak) to the softening
one (post-peak), the material parameters are conveniently chosen to emphasize this
transition and they differ from those adopted in Sec. 6.4.

Two different kinds of FEs are used to model the wall. The first one is the WMF
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Table 4.1: Mechanical parameters adopted for the plain concrete rectangular shear wall.

E = 37000 MPa v=0.2

o, = 50.0 MPa o. = 60.0 MPa H;, =0.001 £ H,=0850F
Yo =1.95-107° k,=10-10"3 a; = 0.95
Y. = 4.67- 1074 k.=17.0-103 a. = 0.2 5=1.0

beam-column FE described in Sec. 3.4 and the second one is the standard 2D 9-nodes
quadrilateral FE (from the FEDEASLab library). For the beam-column model a fiber
discretization of the cross-section is adopted, as described in Sec. 5.3.2, considering
fifteen fibers uniformly distributed along the width of the wall (Fig. 4.7b), according to
the midpoint rule [29]. Moreover, the warping displacement field is assumed constant
across the thickness of the wall and fifth order Lagrange polynomials are defined to
interpolate its variation along the width, according to Eq. (3.62) and to the distribution
of m,, = 6 warping DOFs in Fig. 4.7c. The warping displacements are assumed as
restrained at the bottom of the wall and free at the top [110]. Hence, one element
with six warping interpolation sections, n,, = 6, is used over the height to capture non
uniform warping distributions and thirteen Gauss-Lobatto quadrature cross-sections
are adopted. For the 2D model, six quadrilateral FEs are uniformly distributed along
the width of the wall and twelve are uniformly distributed along the height. In both

models, the top and the bottom slabs are assumed as rigid elements.
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Figure 4.7: Plain rectangular shear wall: geometry and model discretization.
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Fig. 4.8 compares the global responses, in terms of applied load F' vs top displace-
ment v, obtained with the two kind of FEs. In particular, for the beam-column FE
and the 2D model the proposed nonlocal formulation is applied adopting the approach
in Eq. (4.9) and Eq. (4.11), respectively, with L. = 150r 30 cm, and considering that
the reference plane for the 2D model is the x — z plane. Fig. 4.8 plots the compari-

1000
800

——Nonl. L. 15 cm
—Nonl. L. 30 cm

3 4 5 6
v/L %107

Figure 4.8: Applied horizontal load vs horizontal drift for the plain rectangular wall under
monotonic loads - The black and the gray lines lines represent the solutions
obtained with the beam-column FE and the 2D FEs, respectively.

son between the models in terms of applied load F' vs top displacement v and shows
that both the models localize, if no regularization is provide, whereas their responses
perfectly matches when the same value of L, is chosen for them.

Similar comparisons are conducted for the U-shaped wall (Fig. 4.9). The proposed
plastic-damage model in Sec. 2.4 is used as well, adopting the material parameters
in Table 4.2, which are conveniently chosen to emphasize this transition from the
hardening branch of the response (pre-peak) to the softening one (post-peak) (they
differ from the ones adopted in Sec. 6.4). Two different kinds of FEs are used to model

Table 4.2: Mechanical parameters adopted for the plain concrete rectangular shear wall.

E = 28000 MPa v=0.25

oy = 12.0 MPa o. = 15.0MPa H; =0.001F Hy, = 0800 £
Yor = 3.35-107° ki =15-1073 a; = 0.80
Yoe = 2.00 - 1075 k.=3.0-1073 a. = 0.8 B =0.5

the wall. The first one is the WMF beam-column FE described in Sec. 3.4 and the
second one is a 4-nodes shell FE with Mixed Interpolation of Tensorial Component
(MITC) [111] (from the FEDEASLab library). For the beam-column model the fiber

discretization of the cross-section in Fig. 4.90 is adopted, as described in Sec. 5.3.2; in
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each rectangular patch of the cross-section the fibers follow the midpoint integration
rule [29]. Moreover, the warping displacement field is interpolated, according to Eq.
(3.62) and to the distribution of m,, = 12 warping DOFs in Fig. 6.45¢, which considers
linear Hermite polynomials across the thickness and cubic Hermite polynomials along
the web and the flanges. The warping displacements are assumed as restrained at
the top and at the bottom of the wall [110]. Hence, one element with five warping
interpolation sections, n,, = 5, is used over the height to capture non uniform warping
distributions and thirteen Gauss-Lobatto quadrature cross-sections are adopted. For
the shell model, seven quadrilateral FEs are uniformly distributed along the web of the
wall, five along each flange and eighteen along the height. In both models, the top and

the bottom slabs are assumed as rigid elements.
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Figure 4.9: Plain U-shaped shear wall: geometry and model discretization.

Fig. 4.10 compares the global responses, in terms of applied load F), vs top displace-
ment u, obtained with the two kind of FEs. Eq. (4.9) and Eq. (4.11) are considered
for the beam-column FE and the shell model, respectively, with L. = 10or 30 cm. For
the shell model, the FE reference plane is the x — 2z plane for the web of the wall and
the y — z plane for the flanges.

As for the rectangular wall, the adopted regularization gives a good match between
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~Nonl L, 10em[0.005  0.01
—Nonl. L. 30 cm u/L

Figure 4.10: Applied horizontal load F,, vs horizontal drift u/L for the plain U-shaped shear
wall under monotonic loads - The black and the gray lines lines represent the
solutions obtained with the beam-column FE and the shell FEs, respectively.

the shell and beam-column model, although in this case large values of the characteristic
length produce slightly higher responses for the shell model with respect to the beam-

column one.







Chapter 5

Computational aspects and solution

algorithm

5.1 General

The mixed beam-column FE with section warping described in Sec. 3.4 is implemented
in the Matlab toolbox FEDEASLab [112], together with the standard and the enhanced
Timoshenko models in Sec. 3.2 and Sec. 3.3. To determine the solution of nonlinear
structural problems, FEDEASLab adopts a classical step-by-step time discretization, as
usual for FE codes. At each time step, it applies a load increment to the structure and
iteratively evaluates the nodal displacements and the element deformations through a
Newton-Raphson (N-R) algorithm. In particular, during the general N-R iteration, the
algorithm considers a set of trial values for the nodal displacements of each element
and it evaluates and assembles the corresponding nodal forces and stiffness matrices.
Referring to the variables in Sec. 3.1, this means that the vector u is given for each
element at each iteration and the corresponding force vector p and stiffness matrix k
are evaluated. This process is called Element State Determination. Considering Egs.
(3.4) and (3.7), for mixed and force-based FEs it translates to evaluating the resisting
basic forces q and the tangent flexibility matrix f under given basic deformations v.
This chapter describes the most efficient procedures required for the Element State
Determination of the implemented FEs. In particular, Sec. 5.2 explains the linearized
solution procedure for the TFF, the ETFF and the WMF element. Sec. 5.3 describes
the Section State Determination, that is the evaluation of the cross-section response,
which can be seen as a nested process required during the determination of the element
state. A fiber model discretization is adopted to evaluate the integrals over the cross-
section area, allowing for the multi-axial coupling of the stress components. Finally,

Sec. 5.4 describes the Material State Determination, i.e. the evaluation of the material
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response needed at each fiber during the determination of the cross-section state. An
optimized condensation procedure is proposed to compute the relevant stress compo-
nents from the six ones involved in a 3D material model and the linearized solution

procedure for the plastic-damage model in Sec. 2.4.

5.2 Element State Determination

The first part of this section discusses the solution algorithm adopted for the Element
State Determination of the TFF beam described in Sec. 3.2. The original version of
this algorithm was proposed in [10] for the EBFF beam and then adopted by many
authors for its efficiency and its low computational cost. It is based on a nested
iterative procedure used to enforce simultaneously the element equilibrium and the
compatibility conditions at every N-R iteration. Later, Neuenhofer and Filippou [95]
proposed an enhanced version where the nested iterations are by-passed, determining
and storing the element residual deformations in the current N-R iteration and using
them in the following one. In this non-iterative scheme the element equilibrium and
the compatibility conditions are satisfied only when the N-R procedure is concluded
and only a linear approximation of the element response is evaluated at each iteration,
globally reducing the computational cost. Saritas and Soydas [12] presented a unified
description of both versions, showing how the latter can regarded a special case of the
former. This unified scheme, which is here re-described, is also applicable to standard
TFF and the ETFF model, simply considering the appropriate governing equations.

The second part of the section presents the solution algorithm for the WMF beam
described in Sec. 3.4. A solution algorithm for this FE is also described in [1], but
a new more general and more efficient one is proposed in this work, following the
idea of non-iterative scheme in [95]. Indeed, it can be seen as an extended version
of the algorithm for the standard beam accounting for the contribute of the warping
displacement field u,(x,y, 2).

In both part of the section, the solution algorithm refers to the evaluation of a single
FE response during one of the N-R iterations performed in a general loading step. The

superscripts 'k’ and 'k + 17 denote the previous and current N-R iteration, respectively.

5.2.1 Linearized solution procedure for the standard force-

based elements

The solution procedure for the standard force-based Timoshenko beam is defined con-

sidering the element equilibrium Eq. (3.25), the element compatibility Eq. (3.28) and
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the incremental section constitutive Eq. (3.26), together with the incremental form of

the element basic constitutive relation, governed by the element flexibility matrix f in

Eq. (3.29) and resulting as:

q=f"'v (5.1)

v and q are the element basic deformation and force vectors in Eq. (3.3) and (3.6),

respectively. In the following, the main steps of the algorithm are summarized and

they are recapped in Table 5.1:

1)

2)

At the global N-R current iteration &+ 1 the nodal displacement vector u**! and

k+1

its increment Au are given;

k+1 k+1

The basic deformation increment Av*™ = a, Au*"" is computed, by means of
Eq. (3.4) and the element basic forces are updated, using the element basic

flexibility matrix at the previous iteration:

-1
Agitt = (fk:) a, AuFt! N q"t' = qf + AgFt!

To enforce both the element equilibrium and compatibility conditions, a nested
iterative procedure is performed; the superscript 'I’ and ’l + 1’ denote the previ-
ous and current internal iteration, respectively; at the beginning of this nested

procedure [ = 0, the initialized state is set equal to the state at k and ¢ = ¢"*:

a) At each cross-section, the increment of the generalized deformations is eval-
uated, inverting the linearized form of Eq. (3.26) and using the section

stiffness matrix at the previous iteration:
~1
Z&eb+1:: (ki) bzﬁ(ﬂ+l

b) The total deformation values are computed and the Section State Deter-
mination is performed, as described in Sec. 5.3 to obtain the generalized

section forces and the section stiffness matrix:

e =e' + Ae'™! — s and ki

¢) The residual section forces, i.e. the difference between the balanced ones
(Eq. (3.25)) and the constitutive ones are computed and they are used to

evaluate of the residual section deformations:

_ _ —1_
st =bqgtt + S;+1 _ gt . et — [kl;rl} s




84 Computational aspects and solution algorithm

d) By means of Eqgs. (3.28) and (3.29), the residual of the compatible basic

deformations and the basic element flexibility matrix are computed:
L
Vi — a, uftt _/ b? (el“ + él+1> dx
0
L 1
fH-l :/ bT (ki—i-l) b dz
0
e) The basic element forces are updated:
Agit! = (fl+1>*1 S| - ot = gt + AgiH
f) The following residual internal energy is evaluated:
L T
W — / (§z+1> et dx
0

If this results less then a specified tolerance or | > Iz, (Inae being the
maximum number of internal iterations), the nested iterative procedure is

stopped, otherwise the procedure returns to the step 3a;

4) The current state at k + 1 is set equal to the converged state at [ + 1, with
ehtl = e*1 and ! = s!*!; then, the generalized section deformations and the
generalized section forces are updated, the latter ones according to the equilib-
rium:

-1
eftl — ghtl 4 (klsc+1) bqk+1 + s’;H _ghtl

—_—————
skt1

5) Finally, the element stiffness matrix and force vector are evaluated, by means of
Egs. (3.7):

. -1
k+1 _ T (gk+1 k41 _ T _k+1 k41
k" =a, (f ) a, and P =a,q9" —p,

k+1 k+1

As shown, at each N-R iteration, the element basic deformation v =azu are
given and the algorithm aims to determine f**! and q**!. To do so, first a linearized
approximation of the q is evaluated at the step 2 and then the nested process at step
3 is applied. This process operates separately on each element cross-section to find
the generalized deformations e corresponding to the equilibrated forces s. Hence, the
section constitutive law is linearized and an approximation of the section constitutive

response is evaluated at the step 3a and 3b. At the step 3¢, the section forces derived
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Table 5.1: Element State Determination for the standard Timoshenko beam.

1) u*t! and Au*t! are given

~1
2) Aghtt = (fk) a, Auktl S q"*! = q* + AgF+!

Initialization: State at [ = 0 set equal to state at k; ¢ =g¢q

3a) AeTl = (kls)_l b Aq'™!
3b)  Section State Determination (Table 5.3)

o+l — ol 1 At N s and ki
3c) st =bgt! st — st _ gl — [kz;rlrl gt
3d) V' =a,utt! — [ b7 (el+1 + él“) dx

gl foL bl (kiJrl)_l b d
3e) AqQt!= (fl+1)*1 ias! N q't! = gt + Agt!

3f) W = fOL <§l+1)Tél+1 dz < tol. or 1> I — Exit

otherwise — Go to step 3a

State at k + 1 set equal to state at [ +1; &kl = e!*! and §F! = s/*!

-1
4) ekl — ghtl 4 (klsc—i-l) bqk“ + Si;+1 _gh+1
—_——
gh+1
. -1
k+1 _ T (pk+1 k1 _ AT k+1 k+1
5) k" =a, (f ) a, and p* =a, """ — p;,

from the constitutive relationship are compared with the equilibrated ones and the
residuals s is used to compute the related residual deformations. If the integral along
the element axis of the section deformations e plus their residual e doesn’t match
the given basic deformations v (step 3d), the residual difference is used to correct the
estimated q (step 3e) and another iteration is performed, otherwise the nested process
ends. The convergence condition at the step 3f is an alternative way of imposing the
element compatibility condition v = 0 (to within a specified tolerance).

The non-iterative version of the presented algorithm is obtained simply setting
Lnae = 1. In this way, the residual basic deformations v are included in the basic
forces q, which are used to evaluate the global nodal forces p (step 5) for the global
iterative process. When the global N-R process ends, that is the global equilibrium is
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satisfied, the element compatibility condition v = 0 is satisfied as well.

Note that the algorithm also applies to the EBFF and the ETFF model described
in Secs. 3.2 and 3.3, respectively. However, in these cases the generalized section
deformations e, the generalized section forces s, the section stiffness matrix kg, the
equilibrium matrix b and the Section State Determination process need to be evaluated

with the specific expression indicate in the same sections.

5.2.2 Linearized solution procedure for the element with sec-
tion warping

The original element state determination algorithm for the mixed element with section
warping is proposed in [1], where a nested iterative process is used to enforce the
element equilibrium, the element compatibility condition and the warping equilibrium.
It is based on the linearized form of the governing equations described in Sec. 3.4,
which properly account for the warping displacement field u,(x,y, 2).

Basing on this algorithm, a new one is proposed in the following. It allows to choose
between the iterative or the non-iterative form, resulting as an extended version of the
scheme presented in [12] for the standard elements. In particular, with respect to the
standard FE case, which is described before, the additional linearized governing Eq.
(3.101) need to be taken into account. As mentioned in Sec. 3.4, for the general case
considered in this work, the additional warping DOFs are fully restrained w,;; = 0
(pw,ij # 0) at some element cross-sections and they are totally free p,, ;; = 0 (uy,ij # 0)
at the remaining ones. Hence, Eq. (3.101) can be split in the part associated to the
free (subscript ’f’) and the restrained DOFs (subscript 'r’):

Au, ¢
()

pryf _ bw&f kww,ff kww,fr
prﬂ" bws,r
Au,, ;= k;i;,ff (ApPuw,f — bus s Aq) (5.3)

Aq +
4 kww,rf kww,rr

The first part gives the increment of the free warping DOFs:

which can be used in the second part to compute the increment of the warping forces

associated to the restrained DOFs (see step 4):

pr,r = bws,r Aq + kww,rf k;i;,ff (pr,f - bws,f AQ) (54)

Auy, ¢

Note that in the linearized form of Eq. (5.2) the increment of the restrained warping
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DOFs Au,, is always assumed to be zero, whereas the forces Ap,, ; work-conjugate

with the free DOFs are in general non zero. Their total values p,, s are zero, because

of the warping equilibrium Eq. (3.77). However, this condition is achieved only at the

end of the algorithm, when the convergence conditions are satisfied. Taking advantage

of these definitions, the algorithm is defined as follows:

1)

2)

At the global N-R current iteration &+ 1 the nodal displacement vector u**! and

k+1

its increment Au**" are given;

k+1 k+1

The basic deformation increment Av*™ = a, Au*"" is computed, by means of
Eq. (3.4) and the element basic forces are updated, using the element basic

flexibility matrix at the previous iteration:

-1
Aqurl _ (fk) a, AuFt! N qk+1 _ qk + Aqk+1

To enforce the element equilibrium, the compatibility condition and the warping
equilibrium, a nested iterative procedure is performed; the superscript "I’ and
'l + 1’ denote the previous and current internal iteration, respectively; at the
beginning of this nested procedure [ = 0, the initialized state is set equal to the

state at k and ¢' = ¢!

a) The free warping DOFs u,, s are updated computing their increments by
means of Eq. (5.3):

! ! 1oy ! l ! l !
At = (Kyupg) [Pl =Pl A = uy =l Auy
where ﬁlw’ s are the residual values of the warping forces associated to the
free DOFs from the previous internal iteration (step 3h); they are initialized

as zero at the beginning of the nested procedure;

b) At each cross-section, the increment of the generalized deformations is eval-
uated, by means of Eq. (3.100) and using the section stiffness matrices at
the previous iteration:

Sw,1

Aelt! — (ki)il [b Agit! — il’;l Auim
=1

¢) The deformation total values are computed and the Section State Determi-

nation is performed, as described in Sec. 5.3 to obtain the standard and the
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J)

warping generalized section forces and section stiffness matrices:

el+1 — el + Ael-i-l SH_l, S’Lxu,l-‘rl and Sz}z,l—f—l

—
1+1 +1 z,l+1 yz,l+1
u,, k™, kI, kYA ete.

I+1

sw )

The warping stiffness matrices blfl blfl and kil are computed as well,

using Eqgs. (3.103);

The warping forces p.f! for the current internal iteration are obtained inte-

grating the warping forces over the element length (Eq. (3.77)):

L

I+1 _ ON; r,l—&-l_i_N. yzl+1| g s I+1 _ I+17 117\ T

pw,i - al, Sw i Sy T P, = pw,l ) ottty pw,nw
0

The residual section forces, i.e. the difference between the balanced ones

(Eq. (3.25)) and the constitutive ones are computed:
1 = bt sl — st

The s+ are used to evaluate the corresponding warping forces:
N Ll;l+1 K+ 7 gy _I+1 [ o147 _1+17 T
pws,i - wWS,i ( S ) S T - Puws = {pws,l (AR pws,nw}
0
The vector ptf! is decomposed into the part associated to the free DOFs

and the part associated to the restrained ones, as done in Eq. (5.2):

VS Y AST ST
Pus = pws,f7 ws,r

The former is used to compute the residual of the warping forces associated
to the free DOFs, that is the difference between the target values p,, s = 0

and the current ones:

—+1 +1 — 41 I+1 —1+1
Pii} =0 —pl} — Bl = — (i} +PlLLY)

The residual warping displacements are computed and they are used to

evaluate the residual section deformations:
—1 -1 T
41 (041 _1+1 141 (41 Zl+1 Cl4l =141
wrp= (ki) pup = @ = (k) [S =2 Ko ]
i=1

By means of Eqgs. (3.76) and (3.102), the residual of the compatible basic
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deformations and the basic element flexibility matrix are computed:

L
vt — a, as _/ b’ (el+1 +él+1) dx
0

L _
fi+l /O b” (k!) bz + bkl s

k) The basic forces are updated:
-1
Aqtt = (fl—i-l) it - q =g + Ag't!

[) The following residual internal energy is evaluated:
_ L T
Wl — /0 <§z+1) et dr + pz+1 ﬁij]lc

If this results less then a specified tolerance or | > Iz, (Inae being the
maximum number of internal iterations), the nested iterative procedure is

stopped, otherwise the procedure returns to the step 3a;

4) The current state at k + 1 is set equal to the converged state at [ + 1, with
ehtl = il ghtl — g+l fffl = ul+1 and pit' = plfl; then, the warping
displacements are updated again, as well as the warping forces associated to the

restrained DOFs (and evaluated at the step 3e):

Aukjrfl - (kﬁulff>_ {prl bkw—:lf Aqkﬂﬂ} — ul+} = uZJrfl + Au"”rl
Apk = b AGHT 4 KA Aut S ek =k Apk

5) The generalized section deformations and the generalized section stresses are

updated, the latter ones according to the equilibrium:

-1 w
eftl — ghtl 4 (kls~c+1> bqgt! + SI;-H gkt _ Zkk—i-l Auk-H
N—_————

SW,?

=1
gk+1

6) Finally, the matrix k and vector p are evaluated, by means of Egs. (3.7):
. -1
KF+1 — a;r (fk+1) a, and pk+1 _ agT qk+1 pf;rl

The non-iterative version is obtained simply setting I,,,, = 1. The main steps of the

algorithm are summarized in Table 5.2, where the blue parts represent the additional
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contributes, with respect to the standard element case, due to the warping variables. As
shown, since the state determination is also governed by the warping Eq. (5.2), every
time the element response is linearized the warping variables need to be considered and
updated.

In particular, when the basic forces q are updated at the step 2, first the linearized
approximation of the free warping displacements u,  needs to be computed (steps
3a) and then it can be used to evaluate the linearized approximation of the section
deformations e (step 3b). Similarly, at the steps 4 and 5. For the same reason, the
residual section deformations e at the step 3i also depend on the residuals in terms of

warping displacements, which needs to be evaluated from the residual forces p,, .
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Table 5.2: Element State Determination for the mixed element with section warping.

1)  u**t and Auft! are given
-1
2)  Aght! = (fk) a, Auktl N q“t! = g% + Aght?
Initialization: State at [ = 0 set equal to state at k; ¢' = ¢!, pJ, ;=0
177
3a) Aulff= (kww ff> [pﬁu,f — bl Aql“} — ul=ul, + Aulf;
Aot — (K1) ' b Aghtl— s~ A
3b) € - (ks) [b q - Zizl sw,i 11 }
3c¢)  Section State Determination (Table 5.4)
el = el + Aett!, ult! - SIFL) KL gultl gualtl gl e
3d) Evaluate bl blfl and kit !
T
3¢) it =y [Gusitt e Nost de - plt =l Pl )
SR ISR T NS R NS R A8
3f) =bq™ +s, —s
-1 T
39) Phi = Jy Kb (K5 stdr - ph = (Bl o B, |
3h) pi=— (P} +Phy)

N gt = (! 41 et — (K1) [g_ s, ol gl
37’) u,, Jb (kww,ff) pw f — <k ) [ Z ksw 7 }
3j) vt =a uftl— [F BT (et +etl) da

—1
£ = [T (KU) T bda+ e Ky gy bus s
-1
3k) Aqt! = <f1+1) i+l s g =g+ Agit!
3f) WH! = fOL (él“) et dr + pﬁj} uﬁj} <tol. or 1> Iow — Exit
otherwise — Go to step 3a
Gl — i+l ghtl — gltl
State at k£ + 1 set equal to state at [ + 1; ﬁk+fl _ ulJ} and P]futl _ Piﬁ
- k1 _ cktl k+1
Auzlfjrfl = (kfuzlff) {Pfffl bk“ Aqkﬂ} qurf = uw+f + Au +
K Aphit = bEt AqF + ki Aub T TPk =ph Ap’”1
-1
5) ehtl — ghtl 4 (klscﬂ) bqk“ + Sl;+1 gkl S kfﬁ Aukzﬂ
—_————
ght1
-1
6) Kk — a (fk+1) a, and pktl = aT gt — pl;;rl
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5.3 Section State Determination

The Section State Determination is the evaluation of the cross-section response in
terms of section forces and stiffness matrices. It is used during the Element State
Determination to obtained the generalized variables that are then integrated over the
element length. In the first part of this section, the main aspects of this process are
discussed distinguishing the case of the standard force-based beam/column element
and the case of the WMF beam. Since the generalized section variables are obtained
by integrating the material variables over the cross-section area, as detailed later, the
fiber model discretizing approach is presented in the second part of the section and

some comments on the possible 2D integration rule are given.

5.3.1 Evaluation of the section state for the standard and

mixed elements

For a standard force-based element the Section State Determination consists in com-
puting the resisting generalized section forces s(x) and the tangent section stiffness
matrix kg(z) under the given generalized section deformations e(x). One approach is
to a-priori define the section response in terms of the generalized variables, that is to

assume specific evolution laws for the s(x) and the ky(z) as functions of e(z):
s(z) = §[e(z)] and k,(z) = k, [e(z)]

This allows to skip the evaluation of the material response and is common for linear
elastic and elasto-plastic material responses, since in these cases the definition of the
above functions is relatively easy. For other materials, such as degrading materials, this
approach may result complex and not accurate and the representation of the coupling
between the different stress components may results very hard.

Hence, a better solution consists in evaluating the generalized variables by inte-
grating the material response over the cross-section area. Referring to the Timoshenko
beam in Sec. 3.2 and to the step 3b of the algorithm described in Sec. 5.2.1, this is
accomplished through Egs. (3.19), (3.20) and (3.21). Indeed, the process is defined as
follow:

I+

1) The generalized section deformation /™! are given for the general current nested

iteration [ 4+ 1 performed during the Element State Determination;

2) The material strains over the cross-section area can be evaluated from the com-

patibility Eq. (3.19):

+1 I+1

€, =agre
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3) The Material State Determination is performed, as described in Sec. 5.4 to obtain

the material stresses and the material stiffness matrix:

I+1 I+1 I+1
. — o and k7

m

S5

4) Finally, the section generalized forces and stiffness matrix are evaluated integrat-

ing olt! and k! over the cross-section:

I+1 _ T i+l I+1 _ T 10+1
S —/as,T o, dA and k. —/as,T k. asrdA
A A

Table 5.3: Section State Determination for the standard Timoshenko beam.

1) et are given

2) elfl =a, et

3) Material State Determination (Table 5.5)
gltt — ottt and kit

4) st = [ al, ol dA and kitt = [, al ki a, rdA

This procedure, summarized in Table 5.3, also applies to the ETFF model in Sec. 3.3
and to the EBFF beam. In the first case, Eqs. (3.45), (3.47) and (3.48) need to be used
instead of Eqgs. (3.19), (3.20) and (3.21), or equivalently Eqs. (3.51), (3.52) and (3.54)
if the improved model proposed in [1] is considered; in the second case, the equations
are defined according to Eqs. (3.34), (3.36) and (3.37).

For the mixed element with section warping, the Section State Determination (used
at the step 3c of the algorithm in Sec. 5.2.2) also depends on the warping displacement
field w, (z,y, z) and provides for the evaluation of the generalized forces s¥ and s¥? and

kvz, k® kv k® . KY

sw? sw? ws? ws? ww? ww?

the warping stiffness matrices k¥ k*¥ andk¥* . In particular,
the compatibility condition, providing for the material strains, is represented by Eq.

(3.62), which is expressed by the discretized form of the warping strains €, as follows:

em(xyya ) - as y7 + Z

w¥:2) + Ni(z)ag®(y, 2) | wes (5.5)

Once the material strains are known, the Material State Determination is performed,
as described in Sec. 5.4, and the generalized section variables are evaluated. The steps

of the procedure are summarized in Table 5.4.
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Table 5.4: Section State Determination for the mixed element with section warping.

1) el are given

+1 _ I+1 Ny | ONg o ayz +1
2) En —as€ + Zizl { oz Ay + NZ Ay } uw,i

3) Material State Determination (Table 5.5)

I+1 I+1 I+1
ol — o, and k;’
+1 _ T I+l +1 _ T 1 l+1
4) st = [ al ol dA and kit = [ al'klia,dA
z,l+1 z\T _i1+1 z,l+1 AT 141
Sw - fA (aw) Om dA and Sz} - fA (aZ} ) Om dA

kit = ([,al K asdA) T, kit = ([ al kit aydA) T, et
Egs. (3.92) - (3.99)

5.3.2 Fiber section models and 2D integration rules

The step 4 of the Section State Determination procedures in Tables 5.3 and 5.4 requires
the integration of the material stresses o,,(z,y, z) and the material stiffness matrix
k,,(x,y, z) over the cross-section area. For nonlinear material responses, the closed form
solution of these integrals is not easy to find in a general case. Hence, to implement
the described FEs in a standard numerical code, an approximate method is usually
preferred. A common approach is the adoption of a fiber model [25,113] that basically
consists in evaluating the integrals through a numerical integration rule. In other words,
the element cross-section is discretized, selecting over it a finite number of points, to
each of which a specific portion of the total area is associated. The portions of area
correspond to the numerical integration weights w, and each point P, together with its
weight w,, is called fiber (Fig. 5.1). If n;, points are selected, located at (y,, z,) with
p = 1, ..., nj, the material strains €,, and related stresses o, and stiffness matrix
k,, are only computed at these points. For instance, referring to Table 5.4, the steps 2

and 3 result as:

nw | ON;(x T .
Emp = as(Up, ) €1 + X1 [% ag, (yp, 2p) + Ni(w) a%’ (yp, Zp>] u,;

i
oy (ehy) and K1 (el)
with p =1, ..., ng. Once the o, and k,, are known at all points, the 2D numerical

integration is performed at the step 4, assuming that the material variables are constant
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over the weighting area associated to the corresponding point, e.g.:

MNip

+1 __ T _I+1 NE : T +1

s - / a; o, dA =~ ag (yZ” Zp) Um,p Wp
A

p=1

Weighting
area

Numerical -
approximation

— Point

Figure 5.1: Examples of a fiber cross-section discretization (midpoint rule).

This approach is very useful and it can be applied for any material constitutive
laws. However, some important considerations need to made. Assuming that the
cross-section is subdivided into rectangular patches, the numerical integration can be
performed independently in each patch and the individual contributions can then be
added together. This can be also done to distinguish two parts of the cross-section
made of different materials, e.g. in a composed steel-concrete beam, or to distinguish
the confined from the unconfined part of reinforced concrete beam sections. In this
case, the reinforcing bars can be considered as additional fibers, whose weighting areas
correspond exactly to areas of the bars.

For a linear elastic and isotropic material response, if the TFF beam is adopted,
the functions to be integrated during the Section State Determination are at most
parabolic in both the y and z directions, as it results from Egs. (3.19) - (3.23); the same
happens for the EBFF beam (Eqgs. (3.34) - (3.39)). Hence, to obtain the exact values
of the generalized stresses s and of the section stiffness matrix kg, the best choice is to
define the fiber locations and weights according to the 2D Gauss-Legendre integration
rule. Indeed, this requires only a 2 x 2 grid of points for each rectangular patch of
the cross-section. For the ETFF beam, the number of points depend on the order of
the functions py, (v, 2), psy(Y, 2), py=(y. 2), p:2(y, z) introduced in Eq. (3.45). Even
so, the Gauss-Legendre integration rule is still the best scheme, since these functions
are usually defined on a polynomial basis. The same occurs for the WMF beam. In
this case, according to Egs. (3.15), (3.62), (3.89) and (3.90), the integrand order also
depends on the interpolation polynomial order chosen for the M;(y, z) in Eq. (3.67).
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Hence, the exact integration is obtained adopting a grid of n, x n, for each rectangular
patch, where:
Ny =1r,+1>2 and n,=r,+1>2

ry and 7, being the polynomial order in the in the y and the z direction respectively
for the interpolation polynomials defined in the considered patch.

On the contrary, for a nonlinear material response, no general assumption can be
made on the integrand order, hence the previous observations are no longer valid.
However, Kostic and Filippou [29] demonstrated that the best approach for this case
is to define the fibers according to midpoint integration rule. This means that each
rectangular patch is discretized with a uniform (equally spaced) grid of points. Each
point is located at the midpoint of the associated weighting area, which has the same
dimension for all the points (Fig. 5.1). Although, this does not provide an exact
estimation of the initial elastic stiffness of the element, Kostic and Filippou showed
that the error is negligible for practical purposes. Hence, this solution is adopted for

the correlation studies of this work.

5.4 Material State Determination

The goal of the Material State Determination is to compute the stresses o, (z,y, 2)
and the tangent stiffness matrix k,,(z,y, z) for the given strains e,,(z,y, z) at a spe-
cific material point M and in particular at each point used to perform the numerical

integration previously described:

I+1 I+1 I+1 I+1 I+1

To do so, two tasks need to be addressed. Referring to a general 3D model, first
the general solution procedure need to be applied, that is the algorithm to evaluate
the six-component stress vector o (x,y, z) and the full tangent stiffness matrix C;, for
a given six-component strain vector &(z,y,z). This, of course, depends the specific
model adopted to describe the behavior of that material point and henceforth, it is
referred to as 3D Material State Determination (to emphasize that it considers all the
six material strains and stresses). Then, it is necessary to eztract the relevant stress
components in o,,(z,y, z) from the six ones involved in the 3D model. As described
in Chap. 3, the TFF, the ETFF and the WMF elements consider only the three
strain independent variables €,, = {€;, Vay, Yz-}T and the three work conjugate stress
components o, = {0, Tuy, TIZ}T. Hence, to incorporate a 3d material model in

the FE one it is necessary to conveniently treat the remaining components of the 3D
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stress and strain vectors, €. = {&,, €., V.}* and o, = {0y, 0., 7,.}", with a static
condensation procedure.

The first part of this section explains the technique proposed to perform this con-
densing operation, presenting a new efficient algorithm, which is based on the classical
iterative approach [51]. It allows to by-pass the iterative form, evaluating the required
variables with a non-iterative scheme. The second part of the section presents the
standard return mapping algorithms for the J2 and the DP plasticity described in Sec.
2.2, referring to the general case of six component stress/strain tensors, and the lin-
earized solution procedure for the plastic-damage model in Sec. 2.4, based on a specific

elasto-plastic-predictor /damage-corrector scheme.

5.4.1 Inclusion of the 3D material model in the fiber dis-

cretization: the nonlinear static condesation

To include a general 3D material model into a FE formulation that considers only some
of the six stress components, a classical approach [45] consists in condensing out the
stress components o . that are zero by finding the appropriate values of the strains .,
i.e. the ones that satisfy the condition o, = 0. For the TFF, the ETFF and the WMF
beams, they are the three components lying in the section plane o, = {7,, 0., 7, }".
Because of the nonlinear behavior of the material, this requires a nonlinear static
condensation, which usually follows an iterative procedure. It is based on the partition
of the six-component stress and strain vectors into the restrained (subscript 'm’) and

the condensed part (subscript 'c’), with the incremental stress-strain relation (e.g. Eq.

(2.31)) thus resulting as:
{ o } (5.6)
Ec

6=Ck = {7” }:
O,

Referring to Tables 5.3 and 5.4, at the step 3, the condensation procedure starts con-

Ct,mm Ct,mc
Ct,cm Ct,cc

sidering the values of €, = i1 that are given from the step 2 and that remain fixed
during the iterations, whereas the values of €. are initialized recalling them from the
previous loading time step, €. = €2 (i.e. the values obtained and stored at the con-
verged state of the global N-R algorithm performed for the loading step preceding the
current one). Hence, a first 3D Material State Determination is performed, providing

the initial estimation of the material response:

I+1 0 0 0

€ o C C

50 17’6 0 181 ’ and C? t(,]mm t(,]mc
€c o c C t,em C t,cc
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For the material models adopted in this work the 3D Material State Determination
follows the solution procedures described in the next sections. Then, the following
iterative steps are performed, with the superscripts 2’ and 2+ 1’ denoting the previous

and current iterations, respectively:

1) The condensed strains e, are updated computing a corrective increment, aiming

to obtain ol =0, i.e.:

Aeit = —(C;

-1 . . . .
i+1 +1 _ _i+1 i+1
c t,cc) o, — €. =& + Aec

2) The 3D Material State Determination is performed:

. glt1 ‘ it A
gtl = i — ot = i and Cit! =
EC O-C

3) If the convergence test || < tollerance is satisfied, the condensation procedure

i+1 i+1
Ct,mm Ct,mc
Ci—l—l Ci+1

t,em t,cc

ends, otherwise it restarts from the step 1.

The condensed material stiffness matrix is then given by:
km = Ct,mm - Ct,mc (Cz‘/,cc)_1 Ct,cm (57)

Note that the same scheme can be used for an Euler-Bernoulli beam, simply considering
that in this case the only independent strain is the axial one, g, = ¢, (with its
work conjugate axial stress o, = 0,) and the remaining components to condense are
ec = {eys €20 %ays Yoz YWz} (With o = {0y, 02, Tay, Tez T2},

However, to provide a less onerous solution, an alternative non-iterative consistent
approach is here presented. The purpose is to bypass the iterations necessary to perform
the material condensation, taking advantage of the element iterative process at the

upper level. In particular, it follows these steps:

1) At the current element nested iteration [ + 1, the values of €,, = €/ and its

increment with respect to the previous element iteration Ae,, = eif! — gl are
given and the condensed strains €, and the material stiffness matrix are recalled

from the previous element nested iteration, e, = €' and C; = C!;

2) The condensed strains €. are updated adding the linearized increment with re-

spect to the previous element nested iteration:

—1
I+1 _ ! ! I+1 I+1 _ 1 I+1
Ae™ = — (Ct,cc) Cmcc Aeg,! — e =e.+ Ae;

[
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3) The 3D Material State Determination is performed:

gl ol
gtt=¢"" — ot = " and CI =
gl ol

C c

I+1 I+1
Ct,mm Ct,mc

I+1 +1
Ct,cm Ct,cc

4) e.is updated again computing a corrective increment, aiming to obtain alc+1 =0

-1
Aelt! = — (Cl“) ot N eltl = ghtl 4 Aght!

t,cc c c
and it is stored for the next element iteration;

5) The condensed material stresses and stiffness matrix are computed as:

-1 -1
0,5;:1 :Ulrjfl‘*'clﬂ (Cl“) o'ch and kijl_l — Qi it (Cl+1) Qi1

t,mc t,cc t,mm t,mc t,cc t,em

Table 5.5: Non-iterative nonlinear static condensation.

-1
1) Aett=— (CLCC) Ci . Aelit — eltl =gl + Aeltt
2) 3D Material State Determination (Table 5.6)

ghtt — ol and CLH
1
I+1
3) Agtt = — ( tfgc) ol — gltt = elfl 4 Aglt?
1
41 _ 041 41 (i1 I+1
4) Om = On + Ct,mc (Ct,cc) g,

K+ — i+l _ ol (CZH)*1 Cl+l

t,mm t,mc t,cc t,em

With this technique, summarized in Table 5.5, only an approximation of the condensed
strains €. is computed (step 2), linearizing the material behavior from the element
iteration [ to the [ + 1 and then (step 4) the residual values Aelt! are added for
the next step. Hence, in this case the nested element iterative process governs not
only the Element State Determination, but also the material condensation, providing a
simpler implementation of the 3D material model in the FE formulation. However, it is
important to highlight that, as discussed in Sec. 5.2, the Element State Determination
can be also performed with a non-iterative procedure: in this case the N-R algorithm
represents the main iterative process governing the time-step integration, the element
state determination and the material condensation as well.

Each of the condensation procedures described above represents a general approach
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to perform the static condensation of a system of nonlinear equations, expressible as:

Amm A'mC m m
Acm Acc Xc 0

A= A[X] is the coefficient matrix, which is function of x, x,, and y. = 0 are the given
data and x, and x, are the unknowns. For the material condensation, the system of
equations is represented by the constitutive stress-strain relation, which is linearized
in the incremental form of Eq. (5.6). However the two procedures are generally valid.
For instance, in the numerical examples of this paper, they are also used to enforce the
plane stress conditions in 2D FEs, where the out-of-plane material stresses components
are zero (i.e. if x — y is the plane of the element, o. = {0., Ts., 7,.}7 = 0). In any
case, the iterative approach fixes the given strains €/f! (i.e. the given unknowns x,,)
at the current element iteration and applies a standard iterative N-R algorithm to
the condensed part of the constitutive relation (i.e. to A, X, + Aeexe = 0). In
fact, at every iteration, the condensed variables g,, are updated using the residual
condensed stresses r'*! = 0 — oi"' and the consistent stiffness matrix Cj ., (step 1).
By contrast, the non-iterative approach starts from the material state at the previous
element iteration [, linearizes the material response for that state and performs only

one linear corrective step, significantly reducing the global computational cost.

5.4.2 Linearized solution procedure for the J2, the Drucker-

Prager and the proposed 3D plastic-damage model

The 3D Material State Determination performed during the nonlinear static condensa-
tion in Table 5.5 is the general procedure to evaluate the six-component stress vector
o and tangent stiffness matrix C, for a given six-component strain vector €. In the
following, the classical procedure for the Drucker-Prager plasticity with linear harden-
ing in Sec. 2.2 is first presented [61]. Then, it is used to define the linearized solution
procedure proposed for the plastic-damage model described in Sec. 2.4. In both cases,
the starting point is represented by the given total strains €/*! at the general current
iteration [+ 1 and (step 3) and by recalling the material state at the previous iteration
[ (ie. €', o', Cl and the history variables). The subscript 'n+1" indicates the variables
for the current state that need to be determined and the subscript 'n’ indicates the
variables at the previous evaluated state.

The Drucker-Prager solution algorithm can be summarized as follows:

1) For the current state the strain vector €, is set equal to the given total strains

e!*! at the current element iteration [ + 1 and the previous material state is set




Computational aspects and solution algorithm 101

equal to the state at the element iteration [:

I+1

Enyl = € and Ag,q =t — ¢

€

2) Considering the internal variables of the previous state, the increment of the
strains is assumed to be elastic, that is an Elastic Prediction is preformed by

means of Eq. (2.1):

p _ =P — —
€n+1 = &h Cn+1 - Cna Apy1 = Qp
p — € — —

3) The yielding condition fppni1 = fop(Tnt1,¢,, an) <0 (Eq. (2.11)) is checked:
it fppnt1 <0, the internal variables are stored with the tangent stiffness matrix
assumed equal to the elastic one, C;’,; = C, and the algorithm ends; otherwise

the return mapping algorithm is performed:

a) Considering that the adopted hardening model is linear [63], the plastic

consistency parameter A can be evaluated as:

)’\ _ fDP,n—l—l
" 9G +2/3(H + Hy)

b) By means of Eqs. (2.5), first the plastic strains are updated:

Tpi1 — C i
Ny = - Ent1 = €N+ Anyi Dy
|7Tn+1 - Cnl

and then the internal variables are updated as well:

2.
Opt1 = Oy + g)\n+1 and Cni1 = 3 KEn+1

c¢) Finally, the material stresses are evaluated:
oni1=C(ent1 —€p41) =Celyy

and the elasto-plastic tangent stiffness C;’,; is obtained from Eq. (2.13).

Note that the algorithm also applies to the J2 plasticity in Sec. 2.2, simply assuming
oy = 0., which leads to 0, = 0y = 0. and p = 0.
Including the described Drucker-Prager return mapping algorithm, the solution pro-

cedure for the proposed plastic-damage model is defined as a two-phases discretized
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procedure. The first phase, called Elasto-Plastic Predictor Phase, involves the evalua-
tion of the effective stresses o and of the elasto-plastic tangent stiffness C; the second
phase, called Damage Corrector Phase, involves the evaluation of the damage variables

and of the total quantities o0 and C;. The procedure is summarized as follows:

1) For the current state the strain vector €, is set equal to the given total strains
e!*t! at the current element iteration [ 4 1 and the previous material state is set

equal to the state at the element iteration [:

I+1 l

Enp1 =€ and Ag, =€ —¢

2) Elasto-Plastic Predictor Phase - The damage evolution is frozen, with the related

variables calculated for the previous state and the elasto-plastic problem is solved:

a) Considering the internal variables of the previous state, the increment of the
strains is assumed to be elastic, that is an Elastic Prediction is preformed

by means of Eq. (2.1):

p __ P _ _
€n+1 =&, Cn+1 - Cm Opyp1 = Qp

p _ e _ ~ _ p
Aey 1 =0, Ael = Aepia — oni1 = Cl(ep —€P)

b) The yielding condition f,11 = f(F,11,¢,, @n) < 0 (Eq. (2.28)) is checked:
if f,+1 <0, the internal variables are stored with the elasto-plastic stiffness
matrix assumed equal to the elastic one, C;* | = C, and the algorithm con-
tinues from the step 3; otherwise a Plastic Correction is performed through
the return mapping algorithm previously described and referring to the ef-
fective stresses (Eq. (2.28) and (2.29)):

. fn+1 _ P&n—‘rl - C
)\n — — n,4+1 = _—
T oG+ 2/3(Hy + H)) T Poa — ¢,
€ =€l + A1 g
2. 2
QOpt1 = O + §>\n+1 and Cry1 = 3 KEn+1

o1 =Cleny1 —€h ) =Cer and  C? from Eq. (2.29)

3) Damage Corrector Phase - The total and plastic strains are frozen, with the

related variables calculated in the previous phase (step 2), and the damage evo-

lution problem is solved:
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a)

b)

The current principal total and elastic strains, €;,.1 and €7, with i =

1,...,3, are computed;

Eqgs. (2.40) are used to evaluate the equivalent strains, e;,,,1 and ef,,,; with
1=1,...,3;

Egs. (2.38) and (2.39) are used to evaluate the equivalent strain measures,
Yintt, Yens1, Y5 and Y2, o

The damage limit conditions (Egs. (2.33) and (2.34)) are checked:

fen+1 = Yint1 — Yor — (a4 Yins1 + ki) Diy <0
fc,n—l—l = )/c,n—&—l - }/Oc - (ac Y;,n+1 + kc)Dc,n <0

If fint1 < 0 and fen41 < 0, the previous values of the damage variables
are assumed for the current steps, i.e. D;py1 = Dy and Doy = Dep;
otherwise (fini1 < 0 or fenp1 < 0) the updated values that satisfy the

Kuhn-Tacker and the consistency conditions are evaluated, that is:

ch,n—‘rl - YE)C
acY::,n—‘rl + kc

Y;:,n—f—l - ch

D s 1 d Dcn = T~ 1
© [ b ] o e acY;:,n-l-l + kc

Dt,n+1 = S [Dc,m 1]
The damage combination coefficients ay,41 and a.,41 are evaluated by

means of Eq. (2.37), that is computing:

€
n _ Y;E,nJrl
tn+1 —
Yot nt1 + (at,n+1Yf,,en+1 + ki pi1) D
[+
o }/c,n—&—l
nc,n—i-l -

ch,n-‘rl + (ac,n—&-lY;:c:qHJ + kc,n+1)Dn
The total damage variable is updated by means of Eq. (2.36):
Dn+1 = Q¢ n+1 Dt,n+1 + Qe n+1 Dc,n—l—l

The updated value of D is used to compute the total stresses and the ma-

terial stifflness matrix:

Ony1 = (1 — Dn+1)2c (Ent1 — €£+1)

Ciny=(1- Dyi1)? Cl

In the last step of the Damage Corrector Phase, the material tangent stiffness matrix

C, is evaluated neglecting the contribute due to 9D /Je that appears in Eq. (2.32).
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This results in considering the material secant stiffness, as it is usual for classical
damage mechanics constitutive laws [80], which implies that the convergence of the
iterative procedure does not follow a quadratic rate, as expected for the standard N-R
procedure. The entire procedure is recapped in Table 5.6.

As mentioned, the 3D Material State Determination algorithms here described can
be used during the static condensation procedure, for both the iterative and the non-
iterative version (e.g. step 3 in Table 5.5 for the non iterative version). However, when
a degrading material is considered, as for the proposed plastic-damage, the well-known
numerical problems related to the ill-condition of the stiffness matrix [101] can occur.
In fact, considering that in both cases the condensed strains are updated by inverting

the matrix C, ., i.e.:
-1
Aé:c = - (Ct,cc) (o

if this matrix is singular or close-to-singular, the algorithms fail to converge and this is
likely to happen in the softening part of the material response. As previously discussed,
during each iteration, the proposed material model adopts the secant stiffness matrix
instead of the tangent one. From the point of view of the invertibility of the stiffness
matrix, this results in a more stable condition. However, when the damage variable D
assumes high values, the secant matrix C; .. can results singular or close-to-singular as
well and the convergence problems can still occur.

A straightforward solution to this problem consists in applying the nonlinear static
condensation to the elasto-plastic material model (the Drucker-Prager plasticity), in-
stead of applying it to the total plastic-damage one, that is to enforce the condition
0. = 0, instead of . = 0. Indeed, because of Eq. (2.27), ensuring that the condensed
components of the effective stresses o, are zero is exactly equivalent to impose o, = 0.
In this way, the condensed stains e, are updated through the elasto-platic tangent
stiffness and the ill-conditioning problems are avoided. In other words, the following

approach can be used, as it is done in this present work:

1. Given the total strain vector €, = €-1, the nonlinear static condensation is per-
formed to evaluate e., with the procedure described in Table 5.5 (or alternatively
with the classical iterative approach) and considering only the elasto-plastic ma-
terial model, that is involving only the Elasto-Plastic Predictor Phase of the 3D
Material State Determination (steps 1 and 2 in Table 5.6);

2. Once the static condensation process is over, the Damage Corrector Phase is per-
formed (step 3 in Table 5.6), considering the given strains €,, and the condensed

ones €. just evaluated.
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Table 5.6: Linearized solution algorithm for the proposed plastic-damage model.

1) Previous state set equal to the state at the element iteration I

Enqr = €11 and Ag, 1 = el — ¢

2)  Elasto-Plastic Predictor Phase (damage evolution frozen at n)

2a) Elastic Prediction

Eni1 = €D, Cnt1 = Cas Qpi1 = Qp

Aey 1 =0, Aer i = Aegyp — 0,1 =Cl(ep —€P)
2b) If fur1 = f(ons1,€,, n) <0 — Exit

otherwise — Go to step 3

2c¢)  Plastic Correction

P6n+1 _Cn

Sfnt1
% —
[Pony1—C,l

Antl = 567973 () Npt1 =
P \ =
Ent1 = Eh + Ant1 Mt
_ 23 _ 2p7 P
Qpt1 = Oy + \/;/\n—&-l and Cri1 = ng€n+1

3d) Gpi1=Cl(eny1 —€hy) =Cely and Ce from Eq. (2.29)

3)  Damage Corrector Phase (plastic strains frozen at n + 1)

3a) Evaluate €;,,1 and €7, ., withi=1,...,3
3b) Evaluate e; ;1 and €f, ,, withi=1,...,3
3c)  Evaluate Vi, 11, Yeni1, Y5 and Y5,

3d) It ft,n-‘rl < 0 and fc,n-i—l <0 — Dt,n+1 = Dt,n and Dc,n-i—l = Dc,n

. _ Yynp1—Yon : _
otherwise — Dppi1 = et € [Dip, 1] with h =t, ¢
YE
— t,n+1
36) Mn+1 = Yot,n41+(at,n1YS,  Hhtng1) Dn
Yce,n+1

770,714—1 - YOc,n+1 +(ac,n+1 Yce’n+1 +kc,n+1 )Dn

2
M m+1

Ot pt1 = and Qo1 = 1 — g

2 2
nt,n+1 +nc,n+1

3f) Dn+1 = Ot n+1 Dt,n-‘rl + e n+t1 Dc,n+1

39) Ont1=(1—Dp1)’Clenta — Ens1)
Cini1=1—D,1)*CE







Chapter 6

Correlation studies

6.1 General

This chapter presents a series of numerical applications investigating the performance
of the numerical models previously described. The studies here conducted focus on

two aspects, which represent the principal contributions of this work:

1. The performance of the WMF beam-column FE in Sec. 3.4, with specific at-
tention to the advantages and disadvantages offered by the Hermite polynomials
for the warping interpolation over the element cross-section. This FE is used to
study the mechanical response of reinforced concrete (RC) frame structures un-
der monotonic and cyclic loading conditions. The analyzed specimens highlight
the effects of nonlinear mechanisms in presence of relevant warping deformations,
comparing both the global and local responses with measured data from experi-

mental tests and with standard beam and 2D FE formulations.

2. The performance of the proposed plastic-damage model described in Sec. 2.4 in
reproducing the behavior of damaging material. All the RC specimens adopt this
material model to represent the concrete response and the J2 plasticity model

(Sec. 2.2) to represent the steel response.

The studies are divided in three groups. The first one (Sec. 6.2) refers to two different
beams, subjected to a monotonic torsional load and to a cyclic transversal load, re-
spectively. These are used as preliminary applications to test the ability of the WMF
model in representing the warping of the beam cross-sections, regardless of the dam-
aging constitutive law. The second group (Sec. 6.3) refers to a series of plain concrete
(PC) and RC prismatic beams, subjected to monotonic torsional loads, and exhibiting
relevant warping and damaging effects. Finally, the third group (Sec. 6.4) refers to
two different RC shear walls, cyclically loaded by horizontals forces.
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Hereafter, the warping point distribution over the element cross-section is indicated
as follows (see, for example, Fig. 6.2): 'L’ or "H’ specifies the class of interpolation
functions, where 'L’ refers to the Lagrange polynomials and H’ the Hermite poly-

nomials; then, a number in parentheses specifies the total number, m,,, of warping

DOFs.

6.2 Preliminary analyses of steel beams

This section presents the analyses of two thin-walled beams exhibiting relevant cross-
section warping phenomena. They focus on the warping displacement interpolation
over the element cross-section and describe pros and cons of the Hermite polynomials
over the Lagrange ones. Moreover, the analyses show the influence of the warping
constraints eventually applied at the beam boundaries, for both linear elastic and

elasto-plastic material responses.

6.2.1 Channel cantilever subjected to a torsional load

The first correlation study investigates the response of a thin-walled channel shaped
cantilever subjected to a torsional couple at the free end. The specimen, having length
L = 18.0,m, has been studied for linear elastic conditions by several authors, Capurso
[114], Tralli [115] and Back and Will [116], considering a Young’s modulus and a
shear modulus equal to £ = 30000 MPa and G = 13000 MPa, respectively. Fig. 6.1

tr =02m

3000 MPa

1N z

. AR AT
/ X kﬂ T i ; }G U‘T
e E d S

z 1 ‘

_ P: — ]
Y j\ g ioooo MPa 3 — 1000 kNm g

L =180m tw = 0.2 m |

Figure 6.1: Channel cantilever subjected to a torsional load: specimen geometry.

shows the cantilever geometry and the cross-section dimensions. The points G and C
correspond to the center of area and the shear center, respectively, being d = 1.021m
and e = 1.414 m.

The numerical model consists in one WMF beam-column FE, with five Gauss-

Lobatto quadrature cross-sections placed along the axis and a specific fiber discretiza-
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tion defined for each of them. Moreover, Fig. 6.2 shows four different distributions
of warping points located over the element cross-section and used to interpolate the
warping displacement field wu,,. The first two distributions adopt Lagrange polynomi-
als, L1(8) and L2(20), and the other two use Hermite polynomials, H1(12) and H2(36).
Both the distributions L1(8) and L2(20) adopt cubic and parabolic interpolation func-

~ Warping

/ points

(a) Lagrange L1(8) (b) Lagrange L2(20) (¢) Hermite H1(12) (d) Hermite H2(36)

Figure 6.2: Warping points distribution over the cross-section of the channel cantilever.

tions along the web and the flanges, respectively. However, L1(8) provides constant
interpolation, whereas L2(20) provides linear interpolation across the thickness. The
distribution H1(12) adopts cubic interpolation functions along both the web and the
flanges and provides a linear interpolation over the thickness, yet involving a reduced
number of DOFs. Finally, the distribution H2(36) adopts cubic interpolation functions

in all the directions. Three different studies are conducted:

1. Linear elastic - Warping free
Assuming a linear elastic material response, a torsional couple M, = 1000 kNm
is applied at the free end and the warping displacements at the fixed end are

assumed to be free;

2. Linear elastic - Warping restrained
Assuming a linear elastic material response, a torsional couple M, = 1000 kNm
is applied at the free end and the warping displacements at the fixed end are

restrained;

3. FElasto-plastic - Warping restrained
Assuming an elasto-plastic material response, a monotonically increasing tor-
sional couple M, is applied at the free end and the warping displacements at the

fixed end are restrained.

Regarding the fiber cross-section discretization, the two linear elastic studies consider
the Gauss-Legrende scheme to define the locations and weights of the fibers over the

cross-section. To exactly integrate the element stiffness, they define a 4 x 4 grid of
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fibers in each rectangular patch. By contrast, the elasto-plastic study considers the
midpoint rule [29] and uses a fiber discretization with 8 fibers along each flange, 14
fibers along the web and 4 fibers across the thickness of the section (at the web/flanges

intersections, a 4 x 4 grid of fibers is located), for a total of 152 fibers.

Linear elastic - Warping free

For the linear elastic case with warping free at the fixed end, the warping point dis-
tributions in Fig. 6.2 are compared. Only one warping section is located along the
axis, n,, = 1, as constant torsion and uniform warping distribution is expected in this
direction. The rotation ©, = 0,(x = L) of the free end is computed.

Table 6.1 compares the results for the WMF model with the numerical outcomes
from Back and Will [116] and the analytical solution of the De Saint Venant’s theory
(DSV). For the latter, the torsional inertia of the cross-section is assumed according to
the theory of the thin-walled beams [100], i.e J = 0.032m".

Table 6.1: Free end rotation ©, = 0,(z = L) of the linear elastic channel cantilever with
warping free at the fixed end.

\ L1(8)  L2(20) HI1(12) H2(36) DSV  Back/Will

O,

102 rad] 17.308 4.234 1.286 2.246 4.327 4.304

Only the distribution L2(20) gives a solution agreeable to the reference ones (DSV
and Back/Will), whereas the distribution L1(8) overestimates the free end rotation
and the two distributions based on Hermite polynomials underestimate it. In fact, as
Fig. 6.3 shows, the distribution L2(20) is able to represent the variation of the warping
displacement across the thickness of the web and the flanges (Fig. 6.3a). As the section
is very thin, this variation is practically linear, as the distribution 1.2(20) assumes. By
contrast, the distribution L1(8) considers constant warping displacements across the
thickness (Fig. 6.3b) and it, thus, underestimates the section rigidity. Indeed, the
warping deformation of the section results almost five times larger.

A different problem occurs for the distributions H1(12) and H2(36). In fact, even
though they account for higher order variations of the warping displacements across
the thickness (Figs. 6.3¢ and 6.3d, e.g. H2(36) accounts for cubic variations), these
lack in correctly representing the interaction between the web and the flanges, as it
can be observed from the distribution of the material shear strains and stresses (Fig.
6.4). Indeed, the main contribution to the shear strains and stresses is represented by
the derivatives along y and z of the warping displacements (Eq. (3.62)). When the

section is very thin, shear strains and stresses change very fastly going from the web
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Figure 6.3: Linear elastic channel cantilever with warping free at the fixed end: warping
displacement u,, of the free end cross-section.

to the flanges, or vice versa. Hence, the interpolation functions adopted to represent
u,, should be able to follow these changes. Fig. 6.4 compares the shear stresses 7,
and 7., for the distributions L.2(20) and H1(12). L2(20) gives a solution that basically
follows the shear flow due to the circulatory torsion (Figs. 6.4a and 6.4b), in perfect
agreement with the classical thin-walled beam theory. Since the Lagrange interpolation
(Eq. (3.65)) does not consider the warping derivatives du,,/dy and Ou,,/0z as DOFs,
it captures the sharp variations of the shear stresses at web/flanges intersections very
well, in truth providing a jump in the strain/stress distributions. On the contrary,
the Hermite polynomials ensure the continuity of the warping derivatives du,,/Jy and
Ou,,/0z, and, thus, they represent the shear strains (and the stresses for linear elastic
materials) as continuous. In this way, when the section is very thin, the Hermite
polynomials are not able to represent correctly the variation of these variables at the
web/flanges intersection (Figs. 6.4¢ and 6.4d), influencing the response of the entire

section and in general overestimating its rigidity.
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Figure 6.4: Linear elastic channel cantilever with warping free at the fixed end: shear
stresses 7,y and 7, of the free end cross-section.

However, when the section is thicker, the Hermite interpolation results as the best
balance between accuracy of the solution and computational effort. In fact, in this
case, the effect described above is significantly reduced and the results provided are
as accurate as those obtained with the Lagrange interpolation, but involving a lower
number of warping DOFs. As an example, Fig. 6.5 illustrates the same results in Tab.
6.1 for different values of the cross-section thickness ¢ and shows that, as the thickness
increases, the difference in the solution between H1(12) and H2(36) with respect to
L2(20) and DSV is significantly reduced.

0.12 T
\ —DSV
0.1+ ) - L1(8)
= 0.08 & Y |=-L2(20)
5] 3 Vo [ HI(12)
‘:‘ 0-06 I l‘ “H2(36)
D 0.04+
0.02f BN _
0 - e Se— e e e .
0 0.1 0.2 0.3
t/b
Figure 6.5: Free end rotation ©, = 6;(x = L) of the linear elastic channel cantilever

with warping free at the fixed end, for variable cross-section thickness -
t =10.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0] m (b is the section width).

Linear elastic - Warping restrained

Basing on the outcomes of the warping free case, the linear elastic case with warping re-
strained at the fixed end considers only the distribution L2(20). However, four warping

interpolation points are located along the axis, n,, = 4, that is cubic Lagrange poly-
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nomials are defined to interpolate the warping displacement in this direction. Indeed,
non uniform torsion is expected in this case and, thus, the variation of the cross-section
rotation @, along the beam is monitored.

Table 6.2 compares the results of the WMF model with the numerical outcomes from
Capurso [114], Tralli [115] and Back and Will [116] and with the analytical solution of
the Vlasov’s beam theory [100]. For the latter, the warping rigidity of the cross-section
(Eq. (3.55)) is assumed equal to I' = 14.086 m®. The same results are summarized

Table 6.2: Torsional rotations 6,(x) of the linear elastic channel cantilever with warping
restrained at the fixed end.

0.(z) [1073rad]

x [m] ‘ L.2(20) Vlasov Capurso Tralli Back/Will Shell
3.0 ‘ 0.187 0.163 0.193 0.193 0.188 0.241
6.0 ‘ 0.658 0.611 0.669 0.667 0.660 0.741
9.0 ‘ 1.348 1.284 1.368 1.369 1.354 1.423
12.0 ‘ 2.204 2.124 2.233 2.234 2.215 2.280
15.0 ‘ 3.170 3.075 3.207 3.209 3.185 3.310
18.0 ‘ 4.188 4.081 4.236 4.239 4.210 4.343

in Fig. 6.6 (only the solution by Back and Will is plotted as reference), which also
plots the analytical solution of the DSV theory. The solution of the WMF model,
considering the warping constraints, perfectly matches with the reference ones, except
for the DSV’s, which obviously gives a significant stiffer response due to the absence

of warping constraints. Table 6.2 and Fig. 6.6 also contain the numerical results

1 -3
6 .
] — Vlasov
- -12(20)
451 —o-Back/Will b
= weShell |
S y
M
8
S

18

z [m]

Figure 6.6: Torsional rotations 6,(z) of the linear elastic channel cantilever with warping
restrained at the fixed end.

obtained by modeling the cantilever with 2D 4-nodes shell FEs. The numerical model
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is implemented in FEAP [117], and considers a total number of 5761 FEs and 37038
DOFs. Fig. 6.7 shows (a) the undeformed mesh and (b) the contour plot of the axial

displacements u(x,y, z) in the deformed shape of the cantilever.
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(a) Numerical model mesh: Web 120 x  (b) Deformed shape (displacements scaled by 40)
20 FEs, Flanges 120 x 14 FEs. and axial displacements u(x,y, z).

Figure 6.7: Linear elastic channel cantilever with warping restrained at the fixed end: shell
model.

Finally, Fig. 6.8 compares the warping displacements for the WMF beam, adopting
the distribution L2(20), and those for the shell FEs, illustrating that the two numerical
models perfectly agree. In particular, Fig. 6.8a shows the displacement u(z,y, z) at
the tip of the upper flange, at the mid-line, and Fig. 6.8b shows the deformed shape

of the free end cross-section.

2
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(a) Axial displacements of the tip of the up- (b) Axial displacements of the free end
per flange, u(x,2.5m, —2.48 m). cross-section, u(18 m, y, z).

Figure 6.8: Linear elastic channel cantilever with warping restrained at the fixed end: axial
displacements u obtained with the WMF and the shell model.
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Elasto-plastic - Warping restrained

The elasto-plastic case with warping restrained at the free end considers the WMF
model with the distribution L2(20) and four warping interpolation points along the
axis, as for the corresponding elastic case. The J2 plasticity in Sec. 2.2 is adopted to
model the constitutive response of the cantilever, adopting the yielding stress equal to
o, = 10 MPa and the kinematic and isotropic hardening modulus equal to H, = 0.01 £
and H; = 0.001 E, respectively.

The applied torsional couple M, is increased up to a value of 4000 kNm and the
free end rotation is evaluated, comparing the results with those obtained with a shell
model having the same mesh of that used for the elastic study. Fig. 6.9 plots the
two global response curves (M, vs ©,) and shows how the WMF beam-column FE
correctly represents both the initial elastic branch and the subsequent plastic response.
The solution obtained with the distribution H2(36) is also plotted, to emphasize that
the issues observed for the linear elastic case with warping free also affects the case of

warping restrained, for both the elastic and the plastic responses.

5000 : : :
4000 - -
Z 3000} L
= )y
+ 2000 - Y ]
= Z —1.2(20)
1000 | - -H2(36)|-
——Shell
O 1 1 1
0 0.01 0.02 0.03 0.04
O, [rad]

Figure 6.9: Elasto-plastic channel cantilever with warping restrained at the fixed end: ap-
plied couple M, versus free end rotation 0, = 0,(z = L).

Finally, the local responses obtained with the WMF model, adopting the distri-
bution 1.2(20), and with the shell model are compared. In particular, because of the
equilibrium, during the entire loading path the cantilever is subjected to a uniform
torsional moment equal to M,. However, due to the warping constraints, the fixed end
section exhibits higher levels of stresses with respect to the other beam cross-sections.
Indeed, as the warping displacements w,,(z,y, z) are restrained at the fixed end (Fig.
6.8a), the shear-lag effect occurs, influencing the axial stresses o,(z,y,2) along the
entire beam. These stresses assume the highest values at x = 0, where the plastic
strains take place by first. Fig. 6.10 compares the axial stresses o,(z,vy,2) for the

WMF and the shell models at this cross-section, for two different values of the applied
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torsional couple: (a) M, = 1000 kNm, for which the cantilever still results elastic (it is
the same load applied in the linear elastic study), and (b) M, = 4000 kNm, for which
the cantilever presents plastic deformations. Very good agreement between the two

models is shown in both conditions.
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(a) Elastic - M, = 1000 kNm. (b) Plastic - M, = 4000 kNm.

-2000

Figure 6.10: Elasto-plastic channel cantilever with warping restrained at the fixed end:
axial stresses o, due to the shear-lag at the free end cross-section.

6.2.2 Steel shear link subjected to a transversal cyclic load

The second correlation study investigates the response of a steel shear link with I
cross-section and subjected to transversal cyclic deformations. Le Corvec [1] has also
analyzed this specimen to investigate the performance of the WMF beam-column FE,
originally proposed in her work. Le Corvec interpolates the warping displacements with
Lagrange polynomials both along the element axis and over the element cross-sections.
Comparing the results with the experimental studies by Hjelmstad and Popov [118], she
demonstrates the good capability of the model in representing both the global and the
local responses of the link. The following study, instead, adopts Hermite polynomials
for the warping interpolation over the element cross-section. The goal is to understand
whether, in the case of shear forces, the Hermite interpolation leads to the same issues
observed during the analysis of the channel cantilever in Sec. 6.2.1, in the case of
torsion.

Fig. 6.11 shows the specimen geometry. The link is considered as fixed at one
end and subjected to a cyclic transversal displacement v at the other. Following the
study in [1], the material behavior is described through a generalized J2 plasticity
model [119], adopting the parameters in Table 6.3. For both the web and the flanges

the Poisson ratio is equal to v = 0.3 and the isotropic and the kinematic hardening are
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Figure 6.11: Shear link subjected to a transversal cyclic load: specimen geometry.
equal to H; = 0.0002 ' and Hj;, = 0.0040 E, respectively. Moreover, the distance from

the asymptotic yield surface to the yield function is equal to ¢ = f,, — f,,, whereas the
speed of the model in approaching the asymptotic behavior is equal to § = 0.0l%’E [51].

Table 6.3: Mechanical parameters adopted for the steel shear link with I cross-section.

Young modulus F Yield strength f, Ultimate strength f,
Web 28 300 ksi 39.5 ksi 60.1 ksi
Flanges 28 000 ksi 35.0 ksi 58.5 ksi

The numerical model consists of one WMF beam-column FE, with six Gauss-
Lobatto quadrature cross-sections placed along the axis and a midpoint fiber discretiza-
tion with a total of 34 fibers, that is 10 fibers along the web and a grid of 3 x 4 fibers
in each flange (Fig. 6.12a). To interpolate the warping displacement field w,, over the
cross-section, the model uses two distributions of warping points as in Figs. 6.12b and
6.12c. L(12) adopts Lagrange polynomials, with constant interpolation across the sec-
tion thickness, parabolic interpolation along the flanges and cubic along the web; H(18)
adopts Hermite polynomials, with linear interpolation across the section thickness and

cubic interpolation along both the flanges and the web. The warping displacements

) j Yy A j ) j y
=13 . =] |- Warping = !
,~ Fibers x{ points :

o )/

(a) Fiber model (b) Warping distr. L(12) (¢) Warping distr. H(18)

Figure 6.12: Fiber model discretization and warping points distribution over the cross-
section of the shear link.
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Figure 6.13: Shear link subjected to a transversal cyclic load: transversal force Fj versus
shear drift v/L

are assumed as restrained at both the beam ends. Hence, four warping interpolation
points are located along the axis, n, = 4, that is cubic Lagrange polynomials are
defined for the interpolation in this direction.

Fig. 6.13 shows the global responses obtained with the WMF model (black lines)
and compares them with the experimental results (gray lines) in terms of transversal
force F, vs the shear drift v/L. In addition, a model implemented in FEAP [117]
with 2D 4-nodes shell FEs is considered. This uses a total number of 480 FEs and
3402 DOFs, defining the mesh in Fig. 6.14. This figure also shows the contour plot of
the axial displacements u(x,y, z) at the end of the first loading ramp (before the first
loading reversal), that is at v/L = 0.02. These displacements are zero at the element
ends and assume the maximum values at the mid-span.

As Fig. 6.13 shows, the results for the WMF model with L(12), i.e. adopting
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Figure 6.14: Shear link subjected to a transversal cyclic load: shell model.

Lagrange polynomials, perfectly agree with the experimental data and the results of the
shell model. By contrast, the WMF with the distribution H(18) slightly overestimates
the beam strength. As observed in the study of the channel cantilever in Sec. 6.2.1, the
Hermite interpolation gives a poor representation of the warping at the web/flanges
intersections. Fig. 6.15 shows the distribution of the shear stresses 7., and 7, for the
mid-span cross-section at the first loading step, when the link still behaves as elastic.
Accordingly to the Jourawsky’s theory for elastic thin-walled beams [120], the solution
for the distribution L(12) considers 7, as linear in the flanges, where 7, is zero, and 7,
as parabolic in the web, where 7., is zero. This solution perfectly matches the results
obtained with the shell model. On the contrary, the solution for the distribution H(18)
does not represent correctly the transition of the shear stress flux from the flanges to
the web, although it captures the shear stresses across the thickness.

As discussed in Sec. 6.2.1, this issue with the Hermite interpolation only occurs
for very thin sections. As use the goal of this work is the analysis of RC structures,
where the thickness of the element cross-sections is usually high, the following studies
still consider the Hermite polynomials for the warping interpolation and investigate

the advantage they offer in the case of thicker cross-section beams.

6.3 RC beams under to monotonic torsional loads

This section presents the analyses of a series of prismatic beams under torsional loads.
In particular, two different studies are performed. The first one analyzes three PC

and three RC beams with either rectangular or T-shaped cross-section. The beams are
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Figure 6.15: Shear link subjected to a transversal cyclic load: shear stresses of the mid-span
cross-section at the first elastic loading step v/L = 0.0015.

subjected to a monotonically increasing torsional couple applied at both the ends. The
cross-section warping displacements are assumed to be free, producing uniform warping
along the entire element length. Hence, the study investigates the performance of the
WMF in representing the effects of the warping and its coupling with the damaging
phenomena occurring in the specimens.

The second study analyzes a U-shaped RC beam. The specimen is fixed at both
the ends, where the warping displacements are prevent, and a torsional couple acts at
the mid-span. The influence of the warping constraints is, thus, discussed, focusing the
attention on the shear-lag effect.

The 3D plastic-damage material model proposed in Sec. 2.4 describes the concrete
constitutive behavior. Hence, the studies also aim to investigate the performances of
this model in representing the concrete response under relevant shear stresses. The

classical J2 plasticity in Sec. 2.2 describes the behavior of the steel bars.
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6.3.1 Prismatic beams under uniform warping

The following correlation studies analyze six prismatic beams under pure torsion. All
the specimens have a total length of 160cm and are divided into three parts: two
end parts of length L., reinforced so as to remain elastic, and a middle part of length

L undergoing cracking and damage (Fig. 6.16). A torsional couple M, is applied

d 1\ /
M. | >
e |
| | | |
Le L
Elastic part Damaging part Elastlc part
160 cm |

Figure 6.16: Beams subjected to end torsional loads: specimens geometry.

at both ends with a particular arrangement that allows the beam cross-sections to
undergo warping. The PC and the RC cross-sections in Fig. 6.17 are considered for
the central damaging part of the beam, following the experimental tests performed
n [121] and [122]. The geometrical parameters are: L = 60cm for the R(a), Rh(a)
and Ts (L, = 50cm) and L = 100 cm for the Ra-c, Rb-c and T-c¢ (L. = 30cm). Only
the middle part is modeled in the numerical analysis, using one FE with one warping
interpolation point located along the axis, n,, = 1, as a uniform warping distribution
is expected in this direction. Three Gauss-Lobatto quadrature points are used for the
integration along the FE with a midpoint fiber discretization made of 72 fibers for
the rectangular cross-sections and 85 fibers for the T-shaped ones (Fig. 6.18). The

reinforcing bars are treated as additional steel fibers.

Table 6.4: Mechanical parameters adopted for the beams subjected to end torsional loads.

| E[MPal o, [MPal Yor [1079] Ky [1074] ay
R(a) \ 20 000 12.0 6.48 3.0 0.50
Rh(a) \ 20000 12.0 1.19 2.0 0.50
Ts \ 25000 18.0 5.18 2.6 0.55
Ra-c \ 20000 12.0 9.72 2.4 0.80
Rb-c \ 20000 12.0 5.40 2.5 1.00
T-c \ 30000 21.0 7.20 1.0 1.00
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Figure 6.17: Beams subjected to end torsional loads: cross-sections dimensions.
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Figure 6.18: Beams subjected to end torsional loads: fiber model discretization.

Each specimens consider a different concrete mixture. Hence, a specific set of
material parameters is defined for each numerical model, as given in Table 6.4, with
v=0.2,0,=30.0MPa, H; = 0.001 E, H, =0.7E, Yy, = 5 Yy, k. = 5.0-1073, a, = 0.2
and 8 = 1.0 for all of them. Modulus E is not specified in the two reference papers,
thus, it is adjusted to reproduce the measured initial stiffness. As an example, Fig. 6.19
represents the concrete stress-strain relation for the Ra-c beam and the relative damage
evolution law, in the case of uni-axial tension and compression. For the steel bars, the
following material parameters are used: £ = 210000 MPa, v = 0.3, o, = 560.0 MPa,
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H; =0.001 £ and H, = 0.01 .
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(a) Uni-axial stress-strain relation. (b) Damage evolution.

Figure 6.19: Monotonic uni-axial (0, — ;) behavior in tension and compression for the
proposed damage model adopted for the Ra-c beam.
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Figure 6.20: Warping points distribution over the cross-section of the beams subjected to
end torsional loads.

The rectangular cross-sections consider the four different warping DOFs distribu-
tions in Figs. 6.20a - 6.20d. L1(4) and L2(16) adopt Lagrange polynomials and H1(3)
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and H2(12) adopt Hermite polynomials. L1(4) and H1(3) provide a linear interpola-
tion of u,, in both the y and z directions, whereas L2(16) and H2(12) provide a cubic

interpolation. Similarly, the T-Shaped cross-sections consider the four warping DOFs
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Figure 6.21: Response of the rectangular PC beams, R(a) and Rh(a): moment vs rotation
per unit length.

distributions in Figs. 6.20e - 6.20h, L1(12) and L2(30) adopting Lagrange polynomials
and H1(12) and H2(30) adopting Hermite polynomials. L1(12) and H1(12) provide
a linear interpolation of u,, in both the y and z directions, except for y direction in
the cross-section web, where they provide a parabolic and a cubic interpolation, re-
spectively. Finally, 1.2(30) and H2(30) provide a parabolic and a cubic interpolation,
respectively, in both the y and z direction (for L2(30) this is cubic only for the y
direction in the web).

Figs. 6.21a and 6.21¢ compare the global response of the two PC rectangular beams,

R(a) and Rh(a), for the four warping distributions; the experimental results are de-
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Figure 6.22: Response of the T-shaped PC beam, Ts: moment vs rotation per unit length.
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Figure 6.23: Evolution of the damage over the PC rectangular cross-section R(a) with and
without warping.

noted in red. As shown, the distributions L2(16) and H2(12) give the same solution,
which perfectly matches the experimental curves. Indeed, these both consider cubic
order for the interpolation functions, which suffice in representing the warping of the
beam cross-sections. However, the Hermite interpolation requires less warping DOFs
than the Lagrange one. By contrast, the distributions L1(4) and H1(3), considering

linear interpolation functions, overestimate the beams strength, because they fail in
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representing the interaction between the warping deformations and the damaging ef-
fects taking place during the loading process. The same occurs for the PC T-shaped
beam Ts, whose results are plotted in Fig. 6.22a. In this case, the distribution H2(30)
gives the best solution of the set, since it adopts cubic interpolation functions in the y
and z directions. The distribution L2(30) uses the same number of warping DOFs and,
although it provides parabolic interpolation functions, it gives a solution that agrees
very well with H2(30). The distribution L1(12), with linear interpolation functions,
slightly overestimates the element strength, yet requiring a significantly smaller num-
ber of warping DOFs. Finally, the distribution H1(12), which uses the same number
of warping DOFs of L1(12) with linear interpolation functions, slightly underestimates
both the stiffness and the strength of the element. These results lead to the conclusion
that Hermite polynomials are a better choice than Lagrange ones to interpolate the
warping displacements of these cross-sections. In fact, they give satisfactory solutions,

providing higher order interpolations with a smaller number of warping DOFs.
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Figure 6.24: Evolution of the damage over the PC T-shaped cross-section Ts with and
without warping.

Figs. 6.21b, 6.21d and 6.22b compare the results for the distribution H2(12) (rect-
angular beams) and H2(30) (T-shaped beam) with the experimental outcomes in [121]
and with the analytical results reported in the same paper under the assumption of
rigid cross-section. This last adopts a value of the polar moment of area based on the
semi-analytical solution with Fourier series, that is J = ahb® for the rectangular beams

and J = 6774 cm* for the T-shaped beam. For the rectangular beams, b and h are the
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cross-section width and depth, respectively, and o = 0.2291 for the R(a) section and
a = 0.2635 for the Rh(a) sections. The figures show that the rigid section assumption
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(a) WMF model with H2(30): gy (2,9, 2). (b) Rigid section model: v,y (x, vy, 2).
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Figure 6.25: Shear strains in the plain concrete T-shaped beam (Ts) at 6,/L = 0.007.

overestimates the peak load, since the damage distribution over the cross-section is not
captured correctly. This assumption has small influence on the global response of the
rectangular beams, whereas it significantly affects that of the T-shaped one. However,
in all cases it produces completely wrong results in terms of local responses, that is it
does not correctly represent the material state evolution during the loading path. For
instance, Figs. 6.23 and 6.24 show the distribution of damage variable D for the R(a)
and the Ts beam, respectively, at three different values of the normalized torsional ro-
tation. As shown, for the rigid section assumption, the damage distribution is similar

to that of a circular section, where warping is not possible. Instead, in the presence of
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Figure 6.26: Warping displacement in the PC beam subjected to end torsional loads.

warping, the damage distribution is much more diffused over the whole cross-section.
Indeed, in a prismatic beam under pure uniform torsion, the damage distribution over
the element cross-sections follows the distribution of the shear strains. Fig. 6.25 shows
Vay and 7. distributions for the T-shaped beam. Note that the section warping with
H2(30) gives rise to parabolic shear strains 7,, and ,, over the section. In contrast,
the rigid section assumption is associated with a linear variation of these strains in the
y and z directions (Eq. (3.11)). The same occurs for the rectangular beams [80, 123].
Fig. 6.26 shows the deformed shapes of the element cross-sections due to the warping
for both R(a) and Ts beams.

Similar observations hold for the RC beams, whose global responses are shown in
Fig. 6.27. The responses under the assumption of rigid cross-section are computed
adopting a value of the polar moment of area based on the semi-analytical solution
with Fourier series, that is J = ahb® with a = 0.2291 for the rectangular beams and
J = 32642 cm* for the T-shaped beam. The responses of the plain concrete beam is
superimposed on the same figures for comparison. These are obtained by the WMF
beam model, adopting H2(12) for the rectangular beams and H2(30) for the T-shaped
beam. The comparisons show that the reinforcing bars slightly increase the member
strength under high values of torsional deformation, when the concrete is completely
damaged. The experimental responses show greater strength under intermediate de-
formations, as the beam transitions from the uncracked to the fully cracked state, but
this transitory behavior due to rough cracks and dowel action is not accounted for in

the present numerical model.
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Figure 6.27: Response of the RC beams subjected to end torsional loads: moment vs rota-
tion per unit length.

6.3.2 U-shaped beam with warping constraints

The following correlation study analyzes the RC U-shaped beam in Fig. 6.28, exper-
imentally tested by Chen et al. [124]. The specimen is subjected to a monotonically
increasing torsional couple applied at the mid-span section, where a strengthened di-
aphragm plate is located. Both the ends are extended by two rectangular slabs to
ensure the fully restrained boundary conditions at the supports. Because of the sym-
metry, the numerical model considers only one half of the beam, adopting one WMF
beam-column FE. The diaphragm plate is considered as rigid and able to totally pre-
vent the warping displacements at the beam mid-span. The warping displacements
are fully restrained at the support sections, as well. Eleven quadrature points and

four warping interpolation points, n, = 4, are located along the FE axis, that is
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Figure 6.28: RC U-shaped beam under torsional loads: specimen geometry.

cubic interpolation functions, since the warping restraints give non-uniform warping
in this direction; the locations of both the quadrature and warping points follow the
Gauss-Lobatto integration rule scheme.

Unlike the beams analyzed in Sec. 6.3.1, this is subjected to non-uniform torsion,
because of the warping variability along the x direction, which leads to non-uniform
degrading phenomena along the element axis. Hence, the nonlocal regularization tech-
nique in Sec. 4.3 is adopted to prevent the damage localization and a characteristic
length L. = 150 cm is considered to evaluate the nonlocal variables as in Eqgs. (4.9)
and (4.10).

Fig. 6.29 shows (a) the fiber discretization of the cross-section, where the midpoint
rule is used, and (b, ¢, d) three distributions of warping DOFs. All of them consider a
cubic interpolation of the warping displacements along the web, whereas the interpola-
tion along the flanges is parabolic in (b, ¢) L1(8) and L2(20) and is cubic in (d) H1(12);
(b) L1(8) considers the warping displacements as constant across the thickness, whereas
both (¢, d) 1.2(20) and H1(12) provide a linear interpolation. The chamfer added at
the connection between the flanges and the web is not considered in the model.

The material parameters in Table 6.5 govern the behavior of each concrete fiber,
with Fig. 6.30 representing the corresponding uni-axial stress-strain relation and the
damage evolution law. While, £ = 210000 MPa, v = 0.3 and o, = 380 MPa is assumed
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Figure 6.29: Fiber model discretization and warping points distribution over the cross-
section of the U-shaped beam under torsion.

for the steel bars, with H; = 0.01 E, for the isotropic hardening and H; = 0.05 E; for

the kinematic one.

Table 6.5: Mechanical parameters adopted for the U-shaped beam under torsional loads.

E = 35000 MPa v=0.2
oy = 6.3 MPa o. = 40.0 MPa H;, =0.001 £ H,=0.700 £
Yo, = 7.64-107° k,=8.0-107° a; = 0.95
Yo = 3.53-1074 k.=6.0-1073 a. = 0.77 =10
15 1
0.75}
Q 0.5¢
0.25}
60— . oL . .
-15-12 -9 -6 -3 0 3 -15-12 -9 6 -3 0 3
Ep x1073 e, x1073
(a) Uni-axial stress-strain relation. (b) Damage evolution.

Figure 6.30: Monotonic uni-axial (0, — ;) behavior in tension and compression for the
proposed damage model adopted for the U-shaped beam under torsion.

Fig. 6.31 shows the global response in terms of the section rotation 6, vs the
applied torsional couple M,, obtained with different models and compared with the
experimental outcomes (gray line with dots): the WMF model adopting the warping
distributions L1(8) (dashed line), 1.2(20) (solid line) and H1(12) (solid line with dots)
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and considering the warping constraints; the WMF model adopting the warping distri-
bution H1(12), but assuming all the cross-sections free to warp (dotted line); standard
TFF beam-column FE (Sec. 3.2), assuming a rigid section model (line with crosses).
In the standard FE model, to simulate the warping constraints, the torsional inertia
J at the supports and at the mid-span section is assumed equal to the polar moment

of inertia, whereas in the other quadrature sections it is corrected accordingly to the

classical thin-walled beam theory, i.e. J =1/3% ab® = 20122cm*.
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(a) Mid-span section. (b) Quarter-span section.

Figure 6.31: RC U-shaped beam under torsional loads: applied torsional couple M, vs
section torsional rotation 6.
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Figure 6.32: RC U-shaped beam under torsional loads: axial strains €, in the bars vs ap-
plied torsional couple M,. - The black lines represent the numerical solutions
obtained with the proposed FE with the L.2(20) distribution and the gray lines
represent the experimental data.




Correlation studies 133

x10~4 x1073

.. *, - -100 kNm
g | 0T 120 kNm
95! " %140 kNm

Mo~ o
-
ES

50 e
- -40 kNm| "we—==d
“4 | |60 kNm -
80 kKNm :
] . . | -4.45 . .
0 1075 2150 3225 0 1075 2150 3225

Figure 6.33: RC U-shaped beam under torsional loads: axial strains €, in the bar E3
for different values of the applied torsional couple M,. - The black lines
represent the numerical solutions obtained with the proposed FE with the
L2(20) distribution and the gray lines represent the experimental data.

The WMF model with both the distributions L2(20) and H1(12) is able to predict
accurately the entire behavior of the beam and in particular the initial stiffness and the
maximum strength. L2(20), however, requires almost twice the warping DOFs required
by H1(12). The same FE not including the warping constraints gives a completely
underestimated solution. In particular, not only the obtained initial stiffness is lower, as
obviously expected [100], but the beam strength is significantly reduced, as well. These
results clearly point out the relevance of correctly modeling the warping constraints.
In fact, the model including them is able to reproduce the actual axial strain and stress
distributions along the beam, resulting by preventing the warping at the end and at the
mid-span, i.e. the shear-lag effect. This effect is particularly relevant in this specimen,
because it engages the contribution of the reinforcing bars. Figs. 6.32 and 6.33 show
the axial strains obtained for the bars E1, E2, E3, E6, E7 and E8 (indicated as in Fig.
6.28). The model without warping constraints provides zero strains and zero stresses
for all the bars. Moreover, as shown in Fig. 6.34, this gives a damage distribution over
the cross-section that basically follows the shear flow due to the circulatory torsion
(Fig. 6.35), in perfect agreement with the classical thin-walled beam theory, without
accounting for the warping torsion [124]. Hence, it fails in correctly computing the
element strength.

Similar considerations hold for the standard beam model solution, assuming rigid
sections. In fact, as the model considering free warping along the element, this does
not capture the shear-lag effect and underestimates the element strength.

Finally, the model adopting L1(8) distribution slightly underestimates the initial
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Figure 6.34: Damage distribution at the mid-span section of the U-shaped beam under
torsional loads. - 6, = 0.12rad.

Tmaz

|

e

(a) Shear flow due to the (b) Shear flow due to the
circulatory torsion warping torsion

Figure 6.35: Torsional shear flow in a U-shaped member.

stiffness of the beam and overestimates its strength. This difference with respect to
the other warping distributions is related to the less accurate warping interpolation
provided over the cross-section. In fact, this model does not account for the rotations
of the flanges and of the web around their mid-lines, but it assumes constant warping
displacements across the thickness. Because of this approximation, the level of axial
strains due to the shear-lag and the amount of damage result different, as shown in
Figs. 6.34 and 6.36.

6.4 RC shear walls under cyclic horizontal loads

This section presents the analyses of two different RC specimens subjected to significant
shear deformations. The first one is a rectangular wall under in-plane cyclic loads and
the second one is a U-shaped wall under bi-axial cyclic horizontal loads. The studies

focus on the performance of the WMF in representing the effects of the warping and
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Figure 6.36: Axial strains ¢, distribution at the mid-span section, due to the warping con-
straints in the U-shaped beam under torsion. - M, = 100kNm - The 3D
surface represents the numerical solution and the dashed line represents the
experimental data, with the markers corresponding to the external bars E1,
E2, E3, E6, E7 and ES, as indicated in Fig. 6.28.

its coupling with the damaging phenomena, when cyclic transversal loads are applied
to the beam elements. It also investigates on the advantages this FE model provides in
describing the resulting stress/strain variable distributions over the beam cross-sections
and their evolution for nonlinear material states. Two companion walls, yet assumed
as plain concrete specimens, are used in Sec. 4.3 to validate the adopted nonlocal
regularization formulation.

The 3D plastic-damage material model proposed in Sec. 2.4 describes the concrete
constitutive behavior. Hence, the studies also investigate the performances of this
model in representing the concrete response under relevant shear shear forces. The

classical J2 plasticity in Sec. 2.2 describes the behavior of the steel bars.

6.4.1 Rectangular wall

This numerical test simulates the experimental study by Dazio et al. [107] on a rect-
angular shear wall, with geometry in Fig. 6.37. A cyclic horizontal force, acting in the
plane of the wall, is applied at the top of the wall, so that the shear span is constantly
equal to L = 4.52m, together with a constant vertical compressive load of 1480 N.

One WMF beam-column FE is adopted to represent the deformable part of the wall,
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Figure 6.37: RC rectangular shear wall: specimen geometry and model discretization.

modeling the top and the bottom slabs as rigid elements. The warping displacements
are restrained at the bottom of the wall and assumed to be free at the top [110].
Hence, six warping interpolation points n,, = 6 are used over the height to describe
non-uniform warping distributions. Thirteen Gauss-Lobatto quadrature cross-sections
are adopted and a characteristic length L. = 30cm is set for the nonlocal model
formulation in Eqs. (4.9) and (4.10). The fiber model considers one fiber across the
thickness of wall and assumes a midpoint rule scheme along the width. The confined
parts of the section are discretized independently from the inner part, placing four
fibers in each of them and seven in the remaining part of the section, for a total of 15
fibers. Fig. 6.37 also shows (¢, d) two distributions of warping DOFs: in both L(6) and
H(6) the warping interpolation across the thickness of the wall is assumed constant
and fifth order polynomials are defined for the interpolation along the width.

The material parameters in Table 6.6 are assumed for the concrete, with Fig. 6.38
representing the corresponding uni-axial stress-strain relation and the damage evolution
law. In the confined parts, the increase of strength is simulated by a. = 0.8. Finally,
E = 210000 MPa, v = 0.3 and o, = 650 MPa are the Young’s modulus, the Poisson
ratio and the plastic yield strength of the steel bars, with H; = 0.01 £ and H, = 0.05 F
the isotropic and kinematic hardening parameters.

Fig. 6.39 shows the global responses obtained with L(6) and H(6), in terms of

applied load F' vs top displacement v/L. The numerical results (black line) are com-
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Table 6.6: Mechanical parameters for the reinforced concrete rectangular shear wall.

E = 37000 MPa v=02
oy = 6.6 MPa o. = 60.0 MPa H;=0.001F H, =0.700FE
Yo = 9.72-107° k,=3.0-107% a; = 0.8
Yoo = 5.84-1074 k.=50-1073 a.=0.1 6=1.0
15 - - - 1
0.75
Q 0.5
0.25
. . . 0 . . .
-8 6 -4 -2 01 -8 -6 -4 -2 01
Ep x1073 e, x1073
(a) Uni-axial stress-strain relation. (b) Damage evolution.

Figure 6.38: Monotonic uni-axial (0, — ;) behavior in tension and compression for the
proposed damage model adopted for the rectangular shear wall.

pared with the experimental outcomes (gray line). The solution for the two warping
interpolations are practically coincident, as the order of the warping interpolation over
the cross-section is the same. Moreover, these perfectly agree with the experimental
results, satisfactorily reproducing the evolution of the degrading process and predicting
the maximum strength of the wall.

Before analyzing the cyclic behavior of the wall, a preliminary numerical study is
conducted, applying the horizontal load monotonically. Fig. 6.40 compares the results
of the WMF beam, adopting the distribution H(6), and that of a 2D 9-nodes quadri-
lateral FEs model implemented in FEDEASLab. For this model, in the z direction,
two FEs are located in each confined part of the wall and four in the unconfined part;
in the x direction, six FEs model the bottom part of the wall (having height equal
to L/4) and eight FEs model the remaining part. A nonlocal formulation is applied
adopting the definition in Eq. (4.11), with L. = 30 cm and considering that the x — z
plane is the FE reference plane.

Fig. 6.40a compares the responses of the local models, that is those obtained
without any regularization technique. Of course, these exhibit localization problems

that occur differently for the two models [96]: in the beam-column model the damage
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Figure 6.39: RC rectangular shear wall under cyclic loads: applied horizontal load F' vs
horizontal drift v/L.
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Figure 6.40: RC rectangular shear wall under monotonic loads.

localizes at the quadrature cross-section level, at the bottom of the wall, while in the
2D model it localizes at the element level (always at bottom).

By contrast, the nonlocal responses show a good match between the two models,
as results also from the shear strain distributions in Fig. 6.40b for the half-height
cross-section (z = 2.015m). Fig. 6.400 refers to a value of the horizontal drift equal to
v/L = 0.0023.

Fig. 6.41 shows an additional comparison. Indeed, the monotonic response of the
wall is also evaluated adopting the ETFF beam-column FE in Sec. 3.3, which always
assumes a parabolic distribution of the shear strains +,, along the width of the cross-

section. All the adopted model parameters are the same used for the WMF beam.
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Figure 6.41: Response of the RC rectangular shear wall under monotonic loads obtained
with the ETFF beam-column FE.
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Figure 6.42: RC rectangular shear wall under monotonic loads: warping displacements of
the half-heigth cross-section (z = 2.015m).

Fig. 6.41a shows the global response in terms of F' vs v/L and clearly points out that
this FE model fails in representing the nonlinear behavior of the wall, anticipating
the structure failure. This is due to the assumption of parabolic shear strains made
for this model, Egs. (3.45) and (3.46), which does not allow to correctly describe the
material state evolution during nonlinear stages. In fact, if one considers the first
loading step, when the wall still exhibits a linear elastic response, the variation of
the warping displacements is cubic along the width and that of the shear strains is
parabolic; both are symmetric with respect to the vertical r—axis. Fig. 6.42a shows
the warping displacements of the half-height cross-section for this stage. By contrast,

when the material starts to degrade, because of the damaging progression due to the
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increasing load, the left part of the wall (positive z values) undergoing tensile strains
results more damaged then the right part (negative z values) under compression. As a
consequence, the left part exhibits higher warping displacements and the distribution
is no longer symmetric, as shown in Fig. 6.42b. Similarly, the distribution of the shear
strains is a pseudo-parabola shifted in the compressed zone, representing the reacting
part of the section and carrying the horizontal load. This effect is not captured by the
ETFF model, as Fig. 6.410 shows. This plots the shear strain distributions as in Fig.
6.40b.

6.4.2 U-shaped wall

The last study investigates the experimental test by Pegon et al. [108,109] on the RC
U-Shaped shear wall in Fig. 6.43. The wall is horizontally loaded at the top in both
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Figure 6.43: RC U-shaped shear wall: specimen geometry.

the directions z and y, controlling the displacements u and v according to the butterfly
path in Fig. 6.44. The loading path is characterized by four butterfly cycles with two
different amplitudes. The gray arrows in Figs. 6.44a and 6.44b indicate the shape of
the first and the second cycles, respectively, where the maximum displacement in both

the directions is 40 mm; the third and fourth cycles have the same shape of the first
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Figure 6.44: RC U-shaped shear wall: top displacements path.

two, but they are characterized by a maximum displacement of 80 mm. The forces are
applied in the mid-plane of the top slab, where the torsional rotation is prevented. The
shear span ratio is constantly equal to L = 3.90 m and the constant axial compression
is equal to 2000 kN.

One WMF beam-column FE is adopted to model the deformable part of the wall,
assuming the top and the bottom slabs as rigid. The warping displacements are re-
strained at both the end cross-sections [110]. The model uses five warping interpolation
points, n,, = 5, are used over the height, that is fourth order Lagrange polynomials for
the warping interpolation along the element axis, and thirteen Gauss-Lobatto quadra-
ture cross-sections. Moreover, it considers a characteristic length L. = 30 cm for the

nonlocal model formulation represented by Eqgs. (4.9) and (4.10).

x
~ Warping
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54 Fibers

/

/

(a) Fiber model (b) Warp. distr. L(24) (¢) Warp. distr. H(12)

Figure 6.45: Fiber model discretization (midpoint rule) and warping points distribution
over the cross-section of the RC U-shaped shear wall.

Fig. 6.45 shows (a) the fiber discretization of the cross-section and (b, ¢) two distri-
butions of warping DOFs. Both consider a cubic variation of the warping displacements
along the web and the flanges and a linear variation across the thickness. However,

L(24), adopting Lagrange polynomials, uses twice the number of warping DOFs used
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by H(12), adopting Hermite polynomials.

Table 6.7 lists the parameters for the concrete, with Fig. 6.46 containing the corre-
sponding uni-axial stress-strain relation and the damage evolution law. In the confined
parts, that is at the tips of the flanges and at the intersections between these and the
web, the increase of strength is simulated by k. = 2.8 - 1072 and a, = 0.8. The general
Menegotto-Pinto model modified by Filippou et al. [125] describes the behavior of the
steel bars. £ = 200000 MPa, and o, = 540 MPa are the Young’s modulus and the
plastic yield strength and b = 1.0% the ratio between the hardening and the elastic
stiffness. Moreover, the transition parameter R from the elastic to the plastic state is
based on the following parameters: Ry = 20, a; = 18.5 and ay = 0.15. No isotropic

hardening is assumed.

Table 6.7: Mechanical parameters for the reinforced concrete U-shaped shear wall.

E = 28000 MPa v=0.25

oy = 3.3MPa o. = 30.0 MPa H;=0.001F H;, =0.800F
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(a) Uni-axial stress-strain relation. (b) Damage evolution.

Figure 6.46: Monotonic uni-axial (0, — ;) behavior in tension and compression for the
proposed damage model adopted for the U-shaped shear wall.

As in the rectangular wall test, the solutions for the two warping distributions H(24)
and H(12) in terms of global variables are very close to each other, since the order of
the warping interpolation over the cross-section is the same. Fig. 6.47 plots them for
H(12). The figure shows (a, b) the evolution of the applied horizontal loads F, and F,

in the two directions vs the normalized top displacements u/L and v/L, respectively,
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Figure 6.47: RC U-shaped shear wall under cyclic loads: global response.

(¢) the relation between these forces and (d) the evolution of the normalized top vertical
displacement w/L during the loading steps. The numerical results (black solid line)
confirm the trend observed in the previous test, that is the good ability of the model
in describing the reduction of strength occurring at every cycle. A certain gap between
numerical and experimental results occurs only in the last cycles. Here, the FE model
gives a solution that is higher in terms of strength with respect to the real specimen,
in particular for the y direction force and the vertical displacement. This is due to the
assumptions made in the numerical test. In fact, in the experimental test, part of the
loss of strength is caused by the failure of the reinforcing bar, that in the last cycle
leads to the collapse of the specimen. In the numerical analysis, the model adopted
for the steel does not include the material degradation. Hence, this mechanisms is not
captured.

As done for the rectangular shear wall, a preliminary numerical study is conducted,
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considering only the first part of the first loading cycle, that is only the two branches
indicated with the gray arrows 1 and 2 in Fig. 6.44a.

Fig. 6.48 compares the global results for the WMF beam, adopting H(12), and those
obtained modeling (in FEDEASLab) the wall with 4-nodes shell Mixed Interpolation
of Tensorial Component (MITC) FEs [111]. For this model, in the x direction, two FEs
discretize each confined part of the wall and four the unconfined part; in the z direction,
six FEs discretize the bottom part of the wall (having height equal to L/4) and eight

FEs the remaining part. Moreover, a nonlocal formulation is applied adopting the
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Figure 6.48: RC U-shaped shear wall under monotonic loads: global response.

definition in Eq. (4.11), with L, = 30 cm and considering that the FE reference plane
is the © — z plane in the web of the wall and the y — z plane in the flanges.

Fig. 6.48 also compares the results with the solution obtained adopting the ETFF
beam-column FE in Sec. 3.3, which always assumes a fixed shape (but variable ampli-
tudes) of the shear strains ., and 7., over the cross-section, during the whole loading
path. All the model parameters adopted for the ETFF beam are the same used for
the WMF beam. As it happens for the rectangular shear wall, in contrast to the good
match between the WMF beam, shell FEs and experimental outcomes, the ETFF beam
fails in representing the nonlinear behavior of the wall, anticipating the structure fail-
ure. Indeed, because of the assumption on the shear strains distribution, the ETFF
model is not able to correctly reproduce the material state evolution and the coupling
between the shear stresses and the other stress components.

Finally, Fig. 6.49 compares the total vertical displacements u(z,y,z) in (a) the
half-height cross-section (z = 1.8m) and (b) the top cross-section (z = 3.6m) at the
end of the loading path. For the half-height cross-section, the comparison involves
the solution of the WMF model, adopting the distribution H(12), and that of the
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Figure 6.49: Total vertical displacements u at the half-height and at the top sections in the

RC U-shaped shear wall.

shell model. The results clearly show that the WMF beam is able to reproduce the

cross-section warping deformation, here representing an important contribution of the

total vertical displacement u. For the top cross-section, instead, the comparison also

involves the experimental outcomes from [109] and the results show that the WMF

beam easily accounts for the warping constraints and correctly reproduces the rigid

body displacement of the element cross-section.







Chapter 7

Summary and conclusions

7.1 Summary

The objective of this work was the development of an efficient and accurate computa-
tional tool for the analysis of reinforced concrete (RC) structural beams subjected to
relevant shear and torsional loads. The influence of non-uniform shear stress/strain dis-
tributions, due to out-of-plane deformations of the cross-section, and their interaction
with the damaging behavior of RC frames, was the main focus, studying the rele-
vance of correctly accounting for these effects in the numerical analyses and providing
fundamental numerical models useful in today’s practice.

Starting from the enhanced beam-column finite element model recently proposed
in [1] and developed for linear and elasto-plastic material responses, the main goal
was to extend its formulation to the analysis of RC structures and to investigate the
element capability in reproducing the response of damaging frames. This has been

accomplished by operating at different levels:

1. A new 3D plastic-damage material model has been developed to reproduce the
behavior of brittle-like materials. This has been used to describe the constitutive
response of the concrete in the framework of the fiber discretization procedure
to derive the response of beam cross-sections. The proposed constitutive model
adopts a Drucker-Prager plasticity formulation to describe the evolution of the
plastic strains and to account for non-symmetric behavior in tension and compres-
sion. The damaging effects are modeled through the definition of two internal
variables, conveniently combined to represent the unilateral effects. A specific
predictor-corrector procedure is formulated and implemented to solve the non-
linear material evolution problems. Some basic studies have been conducted to
investigate the influence of the parameters defined for the material model and its

ability in reproducing basic phenomena and experimental outcomes.
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2. The beam-column FE model proposed in [1] is based on a four-field Hu-Washizu
variational approach, where an additional independent displacement field is intro-
duced, representing the warping deformation of the cross-sections. The warping
displacement field is interpolated along the beam axis and over the cross-section,
adopting Lagrange polynomials as interpolation functions. The current work has
extended the model to allow the adoption of Hermite polynomials for the cross-
section warping interpolation, in order to reduce the total number of element
DOFs. Moreover, it has proposed a new more efficient procedure to remove the
cross-section rigid body motions from the interpolatory definition of the warping

displacement field, increasing the robustness of the element state computation.

3. A specific regularization technique is adopted to overcome the localization and
mesh sensitivity problems typically occurring with softening materials. This is
based on a nonlocal formulation, which is applied to the generalized element de-
formation quantities and which assumes a truncated Gaussian weighting function
to limit the computational cost. The nonlocal formulation has been validated
through two numerical tests on two plain concrete shear walls, comparing the

solutions for the beam-column FEs and 2D plane or shell FEs.

4. An enhanced solution algorithm, with respect to that presented in [1], has been
formulated and implemented for the beam-column FE with section warping. This
allows to by-pass the iterative procedure used to enforce simultaneously the ele-
ment equilibrium and the compatibility conditions, as it is usual for force-based
and mixed FEs.

5. An efficient technique has been proposed to condense out the stress components
derived by the 3D constitutive response and not directly included in the fiber
section formulation. Basing on a standard iterative nonlinear static condensation,
the proposed procedure considers a non-iterative scheme taking advantage of
the global iterative solution scheme and avoiding the inner loop. Although this
work applies it to the material stresses condensation of beam-column FEs, this

condensation procedure is generally valid for any static condensation problems.

Three groups of correlation studies have been conducted: the first preliminary one
on elastic and elasto-plastic thin-walled beams under shear and torsional loads; the
second one on a series of plain concrete reinforced concrete prismatic beams subjected
to monotonic torsion; the third one on two different reinforced concrete shear walls,

cyclically loaded by horizontals forces.
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7.2 Conclusions

The following conclusions can be drawn from the studies performed in this work:

1.

The proposed plastic-damage model is able to satisfactorily describe the con-
stitutive response of the brittle-materials under any kind of stress/strain state,
uni-axial, bi-axial and tri-axial. All the phenomena, typical of brittle materials
like concrete, can be accurately simulated, such as the non-symmetric behavior
in tension and compression, the plastic strain growth, the unilateral effects under
cyclic loads and the bi-axial confinement. The model formulation is accurate and
computationally robust and the parameters definitions is very flexible and easy

to calibrate.

. The studies on the prismatic beams under torsional loads have shown that the

introduction of the warping effects is essential, when relevant torsion is present.
The classical beam models, based on the rigid cross-section assumption, give
incorrect results, definitely underestimating the beam strength. Moreover, the
correct introduction of the warping constraints is also fundamental to reproduce

the real structural behavior.

. The adoption of Hermite polynomials to interpolate the warping displacement

field over the element cross-section has revealed as a better solution with respect
to the original proposal based on the Lagrange polynomials. Indeed, the Hermite
interpolation provides higher order interpolations function with a smaller num-
ber of warping DOFs. This is true for thicker cross-section frames, as usual for
reinforced concrete specimens, eve though it is not a suitable solution for very
thin-walled beams. The preliminary studies on elastic and elasto-plastic struc-
tures have shown that the adoption of Hermite polynomials, in this case, lead
to a poor representation of the shear stress/strain distribution at web/flanges

intersections, which usually leads to an overestimation of the section rigidity.

. The studies on the shear wall specimens have highlighted the relevance of cor-

rectly representing the shear stress/strain variation over the element cross-section

and its evolution during the nonlinear stages of the structural response.

. The studies have also shown the benefits of the adopted regularization technique,

as it is essential to obtain an objective mesh-independent response.

. All the solution algorithms adopted for the FE models have been proved to be

computationally efficient and accurate, even under complex loading configura-

tions.
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7.3 Recommendations for future developments

Several additional developments can be made to extend the study presented in this dis-
sertation. Starting with the material model, it could be useful to enhanced the damage
formulation to better reproduce tri-axial compressive stress states and to simulate the
confinement effects, common in concrete structures [65,81]. With this improvement, it
could be possible to include in the WMF beam-column FE a better representation of
the transverse reinforcements [51], which now are accounted for simply increasing the
strength and the ductility of the concrete in the confined parts of the specimens.

Regardless of the adopted constitutive model, the description of the warping dis-
placement in the WMF model could be further improved as well. Indeed, other kinds of
functions could explored for the interpolation over the cross-section and along the beam
axis, trying to identify an interpolation scheme that is suitable for both thin-walled
(elasto-plastic) frames and thicker (reinforced concrete) frames, in order to better rep-
resent the stress/strain distribution inside the elements.

For thin-walled frames, it would be also beneficial to extend the formulation by
including the cross-section in-plane deformations and the geometric nonlinearities, to
describe buckling phenomena and perform stability analyses of steel structures.

Moreover, the FE formulation could be extended to the case of curved and/or ta-
pered beams, which usually exhibit relevant issues related to the cross-section warping
and to the effect of shear and torsion [126,127].

Another interesting development is the extension of the FE formulation on the basis
of a geometrically nonlinear approach, such as a corotational approach. This would
allow the analyses of structures subjected to severe torsional/shear deformations and

the description of buckling and post-buckling behavior of thin-walled frames [32,33].
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