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Abstract

Reinforced and Prestressed Concrete Structures exposed to aggressive environ-
ments, more or less severe, exhibit a progressive deterioration that reduce their
bearing capacity over time, as well as their residual service life. Carbonation,
spalling, cracking, corrosion due to chlorides and consequent reduction of bar
and tendon areas are what we are used to see in surveying buildings and bridges
forty /fifty years old.

The social and economic relevance of the safety of the structure and infrastruc-
tures gave rise to an intense research activity and was the motivation that led to
undertake the present work.

After having deepened the main physical and mechanical aspects that rule the
time variant capacity of a structure, the attention have been focused on the effects
induced by the most frequent damaging causes on the behavioral and collapse
mechanisms of RC elements. Such a problem involves (I) a representative modeling
of the damage diffusion inside the volume of the RC element; (II) a reliable and
robust modeling of RC cracked element working in membrane state and (III) a
methodology of coupling the physical and the mechanical behaviors over time.

The mechanical aspects are prevailing. Therefore, the work starts by examining
different approaches to the analysis of RC frame and membrane structures. These
approaches have been introduced and developed through ad hoc computer codes,
then tested and compared. In particular, two renowned RC smeared approaches
for bidimensional FE analyses and hands-on verifications have been reviewed and
a wide set of comparisons with experiments concerning shear critical panels and
beams have been carried out. As known, a FE bidimensional analysis is quite heavy
to do for practice. So, in order to search for a synthetic approach, a shear flexible
beam column RC element has been proposed. With reference to the infinitesi-
mal segment of beam, the evolution of the sectional kinematic from the Navier-
Bernoulli, to Timoshenko and to the generalized beam theory is analyzed, showing
how each new grade of refinement requires necessarily a more refined stress-strain
relationship (linear or non-linear). Hence, by proposing two particular section state
determinations, the structural analysis moved from bidimensional towards monodi-
mensional one. The element formulation is accomplished with proposal that allows
computing the stresses in the stirrups and representing, in a conventional way, the
crack pattern in the web of the beam. Also such a model has been validated with
reference to a set of experimental results.
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After the analyses oriented to sound RC structures, the damage diffusion pro-
cess and its modeling through the diffusivity equation is presented. The diffusion
problem is solved through the Cellular Automata algorithm. Introductory exam-
ples show the effectiveness of such a numerical approach. The effects of the dam-
age are then specialized to Reinforced Concrete Elements. New damage indexes,
concerning both steel and concrete, are introduced and then tested for different
reinforcement assemblies.

A wide set of applications confirm the soundness of both of theoretic proposals
and of the algorithms used to reduce the problems to a numerical form. Moreover,
significant comparisons have been made between the results given by non-linear
analyses and those given by the limit analyses. Such comparisons led to intro-
duce an efficiency factor that takes into account the different nature of these two
approaches, as well as the different criteria to model the material properties with
respect to the ultimate behavior. The types of applications stand out the effective-
ness of all the proposed models in dealing with actual and complex structures, both
in sound and damaged conditions, and show their usefulness among the method-
ologies for life-cycle appraisals.

KEYWORDS: Concrete structures; Shear modeling; Shear flexible beam column
elements; Non linear analysis; Limit analysis; Corrosion; Environmental damage.
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Introduction

The objectives of the thesis are presented and outlined with the aim of propos-
ing a robust methodology handling the assessment of concrete structures based
on time-variant capacity that account for environmental hazards. Focus is
given to the main reasons for which a study on sound and damaged reinforced
concrete has been carried out.

1.1 MOTIVATION AND PROBLEM STATEMENT

The majority of buildings and infrastructures, like bridges, has today reached more
than an half of a century of age. In a research carried out for the Lombardia Region
(Italy), in which the Author collaborate, the bridges that across the Po River have
been inspected. The main result of such a research is that today, a lot of Reinforced
Concrete (RC) structures are reaching their ultimate lifetime. Damage scenarios,
like corrosion due to chlorides, spalling of the concrete cover, reduction of area
of reinforcing, are clearly evident. In some case, a repair intervention is already
present, Fig. 1.1.

: ,'\“" s FL < -~ Zor
(a) Construction (half century ago). (b) Today. (¢) Tomorrow.. ?

Figure 1.1: Life steps of a bridge over the Po River, Italy.
Region ask questions such as: what about the future of these bridges? Are they

safe? How much are they safe? And if they are not, what we can do? The answers
to these questions are not so simple as the questions are.
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The phenomena involved in damage processes are not so clear and, in addition,
not so certain due to dependability on aleatory quantities such as the humidity of
the air, the chlorides content and so on. Hence, a robust assessment of concrete
structures based on time-variant capacity that account for environmental hazards
is needed.

The object of the thesis is to propose a methodology that can be applied in
engineering practice in order to couple the structural analysis with the damage
processes, and ables to adequately evaluate the time-evolution of the structural
performances.

1.1.1 CONCERNING THE STRUCTURAL MODEL

In recent years, structural modeling and nonlinear analysis are very common and
the Finite Element Method (FEM) is the mainly used computational tool. Several
models dealing with RC structures (Fig.1.2) can be proposed but, in design or
assessment of real frame structures, the use of complex 2D or 3D FE programs can
turn to be impracticable, not only for the hight computational cost (that in future
will certainly decrease), but for the huge amount of generated data from which a
difficult results interpretation process descends.

For these reasons, it’s clear that between the main characteristics of a model
there are not only accuracy, precision and robustness, but also clarity and simplic-

ity.

&
(a) 3D model. (b) 2D model. (¢) 1D model.

Figure 1.2: Comparisons between Finite Element Models.

In this framework, 1D modeling with distributed nonlinearity seems a good
compromise. In this models, the generic section of the element is studied by using
the so called “fiber approach”, in which the section is subdivide in sub-domains,
called fibers. When fiber discretization is combined with a force-based element, the
highest degree of accuracy and stability is obtained in a frame structural model at
the current state of knowledge.

Usually, this models are based on the Navier-Bernoulli (plane section) kine-

matic, through which only longitudinal strain is described. As a consequence, only
the problem of normal stresses is addressed.
In dealing with RC structures, such a descending restriction is generally considered
valid, since the interaction with shear stresses is not so common. In fact, concrete
structures design is currently based on the so-called “capacity design”, through
which the shear failures must be avoided a priori. This statement can be reason-
able acceptable regarding new and sound structures, but with respect existing or
damaged ones it cannot be considered no longer valid.
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Three are the main reasons:

1. it’s not so certain that an existing structure has been design considering the
current shear provisions;

2. also admitting that a proper capacity design has been performed, if the struc-
tures is interested by environmental hazards, its structural performances can
varying in time and a change of the failure mode, not considered in the initial
design process, can occur;

3. concerning repair interventions, if a strengthened in bending is performed,
bending load capacity increase. This can produce, once again, a switch be-
tween the failure mechanisms and the structure can became critical with
respect to shear.

Hence, classical beam column elements based on Navier-Bernoulli sectional kine-
matic are not enough, but specific improvements of the beam structural theory
must be considered. This leads to formulate new 1D models with distributed non-
linearity that can adequately address not only the problem of normal forces, but
also the one of shear force. This is not an easy task and, despite severals Authors
have already deal with such a problem, the research is actually open.

1.1.2 CONCERNING THE DAMAGE MODEL

Corrosion is a complex phenomenon, involving different mechanisms and depend-
ing on many parameters. In literature different studies can be found, in order
to understand the fundamental factors. Both experimental tests and numerical
simulations has been carried out, with the purpose to investigate the effects on a
local and a global level, and also to develop analytical models. Among different
aggressive agents, the presence of chlorides plays a fundamental role in damage
processes of RC structures. For this reason, in this thesis, despite the proposed
approach is general and effectively applicable to other phenomena, the attention is
concentrated on chlorides induced corrosion.

Since corrosion depends on many parameters, such as the relative humidity, the
temperature and the internal stress field, a damage model should considering both
the thermal effects and the material constitutive laws in a full coupled physical-
mechanical process. However, the so-obtained models are at first too complex, but
secondly they need a wide calibration process that seems too far from the nature
of the problem that, in addition, is not so certain.

For these reasons, in lifetime structural assessment, it seems more convenient
the adoption of a macroscopic approach that neglect all the above mentioned in-
teraction process but that, for his simplicity, can be easily extended in the non
deterministic field.

In this work, it is hence assumed that Fick’s law holds and, in order to consider
different geometric domains or different positions of steel bars or different attack
scenarios, a special evolutionary computation technique is used in order to solve
the diffusion process: the cellular automata.
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1.2 SCOPE AND OBJECTIVES

The thesis is focused on plane RC structures. The general objective is to couple
the structural behavior with the damage process in order to obtain a framework
that permits to perform lifetime predictions. All the phenomena that characterize
the mechanical behavior are dealt with. The thesis is identified by two big parts:

(1) focused on the study of sound RC structures. From bidimensional modeling,
the objective is to move towards monodimensional modeling by including
shear’s effects;

(2) focused on the study of the damage processes interesting RC structures ex-
posed to environmental hazard.

PART 1 & PART 2 = LIFETIME PREDICTIONS OF RC STRUCTURES

SOUND RC STRUCTURE

-L 2D Non Linear Analysis
o
= A7 : ;
~ /] K. 1D Non Linear Analysis
& U iz LA Gl
A~ A N R
p=y
Shear crack Flexure crack (1D Limit Analysis)
DAMAGED RC STRUCTURE
Cellular Automata Damage Modeling s,a
=) | / é [
-\ 8 Durability
- © @ @ oy
5
< ?‘ Corrosion rate
A~ S| = T
g
T T =
E £ o
£ £ S
T
" e T Y T | Initiation | Propagation | e
0 years 5 years 50 years 60 years | Service life of the structure |

Figure 1.3: Scope of the thesis. The proposed procedure is the combination of two
independent parts.

This two parts are initially completely independent. In particular, the first ad-
dresses the structural modeling, the second the damage modeling. However, if
Part 1 is used as sub-module of Part 2, structural behavior results coupled with
damage process and lifetime prediction can be performed.

In detailing, with the aim of proposing an efficient computational tools, the
attention is focused on monodimensional modeling. Concerning the constitutive
relationship adopted for reinforced concrete, two different smeared type models
have been considered and compared.
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It is well know that a structural theory, with respect the full 2D problem, con-
tains some intrinsic approximations. For this reason and also aiming to better
understand the complex shear interaction mechanism, at first, a 2D FE model-
ing is considered. Such a computational technique deals with the definition of a
triangular RC finite element. It has been proved that a bidimensional modeling
of RC structures with smeared approaches can be considered effectively a robust
technique that gives very accurate results.

Then, the computational tool is moved towards monodimensional modeling.
In particular, a beam element with two types of sectional strategies is proposed,
implemented and validated not only with respect literature results, but also with
the previous 2D numerical technique.

Finally, a general and versatile method handling the damage process and their
effects on RC structural performance is proposed. The approach deals with chloride
attacks and handles the problem regarding sections with arbitrary shape, with
arbitrary position of reinforcements and with arbitrary corrosion scenarios. All the
principal effects of chlorides-induced corrosion are considered:

1. reduction of the cross-section of reinforcing bars;
2. reduction of ductility of reinforcing steel;

3. reduction of concrete strength;

4. spalling of the concrete cover.

In developing applications concerning damage effects on structural performance,
some interesting concepts that must be clearly taking into account in the design of
refurbishment interventions have been obtained. Such applications are dealt with
non linear analysis but these concepts have been better outlined by using another
procedure considered in this thesis: the Limit Analysis. In this case, only axial
force and bending moment interaction is taken into account and linear programming
methods are used. Such a computational technique, despite its limitation in dealing
with RC problems, is the most synthetic between all the others considered. It would
be hence very useful try to extend Limit Analysis with shear-bending-axial forces
interaction.

1.3 RESEARCH SIGNIFICANCE

This thesis proposes a methodology dealing with the lifetime assessment of RC
structures exposed to environmental hazard.

A very general computational technique concerning damage modeling is pre-
sented. Such an approach is based on the Cellular Automata algorithm and treats
RC arbitrary shaped sections, with arbitrary reinforcements layouts. New damage
indexes, that account for the phenomena previous exposed, are proposed and com-
pared. The so-obtained model, consisting in loop over the time domain, is able to
predict the mechanical degradation of a generic RC domain.
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Due to his generality, several structural models can be nested in it in order to
perform lifetime predictions. The main aim of this work is to consider the possibil-
ities of shear-flexible beam column elements in the study of RC framed structures.
In order to reach such a result, two renown RC membrane theories are at first
reviewed, developed and coded in a bidimensional finite element based program.
Wide comparisons with reference to shear critical panels and beams are carried
out. Then, by proposing two particular section state determinations, the structural
analysis is moved from bidimensional towards monodimensional modeling and the
formulation of the finite beam element with distributed nonlinearity is exposed.
An additional structural analysis technique, based on limit analysis, is considered
in order to outline specific comments related on the so-called effectiveness factor.

The proposed structural models are nested as sub-modules in the damage model
and several case studied permits to point out as the proposed methodology is able
not only to evaluate the structural behavior when the structure is sound, but also
in time, when the structures progressively became damaged.

All the numerical procedures proposed in this thesis have been coded in specific
computer programs written in MatLab(" | by using some basic techniques from ob-
ject oriented programming philosophy. The so-obtained codes interacts with other
structural objects and future improvements are easily permitted. The architecture
of the complete program strictly corresponds to the union of the two parts in which
this thesis is subdivide. In particular, there is a global procedure that handle the
damage processes and the time evolution of the structural performances and, nested
in it, there are the structural models, based on: (a) 2D non linear analysis, (b) 1D
non linear analysis without considering shear’s effects, (¢) 1D non linear analysis
with the shear-flexible beam column element and (d) limit analysis for axial force
- bending moment interaction.

Between the several future developments of the work, due to the object oriented
programming philosophy adopted, a stand-alone application can be compiled or
easily translated to a more efficient language.

1.4 CONTENTS OF THIS DOCUMENT

The thesis is composed in these sections:

1. Part I - Sound RC Structures - concerns the methods of structural analysis
suitable to deal with non-linear behavior of RC structures. The main aim of
this part is to propose a shear sensitive beam element. In particular:

- Chapter 2 reviews the basic characteristics of non-linear beam elements
formulation. By applying the Principle of Virtual Work, the longitudi-
nal formulation of the problem is dealt both with a displacement based
element and with a force based element (dual approach). The formula-
tion is general applicable, with no matter about the non linear material
that compose the element;

(D Matlab is a registered trademark of The MathWorks Inc., 24 Prime Park Way, Natick, MA
01760-1500, U.S.A. Web: http://www.mathworks.com.
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- Chapter 3 outlines the problem with respect RC structures. It shows
that the normal forces problem can be successfully solved with classi-
cal beam-column elements, by adopting Navier-Bernoulli sectional kine-
matic, but the problem of shear stresses is more complex and not straight-
forward. With this aim, the State of the Art of RC sectional models is
recalled and the principal models are exposed and compared;

- due to the necessity of a bi-dimensional stress-strain relationships, in
Chapter 4 two known and widely used Theories are examined: the Mod-
ified Compression Field Theory (MCFT) and the Disturbed Stress Field
Theory (DSFT). Both Theories are discussed and tested with an orig-
inal code and with reference to panels and beams having shear critical
behaviors. Results and methods are compared and widely discussed in
order to choice the most effective for the formulation of a shear sensitive
beam element;

- in Chapter 5, the finite element beam suitable to deal with the shear
effects is then proposed and developed both with a fixed strain approach
and a fixed stress approach. The difference between these two ap-
proaches depends on the type of the additional condition to be imposed
in order to make the problem determinate. The element formulation is
accomplished with proposal that allows to compute the stresses in the
stirrups and of a proposal of conventional representation of the crack
pattern in the web of the beam;

2. Part II - Damaged RC Structures - presents the damage process and its
modeling through a diffusivity equation. The problem is solved through the
Cellular Automata algorithm. Introductory examples show the effectiveness
of such a numerical approach. The effects of the damage are then specialized
to RC elements. New damage indexes, concerning both steel and concrete,
are introduced and then tested for different reinforcement layouts. For its
generality, the so-obtained damage models can be jointed with each structural
analysis procedure. The final flow chart of the methodology proposed in the
thesis is hence a loop in the time domain that deals with damage process and
the structural models proposed in Part I are nested in it;

3. Part 11 - Applications - composed of two Chapters:

- Chapter 7 studies cable stayed and arch bridges and presents a coherent
set of applications involving one or more of the aforementioned problems.
In particular, significant comparisons are made between non-linear anal-
yses and limit analyses results, that led to introduce an efficiency factor
that takes into account the different nature of these two approaches,
as well as the different criteria to model the material properties with
respect to the ultimate behavior;

- Chapter 8 deals with the effects of damage on shear resisting mecha-
nisms. Once again, the FE models exposed in part I have been coupled
with the damage models detailed in part 11, and lifetime predictions have
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been performed. The main conclusion of these investigations is that the
effects of damage can produce a variation in the failure modes;

4. Part IV - Other Items suggested & Further Improvements - contains two
appendices, collecting notes, comments and deepening emerged in developing
the theoretical formulations and in setting up the numerical algorithms. In
particular:

- Appendix A contains a set of notes on the so-called fiber method and
outlines some hidden aspects associated to the numerical integration of
section properties;

- Appendix B recalls the limit analysis theory. A set of basic as well as
actual applications put in evidence the powerful and also the care to be
adopted in using this type of analysis.

Finally, the main conclusions and the future developments are given.



|

SOUND RC STRUCTURES






A Review of the Non Linear
Beam Problem

This chapter presents the nonlinear beam problem. Since the sectional state
is a sub-module of the beam formulation, only the longitudinal problem is
presented by considering two dual approaches: a displacement-based and a
force-based (or mized) one. By using standard finite element techniques, the
two approaches are discussed and compared.

2.1 INTRODUCTION

Beam-column finite elements are commonly derived with the displacement method
of analysis, but recent studies have highlighted the benefits of frame models that
are based on force interpolation functions. These benefits derive from the fact that
models with force interpolation functions, that reproduce the variation of internal
element forces in a strict sense, yield the exact solution of the governing equations
in the absence of geometric nonlinearity (Neuenhofer and Filippou, 1997).

The structural theory of the beam requires, at first, the definition of sectional
kinematics. Here there are many proposal, for instance the Navier-Bernoulli’s
theory, the Timoshenko’s theory, the Reddy’s third order theory, in which the
complexity of the sectional kinematics progressively grows. Today many research
proposals, focused on the aim of enhance the beam theory are avalaible. Between
them, the most elegant approach is the so-called Generalized Beam Theory, in
which the sectional kinematic presents a very hight level of generality.

Once a proper choice of the sectional kinematic is done, the beam formulation
can be based on the application of the Virtual Work Principle or on the Hu-Washizu
Variational Theorem (Taylor et al., 2003).

For these reasons, and also for the sake of clarity, the attention is given to the
dual formulations used in the developing of finite beam element models and the
section will be presented in the next chapter. Here, it must be viewed as a module
able to solve two types of problems:

- Type 1 Problem (direct):
given a strain state (the sectional strains) eg, determine the stress state (the
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Static Field (1): o, fs, Q Kinematic Field (2): €, es, q
Xo
9,
N
n, —
\q«l
q

T
9,
VIRTUAL DISPLACEMENT PRINCIPLE VIRTUAL FORCE PRINCIPLE
(1) Real Static Field (1) Real Static Field Variation
(2) Real Kinematic Field Variation (2) Real Kinematic Field
= EQUILIBRIUM = COMPATIBILITY

Table 2.1: The two way of using the Virtual Work Principle.

resultant, or restoring, or resisting section forces) f; ,-:

e, — f,, (2.1)

)

- Type 2 Problem (indirect):
given a stress state f; ., determine the sectional strain state e,:

f. — e (2.2)

As it will be shown in the next, in a displacement-based approach the section
is used in a direct way (type 1 problem); in a force-based approach, instead, the
section is used in an indirect way (type 2 problem), but some simplifications has
been proposed in order to avoid that.

2.2 THE VIRTUAL WORK PRINCIPLE

The Virtual Work Principle sets the equilibrium conditions of a deformable solid.
It states that:
W, =W, (2.3)

where W, is the external work and W; is the internal work. The work is done by
the static quantities of an equilibrated field (1) and the kinematics quantities of a
compatible field (2). Any choice about fields (1) and (2) can be done. If we chose
as static field the real one and as kinematic field a virtual variation of the real
field, the Virtual Displacement Principle is obtained; if we chose as static field a
virtual variation of the real one and as kinematic field the real field, we find the
Virtual Force Principle. The first imposes equilibrium, the second compatibility,
as reported in the Tab. 2.1.

In formulating beam finite elements, both the approaches can be used. If we ap-
ply the Principle of Virtual Displacements (PVD) we have to compute the internal
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work produced by a variation of the real kinematic field with the real static field,
by assigning the nodal displacements q. In general, we don’t know the kinematic
quantities in a generic section of the element as a function of q. However, we can
interpolate them by using specific shape functions that can be ordered in a matrix
called B(z). The element formulated in this way is a displacement-based element
and it will be discussed in par. 2.3.

If we apply the Principle of Virtual Forces (PVF), we have to compute the
internal work produced by a variation of the real static field with the real kinematic
field, by assigning the nodal forces Q. Similar to before, in order to compute the
internal work we have to know the static quantities in a generic section of the
element as a function of Q. Now, however, this can be done in very simple way: by
using equilibrium statements. The result is that we can find exact shape functions
b(z) and the consequence is that, now, intrinsic approximations are not present.
The element formulated in this way is a force-based element and it will be discussed
in par. 2.4.

It is important to observe that by working with the PVF two major obstacles
arise. First, global equilibrium equations through a structural flexibility matrix
cannot be easily automated. In addition, only if we deal with a structural theory
is straightforward to find directly matrix b, but in general it is easier to postulate
the kinematic field than the static one (let’s think to a brick element with non
linear behavior for instance). For these reasons, the global equilibrium equations
are derived with the direct stiffness method, which allows the direct superposition
of individual element contributions to yield the structure stiffness and resisting
forces.

Second, the section constitutive relation is commonly given in the form o =
o(g), but is seldom available in the inverse form ¢ = (o), which is necessary for a
pure flexibility-based approach (Neuenhofer and Filippou, 1997).

In concluding, a flexibility based element presents several advantages with re-
spect a displacement based element, but the major obstacle of the flexibility formu-
lation is its numerical implementation in a standard finite element analysis program
that imposes kinematic, rather than static, boundary conditions at the element
ends (Spacone et al., 1995). These aspects produce an FElement State Determina-
tion process that is more complex with respect displacement based elements. The
input are nodal displacements, and the output are nodal forces and element stiff-
ness matrix. However, a flexibility based element does not interpolate the nodal
displacements (known terms), but the nodal forces (unknown terms). There is the
so-called lack-of-fit and additional calculations are needed.

In order to define the State of the Element for a standard finite element analysis
program, that imposes kinematic boundary conditions at the element ends, we
have to find the nodal forces Q associated to the nodal displacements q. These
quantities, for a plane element, are (see Tab.2.1):

T
a=[a ¢ ¢ @ ¢ g (2.4)

Q=1[Q1 @ @ Qi Q5 Q" (2.5)
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2.3 DISPLACEMENT BASED ELEMENT (STIFFNESS APPROACH)

In the stiffness method the displacement field of the element is discretized and
interpolated in terms of generalized displacement degrees of freedom q such that:

u(z) = {Zggﬂ ~ N(2)q (2.6)

Conventional frame elements are based on cubic Hermitian polynomials for the
transverse displacement fields and linear Lagrangian shape functions for the axial
displacement, as reported in Fig.2.1.

N (x) o (%)
17 L)
1 i =1[(5) -2+ (7]
E;g; - 1\ I X Ny(z) = (;2 2 z\3
:j&; - N5(z) =3 (7) _9 (7)
4 EZ&; — No(z) =1 {7 (17)2 . (%)3]

Figure 2.1: Shape functions for a conventional frame element.

The expression for the deformation fields is then:

__|€o| _ Nl,:z: 0 0 N47x 0 0 .
eS(x) N |:X:| N |: 0 NQ,:E:E N3,:E:v 0 N5,a::r N6,a::r:| 4= B(m)q (27)

According to the Principle of Virtual Displacements, the internal work is:

l
SW; = / sel (z) - fy(x)de =
0

l
= TBT(x)-f,(z)dx
- [ da"B @) . (w) .

l
= 5qT/ B (z) - f,(z) dx
0
=4q"Q
in which we can recognize the element resisting forces Q:
l
Q= [ B o) ds (2.9)
0

In order to solve the non linear problem, a tangent approach is used. The
Jacobian matrix involved in the iterations is equal to the tangent stiffness matrix
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k of the element and it is defined by:
!
k :/ B”(z) k,(z) B(z) dz (2.10)
0

in which k,(z) is the tangent stiffness matrix of the section at the abscissa z of the
element.
2.3.1 ELEMENT STATE DETERMINATION

Given the nodal displacements q, the element state determination process (finding
nodal forces and stiffness matrix) for a displacement based element can be done
through the following steps:

1. for each section, in direct form (type 1 sectional problem):

- calculate the section deformations eg by using eq. (2.7);

- calculate the section forces f; as the integral over the section domain of
the stresses produced by eg;

- calculate the section stiffness matrix kg;
2. weighting the section states to obtain the state of the element:

- resisting forces Q by using eq. (2.9);

- element stiffness matrix k by using eq. (2.10).

As shown, the Element State Determination process is direct and straightforward.

2.4 FORCE BASED ELEMENT (FLEXIBILITY APPROACH)

In a force-based element the static field is defined by using equilibrium. Then,
the application of the Virtual Force Principle gives compatibility equations. For
the previous exposed reasons, global equilibrium equations are, once again, derived
with the direct stiffness method. However, a force-based element do not interpolate
the nodal displacements (known terms), but the nodal forces (unknown terms).
There is the so-called lack-of-fit that produces an element state determination
more complex with respect the displacement-based element. The scope of that
procedure is to determine, by using a flexibility approach, the nodal forces and the
element stiffness matrix in order to write global equilibrium equations. It is not a
pure flexibility approach, but a mized approach as reported in (Taylor et al., 2003).
In order to do that, the definition of two reference systems is required.

2.4.1 REFERENCE SYSTEMS: WITH AND WITHOUT RIGID BODY MODES

In the following, the quantities referred to the system without rigid body modes
are conventionally over-lined.
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2.4.1.1 STATIC FIELD

Let’s considered the element reported in Fig.2.2. Since the element is free in the
space, this system is indicated as element “with rigid body modes”. The nodal
forces Q act in nodes ny and ns.

2 ~85,
f\\:/-\ 0

T\,

(a) Element “with rigid body modes”. (b) Element “without rigid body modes”.

Figure 2.2: Static field: element with and without rigid body modes.

By writing equilibrium, a system of three equations in six unknowns can be ob-
tained:

Qi+ Qs4=0
Q2+Q5=0 (2.11)
Q3+ Qs +Qs-1=0

In other words, between six nodal forces only three of them are independent: we
call it basic forces Q. They act on a system that can be viewed as the element
“without rigid body modes”, Fig. 2.2b. By choosing as basic forces the force in the
second node @4 and the two nodal moments @3 and Qg, we define:

Q1=Qq Q2=Q3 Qs = Qs (2.12)

and
Q=[Q1 Q2 Q3] (2.13)

The relation between the nodal forces Q and the basic forces Q can be obtained
by using equilibrium. In matrix form we have:

Q -1 0 0

Qo 0 1/l 1/l r~

Q| |0 1 0 @

Q|1 o o ||® (2.14)
Qs 0 —1/1 -1/ @s

Qs 0 0 1

Q = h} Q

where [ is the length of the element.
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2.4.1.2 KINEMATIC FIELD

Similar to the static field, we can define two types of nodal displacements (Fig. 2.3):
the ones that act on the element “with rigid body modes”, marked with q, and the
ones that act on the element “without rigid body modes”, marked with q.

e
\a
(a) Element “with rigid body modes”. (b) Element “without rigid body modes”.

Figure 2.3: Kinematic field: element with and without rigid body modes.

The relation between the two can be obtained by using the Virtual Work Principle.
The following condition holds:

q1

@ -1 0 01 0 o0]]|%

@|=1]0 1110 —1/1 o] |®

@ 0 1/1 0 0 -1/ 1| |© (2.15)
g5
g6

q = h, q

in which we can observe that the transformation matrix is the transpose of the one
relative to the static field (see eq. (2.14)).

2.4.1.3 ADDITIONAL CONSIDERATIONS

Let’s suppose that we know the nodal forces Q and we want to find, by using a
flexibility approach, the element stiffness matrix k. We can do that by inverting the
element flexibility matrix. It’s clear that the flexibility matrix in the system with
rigid body modes is rank deficient (3 times in plane) and so that development can
not be performed. However, we can at first work in the reference system without
rigid body modes (in which matrices have full rank), and than we can move the
information in the reference system with rigid body modes. The following passages
are required:

1. by working in the element without rigid body modes, we can find the static
quantities fs(x) in a generic section by using the static shape functions matrix
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b(z):
Q1
NT 1 0 07]|%
{M] a {0 (@/l-1) =/l gz (2.16)
fi(x) = b(z) Q

. eq. (2.16) gives the section forces. By using the section in indirect way (type

2 problem), we can find the sectional deformations e,(z):

es(x) = (ko) £s(2) = B, fi() (2.17)

where kg is the section stiffness matrix and ¢, is the section flexibility matrix;

. according to the Principle of Virtual Forces the internal work is:

l
oW, = / 5L (x) - eq(x) do =
0

l
:/O 5Q b (z) - ey(x) do (2.18)

!
57 / b7 (2) - e4(x) da
0
=0Q"q
in which we can recognize the element nodal displacements q, associate to

the nodal forces Q, as the integral of section deformations e,(z) (produced
by section forces fs(z), interpolated from Q in an exact way):

!
q:/o b(z)" es(z) dx (2.19)

whose derivatives gives the flexibility matrix ®:

l
= I’T X X .
‘I’*/ob” $, b(z) d (2.20)

. flexibility matrix defined in eq. (2.20) is referred to the system without rigid

body modes. For that reason, matrix ti_> has full rank and it can be inverted
in order to obtain the stiffness matrix k:

k= (®) (2.21)
. matrix k is the operator that gives:
kq=Q (2.22)

What we need, however, is the stiffness matrix referred to the system with
rigid body modes k, so that:

kq=Q (2.23)

We can define that matrix through the following developments:
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(a) we introduce in (2.22) the expression given by eq. (2.15):
kh q=Q (2.24)
(b) we pre-multiply by h’:
h! kh; q=h! Q (2.25)
(c) for the right term, by remembering eq. (2.14), we can write:
(h{ kh)) q=Q (2.26)
(d) and we have find the definition of matrix k:

k=h! k hy (2.27)

2.4.1.4 SUMMARY OF THE MAIN TRANSFORMATIONS

Q=h/ Q
qa=h;q
k=nh! k h

Once the transformations between the two reference systems are defined, the ele-
ment state determination algorithm can be explained.

2.4.2 ELEMENT STATE DETERMINATION

Since we use a mixed method, the input and output quantities of the element
state determination are the same exposed in par. 2.3.1. In input we have nodal
displacements q, in output we have element resisting forces Q and element stiffness
matrix k.

It’s clear that we can’t directly use the procedure exposed in par. 2.4.1.3 since
we don’t know Q. This fact is know as lack-of-fit and it produces a non linear
system of equations at the element level. The problem can be solved through the
following steps:

1. given the nodal displacement in the element with rigid body modes q, calcu-
late the displacements in the system without rigid body modes:

q=hq (2.28)

2. determine Q so that: q, = q with:

l
q, = / b(z)Te,(z) dx (2.29)
0
Such a condition is written in homogeneous form as follows:
g(Q =q-q,=0 (2.30)

and solved by Newton-Raphson (NR) method. The main steps of the NR
solution are:
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(a) choice of an initial solution Q;

(b) linearization of the problem as follows:
g(Q) =g(Qy) +J(Q)  (QA-Qp) =0 (2.31)

where J (QO) is the Jacobian matrix evaluated in Q;

(c) search for a new solution, by solving Eq. (2.31):

— — — _1 —

Q, =Q - [J (Qo)] -8(Qo) (2.32)
(d) iteration until convergence.

In a more explicit form, the Jacobian matrix is:

J(Q) = agaf) =%(q—qr(‘ ) =~3g (@ (Q)

l T ) _

= _/0 b(z) 7G (0s(2)fs(z,Q)) dz = (2.33)
1 . b _ B

=/, b(z)" ¢ ( )@(b(fﬂ)Q dz =
l

=, b(z)" ¢, (z)b(z) dz =

==

which shows how J (Q) equals the element flexibility matrix @ (in the system
without rigid body modes).
The recursive equation of the NR solution results:

Qi+1 =Q,+[®] g (Ql) =
=Q; +AQ;

and will be iterated until convergence.

(2.34)

At each element iteration, we have to compute the residual deformations:
g(Q)=a-a,, (2.35)

The restoring displacements are computed by using eq. (2.29) as integral of
section deformations. In order to do that, the generic section of the element
is used in an indirect way as highlighted by eq. (2.2): for each section, hence,
a non linear system of equations must be solved.

3. once convergence is achieved, we move to the system with rigid body modes
in order to calculate:
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- the element resisting forces:
Q=h Q (2.36)
- the element stiffness matrix:
k=h!/ [®] ' h =h] kb (2.37)
and the Element State Determination process is completed.

In conclusion, the Element State Determination is a non linear system of equa-
tions at the element level, due to a lack-of-fit between the force based element and
the global displacement based approach. The non linear solution strategy here ex-
posed is the classical Newton-Raphson approach (NR). Then, at the sectional level,
since we have to compute deformations from interpolated forces, another system of
non linear equations (NR) is present. This holds for each sectional iteration (loop
k), for each element iteration (loop j), for each structural iteration (loop i) (see
Fig.2.4).

The procedure here exposed is not the unique way to handle the lack-of-fit
problem, in fact there are several procedures that can be used as exposed in the
next.

2.4.3 DIFFERENT TYPES OF STATE DETERMINATION ALGORITHMS AND
ADDITIONAL COMMENTS

In (Nukala and White, 2004) four state determination algorithms, referred to as the
L-L, L-N, N-L and N-N procedures, are discussed and compared. The first symbol
indicates the element level, the second one indicates the section level. Furthermore,
the symbol N indicates that local nonlinear iteration is performed prior to return-
ing to the higher level, whereas the symbol L indicates that only the linearized
equations are satisfied at the corresponding local level.

1. N-N algorithm: iterative element, iterative section.
Conventional Newton iterations on both the element and section level (pro-
cedure previously exposed).

2. N-L algorithm: iterative element, non-iterative section.
At the section level only the linearized equations are satisfied, at the element
level the complete nonlinear iteration is performed. This procedure has been
proposed in (Taucer et al., 1991) and it has been largely used ((Petrangeli
and Ciampi, 1997), (Spacone et al., 1996), (Monti and Spacone, 2000)).

3. L-N algorithm: non-iterative element, iterative section.
Complete iteration at the section level, linearized approach at the element
level.

4. L-L algorithm: non-iterative element, non-iterative section.
It entails the iterative satisfaction of the nonlinear element compatibility and
section constitutive equations for each global iteration. This approach has
been proposed in (Neuenhofer and Filippou, 1997).



24 A REVIEW oOoF THE NON LINEAR BEAM PROBLEM

By comparing these procedures, it is clear that the L-L state determination
algorithm resembles more closely the computational steps in a stiffness-based ele-
ment state determination, because only the global Newton type iteration is present.
However, it needs more element storage requirements and it is not particularly ad-
vantageous for cases in which a large number of elements remain elastic and inelas-
ticity is concentrated in a few elements. In general, as indicated in (Nukala and
White, 2004), the N-N algorithm seems the most efficient of the four algorithms.

Actually, the most complete and update formulation can be found in (Lee and
Filippou, 2009), that in addition addresses the issue of a singular section stiffness
(the plastic hinge case). In particular, by using the singular value decomposition
method, it is mathematically proved that a singular section stiffness is not a prob-
lem since one inverts it to get the section flexibility but then inverts it again after
weighting to get the element stiffness, as reported in eq. (2.37).

In Tab. 2.2 a brief summary for displaced-based and force-based element state
determination is reported. Fig.2.4 shows the logical differences between the two
approaches; in particular, it remarks the attention on the lack-of-fit problem that
produce an element state determination more computational involved in the case
of force-based elements.

Displacement-based Force-based
Section deformations es(z) = B(z)q
Section forces fs(z) =b(z) Q
Section state determination fs(x), ks(z) es(x), ¢, = (ks)"
Restoring displacements*) q= fol b(z)T es(z) dx
Flexibility matrix*) ® = fol b(z)” ¢, b(z) dzx
Stiffness matrix*) k= (<i>)_1
Element restoring forces Q= fol BT (z) f(z) dx
Element stiffness matrix k k=h! kb

) = quantities in the reference system without rigid body modes

Table 2.2: Comparisons between displaced-based and force-based element state deter-
mination.
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Figure 2.4: Logic comparison between displacement-based (only a global non linear sys-
tem of egs.) and force-based elements (additional nested non linear systems).
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2.5 TREATMENT OF DISTRIBUTED LOADS

Let’s considered the element in Fig.2.5 on which the distributed loads f, and f,
act. The loads define a vector f}, so that:
1" (2.38)

fp = [fz fy

Figure 2.5: Distributed loads on the element.

2.5.1 DISPLACEMENT-BASED ELEMENT

In a displacement-based element, distributed loads can be included by means of
equivalent nodal forces, whose definition is given by the virtual external work dW,,
produced by the displacements u and the distributed forces f,, and computed in
all the sections of the element:

oW, = /l su” (z)-£,(z) dx (2.39)
0

By introducing eq. (2.6) in eq. (2.39) we obtain:
l l
W, = / suT (2) £, (x) dz — / S(N(2)q) £, dz =
0 0
l
= [ 5" N(z)Tf, dx =
/O 4 N@)" £, dv (2.40)

l
= 5qT/ N(z)"-f, dx
0
= 6qT fne
from which we can define the equivalent nodal forces f,,.:
l
£, = / N(z)'-f, dx (2.41)
0

These nodal forces depends on the shape functions N(z) used to discretize and
interpolate the displacement field in terms of generalized displacement degrees of
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freedom q. If cubic Hermitian polynomials for the transverse displacement fields
and linear Lagrangian shape functions for the axial displacement are chosen (see
Fig.2.1), the following equivalent nodal forces result:

g [l LU A2 LU LU A2 (2.42)

2 2 12 2 2 12

2.5.2 FORCE-BASED ELEMENT

In a force-based element, the inclusion of distributed forces is straightforward. Here
in fact, we don’t interpolate the displacement field, but the static field, and we do
that in an exact way by using equilibrium statements. With respect the formulation
presented in par. 2.4.1.3 on page 19, we just have to add the contribution, in terms
of equilibrium, of the distributed loads represented in Fig. 2.6.

(a) Distributed load in z direction. (b) Distributed load in y direction.

Figure 2.6: Distributed loads and associated reaction forces.

In particular, eq. (2.14) became:

Q1 -1 0 0 -1 0

Q- 0 1/l 11| A 0 —1/2

Qs |0 1 0 gl Lo o {fm}

Qu 10 0 Q2 0 0 | [fy (2.43)
Qs 0 —1/1 —1/1 3 0 —1/2

Qs 0 0 1 0 0

Q = th Q + hy f,

and for eq. (2.16) the following relation holds:

Lj‘\ﬂ N Ll) (I/ZO* 1) xﬂ %g ’ [(l?)x) (I2/20xl/2)} Bjﬂ (2.44)

fs(2) = b(z) Q + by(z) £,

These additional terms enter in the element state determination algorithm and the



28 A REVIEW oOoF THE NON LINEAR BEAM PROBLEM

restoring displacements (eq. (2.29)) became:
!
4, = [ bla)Teu(w) do
0
l
- / b(z)T b, () £ (x) da

0
!
_/0 b(z)" ¢, (x) (b(l’)Q+bf(JC) fp(x)) dx (2.45)
! l
= (/0 b(z)” ¢ (x) b(x) dx) Q —i—/o b(z)T ¢ (x) bs(z) £, (x) dx
= o Q + q,

2.6 GEOMETRIC NON LINEARITIES

Let P be an axial force applied to the ends of the beam element, and let A be the
corresponding displacement (Fig.2.7), (Malerba and Bontempi, 1989), (Biondini
et al., 2004a). This displacement is congruent with the deformed shape and equals
the difference between the length of the bent beam, assumed as axially rigid, and
the length of the cord of its deformed axis:

Figure 2.7: Second order geometrical non-linearity.

ds —dx = +/(dz? + dy?) — dx =
1+} @ 2,1 dl 4+ fl @ 2+ (246)
2 \dz 4 \dzx 2 \dx

By neglecting the higher order terms, A became:

A:/Ol(ds—dx) dsc:;/ol <§Z)2dx (2.47)

and adopting the beam’s displacement functions in the following form:

dv
7= 0 Now Ngo 0 Nop NegJa=Geq (2.48)

=dx
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the displacement and his virtual variation can be written as:

!
A= %qT/ GT(z)-G(x)dz-q
0

. (2.49)
0A = 5qT/ GT(z)-G(z)dz-q
0
The external virtual work can be hence written as:
l
SWeg =P-6A = (5qT/ P GT(z) -G(z)dz-q (2.50)
0

By using the same notation introduce before, we can find a geometric contribution
to the element resisting forces Q:

0

!
Q, = dq” </ P GT(z)-G(x) da:) q= (251)

= §qT k, q

in which k, is the geometric stiffness matrix of the element.
In the special case of constant axial force, the geometric stiffness matrix can be
evaluated in close form:

[0 0 0 O 0 0 7
0 12 l 0 —12 l
4 12
l T P 0 l ng 0 -1 —§
kg:P/O G'@G@d =10 0 Y o o o (2.52)
0 —-12 -l 0 12 -
12 4
0 I —= 0 -1 —-2
L 3 3 4

In general, however, also the effects due to geometric non linearities must be eval-
uated by numerical integration since axial forces derive from variable sectional
states.

2.7 DISPLACEMENT-BASED VS FORCE-BASED ELEMENT: COMPARISONS

In a displacement-based element, the formulation is based on interpolation functions
for the transverse and axial displacements of the member; the functions here used
are cubic Hermitian polynomials for the transverse displacement fields and linear
Lagrangian shape functions for the axial displacement, so that linear curvature and
constant axial strain along the element result. Such a choice represents the exact
solution only for a linear elastic, prismatic beam, without distributed loads. This is
an approximation that, in nonlinear analysis, has well-known shortcomings. These
limitations can be overcome with two types of approaches:

- by using higher-order displacement interpolation functions in connection with
internal element nodes;
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- by increase the discretization used, for example each structural element is
divided in more finite beam elements.

The formulation of flexibility-based elements, on the other hand, is based on in-
terpolation functions for the internal forces. For geometrically linear structures it
is straightforward to select polynomials that satisfy the element equilibrium in a
strict sense, such as constant axial force and linearly varying bending moments in
absence of element loads. These interpolation functions represent the exact solution
to the governing equations, irrespective of the geometry and constitutive law of the
beam element. A discretization error, as generally encountered in stiffness-based
formulations, does not occur (Neuenhofer and Filippou, 1997).

Many comparisons between displacement-based and force-based elements has
been done in recent years, by showing the superior behavior of the second approach.
Usually the comparisons are done in the non linear field, because this is the research
goal. However, it is more useful to present comparisons in the elastic field, so that
we can compare the two approaches in a very simple way.

Let’s considering the simple beam shows in Tab.2.3. The beam is prismatic
and linear elastic. Four examples are considered:

1. Case 1:
the first node is clamped and the second is free; a concentrated force F' acts
in the second node.
In this case, the deformed configuration is a order curve and the bending
moment distribution is linear. Hence, both displacement-based and force-
based elements give the exact solution.

3th

2. Case 2:
the first node is clamped and the second is free; a distributed loads p acts on
the beam.
In this case, the deformed configuration is a 4" order curve and the bending
moment distribution is parabolic. Both displacement-based and force-based
elements give the exact nodal displacement solution, but only the force-based
formulation is able to catch the complete deformed shape. In fact, with
a displacement-based approach we describe at least a 3! order curve and
linear curvature.
It follows that the deformed configuration is approximate, and the bending
moment distribution is not correct.

3. Case 3:
with respect Case 2, also the second node is clamped.
In this case, all nodal displacements are equal to zero. Since a displacement-
based element interpolates that displacements, the complete deformed con-
figuration is equal to zero; hence, zero curvatures and zero bending moments
in all the sections descend. In contrast, a force-based approach is able, once
again, to find the exact solution.

4. Case 4:

it is equal to Case 3, but the beam is studied by using two finite elements. We
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can observe that now also the displacement-based element gives a deformed
configuration with exact nodal displacements but, as happen in Case 2, the
shape is approximated and the the bending moments are not correct.

CASE Deformed configurations Bending moments

Dotted lines = displacement-based (d-b) element
Continuous lines = force-based (f-b) element
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3(a): 1 element
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4(b): d-b A, b Vv
= numerical solution coincident with the exact one
A = numerical solution approximated with respect the exact one

4(a): 2 elements 4(c): d-b A, f-b Vv

Table 2.3: Some comparisons between displacement-based (dotted lines) and force-based
approach (continuous line).

These simple examples help in understand the differences between a displacement-
based and a force-based element, nevertheless only linear elastic field is considered.
In particular, two type of approximations are present in a displacement approach:

- deformed modes are chosen a priori and, in general, they represents the
correct solution only for some special cases;

- distributed forces are introduced by means of equivalent nodal forces and
hence only the correct nodal effects is described.
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In contrast, a force-based element gives always the correct solutions.

When we move to nonlinear field, these limitations are accentuated and the
superior behavior of flexibility-based element is evident. In the non linear field all
the integrals shown in this chapter must be evaluated by numerical integration.
Thus, the flexibility approach yields the exact solution within the numerical inte-
gration tolerance, since the axial force interpolation function agrees with the exact
solution. A discretization error does not arise. By contrast, the shortcomings of
the stiffness approach are evident. While the latter satisfies equilibrium in the
weighted residual sense, it does not satisfy equilibrium in a strict point-by-point
sense.

In conclusion, the superior behavior of the flexibility-based element derives from
the fact that it is always straightforward to come up with force interpolation func-
tions that satisfy equilibrium exactly, while it is often impossible to find exact
displacement interpolation functions. The consequence is that the finite-element
solution with the stiffness based frame element can only be improved by refining
the finite-element mesh. By contrast, the numerical accuracy of a flexibility-based
approach can be increased by a better numerical integration through either mesh
refinement or an increase of the number of integration points in the element.

2.8 SHEAR MODELING

In the previous, the attention is given to the problem related to normal stresses.
In fact, all the expression are referred to the generalized stresses IV and M and the
work due to the shear force V' is not included. In the following, hence, it is recalled
how it is possible to include shear in the non linear beam problem by considering
both displacement-based and force-based elements.

At first, it is necessary to update the generalized stresses and strains definition,
as follow:

€0 N
es = | f.=|V (2.53)
X0 M

With respect to before, the generalized shear deformation 7y and the shear force
V' are present.
2.8.1 DISPLACEMENT-BASED ELEMENT

The Timoshenko beam finite element with linear interpolation functions of both
transverse deflection and rotation is considered:

Ug Ny 0 0 Ny O O

Vo | = 0 Ny 0 0 Ny 0 q= N(x) q (254)
© 0 0 N 0 0 N
with: . .
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N: N2
|

L

Figure 2.8: Shape functions.

By applying the internal compatibility equations, the definition of the generalized
stresses is:

€0 Nl,m 0 0 N2,:c 0 0
Yo | = 0 Nl,z —N1 0 Ng’m —NQ q = Bq (256)
X0 0 0 Nltz 0 0 Ng’w

in which the derivatives of the shape functions are present:

Niz=—7 Now = 7 (2.57)

Then, by following the same steps exposed before, the restoring forces and
element stiffness matrix can be defined.
2.8.1.1 SHEAR LOCKING PREVENTION

In order to avoid shear locking effects, the following bubble function is introduced
(Auricchio, 2003):

1 T

Ny =@ (1 - 7) (2.58)

Ny O 0 Ny O 0
N=[0 N N, 0 N, —N, (2.59)

0 0 Ny O 0 Ny

Ni. © 0 Now O 0
B=|0 N, Noo—N 0 Ny —Np,—N, (2.60)
0 0 N1 T 0 0 N2 x

L

Figure 2.9: Bubble shape function.

Then, reduced integration is applied.
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2.8.2 FORCE-BASED ELEMENT

In a force-based element, since equilibrium interpolating matrices are used, the
inclusion of shear modeling is very simple and, in addition, no shear locking phe-
nomena born.

Figure 2.10: Inclusion of shear in a force-based element.

N 1 0 0 Q1
vi=1o -1/ -1/1| |Q2
M 0 (z/1—1) z/l | |Qs (2.61)
fo(z) = b(z) Q

2.9 CLOSING REMARKS

In this chapter, the non linear beam problem has been presented. Particular at-
tention is given to the dual formulations that can be applied in formulating finite
beam-column elements. The two strategies have been presented and critically com-
pared, also with respect the description of shear.

As a general conclusion, it can be stated that a force-based element presents
a superior behavior, because it satisfy equilibrium in a strict point-by-point sense.
In addition, shear locking problems do not arise. However, a displacement-based
element is more simple and less computational demanding.

Once again, it must be pointed out that in this chapter only the longitudinal
problem is considered, since the section is simply a sub-module of the formulation.
Concerning the section, in chapter 3 the State of the Art will be recalled and in
chapter 5 two sectional proposals will be given.



RC Sectional Models: Problem
Statement & State of the Art

In the previous chapter the non linear beam problem has been presented. Par-
ticular attention is given to the dual approaches that can be applied in formu-
lating finite beam-column elements. The so-obtained techniques are generally
valid in dealing with geometric and material non linearities. In this chapter,
the problem is outlined with respect RC' structures.

3.1 DEFINITION OF THE PROBLEM

The Finite Element Method (FEM), applied to frame structures discretized with
monodimensional models, works through nested modules that goes from the struc-
ture to the material point (fibre). In particular, 4 nested states must be evaluated:

1. the state of the structure, that is made of elements;
2. the state of the element, that is made of sections;
3. the state of the section, that is made of fibers;

4. the state of the fiber, on which constitutive laws are assumed and/or evaluated
by using specific techniques.

The state of the structure is obtained by assembling the states of the elements in
which it is subdivided. In a global displacement approach, the state of the element
must be obtained starting from its nodal displacements and the results of this phase,
called Element State Determination, are the nodal resisting forces and the element
stiffness matrix. Chapter 2 has clearly deal with it, and two dual formulations
have been presented: a displacement-based and a force-based formulation. It has
been shown that the state of the element is obtained by weighting the state of the
sections that compose it, but no regards are given to the material.

The exposed formulation is hence general, but now it is necessary to specify it
to RC frame structures. In doing that, the work must be done only in the definition
of the sectional state, that is obtained by integrating the state of the fibers that
compose it. In RC sections, it’s clear that we have to deal with two materials:
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(1) the concrete, that is described by a continuum sectional domain, and (2) the
reinforcing steels, that is described by discrete quantities arbitrary positioned in
the sectional domain.

This chapter, hence, deals with the definition of the state of a RC section,
by proposing adequately sectional models that can then applied in formulating fi-
nite beam-column elements. As already outlined, this process can be considered
straightforward if we deal with the problem of normal stresses, but the same prob-
lem in which an hight interaction between normal and shear stresses is present is
still today an object of several researches. In the following, the main reasons are
presented and discussed.

3.1.1 DEALING WITH NORMAL FORCES

Since a RC section is composed by two materials, the concrete - that corresponds
to a continuum domain - and the reinforcing steel - that corresponds to a union
of discrete bars, in order to obtained the sectional state a specific sectional inte-
gration strategy is needed. At this end, the most adopted strategy is the so called
“fiber approach”, in which the section is subdivide in sub-domains, called fibers
(C.E.B., 1996), according to Fig.3.1. Mathematically speaking, this rule refers to
the Riemann Mid-Point Integration Rule, through which the function that has to
be integrated is evaluated in the centroid of the fiber and then weighted by its
area; doing that for all the fibers, the integral is obtained through the summation
of each fiber’s contribution. Other integration techniques can be proposed. Some
examples are given in Appendix A, in which a new sectional discretization strategy,
having the fibers approach as a simply particular case, is proposed.

If the Navier-Bernoulli (plane section) hypothesis is assumed (see Tab. 3.1(a)),
only the uniaxial longitudinal strain €, is active. Hence, given the strains in all

SECTION SUBDSIVISION 1D CONSTITUTIVE LAW NUMERICAL INTEGRATION

4 [}
Y Fibre h

calculate ox J

N=/asz
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T
evaluate ex £x

Figure 3.1: Fibers Sectional Approach (normal stresses).

the fibers, the longitudinal stresses o, can be computed by using a non-linear
uniaxial constitutive model. Then, their integral over the sectional domain gives
the generalized stresses N, M as Fig. 3.1 shows.

When fiber sectional discretization is combined with a force-based element, the
highest degree of accuracy and stability is obtained in a frame structural model at
the current state of knowledge.
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If the normal solicitations are dominant in the behavior of the framed structure,
plane section hypothesis produce a suitable kinematic constraint, because it has
been observed that this hypotheses remains valid for all range of loading (Bairan,
2005).

However, common fiber beam-column elements that neglect shear effects and
their interaction with other internal forces are not generally applicable, since it has
been recognized that in a beam model the main assumptions, such as the plane
section hypothesis, are more important than the details on more specific aspects
related to the element’s formulation or to the material’s behavior.

3.1.2 DEALING WITH NORMAL AND TANGENTIAL FORCES

The inclusion of shear effects in these models is not an easy task (Ferreira, 2013).
If for uniaxial concrete response is simply to furnish uniaxial constitutive models
o = o(e), the same approach applied to a 7 = 7(7) relationship can not be proposed
since the hight complexity of the shear mechanisms in RC elements, generated
along with the strong non linear behavior found in diagonally cracked concrete,
that depends not only to the concrete characteristics, but also to the geometry of
the section and to the position and the types of reinforcements.

On the contrary, as it will be explained in chapter 4, 2D modeling of shear
resistance mechanisms in RC structures is performed since more than thirty years
and successfully applied in the non linear analysis for all range off loadings.

+4
+4
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+
+
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Figure 3.2: Membrane RC element, (Vecchio and Collins, 1986).

X

Several strategies have been proposed, but in this work the attention is focused
on smeared type models (Fig.3.2) that treat reinforcing concrete as a continuum
material with his own state-dependent relationships:

O Dyy Di2 Di3| | &z
oy | = |Da1 Daa Das| | gy a1
Txy D31 D3y D3 Yy ( ’ )
o = D (e) €

With this in mind, one objective of this thesis is to investigate the strategies in order
to move from bidimensional towards monodimensional modeling of RC framed
structures, including also shear effects. The effort is to minimize the discrepancies
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between 2D and 1D modeling, using concepts based on Continuum Mechanics
(Fig. 3.3).

u; = Experiment

Solution enhancement

uy

Figure 3.3: Enhancement of 1D solution, adapted from (Bairan, 2005).

Once constitutive law are assumed according to eq. (3.1), the stresses as a
function of the strains (o = o (g)) can be evaluated at the material (or fiber) level.
The goal, now, is understand which structural beam theories can be used in order
to do that:

(a)

NAVIER-BERNOULLI BEAM THEORY:

in this theory, plane section hypothesis is used and shear deformation is
neglected. According to Tab. 3.1(a), only the longitudinal deformation e, is
active. As already sad, this implies that uniaxial non-linear constitutive laws
can be applied, but finite beam elements based on this sectional kinematic can
address only the problem of normal stresses. However, if shear is dominant,
this models produce erroneous predictions. In any case, since only ¢, is
described by this theory, a link with a constitutive law as (3.1) can not be
performed.

TIMOSHENKO BEAM THEORY:

once again, plane section hypothesis is chosen, but a constant shear strain
distribution is taken into account. Now, two deformations are described
by the model (e, and 7,,) but the transversal strain €,, necessary to use
the constitutive model, is not present (Tab.3.1(b)). However, as it will be
explained later in details, by introducing some assumptions regarding the
strains/stresses patterns, this kinematic can be used in order to formulate
shear-flexible beam-column RC elements.

GENERALIZED BEAM THEORY:

in the previous theories, the sectional kinematic is taken fixed and the in-
terpolating matrix a, depends only on the geometry of the section. Here,
instead, the sectional kinematic is not only able to describe the total strain’s
tensor € = [EI,&:y,'yzy]T, but it is also state-dependent with matrix a, that
depends on strains (Tab.3.1(c)). Clearly, this sectional kinematic presents
a very hight level of generality and it really addresses the problem of shear
modeling in RC framed structures, but the implementation of the so-obtained
model is quite challenging due to computational efficient and stability.
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SECTIONAL KINEMATIC FUNDAMENTAL RELATIONS

€o
Y| =
X0

u(z,y) = u(z,y) + u”(z,y)

Ex €0
gy | = Yo | =
Vxy X0

= a,(y,e) €s

(¢) Generalized kinematic.

Table 3.1: Navier-Bernoulli, Timoshenko and Generalized sectional kinematic.
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3.1.3 SHEAR IN RC SECTIONS: THE MAIN DIFFICULTY

As already exposed, when tangential forces are applied, plane section hypothesis
is no longer valid due to the appearance of distortion and the distribution of shear
strains and stresses in the cross section is not only more complex, but also state-
dependent, showing important variations while cracking is developing and when the
ultimate state is approached. The problem can be better explained if Jouraswki
strategy is applied, as outlined in (Ferreira, 2013).

It is know that a variation of the bending moments along the beam’s axis is
possible thanks to the presence of shear forces. Due to this bending increment, a
fiber is submitted to an increment of axial stresses that are equilibrated by out-of-
plane stresses, as deduced by Jourawski in 1856, Fig. 3.4.
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(a) Internal forces in a beam. (b) Equilibrium in a fibre.

Figure 3.4: In plane shear stresses in a beam deduced by Jourawski (1856).

The equilibrium equation of the fibre is given by:
00, OTay
ox dy

and the shear stresses can be written as:

1 (Y 0o,
Txy(y) = _5 0 ox

=0 (3.2)

b dy (3.3)

In case of isotropic-elastic material, the solution of eq. (3.3) is straightforward:

Tay(y) = —i/oy V;y dy = ‘;?(;y)) (3.4)

where Q(y) is the first moment of area integrated from the bottom of the section
to point at quote y and b(y) is the width of the cross section at the coordinate z.
Once the shear stress is defined with eq. (3.4), the shear strain can be obtained by
means of the elastic tangential modulus G:

1 [YVby o 1VQy)
) =gy [ 7 =G

(3.5)
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However, cracked concrete is no longer elastic, but presents a strong anisotropic
behavior, in which coupling of normal and tangential stresses and strains appears.
For these reasons, eq. (3.5) is no longer valid, since shear stresses depend not
only on the sectional geometry, but also on the state of the material. In other
words, in RC section it’s not possible to define a corrective shear area, because in
the non linear field there is the dependability also from the material and hence it
becomes state-dependent. This is the main problematic of the difficulty of modeling
nonlinear response of RC sections with the presence of shear forces and, as exposed
in (Bairan and Mari, 2007a), finding a solution or approximation for egs. (3.4) and
(3.5) is the basis for a kinematic constraint to model shear on cracked RC sections.

3.2 SECTIONAL KINEMATIC APPROACHES CONSIDERING SHEAR EFFECTS

A general review of shear-flexural beam finite elements can be found in (Ceresa
et al., 2007). The classification here proposed defines three group of models:

1. Strut & Tie based Models
in which independent models for the shear and flexural deformations are su-
perimposed, and where a truss analogy is then employed to take into account
the shear deformation and strength. Between them, the following works must
be cited:

- Guedes et al. (1994), that proposes a two node Timoshenko beam ele-
ment. The truss is made of two diagonal concrete struts, whose inclina-
tion represents the directions of principal stresses and strains, and steel
ties in longitudinal and transversal directions. The element has been
implemented in CASTEM 2000");

- Ranzo and Petrangeli (1998), focused on a 2-D fiber element following
a flexibility-based approach. The axial-flexural behavior is a function
of section axial deformation and curvature as in the traditional fiber
model, while the shear behavior is a function of the section distortion
identified with a nonlinear truss model;

- Martinelli (2008), in which the contributions to shear strength due to
both the arch action and the inclined thrust-line developing in squat
elements are accounted for. Additionally, in shear, the Morsch’s truss
is explicitly modeled considering both the tension and compression con-
crete diagonal.

2. Inter-Fibre Equilibrium Approaches
in which shear stress-strain distributions are state-dependent and consequently
change during loading. These models, equivalent to force-based sectional
models, present a very hight accuracy, but also an highly complexity and
computational demanding. Between them:

- Vecchio and Collins (1988), that propose the Dual Section Analysis.
By defining two control sections, the increment of longitudinal stress is

(CASTEM 2000 is a Finite Element Program developed by CEA (2000).
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computed by Finite Differences. This is not a real sectional model but
it must be cited because it is the pioneer model of this group;

- Bentz (2000), that improves the Dual Section Analysis by taking the
limit of the distance between the two controlled sections. This method,
called Longitudinal Stiffness Method, is effectively a sectional model
and contains the basis of several more recent approaches. The method
is actually implemented in Response-2000'%;

- Bairan (2005), in which a model named TINSA (Total Interaction Non
linear Sectional Analysis) is presented. This is the most elegant sec-
tional approach proposed to date. Since a finite element analysis of
the cross sections - using 2D concrete elements and 1D steel elements -
must be performed, its implementation in a structural program is quite
challenging;

- Mohr (2011), that deals with a generalized section kinematic aiming
of extending TINSA from the section at the element level. The model
addresses the state-dependent problem by using a series of polynomials.

3. Fixzed Pattern Approaches

where an a priori fixed constraint is assumed in the cross section. These
approaches, equivalent to the displacement-based sectional model, estimate
the internal shear stress-strain distribution in the cross section by assuming a
shear strain or stress pattern that is taken constant during the whole loading
process. The inter-fibre equilibrium is not directly verified, as the compatibil-
ity in the transversal direction is not guaranteed. These models are however
less computational demanding but even less accurate than the previous ones.
Between them there are:

- Giiner (2008), where shear at the cross section is considered through
different options based on Fixed Pattern Approaches. It was concluded
that shear-strain-based approaches are less computationally demanding
and more stable then shear-stress-based approaches;

- Ceresa et al. (2009), in which a fixed strain approach has been presented
and implemented in a 2 nodes Timoshenko beam;

- Ferreira (2013), that presents a hybrid fibre beam-column model based
on a fixed stress approach. The so-obtained procedure has been imple-
mented in CONS®) and permits to perform not only analysis of shear
critical framed structures, but also to include the time-dependent be-
havior of RC structures and to study different strengthening scenarios.

Some of these models are detailed in the next.

(2)Response-2000 is free program developed at University of Toronto by Collins, Vecchio, Bentz
and others. Web: http://www.ecf.utoronto.ca/afibentz/download.htm.

(3)CONS is a Finite Element Program originally developed at University of California (Berkeley)
by Mari (1984) and extended at the Universitat Politécnica de Catalunya - BarcelonaTECH (UPC)
in (Mari, 2000).
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3.2.1 STRUT & TIE BASED MODELS
3.2.1.1 MARTINELLI’S MODELING STRATEGY

Martinelli (2008) developed a fiber column element based on Timoshenko beam
theory to model the cyclic response of the end critical zones of bridge piers charac-
terized by a low-to-intermediate shear slenderness. Shear contribution is computed
by integration along the element of the shear force acting at the cross-sections. The
shear resultant over the cross-section is derived by different resisting mechanisms -
the arch action, the truss mechanism, the compression concrete above the neutral
axis, and aggregate interlock, each of which studied in independent fashion.
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Figure 3.5: Martinelli’s Modeling Strategy (Martinelli, 2008).

This model represents the most complete formulation between the strategies in
which shear and flexural deformations are superimposed, and where a truss analogy
is employed to take into account the shear’s effects.
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3.2.2 INTER-FIBRE EQUILIBRIUM APPROACHES
3.2.2.1 THE DUAL SECTIONAL ANALYSIS

The “Dual Section Analysis” was originally proposed by (Vecchio and Collins, 1988)
in order to evaluate the gradient of normal stresses generated by the presence of
shear forces. By applying the Finite Difference Method (Fig. 3.6a):

% ~ ox(x2) — 0z (21) (3.6)
ox S
in which the evaluation of the normal stresses in two different sections separated
by a finite distance S is required. Then, from equilibrium of the two controlled
sections, by applying the iterative procedure shown in Fig. 3.6b, the distribution of
shear stresses and strains can be determined.
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(a) The two controlled sections. (b) Logical scheme.

Figure 3.6: The Dual Section Analysis, (Vecchio and Collins, 1988).

It’s clear that this approach used an information that is not well established: the
distance between the two control sections S, besides the value S = H/6 is suggested.
This proposal, hence, is not a sectional model as it needs informations outside
the section, but it is a rigorous analysis approach where inter-fibre equilibrium is
accomplished. However, it is time consuming, has problems of stability and cannot
be introduced easily into a FE code as an independent sectional model.
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3.2.2.2 THE LONGITUDINAL STIFFNESS METHOD

Bentz (2000) improved the Dual Sectional Analysis by taking the limit of the
distance between the two control sections. The so-obtain approach is called “Lon-
gitudinal Stiffness Method” and it is the base of several more recent approaches.

Compression % = max
Stress Profile
at Section A
v : Neutral| | dv _ 0
[} ‘ M+dM Axis h Stress Profile dh ™
H [ V| at Section B
AB
b Tension
Cross Section Longitudinal Stress Shear Stress
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(a) Beam Level. (b) Sectional Level.

Figure 3.7: Longitudinal Stiffness Method, (Bentz, 2000).

In this method, the chain-rule is used to determine the gradient of normal
stresses as the derivatives of the stress with respect of the element’s axis. It re-
quires an initial shear strain pattern as a function of the average sectional shear
deformations (that can be assumed as the Jourawski solution Fig. 3.7):

) = Py = 75057 (37)

where A is the area of the cross section. This shear strain profile is used for the
further load steps. The Bernoulli’s plane section that computes the axial strain
is combined with the current strain pattern. In this manner, the strains in each
fibre are determined from the axial strain, curvature and average shear strain of
the cross section:

x| |1 0 -y <o
|:’Ya:y:| B |:0 F’Y (l‘, y) O ;Z(()J (38)
e(y) = B(y) e

and the differential increment of stress is given by:

Ox €x
oy | =Dy | gy (3.9)
Try Vzy

where Dy is the tangent stiffness matrix of the fibre.

After static condensation of the terms in the transverse direction, the derivatives
of the normal and shear stresses with respect to the x-axis is computed throught
the chain-rule:

0o 0o Ot Oe Oe
= = oo > =D;B(y) -
ox Oe Oe, Ox ox
Hence, in contrast to the Dual Section Analysis, this formulation only requires
information from a cross-section of the frame. Only 1D shear flows are considered,

and for this reason, its application is limited to in-plane bending and shear.

(3.10)
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3.2.2.3 THE THEORY OF BAIRAN-MARI

By generalized the Longitudinal Stiffness Method in 2 dimensions and by applying
equations from the theory of continuum solids mechanics, Bairan (2005) proposes
a model that solves the problem of the six force interactions at the section level,
(Bairan and Mari, 2007a), (Bairan and Mari, 2007b). The model, called TINSA
(Total Interaction Nonlinear Sectional Analysis), considers inter-fibre equilibrium
without any assumption about the stress or strain distributions that, depending
on the state of the section, change continuously.

This is the most elegant and complete sectional model proposed to date. The
principal assumption is that sectional displacement field u is obtained by enhancing
the Bernoulli’s plane section theory u?® with a three-dimensional warp-distortion
field u", as represented in Fig. 3.8b.
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(a) Generalized stresses and infinitesimal equilibrium.
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(b) Displacements field decomposition and projections between solutions.

Figure 3.8: TINSA Model, (Bairan, 2005).

It is independent of the constitutive equation, hence any type of 3D model can
be used, and as it treats forces and deformations in a single cross section it can
be independently implemented in any program of structural analysis, regarding
any type of beam element formulation. The model is able to reproduce the force
interaction within a cross section, such as coupled normal and tangential forces,
for any type and any reinforcement layout. However, its high complexity and com-
putational demanding maxes implementation in structural programs to be quite
challenging (Ferreira, 2013).
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3.2.2.4 THE THEORY OF MOHR-BAIRAN-MARI

Motivating by the challenge of extending model TINSA from the section to the
element level, Mohr (2011) defines shear deformations as a series of polynomials.
At the sectional level, this model is more simple with respect the previous, but it
presents a very hight level of generality and it considers inter-fibre equilibrium. The
same assumption of Bairan’s work is taken so that the displacement field u(z,y) is
due to Bernoulli’s plane section theory u?®(x,y) plus a warping field u* (z,y) that
is expressed as a series of polynomials multiplied for unknown coefficients grouped
in vectors U and V:

u(z,y) = u(z,y) + u”(z,y) (3.11)
with:
g
T
b , u’(y) =Y Fpily)-ui =Fy(y)- U
u(z,y) =uo —y- vy i=1 312
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ment nodal displacements.

Figure 3.9: The Theory of Mohr-Bairan-Mari, (Mohr et al., 2010).

By using internal compatibility equations, the following expression holds:

€z go(z) =y xo(@) 0
gy | = 0 + F?T(y) ‘U (3.13)

By introducing the sectional generalized deformations:

eS:[EO Yo Xo]T (314)
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and by taking outside the coefficients U, V, we have:

Ex ]. 0 —-Y €0 OT OT U
gy | =10 0 0] ||+ |0 FT [ }
vl 100 0] ) |F7 oor| LY (3.15)
e = BP e, + BY a
by setting a = [U V]T = A - e, the multiaxial strain state in a generic fibre is
given by:
e=B".e, +BY - A.-e; =P &% (3.16)

where BP® is the transformation matrix related with the plane section assump-
tion, BY is the transformation matrix related with the warp-distortion field, and
A represents the coefficients (unknowns) that modulate the warp-distortion shape
functions. Once the values of U and V are determined (from internal equilib-
rium considerations), the Virtual Displacement Principle gives the section resisting
forces:

f, = / (B” +BYA) o dA =
A

(3.17)
:/ B»7 o dA+AT/ BT o dA
A A
whose derivatives gives the section stiffness matrix:
k, = / (B” + BYA)" D, (B” + BYA) dA =
A
:/ BT D, B dA+/ BT D, B dA A+ (3.18)
A A

+ AT / B*TD, B dA + AT/ B*TD,B" dA
A A
By considering different numbers of terms of the series of polynomials different
sectional models can be obtained:
- ng =0, n, = 0: Navier Bernoulli beam theory;
- ng = 1, n. = 0: Timoshenko beam theory;
- ng =6, n. = 6: Mohr key proposal.

The detailed formulation can be found in (Mohr et al., 2010). This model has been
readopted and improved by Le Corvec (2012), in dealing with shear-lag problem in
steel beams.
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3.2.3 FIXED PATTERN APPROACHES

In this last group of models there are the most direct procedures to estimate the
internal shear stress-strain distribution in the cross section. Formally, it is a priori
assumed a fixed pattern either for the shear stress or strain and taken it as constant
during the whole loading process. Thus, the stress or strain at a point is consid-
ered as the value of the assumed pattern multiplied by a generalized quantity of
the cross-section state (Bairan, 2005). Two types of Fixed Pattern Approaches are
available:

1. the Fixed Strain Approaches: nalyanction | Constant Staer | Sarabolc Shear
Yoy (¥) = Fy(y) Y0 (3.19)

in which the shear response of the
cross section is determined by as-
suming an a priori fixed patter
for the tangential strain.  This
approach has been considered by
several authors (Petrangeli et al.
(1999), Giiner (2008), Ceresa et al.
(2009)), because of its straightfor-
ward implementation in a Timo-
shenko based FE model: the con-
stant distortion of the element is
taken as the fixed strain in the cross
section.

Longitudinal Strain
Distribution
(x10-3)

Shear Strain
Distribution
(x10-3)

1.77

Distribution

Shear Flow
(N/mm)

Figure 3.10: Comparisons between shear
flow and strain (Vecchio

Toy(y) = F-(y) V (3.20) and Collins, 1988).

2. the Fixed Stresses Approaches:

in which the shear response of the cross section is determined by assuming
an a priori fixed patter for the tangential stress. This approach is less simple
with respect the previous, but in general it gives better results. In (Ferreira,
2013), a Fixed Stress Approach has been proposed.

Although the failure load can be reasonable estimated in some cases with the
Fixed Pattern Approaches, the predicted failure mode and the overall non-linear
behaviour often do not reflect the real response. In order to compare the accuracy
achieved by different models, the result computed by these approximate methods
and the more rigorous Dual Section Analysis are presented in Fig. 3.10.
In general, the Fixed Strain Approach underestimates the vertical strains and,
hence, predicts lower stresses in the stirrups after the onset of diagonal cracking.
In addition, it tends to concentrate the shear stresses in the compressive regions of
the section, underestimating the strain in the tension side.

On the contrary, a reasonable chosen Fixed Stress pattern produces a good
strain distribution, slightly overestimating the strains and underestimating the
stresses.
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3.3 CLOSING REMARKS

Common RC beam-column elements are based on Navier-Bernoulli sectional kine-
matic that states that (a) section remains plane and (b) shear deformation can
be neglected. This leads to monodimensional models with distributed nonlinearity
in which the so-called fiber approach is used in order to integrate the material
response, that is obtained adopting uniaxial non linear constitutive laws. Such a
models address in a very rigorous way only the problem of a RC section subjected
to normal forces, such as axial forces and bending moments.

However, if shear acts on the RC section, the Navier-Bernoulli hypothesis is no
longer still valid due to the appearance of distortion. As a consequence, common
finite beam-column elements based on such a sectional kinematic constraint are no
longer applicable and, in order to maintain the model in the 1D domain, improved
strategies are needed.

From the presented state of the art, the following observations arise:

- the problem of shear stresses in RC structures is very complex with respect
to the problem of normal stresses;

- in Navier-Bernoulli kinematic only the longitudinal strain is active; it’s hence
clear that if shear’s effect has to be account for, classical fiber beam-column
elements are not enough;

- since shear in RC structures is not a sectional phenomena, the most intu-
itive approach is try to model it by using physical models, for instance, the
Morsch’s truss analogy;

- in contrast, if we want to use Continuum Mechanic concepts, kinematic must
be adequately improved in order to obtained a description not only for the
longitudinal strain, but also for the shear and the transversal one, so that a
link with a 2D constitutive model can be performed.

Several approaches are nowadays existing:

- if the real inter-fiber equilibrium is considered, the highest degree of accuracy
is obtained in a frame structural model at the current state of knowledge.
The so-obtained models, however, present (a) problems related to numerical
instability and (b) a very hight computational cost. Since the main goal of a
structural theory is to produce synthetic procedures with respect the full 2D
numerical approach, it’s clear that the implementation of these models in a
finite element code is quite challenging;

- it seems hence more convenient the adoption of approximate solutions, based
for example on particular strains or stresses patterns, assumed a priori. The
so-obtained procedures have, of course, some limitations, but they present
higher computational efficiency.

Since shear resistance mechanism in RC elements and the interaction between
normal and tangential forces are complex, not clearly defined and not straight-
forward to model numerically, despite the object of this thesis is to propose a
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monodimensional modeling of RC structures, it seems very useful to study at first
the problem by bidimensional modeling. Then, by fixing the rules used for 2D and
1D approaches, a complete parallel study can be performed so that the intrinsic
approximations of the monodimensional modeling are clearly evident.

In reaching the main object of the thesis - to propose methodologies able to
couple the structural analysis with the damage processes and to adequately evaluate
the time-evolution of the structural performances by considering environmental
hazards - computationally efficiency and stability are strictly required. In this
work, hence, two sectional approaches have been considered. The first is a fixed
strain approach, in which the strain distribution is assumed a priori, the second
is a fixed stress approach, in which an assumed pattern for the shear stress is
considered.

Finally, it must be pointed out that, with the framework proposed in this thesis,
lifetime predictions can be performed and, to the author’s knowledge, the damage
effects on shear resistance mechanisms has not been carried out to date.






Bidimensional Modeling

This chapter deals with bidimensional modeling of RC structures. Between
the large spectrum of possibilities, smeared type models are chosen. After
some historical comments related to shear resistant mechanisms, the Modified
Compression Field Theory and the Disturbed Stress Field Model are presented,
compared and implemented in a 2D finite element code.

4.1 FROM TRUSSES ANALOGIES TO THE SMEARED APPROACHES

The first model for the description of shear resistant mechanism in reinforced con-
crete structures (RC) is due to Ritter (1899). Ritter understood that transverse
reinforcement introduces a new resisting mechanism, known as “truss-action”, and
he proposes a model for the determination of the shear behavior and shear capac-
ity: the so called “truss model”, in which the flow of the stresses is idealized as a
series of diagonal concrete struts in compression and tension ties of reinforcement.

Compression chord 2P Transverse ties
‘ (ie stirrups)

5

Concrete strut Tension chord P

P inclined @ 45°

Figure 4.1: Truss Analogies Model for concrete beams in shear, adapted from (Vecchio
and Collins, 1988).

Morsch (1902) improved Ritter’s model by substituting the concrete discrete
struts with a continuously distributed struts: the so called compression field. In
addition, he stated that is not possible to find the true crack inclination angle and
he proposed the safety value of 45°. This equilibrium-based approach is the basis
of the current shear design method.

Some years later, Wagner (1929) proposed the solution to the problem of shear
loading of metal beams with very thin web panels. He supposed that after buckling
panels are able to support shear forces by a diagonal tension field. Wagner was able
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to determine the inclination of principal strains and his theory is know as “Tension
Field Theory”.

W
W

Ui
/1/

7/ /Y
A

tension field
(after buckling) P
Figure 4.2: Metal beam with very thin webs studied by Wagner (1929).

Thirty years later, inspired by Wagner solution, Kupfer (1964), Baumann (1970),
Collins and Lampert (1973) solve the problem of determine the crack inclination
in RC panels loaded by shear. They worked with linear constitutive laws and by
neglecting the concrete tensile strength.

An important effort came from Robinson and Demorieux (1968), who found
that concrete compression strength depends on transversal strain: this phenomena
is called compression softening, Fig.4.3.
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Figure 4.3: Compression softening phenomena, (Robinson and Demorieux, 1968).

By using this last concept, Collins (1978) developed the so-called “Compres-
sion Field Theory” - CFT: a smeared model for stress and strains evaluation in
RC panels, in which concrete is treated like an anisotropic material with zero ten-
sile strength. The crack inclination angle is taken coincident with the principal
compression stress. The theory predicts a shear resistance lower with respect the
experimental results. In fact, by neglecting the concrete tensile strength, the ag-
gregate interlock or the dowel action phenomena can’t be described.

An extensive experimental campaign carried out at Toronto University on bidi-
mensional RC panels subjected to plane-stress loading led Vecchio and Collins to
the formulation of the so-called “Modified Compression Field Theory” - MCFT,
(Vecchio and Collins, 1986). These tests were carried out on specially build panel-
tester, Fig. 4.4.

The MCFT add to the CFT a constitutive law for concrete in tension. In
particular, concrete remains linear elastic until the maximum tensile strength is
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reached, then a descending branch, representing the interaction between steel and
concrete phenomena, is considered.

Parallel to the development of the MCFT,
in the University of Houston an experimental Al By
campaign on the behavior of RC membranes :

was carried out by Hsu and his group. As re- B L
sult, a theory named “Rotating-Angle Softened RIS —
Truss Model” - RA-STM (Hsu, 1998) was devel- R L g C S mm—

oped, differing from the MCFT on the softening
modeI. and stress'—straln relat}onshlps for con-
crete in compression and tension. The tension- ~NNSS=HE,
stiffening model in MCFT is referred to the '—{:ﬁ _;:;1
concrete and requires checking the crack state | u[x ; - Uinke
(control of the aggregate interlock), whilst in e IMTU% 4] ,
the RA-STM it is referred to the steel. In this U o
manner, safety check at the crack level is not
necessary in the RA-STM, as the stress-strain
relation for steel already takes into account the
possibility of local yielding at the crack. In addition to this model, the Houston
group also proposed the “Fixed-Angle Softened Truss Model” - FA-STM (Pang and
Hsu, 1996), which assumes that concrete struts remain with the same inclination as
the initial cracks, which can be defined as the principal stress directions in concrete
at the onset of cracking (Ferreira, 2013).

In 2000, in order to extend the applicability field of the MCFT and to overcome
some critical points highlighted by Hsu, Vecchio proposes the “Disturbed Stress
Field Model” - DSFM (Vecchio, 2000b) - (Vecchio, 2001), a sort of intermediate
approach between fixed and rotating crack models, in which the principal directions
of stresses and strains do not coincide; this difference is taken into account as a
shear crack-slip through a strain offset.

L E

Figure 4.4: Membrane tester.

4.2 MOoDIFIED COMPRESSION FIELD THEORY (MCFT)

The Modified Compression Field Theory - MCFT (Vecchio and Collins, 1986) was
developed by Vecchio and Collins in 1986 in the context of a wide experimen-
tal campaign, as a smeared-crack model with rotating cracks, considering cracked
concrete as a material with his own stress-strain relationships.

4.2.1 HYPOTHESIS AND SIGN CONVENTIONS

The main assumptions of the MCFT are (Fig.4.5):
- the reinforcement is considered smeared in concrete;
- cracks are distributed in concrete and are able to rotate continuously;

- loads are applied uniformly in the element;
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MODIFIED COMPRESSION FIELD THEORY - MCFT

Reinforced Concrete = Concrete & Smeared Steel
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Figure 4.5: MCFT: Equilibrium and Compatibility Conditions.

- equilibrium and compatibility equations are evaluated through the average
value of the stresses and strains both in the crack plane and in the concrete
between cracks;

- local check of the stress state is performed at the crack plane to account for
the possible steel yielding;

- principal directions of the stress and strain tensors coincide;
- MCFT is loading history independent;

- it assumes perfect bond between reinforcement and concrete;
- shear stresses in the reinforcement are assumed as null;

- independent constitutive relationships are considered for concrete and steel.

Fig. 4.5 shows the sign convention used for stresses and strains. In addition,
it shows the equilibrium and compatibility conditions considered in the theory:
for equilibrium, the total stresses in reinforced concrete are given as the sum by
stresses in concrete and stresses in smeared reinforcement; instead, due to perfect
bond hypothesis, the strains are the same.
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4.2.2 COMPATIBILITY CONDITIONS
Due to perfect bond between steel and concrete, the following relations hold:
Ex = Ecax = E€sayi
€y =Ecy = Esy,i (4.1)

Yry = VYexy = Vsxy,i

Hence, the kinematic variables of the problem are €, ¢, and 7.

4.2.3 EQUILIBRIUM CONDITIONS

The external actions are taken by concrete and by the N types of smeared rein-
forcement; the equilibrium equation in the horizontal direction is:

N
or dA = / Ocx dA + / Osz,i dA 4.2
firaa= [ owaa S ([, owins) o

By neglecting the reduction in the concrete area due to the presence of steel bars
(A. =2 A), the following relation holds:

N
Oy = Ocg + Z (ps7i Us:v,i) (43)

i=1

in which ps; is the geometric percentage of the i-th smeared reinforcement. In the
same manner, the vertical and rotational equilibrium conditions became:

N

Oy = Ocy + Z (Ps,i Tsy,i) (4.4)
=1
N

Try = Texy + Z (ps,i Tszy,i) (45)

=1

4.2.4 CONSTITUTIVE LAWS

Constitutive laws have been calibrated during the extensive experimental cam-
paign carried out at the University of Toronto and involving tests of RC pan-
els subjected to bi-dimensional stress states. 30 square panels, with dimensions
890 mm x 890 mm, width equal to 70 mm, made of reinforced concrete with two
lines of reinforcements, have been tested through a special membrane tester shown
in Fig. 4.4.

4.2.4.1 CONCRETE

The concrete constitutive law o, — ¢ is expressed in the principal strains directions
1,2. By convention, €; > ¢ with the sign conventions reported in Fig.4.6. The
angle between axis y and axis 1 is indicated with .
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4

&2

Figure 4.6: Convention for average stresses and strains and equilibrium and compati-
bility conditions.

In compression, the Hognestad parabola is used, as a function of cylindric com-
pression strength f. and strain £:

2
0c = femas [2 (;) - (;) 1 2, <e<0 (4.6)

femaz 18 a function of the strain €, in the perpendicular direction. It translates
the compression softening effect according to eq. (4.7), as shown in Fig.4.7:

fe _ _p (47)

Jemar = 5570 34 e, Je

c

Je
fe

f cmax

Figure 4.7: Compression softening effects in the constitutive laws.

In 2D, the compression softening effects are represented by the dotted curves in
Fig. 4.8.

The behavior in tension is described by a linear law until f., and then, with
discontinuities, with a descending branch that describe an average strength between
cracks (tension stiffening effect):

o.=FE.¢ 0<e<eum

fer (4.8)

Oc=——"7=—=2¢ 0<e<ee

14200 ¢
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Figure 4.8: Concrete constitutive law.

4.2.4.2 STEEL

The steel constitutive law o ; — ¢, for the i-th smeared line of reinforced, is ex-
pressed in the direction defined by the i-th steel, since it is assumed that steel shear
resistance can be neglected. The sign conventions are reported in Fig. 4.9, where
«; is the angle between the x axis and the direction of the reinforcement.

d d
GS,;/ % %)
Figure 4.9: Stresses and strains for reinforcement in principal direction.

In relating axial stress to axial strain, the bilinear uniaxial stress-strain rela-
tionship shown in Fig.4.10 is adopted. Thus:

{ Os,i = Es,i Es,i |55,i| < Eyli (4 9)

Osi = fyi les,il > Eyi

4.2.5 LOADING TRANSMISSION ACROSS THE CRACKS

The stress and strain formulations described deal with average values and do not
give information regarding local variations. At a crack, the tensile stresses in the
reinforcement will be higher than the average, while midway between cracks they
will be lower than the average. The concrete tensile stresses, on the other hand,
will be zero at a crack and higher than the average midway between cracks. These
local variations are important because the ultimate capacity of a biaxially stressed
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Figure 4.10: Steel constitutive law.

element may be governed by the reinforcement’s ability to transmit tension across
the cracks (Vecchio and Collins, 1986).

These aspects can not be considered in the constitutive law and hence a crack
check control, between average stresses and stresses across cracks, has been pro-

posed.
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(a) Calculated average stresses. (b) Local stresses at a crack.

Figure 4.11: Comparisons of local stresses at a crack with calculated average stresses.

With reference to Fig.4.11, the stress in the reinforcement is indicated with
Oscr,i and the shear stress due to aggregate interlock with 7.;. The static equivalence
in normal direction to the crack gives the following expression:

N
Tc = s,i \Oser,yi — Os,i COSﬁ'Q 4.10
> (psi (Gseri — 0i) cos ) (4.10)

=1

Since the stress in the reinforcement at a crack cannot exceed the yield strength,
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the following limitation holds:

N
oc < Z (ps.i (fyi — 0s:) cos B7) (4.11)
i=1
The static equivalence of the two systems conduces to the expression:
N
Tei = Z (ps,i (Uscr,i - US7i) Ccos ﬂz sin /B’L) (412)
i=1

The shear stress 7.; due to aggregate interlock decreases when the crack spac-
ing w grows and when the maximum aggregate size a decreases. The original
MCFT theory proposes a limitation for 7.; on the basis of the aggregate interlock
mechanism (Walraven, 1981):

/
B f:
= 0.31+ 24 w/(a + 26)

(4.13)

Tci

4.2.6 ADDITIONAL CONDITIONS

In the analysis of adequately reinforced structures, the smeared approach typically
provide good results, since the resulting cracks are widely distributed. Instead,
several experiences suggest that analysis method based of the smeared rotating
crack concept do not adequately model the response of shear-critical concrete beams
containing little (ps < 0.1) or no shear reinforcement (Vecchio, 2000a). In these
type of elements, in fact, the crack field is dominated by a limited number of cracks
with a spacing that can reach several millimeters. It’s clear that this is difficult to
describe by a smeared theory with average constitutive laws. In addition, a slip
between crack may occur and hence the coincidence between the strains principal
axis angle ¥, and the stress one 9, is not still valid.

Vecchio proposes two additional controls in order to enhance the original version
of the MCFT.

4.2.6.1 CRACK WIDTH LIMIT

In shear critical beam, the formation of a dominant shear crack is localized in a nar-
row band of elements. In these zones, it is reasonable to discount completely their
ability to sustain compressive stresses. Thus, when crack width w exceeds 2 mm,
the value of the compression stress is limited by using the expressions (Vecchio,
2000a):
! / w
ﬁ:ﬂk—ﬂ 2<w<5

fl=0 w>5

(4.14)

4.2.6.2 RESIDUAL TENSION

In the original formulation, the concrete strength after crack is defined by eq. (4.8)
and limited through the procedure exposed in par. 4.2.5. However, in members
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without shear reinforcement, the latter imposes a compression strength equal to
zero (4.11).
In order to avoid this inconvenient problem, the following minimum value is
proposed (Vecchio, 2000a):
e > 0.10 fer (4.15)

This additional control produces effects only in element with low amounts of shear
reinforcement. In general, it is ininfluent.

4.3 DISTURBED STRESS FIELD MODEL (DSFM)

Nevertheless it has been proved that Modified Compression Field Theory (MCFT)
led generally to good results, some experimental tests show that:

- in the cases of (a) panels with hight reinforcement ratio in both directions, (b)
panels with hight biaxial stresses and (c) panels in which principal inclina-
tion angle is limited, MCFT furnishes shear resistance and stiffness generally
lower;

- in the case of panels with low reinforcement in one direction, MCFT furnishes
shear resistance and stiffness generally higher.

Some examples will be furnish in par. 4.5 on page 74.

The major cause of that discrepancies is due to the hypothesis used about
principal direction angle. It is assumed that the principal stresses angle ¥, is
coincident with the principal strains angle 9¥.. This hypothesis is generally valid,
Fig.4.12, but since the slip between cracks can not be evaluated, the relative shear
stress is not considered and the problems previously exposed born.

In order to extend the applicability field of the MCFT, Vecchio proposes the
“Disturbed Stress Field Model” - DSFM (Vecchio, 2000b), a sort of intermediate
approach between fixed and rotating crack models, in which the principal directions
of stresses and strains do not coincide; this difference is taken into account as a
shear crack-slip through a strain offset. In that theory, cracks are perpendicular
to the principal tension stress direction, that is not coincident with the principal
tension strain direction.

4.3.1 HYPOTHESIS AND SIGN CONVENTIONS

The hypothesis are the same with respect MCFT (see par. 4.2.1 on page 55), with
the difference that now the principal direction angle for stresses is not equal to
the principal direction angle for strains. Hence, concerning equilibrium the same
approach used in MCFT is used, but new compatibility conditions are introduced.

4.3.2 COMPATIBILITY CONDITIONS

The inclusion of the slip between cracks is described by strains superposition:

e=e.+¢° (4.16)
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Figure 4.12: Comparisons between principal stresses and strains directions, (Vecchio
and Collins, 1986).

where g, is the strain tensor relative to concrete and €7 is the one relative to average
crack slip.

From total strains e, Fig. 4.13, the principal strains €1 and €5, with the relative
angle ., can be evaluated using Mohr Circle:

Ex t+€ 1
€12 = (721» oy (e - ey) +3,
. (4.17)
Y. = — arctan (%y)
2 Ey — Eg

In the same manner, from strains €. the principal strain in concrete .1 and .o
and the relative angle ¥, are defined as follows:

Ecx + Ec 1
Ecl,c2 = % + 5\/(6636 - gcy)z + ’Ygxy
1 (4.18)
¥, = = arctan (%Iy>
2 €cy — Ecx

The crack slip §; (whose expression will be given in par. 4.3.5) is related to an
average shear strain v°, in direction v, as Fig.4.13 shows. By using, once again,
Mohr Circle, the corresponding strains €° in the x — y reference are:

7
el = -3 sin 29,

S

el = +% sin 20, (4.19)

S

Yoy = —7° co8 20,
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DISTURBED STRESS FIELD MODEL - DSFM

Reinforced Concrete = Concrete & Smeared Steel
y Gey y Gyyi
= T —L—T‘W _t_.tsn i
3 ; Texy 7 Toumi
E = G('x‘—‘» : Gex + O, : ‘—" / G,
E‘ B B sX,1 SX,1
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l
=
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& S
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Figure 4.13: DSFM: Equilibrium and Compatibility (only for concrete) Conditions.

4.3.3 EQUILIBRIUM CONDITIONS
The same equilibrium conditions used in MCFT are considered in the DSFM:

N
Oy = Ocz + Z (ps,i Usac,i)
=1
N
Oy = Ocy + Z (ps,i Usy,i) (420)
i=1
N
Tey = Texy + Z (ps,i Tswy,i)

i=1

4.3.4 CONSTITUTIVE LAWS

Constitutive laws have been updated based on new experimental data (Vecchio and
Collins, 1993).

4.3.4.1 CONCRETE

The relationship o, — €. for concrete is expressed in the principal direction given
by e., whose inclination is ¥,. The sign convection is reported in Fig.4.13 and, as
in MCFT, it is considered that g, > es.

Compression softening is described by means of a coefficient 5; that depends
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Figure 4.14: DSFM: constitutive law for concrete in compression.

on both principal strains and works both on f. and /:

1

—— <1  with
Ba 1+cseq — wi
0.8
cqg = 0.35 (—Ed - 0.28) (4:21)
Ec2
e = 1.00

The maximum compression strength and strain are given by:

. ’
Jp =P ff (4.22)
EP = Bd Ec
Concerning compression law, the following relations is proposed:
n(eq/e
oz = fp (ec2/2p) — (4.23)
(n—1) (eca/ep)
where:
n=0.80— f,/17
B 1.00 ep e <0 (4.24)
1067 f,/62 g2 < &p

In tension, concrete constitutive law is equal to that given in eq. (4.8).

4.3.4.2 STEEL

The same constitutive law presented in par. 4.2.4.2 is used.
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4.3.5 CRACK SLIP MODELING

The average strains £° expressed in eq. (4.19) are defined as a function of a smeared
deformation ~; that is related to the slip between cracks ds and to the relative
distance S, (Fig.4.13):

0
s — 5 4.25

The relative displacement ¢, can be written as a function of the cracks width w, the
tangential stresses 7.; and the concrete cubic strength resistance R.,, (Walraven,
1981):

Tei

" 1.8w 98 + (0.23w 0797 — 0.20) R

Os (4.26)
The stress 7; that develop trough cracks is evaluated by means of eq. (4.12). How-
ever, in case of elements without reinforcement, this approach lead to 7.,; = 0 and
so the strain contribution of v* is completely neglected. In addition, experimental
data have observed that the difference between 9, and . (obtained after cracks
developing) remains constant until a smeared line of reinforcing yields.

The model, hence, incorporates these aspects by means of the following empir-
ical formulation:

AV, = Vi — 0, (4.27)

AY, = AD, |AY,| < 9!
(4.28)

AV, = A, — o |AY| >
Dy = Vie — AU, (4.29)

where ;. is the first crack angle and ¥ is a constant angle defined as a function
of reinforcement’s type:

- 9! = 5.0° if the element is reinforced in both directions;
- 9! = 7.5° in the other cases.

By using eq. (4.18) and by remembering eq. (4.16), a new deformation ~; due
to slip can be obtained:

Vo = —Vay €0820, + (g5 — &) sin 29, (4.30)

The average slip deformation is obtained as follow:

% = max [v5, 7] (4.31)

It must be pointed out that this hybrid formulation combines the two ap-
proaches: for limited stress levels or for elements without reinforcement, the slip
deformation is controlled by the constant angle ¥'; for hight stress levels, the slip
deformation is given by the smeared relative displacement d.
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4.4 REDUCTION OF THE PROBLEM TO ALGEBRAIC FORM

The two theories previously exposed have been implemented in a computer code in
which the problem is translated in algebraic form by using standard finite element
techniques. In particular, a triangular element is proposed and the numerical
approach used to handle the non linearities is based on a secant formulation .

4.4.1 DISPLACEMENT FIELD

Let’s consider a solid with volume V' and surface S, on which the following quan-
tities act:

volumetric forces F;

surface forces f, acting on Sy;

known displacements sg, acting on .S,,.

yi

Figure 4.15: Discretization of the continuum domain with a triangular finite element.

Following a displacement-based approach, the continuum solid is divided into finite
elements on which displacement shape functions are chosen. By collecting the nodal
displacements in the vector U:

U= [ul v uj v U vk]T (4.32)
and by using the linear functions matrix N(z, y):
I[Nt 0 Ny O N3 O
N(z,y) = { 0 Ny 0 No 0 Ny (4.33)
the displacements in the generic P point of the solid can be written as:
u(z,y)
u(z,y) = = N(x,y) U 4.34
(@) = |20 = NGa) (434
Introducing the compatibility equations, the following relation holds:
Ex
e=|g | =BU (4.35)

Try
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By indicating with D the material matrix, the stresses result:

Og

c=|o,| =De=DBU (4.36)

Clearly, the unknowns of the problem are the nodal displacements U.

4.4.2 REFERENCE SYSTEMS

The global unknowns are referred to the global reference system (0 — xy) and
the constitutive laws are defined in the principal axis reference system (0 — 12),
Fig.4.16. In order to determine the stress state of the generic element a coordinate
transformation is needed.

O

Figure 4.16: Global (0 — zy) and local (0 — 12) reference systems.

By indicating with ’ the quantities referred to (0—12) system, the following relations
hold:

e =T.,¢
4.37
o =T, o (4.37)
where transformation matrices are (¢ = cos ¥, s = sin ¥):
2 52 sc 2 s 2sc
T.=| s° c? —sc T,=| s> > —2sc (4.38)
—2sc 2sc c?—s? —sc sc c*—s?
for which the following relation holds:
T ' =77 (4.39)

4.4.3 THE RC TRIANGULAR ELEMENT

As exposed in par. 4.2, the domain of the problem is a RC element with n smeared
types of steel bars. In the following, at first concrete domain and steel domain are
separately studied, then they are joined in order to define the state of the element.
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Figure 4.17: Secant concrete modulus.

4.4.3.1 CONCRETE

In the Disturbed Stress Field Model - DSMF - the average deformations . in
concrete does not coincide with the total deformations €, but they are expressed
by using eq. (4.16):

g.=e—¢° (4.40)

where the slip deformations €° are function of the average shear deformation ~*®
according to the eqs. reported in par. 4.3.5.

Concrete constitutive laws are expressed in the principal directions, that can
be founded as the auto-solutions of the problem:

[scx —&i %zy/ﬂ {COS 19] _ {8] (4.41)

Yewy/2 Ecy —€i| |sind

They result:

Eex + Ec 1
€cl,c2 = % + 5\/(801’ - Ecy)Q + Pygzy (442)
and:
1 cx
3 arctan <M> Eey — Ecx > 0
Ecy — Ecx
9, =1 = Y (4.43)
T 1 Veay
— 4+ —arctan | ——— Eoy — Eca <0
2 2 Ecy — €ex
In order to describe the non linear behavior, the secant moduli are used:
Bo=2ea) g (o) (4.44)
Ecl Ec2

whose geometric representation is reported in Fig.4.17 The tangential modulus,
by assuming a Poisson’s coefficient v = 0 after cracking, can be weighed as follow
(Weaver et al., 1984):

Ecl ECQ

G.= —+— 4.45
Ecl + Ec2 ( )
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Hence, the stiffness matrix in the principal reference system 0,12 is:

Ei 0 0
D.=|0 E»o 0 (4.46)
0 0 G,
and the stresses are:
o, =D€, (4.47)

In order to move from the (0 — 12) reference to the global one, transformation
matrices (eq. (4.38)) can be used and the angle ¥ is:

U= g — b, (4.48)

By imposing the equality between the internal work in the two reference systems
and by remembering eqs. (4.37) the material matrix in the global reference system
is obtained:

bel o, =6eT o/, = 6T D.e!, = 5e' TT D/ T. e, = 6 D, e, (4.49)

hence:
D.=T!/D/T. (4.50)

The stress-strain relationship is finally:

o.=D.(e.) -&. (4.51)

4.4.3.2 SMEARED STEEL

The constitutive law for the i — th smeared reinforced steel is expressed in bars
direction, because the shear stress due to steel can be neglect. By using, once
again, the transformation relationship (4.38) in which:

U= oy (4.52)

the following expression holds (¢ = cos ¥, s = sin ¥):

Ex
gsi=[? $* cs] | ey (4.53)
Yy
Also for the steel a secant modulus is assumed:
Es;= Tui (€a1) (4.54)

Es,i

whose geometric meaning is represented in Fig. 4.18.
Matrix D7, ; is:
Es,i Ps.,i 0 0
D;J- = 0 0 0 (4.55)
0 0 0
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Osi 4

Osi(€si) [~ —

Esi

Figure 4.18: Secant steel modulus.

and the constitutive law in the principal reference system is:

Os.i Es,ips,z 0 0 Es,i
o,=|0]|=] 0 o0 o||o0|=De, (4.56)
0 0 0 0 0

In order to move from principal to global reference system, the same procedure
exposed for concrete can be used:

0, =TI D, ,T.;e=D,;e (4.57)

4.4.3.3 REINFORCED CONCRETE: CONCRETE & SMEARED STEEL

In order to obtain the state of the RC element, the solutions related to concrete and
steel must be summed, according to the equilibrium equations (4.20). In general,
n type of smeared steel are present:

a:ac—i—zn:am :Dcsc—i—zn:Ds)is:Dc(s—es)—i—zn:Ds’is:
i=1

i=1 i=1

= <Dc+iDs’z> E—DCES =

i=1
= D e—D.g’

(4.58)

4.4.3.4 RESISTING FORCES AND ELEMENT STIFFNESS

Resisting forces and element stiffness can be defined through the internal virtual
work dW;:

SW; = / selo dv (4.59)
\%4
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that, according to eq. (4.32) and eq. (4.58), can be written as:
SW; = / se’o dV =
1%
= / SUTBT (De — D &) dV = (4.60)
v
=6U" (/ B'DB dV) U - 6UT/ B'De® av
1% v
in which K is the element stiffness matrix:
K= / B'DB dV (4.61)
v
Adopting a secant approach, the element restoring forces F,. . result:
F,. :KU—/ B'De® dV =KU - F¢ (4.62)
1%

in which the additional forces F¢ are due to the slip effect accounted for in the
DSFM. These forces can viewed as external forces and, if MCFT is chosen, they
result equal to zero since no slip is considered (e°® = 0).

4.4.4 SECANT SOLUTION AND CONVERGENCE CRITERION

By assembling all the element’s contributions given by eq. (4.62), a global system
of equilibrium equations can be obtained. Due to non linear material behavior, the
system is non linear and requires iterative numerical techniques. It must be pointed
out that, in general, not only the stiffness matrix depends from the solution itself,
but also the external forces vector due to presence of the slip. We can write:

K,(s) = F. + F3(s) (4.63)

where K, is the structure’s stiffness matrix, F, is the vector of structural external
forces, F{ is the structural contribution of slip effect and s is the global structural
displacements vector. The schematic representation of the secant solution scheme
is reported in Fig. 4.19. Fig. 4.20 shows the flowchart of the computer code, by put
in evidence the difference between MCFT and DSFM. It must be observed that
additional finite elements can be incorporate in the code, just by adding the relative
computation of resisting forces and stiffness matrices in the assembling procedure.
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Figure 4.19: Secant solution scheme.
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Figure 4.20: MCFT & DSFM: flow chart.
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4.5 VALIDATION AND COMMENTS

Both the theories previous exposed have been implemented in a specific computer
code, whose validation is presented now. At first, by focusing the attention on the
differences between MCFT and DSFM, some panels used in the definition of the
smeared theories are presented. Then, two famous beams in which the collapse is
due to shear are considered.

The obtained results show that, in panels, the Disturbed Stress Field Model
gives better results with respect the Modified Compression Field Theory, but in
more complex structures the differences are very small and, in some case, MCFT
gives better results.

4.5.1 PV20 PANEL

The first example deals with the PV20 Panel, one of the 30 panels tested for MCFT
formulation (Vecchio and Collins, 1986). It is a 890 mm x 890 mm square panel,
with a width equal to 70mm. The panel is subject by a pure shear action, as
Fig.4.21 shows. The materials characteristics are showed in Tab.4.1. Concerning
the mesh adopted, 4 triangular finite elements are used.

P P
P P
£
g
o
2
* p=ys
Va 7
890 mm

Figure 4.21: PV20 Panel: geometry and forces.

el flIMPal E.[MPa] fo [MPa) Eer

C

-1.8-1073 —19.6 21777 1.46 6.7-107°

(a) Concrete characteristics.

all fy[MPad] Es[MPa] p[%]

0 460 200000 1.79
90 297 200000 0.89

(b) Reinforcing steel characteristics.

Table 4.1: PV20 Panel: materials characteristics.

In Fig.4.22a, the 75, — 72y curve is presented and a good agreement between
experimental and numerical result is observed. Fig.4.22b and Fig. 4.22¢ reports,
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respectively, the ¥, — 75, and the ¥, — 7, curves. The conceptual difference between
MCFT and DFSM is clearly observed: for MCFT, the two angles are coincident,
instead DSFM is able to predict in a more realistic way the experimental result.

=l
E 3
22
& = ® m Experiment

1 MCFT

- - - DSFM
0 L
0 2 4 6 8 10 12

Txy +103

(a) Shear stress versus shear strain.

46 46
44 44
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40 40
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= 38 5 38 ]
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o MCFT 30 4 MCFT =\
|- - - osem 5g 1 |~ = - DSFm .
26 T T T T 26 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Txy [MPa] Txy [MPa]
(b) Angle ¥, versus shear stress. (¢) Angle ¥, versus shear stress.

Figure 4.22: PV20 Panel: comparisons between MCFT and DSFM results.

4.5.2 PV23 PANEL

The second validation concerns the PV23 Panel, cited in (Vecchio, 2000b) as typical
example in which MCFT predicts both a lower stiffness and a lower ultimate load,
due to the contemporaneous presence of shear and biaxial compression state. It is
a 890 mm x 890 mm square panel, with a width equal to 70 mm, Fig.4.23. Once
again, 4 triangular elements are used for the mesh and the materials characteristics
are showed in Tab. 4.2.

The 74y — 2y curve is presented in Fig.4.24, in which a better agreement
between experimental result and DSFM is observed.

4.5.3 PB20 PANEL

The third example deals with the PB20 Panel, cited in (Vecchio, 2000b) as a typical
case in which MCFT predicts both a greater stiffness and a greater ultimate load
due to the absence of reinforcing steel in one direction. As Fig.4.25 shows, it is
a 890mm x 890 mm square panel, with a width equal to 70mm. The materials
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Figure 4.23: PV23 Panel: geometry and forces.

£ fe[MPa] E.[MPa]  fer [MPa Ecr
—2.0-107%  —205 20500 176 8.6-107°

(a) Concrete characteristics.

al’) fy[MPa] Es[MPd] p[%]

0 518 200000 1.79
90 018 200000 1.79

(b) Reinforcing steel characteristics.

Table 4.2: PV23 Panel: materials characteristics.

characteristics are showed in Tab.4.3; 4 triangular elements are chosen for the

structural mesh.

r PP
~
301- P

£
E
(=]
2

B¢ ~

i & 301-P

890 mm

Figure 4.25: PB20 Panel: geometry and forces.

The 74y — vzy curve is presented in Fig.4.26, in which a better agreement
between experimental result and DSFM is observed.

4.5.4 PW3-2 CERVENKA PANEL

The PW3-2 Panel studied in (Cervenka, 1970) is considered. The geometrical
characteristics are showed in Fig.4.27a and the mechanical ones are reported in
Tab. 4.4-4.5. The structure has been modeled with 988 triangular finite elements,
as Fig.4.27b shows. It can be observed that both MCFT and DSFM furnish good

predictions of the real structural behavior.
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Figure 4.24: PV23 Panel: shear stress versus shear strain.

/

el fLIMPa) E.[MPa] fe[MPa) Eer
—2.0-1073 —21.7 21700 1.79 8.3.107°

(a) Concrete characteristics.

al’] f,[MPa] E.[MPd] p[%
0 424 200000 2.2

(b) Reinforcing steel characteristics.

Table 4.3: PB20 Panel: materials characteristics.

Txy [MPa]

= m m Experiment
MCFT
[ - — - DSFM

LI s s B B
o 1 2 3 4 5 6 7 8 9 10 11 12

Txy -103

Figure 4.26: PB20 Panel: shear stress versus shear strain.

el flIMPa) E.[MPa] fe[MPa) Eer
—-1.8-1073 —26.8 20000 1.71 8.5-107°

Table 4.4: PW3-2 Cervenka Panel: concrete characteristics.

al’]  fy[MPa] E;[MPa] p[7%]

0 (inf) 353 190000  1.83
0 (inf) 353 190000 0.92
90 353 190000 0.92

Table 4.5: PW3-2 Cervenka Panel: reinforcing steel characteristics.
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(a) Structural geometry. (b) Structural mesh.

Figure 4.27: PW3-2 Cervenka Panel: geometry and mesh.
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Figure 4.28: PW3-2 Cervenka Panel: numerical crack patterns.
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Figure 4.29: PW3-2 Cervenka Panel: force versus displacement.
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4.5.5 A1l BRESLER & SCORDELIS BEAM

The last example deals with A1 Beam, tested by Brelser and Scordelis (1963). Tt is
a simply supported beam design in order to obtain a shear collapse. The geometry
of the structure is reported in Fig.4.30a and Fig.4.31, and the mesh used (made
of 952 triangular elements) in Fig. 4.30b. The materials characteristics are detailed
in Tab. 4.6.

t [ S
1525 ‘
'8 P

210

220 1830

2050 mm
(a) Structural geometry.

(b) Structural mesh.

500

Load [kN]
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0 T T 1T
01 2 3 4

5 6 7 8 9 1011 12 13 14 15 16
Displacement [mm]

(e) Load-displacement curve.
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(g) Principal compression stress.

Figure 4.30: Al Bresler & Scordelis Beam: geometry, mesh and results.

By observing (a) the principal deformation pattern, (b) the principal stresses
pattern and (c) the crack pattern, the load transfer mechanism can be explained.
In fact, it’s clear that a smeared compression field is present in the beam’s web and
the collapse can be described by Morsch analogy (Morsch, 1902) (see par. 4.1).
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Figure 4.31: Al Bresler & Scordelis Beam: geometry of the section.

el felMPa] E.[MPa) fo [MPd] Eer
—-1.8-1073 —24.1 26778 1.62 6.0-107°

(a) Concrete characteristics.

bars fy[MPa] E;[MPa] ¢[mm]

sup. 345 201000 2¢12.7
inf. 555 218000 4¢28.7

al’]  fy[MPd] Es;[MPa] p[%]
90 325 190000 0.1

b) Reinforci d steel.
(b) Reinforcing smeared stee (c) Reinforcing longitudinal steel.

Table 4.6: Al Bresler & Scordelis Beam: materials characteristics.

4.6 CLOSING REMARKS

This chapter presents the bidimensional modeling of RC structures, focusing the
attention on smeared type models. Two well know smeared theories have been
recalled and compared: the Modified Compression Field Theory (MCFT) and the
Disturbed Stress Field Model (DSFM).

MCFT has been presented in 1986. Such a theory presents some intrinsic limi-
tations that can be solved by introducing additional controls, such as a crack check
control, a crack limit width, or a residual tension control. However, one of the most
restricting hypothesis of MCFT is that the principal stresses angle 9, is coincident
with the principal strains angle 9., and hence crack slip cannot be evaluated.

In order to overcome these intrinsic limitations, an enhanced theory - the DSFM
- has been presented in 2000. This theory is a sort of intermediate approach between
fixed and rotating crack models, in which cracks are perpendicular to the principal
tension stress direction, not coincident with the principal tension strain one.

Both the theories have been implemented in a finite element code and some
typical examples have been presented. The main result is that DSFM is effectively
ables to describe more in detail the structural behavior in dealing with the specific
panels in which MCFT clearly exhibits its intrinsic approximations. However, in
dealing with more complex structures, the differences decrease and for his simplic-
ity, MCFT can be considered a powerful tool in predicting the structural response
of RC beams in shear.



Monodimensional Modeling

This chapter deals with the definition of the state of a generic reinforced con-
crete section by considering shear’s effects, with the aim of formulating shear
flexible beam-column elements. Despite several strategies have been proposed
until now, this problem leads to a rather complexr model, whose numerical im-
plementation is not straightforward as happen in dealing with normal stresses.

5.1 GLOBAL FRAMEWORK

The global structural framework is explained with reference to Fig.5.1. The real
generic structure of Fig. 5.1a is discretized in monodimensional elements as Fig. 5.1b
shows.

Nodal displacement q [\
ng —
\144
r/<
‘h
Q
Nodal forces Q

\‘/‘ Q
(a) Real problem. (b) 1D mesh. (c) Element’s nodal quantities.

Figure 5.1: Global Analysis Framework. Real structure, structural mesh and element’s
nodal quantities.

By using a global displacement approach, the unknowns of the problem are the
global displacements s. The external loads acting on the system are transformed
in equivalent nodal forces that can be collected in a vector F.. Aim of the finite
element analysis is to find the State of the Structure so that the resisting structural
forces F,. are equal to the external ones:

F, (s) = F. (s) (5.1)
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This is, in general, a non linear system of equations since both the external and
the resisting forces may depends on the solution itself, represented by the nodal
structural displacements s.

The system shows in eq. (5.1) is obtained by assembling the state of the elements
in which the structure is discretized. The element’s nodal quantities are showed in
Fig. 5.1c; the element’s nodal displacements are collected in vector q, as follow:

T
a=[n @ @ @ ¢

and the element’s nodal forces are grouped in vector Q:
T
Q=[Q1 Q2 Q3 Qi Qs Qg
The element state determination process - evaluate the nodal forces Q given the
nodal displacement q - can be accomplished by the procedures exposed in par.
2.3.1, if the element is displacement-based, or the ones exposed in par. 2.4.2 if a
force-based element is considered.

5.1.1 ELEMENT: RESISTING FORCES AND STIFFNESS MATRIX

As already explained in Chapter 2, the state of a 1D element with distributed
nonlinearities can be obtained by weighting the sectional states with the expressions
(2.9) and (2.10) that here are recalled:

l l
Q:/BTfS,Td:c k:/BTksde
0 0

where Q is the already cited vector containing the element’s nodal forces, k is the
element stiffness matrix due to mechanical non linearities only. These quantities
are obtained by integrating along the element’s axis (z — axis) the section resisting
forces f; , and the section stiffness matrix k, respectively.

2 NoDE TIMOSHENKO BEAM ELEMENT FIBERS SECTIONAL APPROACH
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INEED
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y
4

Steel bar
Longitudinal reinforcement
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S = smeared reinforcement

Smeared steel
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nz

Steel bar

Figure 5.2: The 2 Node shear-flexible beam-column element.

The problem of defining the state of the structure is moved, in this way, to the
definition of the element, that can be done both with a displacement approach and
a flexibility one. Despite the choice adopted, the state of the element requires the
definition of the state of the section.
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It’s clear, hence, that the definition of the structural state is moved, by nested
levels, to the definition of the sectional state, that is composed with fibers. In
common finite beam-column element, the state of the section is obtained by direct
integration of fiber’s stresses. Here, instead, aiming of formulate shear-flexible
beam-column elements, also the state of the generic fiber must be obtained and,
as it will be exposed in the next, it requires the solution of a non linear system of
equations.

5.1.2 SECTION: RESISTING FORCES AND STIFFNESS MATRIX

As explained, in order to formulate a
monodimensional finite element, the Sec-
tion State Determination process must be
performed. If in the Element State Deter-
mination process the goal is to find the
element resisting forces Q and the ele-
ment stiffness matrix k, concerning the
section, the goal is to find the section re-
sisting forces f; , and the section stiffness
matrix k.

By considering Timoshenko kine-
matic, plane section hypotesis is assumed
and a mean shear strain 7 is considered.
With reference to Flg r)3, a generic point Figure 5.3: Timoshenko’s kinematic.
P moves to point P’.

By using the small rotations hypothesis,
the sectional displacements (u and v) can be written as:

{u(j(i/; _Zz(z)—y p(x) 52)
or, in matrix form:
u(x,y) _ 10 -y ZO(i)
[v(wﬂ[o L 0} ;fx)) (5.3)

u(z,y) = as(y) u,(2)
where a, is the interpolate section matrix that depends only from the geometry of
the section (y), and uy is the vector containing the generalized sectional displace-
ments that depends on the position of the section (z).
By applying the internal compatibility equations, the following strains result:

ST PR TR . o
m—ax—axoyw—ax yax =& —Y-Xo
ov 0
ou @ 0 0 vy

me:@+ax:%(Uo)Jrafy(uo*y-so):%*@ =%
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In Timoshenko kinematic, hence, only two strains can be described and, by using
once again a matrix notation, they result as follow:

-t e o

é(l’,y) = as(y) €5 (SL’)

where g¢ is axial deformation, g is the mean shear strain, yg is the curvature, that
are collected in the section generalized strain vector e;. An over line is used on € in
order to indicate that in Timoshenko kinematic we don’t deal with the full strain
tensor € = [sx Ey 'yxy]T, but only with a reduced one € = [sm ’yxy] in which,
according to eq. (5.4), €, is not present.

The section resisting forces can be defined through the Virtual Displacement
Principle, by looking at the internal work:

SW; = / 0eTe dA = / selala dA = del / ale dA = sel f,, (5.6)
A A A

in which also o is over lined to indicate that we are moving in the reduced Timo-
shenko domain. The section resisting forces result:

1 0 N
fs,rz/afc‘r dA:/ 0 1 [%} dA= |V (5.7)
A A —y 0 Txy M

The section stiffness matrix can be obtained by using its definition, as follow:

_of,,. 0 TN e B
= Gt = e [ Al e ) aa -

~ [l Wge- @) da= [ alGT = da
oo 0
- [ A e
oo
Z/Aaf(y)gas(y) dA =

- / al(y) D, a,(y) dA
A

ks

in which Dy is the tangent material matrix. Once again, an over-line is used since
in Timoshenko beam theory this matrix has dimension [2 x 2] and not [3 x 3] as
in the case of the complete plane domain. This is due to the fact that the active
deformations are only ¢, and 74, with €, equal to zero.

Concerning the exposed formulation, it deals with a generically non linear Tim-
oshenko beam. The domain in which this theory moves is a reduction of the real
plane domain. It’s clear, hence, that in order to link this beam theory with the
smeared constitutive law assumed for RC elements and exposed in the previous
Chapter, additional considerations are needed as it will be explained in par. 5.2.1.
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5.2 SPECIALIZATION TO RC SECTIONS

As exposed, the sectional resisting forces (eq. (5.7)) and the stiffness matrix (eq.
(5.8)) are obtained, respectively, by integrating the stresses and the material con-
stitutive matrix over the sectional domain. Clearly, a numerical integration process
is needed and, since reinforced concrete is a composite material made of concrete
and steel, with reference to Fig. 5.4, the generic section is decomposed in:

1. concrete fibers (with smeared transversal steel);
2. longitudinal bars;
and the sectional resisting forces and stiffness matrix are decompose as:
fSJ“ :ffr+ffr
P s (5.9)
k. =k +kj

in which the upper notation ¢ is to indicate concrete contribution (with or without
smeared transversal steel), and “ is referred to longitudinal steel only.

y y y
[T 1] . .
Lo .
Vb
z = z + z
rS o L .
REINFORCED CONCRETE CONCRETE FIBERS DISCRETE BARS
composite section with smeared transv. steel longitudinal reinforcement

Figure 5.4: RC section: fibers with smeared steel and longitudinal bars.

5.2.1 CONCRETE FIBERS WITH SMEARED TRANSVERSAL STEEL

As clearly highlighted in the previous equations, Timoshenko beam theory works
with a sub-part of the problem. In particular, since e, = 0, & does not contain o,
and the dimension of matrix Dy is not [3 x 3], but [2x 2]. Hence, in order to apply a
smeared approach at the fiber level, some additional informations are needed since
we have to link the Timoshenko domain with the full plane tensor:

Oz D11 D12 Dig| | e

oy | = | D21 D22 Doz | gy

Txy D31 D32 D33 Yy (510)
o = D €

Concerning constitutive laws, remember the nature of the problem (see Chapter
3): if we can adequately assume a constitutive uniaxial law for concrete o = o(¢),
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it’s not possible to obtain a similar law concerning 7 = 7(v). That is why a link
with a plane model, such as the ones presented in Chapter 4, is here performed.

In order to move from the real domain to the reduced one, the condition that
the total stress in the concrete must be equilibrated by the transversal steel is used
in each fiber, according to (Petrangeli et al., 1999) and (Petrangeli, 1999):

Oy =0cy+05y=0 (5.11)

This condition permits to work with the complete domain and to obtain, for
each fiber, his matrix D. Then, however, a static condensation of e, must be
applied in order to come back in the Timoshenko domain. By expanding eq. (5.11)
the following expression is obtained:

G'y:D21~Em+D22~Ey+D23~’7xy:0 (512)
and, by solving it with respect ¢, the following condition holds:

o _ Da1-ea + Doz Yay
Y Doy

(5.13)

By substituting (5.13) in (5.10), the final form of the condensed fiber matrix is
obtained as follow:

D Dys-D
Dy —2 Dim D3 — 1; =
ox 2 22 €
|:sz] N Dy - Do Dss |:’Yzy:| (5.14)
D3 — D33 —2
13 Doy 33 2]
o = D €

By integrating the material response according to eq. (5.7) and (5.8), concrete
and transversal steel contributions to section resisting forces and section stiffness
matrix can be obtained as follow:

& :/aST& dA
A

s,r

(5.15)
kS = /A al(y) D; a,(y) dA

5.2.2 LONGITUDINAL STEEL

Longitudinal bars contribution can be evaluated in a discrete way, as the summation
of all the mn; single bars states. Only longitudinal strain e, is considered. By
specializing eq. (5.5), the longitudinal strain for each bar can be evaluated as:

€20 = €0 — Ybsi * X0 (5.16)

Hence, the material matrix assumes the following expression:

- E.; 0
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and the contribution of longitudinal steel to sectional resisting forces and stiffness
matrix is:
np
oo
5= (af o) 757 ) A

=1 (5.18)
Es; O
’ 0:| as(yb,i)) As,i

o
193}
|
[z
<o
N\
V]
!
—~
<
d&‘
N
| — |
O w»

5.3 SECTION STATE DETERMINATION

At this point, in order to consider different possibilities for determine the state of
the section, two Fixed Pattern Approaches as presented. They can be subdivided
into two groups: the Fixed Strain Approaches and the Fixed Stress Approaches.

5.3.1 FIXED STRAIN APPROACHES

A Fixed Strain Approach defines a priori the v,,(y) pattern, with the condition that
the mean value of the so obtained distribution is equal with the shear generalized

deformation:
b(y) d
o = fh%y@fl (y) dy (5.19)
Two type of distribution has been considered, as Fig. 5.5 shows:
y
,7 Yo | Yo
----0f---- !
z [
I
. I
€x Yxy = CONSL. Yy = parab.

Figure 5.5: Fixed Strain Approaches: Input quantities.

The state of the section can be obtained by working with nested loops in each
fiber. In particular:

- &, and 7,y are fixed from sectional kinematic (see Fig.5.5);

- &y is not known, but it can be evaluated by using the condition that the stress
in concrete must be equilibrated by the stress in transversal steel (eq. (5.11))
from which eq. (5.13) follows:

7D21 €+ D23 * Yy
Do

Ey =
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The flow chart of the section state determination is exposed in Fig.5.7a. For
his simplicity, this is the less computational demanding approach, but it tends to
concentrate shear resistance in the compression zone of the section (Vecchio and
Collins, 1988), with a lower prediction of the stirrups stresses as it will be exposed
in par. 5.4.

5.3.2 FIXED STRESS APPROACHES

A Fixed Stress Approach defines a priori the 7,,(y) pattern, with the condition
that the mean value of the obtained distribution for ~,,(y) is equal with the shear
generalized deformation:

_ Jurey() b(y) dy

) | o= TN D (5.20)
Y * *
‘E)C T.Xf
,7—‘ @ y )
,,,,,,,,,,,,,,,,,,,,,,,,, e Or----
z
£x T,y = const. T,, = parab.

Figure 5.6: Fixed Stress Approaches: Input quantities.

The distribution of 7, (y) can not be imposed a priori, since kinematic variables
are needed in order to use a smeared approach (like MCFT). Hence, also in this
case the solution is reached in an iterative way, by imposing for each fiber of the
section the two conditions:

oy =10
{ . (5.21)

By remember eq. (5.10), this system can be rewritten in this form:

Doy &3+ Daog-gy + Doz Yy =0 (5.22)
D31-ex+ Dag-ey + D33 Vay = Tpy .
and can be solved for €, and v;,:
o (D23~ D31 — Dy - Dsg) ex — Do - 7,
Y D3y - D33 — D23 - D32 (5.23)
Dag -7y, + (D21 D3z — Dag - D31) &
Yoy = +

Dos - D33 — D3 - D3
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For each fibre, a nested loop solving eq. (5.23) so that (5.21) holds is needed.
At the higher level (the sectional level) however, the condition expressed by eq.
(5.20) must be satisfied. Hence, an additional sectional loop must is needed, as the
flow chart reported in Fig.5.7b clearly shows.

A similar procedure has been proposed also in (Ferreira, 2013), in which the
sectional loop is not performed but a residual shear force is accounted for. Accord-
ing to (Vecchio and Collins, 1988) the imposition of a parabolic pattern for 7,
produce a result more close to the real solution.

5.3.3 COMPARISON AND FLow CHARTS

Fig. 5.7 shows the flow charts for the two sectional state determination approaches.
It can be observed that:

- Fized Strain Approach:

with respect a classical RC section that deals with the problem of normal
stresses, the inclusion of shear modeling produces a sectional state determi-
nation process that is accomplished by an integration of iterative fibers. This
iteration at the fiber level is request in order to calculate the transversal strain
€y so that o, = 0 corresponds. We have, hence, a loop ¢ for each fiber, but
the section is not iterative (see Fig.5.7a) since, in a fixed strain approach,
the input are kinematic quantities;

- Fized Strain Approach:

in this case, the input quantities are not only kinematic because a pattern for
the shear stress 7, is imposed. We don’t know the effective value, but we just
say that the pattern is, for example, constant or parabolic. In this case, hence,
in addition to €, as before, we have also v, as unknown. As a consequence,
the state of the section is obtained with an iterative section, made of iterative
fibers as Fig. 5.7b shows. With respect a fixed strain approach this procedure
is more computational involving.
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(a) Fixed Strain Approach: non iterative section.

(b) Fixed Stress Approach: iterative section.

Figure 5.7: Flow chart of the two proposed Section State Determination.
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5.4 VALIDATION: THE “STUTTGART SHEAR TEST”

All the numerical procedures previous exposed are now validated and compared
with the well know shear beam tests carried out in Stuttgart and reported in
(Leonhardt and Walther, 1962) - (Leondardt, 1965). 4 simple supported beams
(ET1, ET2, ET3, ET4) have been considered, with same length and same longitu-
dinal and transversal reinforcement. They differ only for the transversal section,
in which web widths present the variations: 0.30m, 0.15m, 0.10m, 0.05m (see
Fig.5.9). The goal of this test was to examine the influence of the web width on
the shear strength of the beams. Comparisons deal with:

1. load displacement curves;

2. crack patterns;

3. collapse types;

4. stresses in transversal stirrups.

Concerning the constitutive laws adopted, the relationships of the original MCFT
formulation are considered (Vecchio and Collins, 1986), both for concrete and for
steel. See par. 4.2.4 for details.

All the beams are studied both with bidimensional and monodimensional mod-
els. The corresponding structural meshes are reported in Fig. 5.8.

P

&
(a) 2D FE model.
| y
& ¥
i ?I "JI ,‘V ?I "V "JI ,‘V
50200" 200" 200" 200" 200" 225" 225 =
’ 1500 mm ’ >*—e

(b) 1D FE model.

Figure 5.8: Stuttgart Shear Test: meshes of the two numerical models used.

The results of 2D modeling are shown in Fig.5.10. In particular, for all the
beams, the principal tension strain is plotted in correspondence of the collapse
load. It can be observed that in ET1 beam, the higher strains interest the central
bottom part of the beam. This happens in a flexural-type collapse. Then, by
moving from ET1 to ET4 beam, there is a migration of the principal strains in the
web of the beam, as happens in a shear-type collapse.
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Figure 5.9: Stuttgart Shear Test: geometriy, sections and material’s properties.
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Figure 5.10: Stuttgart Shear Test: comparisons between principal tension strains.

Fig.5.11 shows the load-displacement curves and the evolution of the stresses in
the stirrups, for all the beams and for all the numerical analysis considered. All
the numerical procedures exposed in this thesis have been used. In particular,
comparisons deal with:

- experimental results;

- 2D modeling;

1D modeling with the shear flexible beam-column element;

1D modeling with a common beam-column element based on Navier-Bernoulli
kinematic.
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The following comments arise (see Fig.5.11):

1. bidimensional modeling (based on MCFT):
it is able to predict the nature of the problem, concerning both the load-
displacement curves and the evolution of the stresses in the stirrups, for all
the 4 tested beams;

2. monodimensional modeling based on Navier-Bernoulli kinematic:

in this case, stirrups are not directly modeled and hence the relative stresses
can not be evaluated. The loads-displacement curves can not be considered
adequate since an overestimation of the collapse load and of the structural
ductility are present. In addition, by comparing the 4 beams, it can be
observed that all the curves are, more or less, the same. This is due to the
fact the neutral axis belong to the upper part of the section and, since the
width variations interest the bottom parts, this 1D model is not able to catch
the differences between the beams;

3. monodimensional modeling with the shear-flexible beam-column element:
here, the same constitutive laws assumed for the bidimensional modeling are
considered. The result is that, now, the beam element is able to describe
better the structural behavior: the ultimate load is adequately captured,
with a stiffness that is however higher with respect the 2D modeling. In
addition, the stresses in the stirrups can be evaluated:

- if a fixed strain approach is considered, the shear resistance is concen-
trated in the compression zone of the section and a lower prediction of
the stirrups stresses descends;

- if a fixed stress approach is used, a better representation of the stresses
in the stirrups is generally obtained.

Fig.5.12 deals with the crack pattern, by comparing the experiment, the bidimen-
sional modeling and the monodimensional model. Concerning the representation
in the 2D model, a crack is plotted in the finite element if the cracking stress is
reached. The direction of the crack is given by the principal stresses inclination
angle. In the 1D model, instead, the procedure used in order to produce the crack
pattern is as follow:

- in each element, the mid section is considered;

- in each fiber of that section, it is control if the cracking stress is reached and,
if yes, the relative crack inclination is saved;

- by smearing such a results in all the element’s length, a conventional crack
can be obtained.

As clearly Fig.5.12 shows, in the central part of the beam cracks are vertically ori-
ented since, here, only bending moment is present. A more general representation
of concrete cracking pattern can be found in (Ferreira, 2013).
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(a) Experimental Results.
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Stuttgart Shear Test: comparisons between crack patterns.
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5.5 CONCLUDING REMARKS

In this chapter, some possibilities of the so-called fixed pattern approaches have
been considered and, in particular, a 2 node Timoshenko beam has been presented
and validated.

At first, the global framework is exposed. The generic structure is subdivided
into monodimensional finite beam-column elements. Each beam element is com-
posed by sections and each section is composed by fibers. In a nested way, the
problem of determine the state of the structure is moved to the determination of
the state of the generic fiber. In order to describe the complex shear behavior and
its interaction with normal stresses, a link with a 2D constitutive model is needed.
the Modified Compression Field Theory (MCFT) is hence adopted at the fiber
level. Transversal reinforcing steels are smeared in the concrete domain.

Then, two section state determinations are presented and compared. The first is
a fixed strain approach, with a set of kinematic variables as input. The so obtained
sectional state requires a numerical integration of iterative fibers. The second is
a fixed stress approach, with both kinematic and static variables as input. The
descending sectional state is represented by an iterative section, made of iterative
fibers.

All the numerical procedures have been validated on a well know shear beam
test. The main conclusion is that only 2D modeling is able to describe the total
complex structural behavior. Between the two monodimensional models proposed
in this chapter (that differ only in the section state determination process), best re-
sults have been obtained with the iterative section in which a parabolic distribution
of shear stresses is considered.

Several improvements of the proposed numerical approached are possible. In
particular, the main problem of a fixed pattern approach is the choice of the pattern
itself. It’s clear that, in dealing with sections with arbitrary shape or arbitrary po-
sition of reinforcements, such a choice is not straightforward and specific extensions
of the formulation are required.
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DAMAGED RC STRUCTURES






Damage modeling in RC struc-
tures exposed to corrosion

A general method able to predict the structural lifetime performance of RC
structures is presented. The diffusion process is modeled by using Cellular
Automata and by including the reduction of cross-sectional areas of corroded
bars, the reduction of ductility of reinforcing steel, the deterioration of con-
crete strength and the spalling of the concrete cover.

6.1 INTRODUCTION

Concrete structures exposed to aggressive environments are subjected to lifetime
degradation induced by the kinetic process of diffusion of chemical components,
such as sulphates and chlorides, driven by concentration gradients inside the ma-
terial volume (Glicksman, 2000). Sulphates contained in soil or water can contam-
inate the cement paste causing a progressive loss of concrete strength. Chlorides
beyond a threshold value in carbonated concrete can lead to the corrosion of re-
inforcing steel (Castellani and Coronelli, 1999), (Bertolini et al., 2013). Chlorides
are critical in a marine environment, where they diffuse into concrete as airborne
chlorides and/or by direct contact with seawater, but they can also come from the
application of deicing salts on bridge decks (C.E.B., 1992). In general, for con-
crete structures, damage scenarios are more critical for bridges than for buildings,
since usually the entire structure is directly exposed to the aggressive atmosphere
without protection, (Biondini et al., 2013).

In ordinary condition, reinforcing steel bars embedded in sound concrete are
protected by a thin protective oxide film that prevents corrosion initiation. In fact,
the alkaline solution contained in the pores of the hydrated cement paste promotes
the passivation of steel. However, corrosion can take place when the passive film
is removed or locally damaged due to carbonation of concrete or to chloride pene-
tration (Sgambi et al., 2012). Based on that, the service life of reinforced concrete
structures can be divided in two distinct phases (Fig. 6.1). The first phase is the ini-
tiation of corrosion, in which the reinforcement is passive but carbonation and/or
chloride penetration take place leading to the progressive loss of passivity. The
second phase is propagation of corrosion, that begins when steel is depassivated
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Figure 6.1: Initiation and propagation periods for corrosion in RC structures.

and finishes when a limit state is reached beyond which consequences of corrosion
cannot be further tolerated.

6.1.1 INITIATION PHASE

During the initiation phase, aggressive substances that can depassivate steel pen-
etrate from the surface into the inner layers of concrete. Carbonation begins at
the surface of concrete and moves gradually towards the inner zones, neutralizing
concrete alkalinity by the ingress of carbon dioxide from the atmosphere. As far as
chloride attack, chloride ions can penetrate into concrete and reach the reinforce-
ment, destroying the protective layer if their concentration on steel surface reaches
a critical level (Camnasio, 2013). The duration of the initiation phase depends
mainly on the cover depth and the penetration rate of the aggressive agents as well
as on the concentration necessary to depassivate the steel bars. Design codes define
cover depths according to the expected environmental class (EN-206-1, 2001). The
rate of ingress of the aggressive agents depends on concrete quality, i.e. porosity
and permeability, and on the microclimate on concrete surface. Using protective
measures that prolong the initiation phase is an effective way to improve concrete
durability.

6.1.2 PROPAGATION PHASE

When the steel protective layer is destroyed, corrosion starts if water and oxygen are
present on the surface of the reinforcement. The corrosion rate greatly depends on
temperature and humidity and determines the time it takes to reach the minimally
acceptable state of the structure, i.e. the durability failure criterion. Corrosion
induced by carbonation is generally uniform on steel surface, since carbonated
concrete leads to complete dissolution of the protective layer (Fig.6.2a-6.2b). In
presence of high chlorides content, corrosion tends to be localized, with penetrated
attacks of limited area (pits) surrounded by non-corroded areas. This is called
pitting corrosion (Fig.6.2¢c). Sometimes, when very high levels of chlorides are
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present, the passive film is destroyed over wide areas, thus causing a generalized
corrosion. Moreover, hydrogen embrittlement can occur on high-strength steel used
in prestressed concrete, under particular environmental, mechanical loading and
electrochemical conditions, leading to the brittle failure of the material (Fig. 6.2d).

(a) Cracking of columns and cross beam.

(c) Pitting corrosion. (d) Brittle failures of prestressing tendons.

Figure 6.2: Examples of consequences of corrosion of steel in concrete (Bertolini, 2006).

In the following, a general method able to predict the structural lifetime per-
formances is presented. At first, the aggressive agent penetration is dealt with.
Such a problem requires the solution of a partial differential equation and, in order
to consider arbitrary geometries and arbitrary positions of reinforcements, a spe-
cial evolutionary computational technique is applied: the cellular automata. Once
chlorides concentration is know in all the RC domain and in time, the reduction
of cross-sectional areas, of ductility of reinforcing steel, the deterioration of con-
crete strength and the spalling of the concrete cover will be modeled by presenting
special damage indexes.
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6.2 DIFFUSION PROCESSES AND CELLULAR AUTOMATA

Corrosion is a complex phenomenon, involving different mechanisms and depending
on many parameters. In literature different studies can be found, in order to under-
stand the fundamental factors. Both experimental tests and numerical simulations
have been carried out, with the purpose to investigate the effects on a local and
a global level, and also to develop analytical models (Titi, 2012). Among differ-
ent aggressive agents, the presence of chlorides plays a fundamental role (Stewart,
2009). Hence, the attention is concentrated on chlorides induced corrosion.

6.2.1 MODELING OF DIFFUSION PROCESSES

The hypothesis of a diffusion mechanism can be acceptable if an effective diffusion
coefficient D, is introduced. The simplest model, hence, is the Fick’s first law, wich
assume a linear relationship between the mass flow and the concentration gradient.
The combination of the Fick’s model with the mass conservation principle leads to
the Fick’s second law. Assuming an isotropic media, the problem is described by
the following second-order partial differential equation (Glicksman, 2000):

— V- (=D.VC) = aa—f (6.1)

where C' = C(x,t) is the mass concentration of the component at point x = (z,y, 2)
in the ¢ time, and VC' = gradC. Since D, is an effective diffusion coefficient, the
described model can be enhanced by considering the anisotropy of the media, more
diffusion components and particular chemical reactions or stresses effects.

In reinforced concrete structures, the effective diffusion coefficient D, depends
on relative humidity, on temperature and on the internal stress field. Hence, Fick’s
law must be improved by considering both the thermal effects and the material con-
stitutive laws in a full coupled physical-mechanical process (C.E.B. (1992), Saetta
et al. (1999), Xi and Bazant (1999), Xi et al. (2000)).

However, the so-obtained models are at first too complex, but secondly they
need a wide calibration process that seems too far from the nature of the problem
that, in addition, is not so certain.

For these reasons, in lifetime structural assessment, it seems more convenient
the adoption of a macroscopic approach that neglect all the above mentioned in-
teraction process but that, for his simplicity, can be easily extended in the non
deterministic field.

In the following, it is hence assumed that Fick’s law holds with an effective
diffusion coefficient D, that is constant in time. Eq. (6.1) can be rewritten as:

oC
2/
DV2(C = o (6.2)

Despite eq. (6.2) is a linear partial differential equations, his solution exists only
for a limit number of classical cases. For that reasons, tipically the problem of the
penetration of chlorides into concrete cross-sections is studied in a uni-dimensional
form (C.E.B., 1992) and the solution of eq. (6.2) is expressed as:

C(z,t) = C, {1 - erf< (6.3)

)l
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However, such a 1D approach is applicable for simple sections, but in general,
due to different geometric domains or different positions of steel bars or different
attack scenarios, a numerical solution of eq. (6.2) is needed. Inspired to (Biondini
et al., 2004b) and (Titi, 2012), in order to solve the diffusion process, a special
evolutionary computation technique is used: the cellular automata.

6.2.2 AN INTRODUCTION TO CELLULAR AUTOMATA

A cellular automata is a dynamic system where space, time and states are discrete.
Cellular automata were firstly introduced by von Neumann and Ulam in 1948-1950
(Von Neumann et al., 1966) and subsequently developed by other researchers in
many fields of science (see for reviews: Toffoli and Margolus (1987), Adami (1998),
Wolfram (2002)). Originally related to the study of self-replication problems on
the Turing’s machine, cellular automata left laboratories in the 1970s and became
popular in the academic circles with the now famous Game of Life invented by Con-
way (Gardner, 1970). Basically, they represent simple mathematical idealizations
of physical systems in which space and time are discrete, and physical quantities
are taken from a finite set of discrete values. In fact, any physical system satisfying
differential equations may be approximated as a cellular automaton by introducing
discrete coordinates and variables, as well as discrete time steps. Properly speak-
ing, therefore, models based on cellular automata provide an alternative and more
general approach to physical modeling rather than an approximation; they show a
complex behavior analogous to that associated with complex differential equations,
but in this case complexity emerges from the interaction of simple entities following
simple rules (Biondini et al., 2004b).

The definition of a cellular automata must consider two fundamental characteris-
tics:

1. uniformity: the automa’s elements are equal in all the domain;

2. locality: each element has a state that depends only on what happen around
it.

In its basic form, a cellular automaton consists of a regular uniform grid of sites
or cells, theoretically having infinite extension, with a discrete variable in each cell
which can take on a finite number of states. The state of the cellular automaton
is then completely specified by the values s; = s;(¢) of the variables at each cell
1. During time, cellular automata evolve in discrete time steps according to a
parallel state transition determined by a set of local rules: the variables sf“
s;(tr+1) at each site ¢ at time t511 are updated synchronously based on the values
of the variables s in their “neighborhood” n at the preceding time instant ¢;. The
neighborhood n of a cell 7 is typically taken to be the cell itself and a set of adjacent
cells within a given radius r, or i —r < n < i+ r. Thus, the dynamics of a cellular
automaton can be formally represented as:

sFHL = sk sF) i—r<n<i+r (6.4)

A i °n

where function ¢ is the evolutionary rule of the automaton.
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O—e—1 O——{——e 10O
(a) 1D. Radius r = 1. (b) 1D. Radius r = 2.
D—4+*—D (W —
(¢) 2D. von Neumann r = 1. (d) 2D. Moore r = 1.

Figure 6.3: Typical neighborhoods for 1D and 2D cellular automata.

Clearly, a proper choice of the neighborhood cells n plays a crucial role in
determining the effectiveness of such a rule. Fig. 6.3 shows an example of typical
neighborhoods for one and two dimensional cellular automata, but patterns of
higher complexity can be also proposed.

6.2.3 CELLULAR AUTOMATA SOLUTION OF DIFFUSION EQUATIONS

One of the most effective applications of cellular automata is the simulation of
diffusion processes, since their dynamics can accurately reproduce linear or nonlin-
ear flows with complex boundary conditions (Whitney, 1990). This result is easily
achieved through a proper selection of both the neighborhood n and the rule ¢. As
reported in (Biondini et al., 2004b), the diffusion process described by Fick’s laws
in d dimensions d = 1,2, 3 can be effectively simulated by adopting a von Neumann
neighborhood (Fig. 6.3¢) with radius » = 1 and the following rule of evolution:

d
CHT = goCF+Y 65 CF + ¢fCPyy (6.5)

Jj=1

where the discrete variable s¥ = CF = C(x;,t;) represents the concentration of
the component in the cell ¢ at time t5. The values of the evolutionary coefficients
Po(d), ¢; (d) e ¢;‘ (d) must verify the following normality rule:

d
G0+ ¢ + ¢f =1 (6.6)

Jj=1

as required by the mass conservation law.
In addition, for isotropic media, in order to avoid directionality effects, the following
symmetric condition must be satisfy:

¢; (d) = ¢ (d) = ¢ (d) (6.7)

It is possible to prove the equivalence by the cellular automata rule adopted
and the diffusive partial equation.



6.3 FroMm DIFFUSION PROCESs TO DAMAGE INDEXES 107

By considering the one-dimensional case, eq. (6.5) can be rewritten as:

C(z,t + At) = ¢oC(z,t) + ¢1[C(x — Az, t) + C(z + Az, t)] =

1— o (6.8)

= ¢oC(z,t) + 5 [C(x — Az, t) + C(x + Az, )]

where Az is the grid dimension and At the step time increment. By subtracting
in both terms C(x,t) and by dividing for At, the following relation holds:

Clz,t+At) = C(z,t)  1—¢o 1
At 2 At

[C(x — Az, t)+ C(z+ Az, t) — 2C(z,t)] (6.9)

that can be rewritten as:

Clz,t+ At) — C(z,t) 1 —¢g Az? [C(z — Az, t) + C(z + Az, t) — 2C(z,t)]
At 2 At Az?

(6.10)

By defining:
1—¢o Ax?
2 At

and taking the limit Ax — 0 and At — 0, the expression of the second Fick’s law
is obtained:

D= (6.11)

oC(x,1) _ po*Cla,t)
ot Ot2

In conclusion, given a D value, the diffusion process can be dealt with by
choosing two values Az, At so that eq. (6.11) holds.

The same procedure can be generalized in d dimensions. In particular eq. (6.11)
becomes:

(6.12)

_1—¢0A$2_¢A$2
T 24 At VAt

Usually a deterministic value ¢9 = 1/2 is related to a good accuracy in the re-
sults (Titi, 2012). In the present investigation a deterministic definition for the
evolutionary coefficient is used; however, in order to consider stochastic effects in
the diffusion process, a probabilistic formulation of the cellular automata can be
applied.

D

(6.13)

6.3 FROM DIFFUSION PROCESS TO DAMAGE INDEXES

Once the diffusion process has been solved, the mechanical damage can be evaluated
by introducing suitable material degradation laws. In order to consider (a) the
reduction of cross sectional area of corroded bars, (b) the reduction of ductility of
reinforcing steel, (c) the deterioration of concrete strength due to development of
longitudinal cracks induced by the corrosion products and (d) the spalling of the
concrete cover, different damage indexes are proposed. In the following, it will be
show that all these damage indexes can be written as a function of a dimensionless
damage index d5, that will be correlated to the diffusion process described before.
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Figure 6.4: Modeling of mechanical damage: (a) time evolution of damage indices dur-
ing diffusion process; (b) linear relationship between rate of damage and
concentration of aggressive agent.

6.3.1 DEFINITION OF THE DIMENSIONLESS DAMAGE INDEX {;

Structural damage can be viewed as a degradation of the mechanical properties
which makes the structural system less able to withstand the applied actions. The
effects of corrosion damage can be described in the structural model through dam-
age indexes and corrosion can selectively be applied to damaged structural elements
with a different level of penetration in each reinforcing bar and a different dete-
rioration for concrete parts, in order to consider prescribed damage patterns and
corrosion levels (Camnasio, 2013).

Several formulations has been presented to date in order to correlate the rate
of damage and the concentration of the aggressive agent. A critical comparisons
will be show in par. 6.4. In this thesis, the formulation proposed in (Biondini
et al., 2004b) will be used. In such an approach, a linear relationship between the
rate of damage and the concentration of the aggressive agent after the reaching of
a concentration threshold C,, is assumed, so that the following relationship holds
(see Fig.6.4):

d6s  C(x,t)

ot CsAt,
where C; represents the value of constant concentration C(x,t), in a certain po-
sition and at a specified time instant, which lead to a complete damage of the
materials after the time periods At,.

=p O(x,1) (6.14)

Concerning the damage’s effects, the formulation has been here enhanced by
considering all the chlorides corrosion effects in reinforced concrete. In particular,
four damage’s effects will be presented:

1. the reduction of cross-section of reinforcing bars;
2. the reduction of ductility of reinforcing steel;

3. the reduction of concrete strength;

4. the spalling of the concrete cover.

It will be show that all these effects can be derive as a functions of the dimensionless
damage index ds.
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6.3.2 REDUCTION OF THE CROSS-SECTION OF REINFORCING BARS

The most relevant effect of corrosion is the reduction of the cross-section of the
reinforcing steel bars. Depending on the source of corrosion, different models can
be applied in order to simulate it, Fig. 6.5.

Dy

(a) Uniform corrosion. (b) Pitting corrosion. (c¢) Mixed corrosion.
Figure 6.5: Modeling of cross section reduction of a steel bar, adapted from (Titi, 2012).

By denoting p the corrosion penetration depth, it is useful to introduce a dimen-
sionless corrosion penetration index ¢ € [0,1] defined as:

p
=L 1
=1 (6.15)

where Dy is the original diameter of the bar. Finally, the area of the corroded steel
can be represented by a function of corrosion penetration index, depending on type
of corrosion:

A,(6) = [1 = 6,(6)] Aso (6.16)
where Agg = 7 D3/4 is the area of the undamaged bar and J; = d(d) is the

dimensionless damage index for reinforcing steel.

6.3.2.1 UNIFORM CORROSION

In carbonated concrete, without a significant presence of chlorides, corrosion tends
to develop in a uniform way around steel bars, Fig. 6.5a. In this case the penetration
depth is p = 2z, and the damage function s has the following expression:

d0s =9 (2—9) (6.17)
Exploiting eq. (6.16), the uniform reduction of area is:

Dy

At) =7 [2 - :c(tp)] ’ (6.18)

where t,, is the time in which corrosion begins.
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6.3.2.2 LOCALIZED CORROSION

If concrete is contaminated by chlorides, reduction of steel area is not uniform
but tend to localize (pit), Fig.6.5b; the model presented above is therefore not
suitable. From measures of current intensity it is possible to obtain a mean value
of penetration depth; however, due to the localization of the damage, the maximum
depth 4, in correspondence of the pit is significant higher. One solution is to
define the pitting factor R, defined as:

R= ZWmas (6.19)

m(t)mean

Indicative values for the pitting factor R can be found in (Gonzalez et al., 1995).

6.3.3 REDUCTION OF DUCTILITY OF REINFORCING STEEL

Pitting corrosion may involve a significant reduction of steel ductility. Tensile
tests on corroded bars show that for a quite limited mass loss (about 13%) steel
behavior may become brittle (Almusallam, 2001). The results of experimental tests
reported in (Apostolopoulos and Papadakis, 2008) indicate that ductility reduction
is a function of the cross-section loss. Based on this results, the 4, can be related
to the damage index §; = d5(0) as indicated in (Biondini and Vergani, 2012):

Esul 0 S 55 S 0016

0.1521- 57945836 0.016 < 6, < 1

where 4,0 is the steel ultimate strain of the undamaged bar.

6.3.4 EFFECTS OF CORROSION ON CONCRETE

Effects of corrosion are not limited to damage of reinforcing steel bars. In fact,
in case of uniform corrosion with low penetration rate, the formation of oxidation
products may led to propagation of longitudinal cracks and concrete cover spalling.
The effects are presented in Fig. 6.6.

(a) Scaling. (b) Delamination. (c) Corner effects.

Figure 6.6: Corrosion effects on concrete cracking.

Concrete degradation can be taken into account by modeling the reduction of
concrete compression strength f. due to cover cracking:

fe=1[1=10.(9)] feo (6.21)
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where f.o is the strength of undamaged concrete. The reduced concrete strength
fe can be evaluated as follows (Coronelli and Gambarova, 2004):

ch

folt) = ——— 6.22
0= o (6.22)

where & is a coefficient related to bar diameter and roughness (k = 0.1 for medium-
diameter ribber bars), €. is the strain at peak stress in compression, and ¢, is an
average (smeared) value of the tensile strain in cracked concrete at right angles to
the direction of the applied stress. The transversal strain ¢ is evaluated by means
of the following relationship:

bp(t) — b _ Ab(t)

=" b

(6.23)

where b; is the width of the undamaged concrete cross-section and by is the width
after corrosion cracking. The increase Ab of the beam width is estimated as follows:

bf — bz = Wtot (t) (624)
and hence: .
e (t) = wt‘;( ) (6.25)

where wiot(t) = Y w;(t) is the sum of the mean opening cracks of all the bars.
Several relationships are proposed in literature to evaluate the crack opening
w. The following empirical model is assumed in (Vidal et al., 2004):

w = nw(ds(t) - 650)1450 (626)

where 1, = 0,0575 mm~! and J4 is the amount of steel damage necessary for
cracking initiation. This damage threshold is evaluated as follow:

R c 2
dso=1—|1——=—(7,53+9,32— ) x 1073 6.27
’ [ Do < " D0> ] (6:27)
where c is the concrete cover. The crack opening increases
with the expansion of corrosion products up to a critical
width, conventionally sets to 1 mm. The spalling of con-

crete cover is assumed to occur when this threshold is
reached. T

According to (Biondini and Vergani, 2012), the reduc-
tion of concrete strength is not applied to the entire con-
crete cover, but it is limited to the zones adjacent to rein-
forcing bars. Fig. 6.7 shows a model where the reduction of
concrete strength is applied to a portion of concrete cover
surrounding the corroded bars within a radius equal to
the cover thickness. Through such an approach, both the
mechanisms of spalling of the concrete cover and delami-
nation phenomena can be dealt with.

% Concrete zones
undergoing damage

Figure 6.7: Model.
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6.4 CRITICAL COMPARISON

As shown, damage modeling needs at first the solution of the diffusion process so
that the concentration of the aggressive agent over the sectional domain is know
in time (C = C(x,t)); secondly, the evaluation of the dimensionless damage index
0s = 0s(x,t) is required and, once this index is know, the time-evolution of the
material characteristics can be evaluated with the previous explained relationships.
It’s clear that a proper evaluation of §5 plays an important role.

The formulation previous exposed enhances the proposal given in (Biondini
et al., 2004b) and assumes a linear relationship between the rate of damage and the
concentration of the aggressive agent. Other approaches can be used. In particular,
in (Vergani, 2010) and in (Camnasio, 2013) the damage indexes are expressed as a
function of the corrosion rate r.., that can be assumed according to Fig. 6.8.

1000 .
Concrete heavily contaminated by chloride
and 95-98% R.H.

100 Concrete contaminated by chloride and

Dd; 90-95% R.H. or carbonated concrete and
95-98% R.H.

Concrete contaminated by chloride and
— 80-90% R.H. or carbonated concrete and
10 90-95% R.H.

Concrete contaminated by chloride and
l[¢&—— 50-50% R.H. or carbonated concrete and
70-90% R.H.
\ Sz iz

Concrete carbonated or contaminated by
chloride satured by water or dry: R.H. <50%
(chlorides), R.H. <70% (carbonation)

01 Concrete  non-carbonated and  without
. chlorides

Corrosion rate rcorr [pum/year]

NEGLIGIBLE

Figure 6.8: Schematic representation of corrosion rate of steel in different concretes and
exposure conditions (Camnasio, 2013).

m steel bars

Figure 6.9: Cellular automata grid and steel bars sampling points position.

The different formulations are now compared on the RC section reported in
Fig. 6.9. Steel bar’s diameter in position 1 is equal to 14 mm and in position 2 and
3 is equal to 12mm. On the bottom edges of the section (red edges), a chlorides
concentration with Cy = 1.5% (mass chlorides percentage over mass cement) acts.
The following data are assumed: Aty = 40years, p = 0.025/Cy and C., = 0.6%.
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Once the boundary conditions are defined, the diffusion process is simulated by
cellular automata, with a diffusion coefficient D = 10 x 10712 m?/s, a grid dimen-
sion Az = 10 mm and a time step At = 0.04 years. The obtained concentration
maps of the aggressive agent in time are reported in Fig. 6.10.

600 1 600

500

O—200 -100 0 100 200 0 0—200 -100 0 100 200 0 -200 -100 0 100 200
z [mm] z [mm] z [mm]
(a) t =10 years. (b) ¢ = 30 years. (c) t =50 years.

Figure 6.10: Normalized concentration maps in time.

The dimensionless damage index J; is reported, for all the considered formu-
lations, in Fig.6.11. In particular, Fig. 6.11a refers to steel bars in position 1 and
Fig. 6.11b to steel bars in position 2.

—— Biondini et al. (2004) — Vergani (2010) - uniform —— Biondini et al. (2004) — Vergani (2010) - uniform
— Vergani (2010) - pitting —— Camnasio (2013) — Vergani (2010) - pitting —— Camnasio (2013)
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(a) Steel bars in position 1. (b) Steel bars in position 2.

Figure 6.11: Comparisons between different formulations for the dimensionless damage
index ds.

The following comments arise:

- the formulations given in (Biondini et al., 2004b) and (Camnasio, 2013) are
very similar. In addition, they produce more safety evaluations, because
worst values for the dimensionless damage index §, are obtained;

- (Vergani, 2010): if a uniform corrosion in considered, wrong predictions of
the damage level can be obtained. Better results are obtained if the pitting
factor R is introduced, as R = 6.
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For these reasons, in this thesis the formulation presented in (Biondini et al.,
2004b) will be considered. It is worst noting, however, that not only the reduction
of steel bars areas is here modeled, but also the reduction of steel ductility, the
reduction of concrete strength and the spalling of the concrete cover. All these
effects are directly linked with the diffusion process, through the dimensionless
damage index d.

6.5 CLOSING REMARKS

Among different aggressive agents interesting RC structures, the presence of chlo-
rides plays a fundamental role. For this reasons, the effects of chlorides induced
corrosion have been presented. Since corrosion is a complex phenomenon, involv-
ing different mechanisms and depending on many parameters, in lifetime structural
assessments, seems convenient the adoption of a macroscopic approach that, for his
simplicity, can be easily extended in the non deterministic field.

It has been hence assumed that Fick’s law holds with an effective diffusion
coefficient constant in time. The so-obtained governing equation is a linear partial
differential equation whose solution, however, exists only for a limited number of
classical cases. In particular, in several european codes the solution is based on a
1D diffusion model. Such a model can be applied in dealing with compact sections,
but in general a procedure that considers the real sectional domain is needed. The
approach here proposed is based on cellular automata and presents an hight level
of generality, being able to deal with arbitrary shaped sections and with arbitrary
position of reinforcements.

Once the solution of the diffusive process is know in the sectional domain and
in time, several damage index can be evaluated. In this chapter, four chlorides
corrosion effects has been presented:

1. the reduction of cross-section of reinforcing bars;
2. the reduction of ductility of reinforcing steel;

3. the reduction of concrete strength;

4. the spalling of the concrete cover.

With the so-obtained procedure, lifetime structural assessments can be per-
formed. It is sufficient to couple the damage model, here exposed, with the struc-
tural models presented in Part I. The structural analysis became in this way a
sub-module of the damage analysis and the structural behavior can be evaluated
not only when the RC structure is sound, but also in time, when the structure is
progressively damaged.

The flow chart of the complete procedure proposed in this thesis is exposed in
Fig. 6.12, that clearly shows how the structural analysis is inserted in a loop in the
time domain. The logic flow is specialized to a monodimensional modeling with RC
beam-column elements, using a tangent approach. However, other solution schemes
and others structural models can be used and nested in the damage’s model. The
proposed procedure is hence very general.
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6.5 CLOSING REMARKS
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APPLICATIONS






Damage Effects on Structural
Performances of Bridges

This chapter deals with the study of sound and damaged RC bridges. The
damage’s effects are coupled with the structural performances in order to con-
sider time-variant capacity accounting for environmental hazards. The struc-
tural behavior is carried out by a complete parallel study between Non Linear
and Limit Analysis.

7.1 INTRODUCTION

The structural performances of two bridges - a Cable Stayed Harp Bridge and
an Arch Bridge - are presented. The main aim is to understand which are the
damage’s effects on the structural behaviors. The formulation exposed in chapter
6 consents to evaluate the effects of corrosion at the material level, by considering
the reduction of steel bars areas, the reduction of steel ductility, and the reduction
of concrete strength until the spalling of the concrete cover occurs. The procedure,
based on cellular automata, deals with RC sections with arbitrary shape and with
arbitrary reinforcing positions. Once the damage’s effects at the material level are
know, the corresponding effects at the sectional level and, then, at the structural
level can be obtained by computational structural analysis techniques. In order to
deeply investigate the time-variant capacity accounting for environmental hazards,
different approaches are considered.

At first, Non Linear Analysis are performed. Non Linear Analysis presents an
hight level of generality and permits to take into account not only the mechanical
non linearities, but also the geometric effects due to configuration’s change (see
par. 2.6).

Secondly, Limit Analysis are presented. It must be emphasize that the ap-
plicability of Limit Analysis to RC structures can be reasonable acceptable if an
effectiveness factor is considered, as exposed in par. B.l. Since the evaluation
of this factor is based on theoretical /empirical /experimental observations, in this
context a different choice is adopted and no correction factors are used. It follow,
of course, that Limit Analysis results are not consistent because concrete is treated
as a material with infinite ductility, assumption too far from reality. However,
the so-obtained not consistent results can be compared with Non Linear Analysis
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ones that give, instead, a more realistic collapse load without requiring effective-
ness factor definitions. In this way, a sort of structural effectiveness factor can be
numerically obtained.

Since Limit Analysis described in this thesis do not considered shear’s effects,
but only bending moment - axial forces interactions, Non Linear Analysis is per-
formed with the common RC beam finite element presented in par. 2.3 - 2.4.

All these comparisons are performed both for sound and damaged bridges, so
that the structural performances can be evaluated not only at the age of construc-
tion but, by using the technique exposed in chapter 6, also in time.

7.2 SOUND CABLE STAYED BRIDGE

The cable stayed harp bridge presented in (Seif and Dilger, 1990) and (Bontempi
et al., 1995a) is considered. The geometry of the structure, the different section’s
types and the different levels of prestress in the deck are reported in Fig. 7.1. Fig. 7.2
reports the geometry of the sections and the reinforcing steel positions. The sec-
tional characteristics and the different levels of prestress are reported in Tab. 7.1.

@ part. A
* Ant

37, ST 010 15161718 19202122 Amsupz
» part. A #
4000m _ 90.00m — . 20000m e 9000m __, |/
\ . o
1 2 3 2 1

Different prestress levels

Figure 7.1: Cable Stayed Harp Bridge: geometry, sections and prestress levels.
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—_— — X
3000 3000 4000
(b) Antenna Sup. 1. (c) Antenna Sup. 2. (d) Antenna Inf.

Figure 7.2: Cable Stayed Harp Bridge: geometry of the sections.

The loads acting on the bridge are:
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1. the death weight ¢, introduced by a uniform distributed load on the deck
with intensity equal to ¢ = 100 kN/m;

2. the prestressing forces in the bridge’s deck F'pg, introduced by equivalent
nodal forces according to Tab. 7.1;

3. the pretensioning forces Tj—1.24 in the cables, evaluated so that the deck,
under the self weight ¢, presents zero displacements in correspondence of the

stays.
Aas[m?] Asi[em?]  As2[em?]  Asz[em?]  Aplem?]  Fpo [kN]
Deck 1 3.96 150 50 150 80 9600
Deck 2 3.96 150 50 150 160 19200
Deck 3 3.96 150 50 150 240 28800
Ant. Inf 4.04 202 202 0 0
Ant. Sup 2 2.30 131 131 0 0
Ant. Sup 1 1.86 130 130 0 0
(a) Geometrical characteristics.
Concrete fi =-34MPa eco = —0.002 ccw = —0.0035
Normal steel fsy =400MPa E; =200000MPa e =0.02

Prestressing steel  fopy =1680MPa Es;, =190000MPa ey = 0.0088

(b) Mechanical characteristics.

Table 7.1: Cable Stayed Harp Bridge: geometrical/mechanical characteristics and pre-
stressing levels.

““““ Antenna Sup. 1 —— Antenna Inf.
- - - Antenna Sup. 2
180000 120000 -
140000 90000 -
] 60000
100000 -
— ] —, 30000
£ 60000 1S
P ] Z i
=, =, 0
S 20000 4 s
4 -30000
-20000
7 -60000
-60000 -90000
-100000 T T T T T T T T 1 -120000 T T T T
-40000 40000 120000 200000 280000 -160000  -120000 -80000 -40000 0
N [kN] N [kN]
(a) Deck. (b) Antenna.

Figure 7.3: Cable Stayed Harp Bridge: Axial Force-Bending Moment Resistance Dia-
grams.
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7.2.1 CABLE PRESTRESSING FORCES EVALUATION
The 24 prestressing forces in the cables are evaluated so that, under the self weight
q:
- in all the anchorages stay-deck, the vertical displacements are equal to zero
(22 conditions);
- the horizontal displacements at the top of the antennas are equal to zero (2
conditions).
With reference to Fig. 7.1, the following system of equations can be generated:

M-t = 80 (71)

where matrix M contains the displacements due to unitary prestressing forces in the
cables, t is the unknown prestressing forces vector and sy is the vector containing
the displacements due to the self weight ¢. In explicit form, the system (7.1)
became:

r.1 2 3 4 5 23 247 [T ] -5?_
S T e Ty 59
I R T T ) T3 59
S3 83 S3 S3 S3 -+ 837 83 T s0
1 2 3 L 5 23 24 3 3
KR e T e A R R (7.2)
S5 S5 S5 S5 S5 ot S5 5B T Sg
1 2 3 4 5 23 .24
524 S24 S24 S24 S24  S24  S24] Tou 584

whose solution is reported in the histogram in Fig. 7.4. The so obtained prestress
distribution is not symmetric since the constraints acting on the bridge are not
symmetric (an hinge in the left support and a roller in the right one).

1 12 13 24
2 3 f 1011 141516 212223
56 78 17181920
= 14 2
o 4
—
> 12 —
Z ]
— 10
® |
5 8
=
0 6
5 1
A 4
) 4
=
£ []
1 2 3 4 5 6 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Stay numbers

Figure 7.4: Histogram of the prestressing forces in the cables.



7.2 SOUND CABLE STAYED BRIDGE 123

7.2.2 NON LINEAR ANALYSIS

Non Linear Analysis results are reported in Fig. 7.5 - 7.6 for three different values
of the load ¢ acting on the deck. ¢ = 381 kN/m is the collapse load obtained by
considering both mechanical and geometrical non linearities. Instead, the collapse
load due to mechanical non linearities only is equal to ¢ = 420 kN/m (see Tab. 7.2).

Analysis N.L.G. N.L.M. Collapse load Load Factor

(1) v v 381kN/m 3.81
(2) - v 420 kN/m 4.20

Table 7.2: Different analysis for the Cable Stayed Bridge. N.L.G. = Non Linear Geom-
etry, N.L.M. = Non Linear Mechanics.

—

(a) Step 1: ¢ = 100kN/m.

Figure 7.5: Cable Stayed Harp Bridge: deformed configurations until collapse.

The displacements and the bending moments in the deck, with the bending mo-
ments in the pylons are reported in Fig. 7.6, for the three different values of the
load ¢ acting on the deck. It can be observed that, under ¢ = 100 kN/m, the deck’s
displacements are practically coincident with zero, since this load combination has
been chosen in order to design the prestressing forces in the stays.
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Figure 7.6: Cable Stayed Harp Bridge: displacements and bending moments in the deck
and bending moments in the pylons.
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7.2.3 LIMIT ANALYSIS AND COMPARISONS

Limit Analysis requires the definition of the interaction domains for all the sections
of the bridge. Concerning the pylon and the deck, the domain used in the analysis
are reported Fig.7.3. The stays, instead, are considered infinitely resisting. The
collapse load obtained by Limit Analysis is equal to ¢ = 594 kN/m and the relative
mechanism is show in Tab.7.3. By comparing Non Linear Analysis and Limit
Analysis, the following observations arise, Tab. 7.3:

Limit and Non Linear Analysis results are not equal. By comparing the
collapse load due to Limit Analysis and the one due to Non Linear Analysis
without geometric effects there is a difference that can be used in order to
determine a sort of numerical structural effectiveness factor ve:

_ Anra 420

= =2 o
Ye = N4 504

the geometrical effects on the collapse load can be estimated with a percentage
that is approximately equal to 10 %;

despite the results are different, both the analyses identify as critical struc-
tural part the bottom of the antenna. In particular, Non Linear Analysis pre-
dict here a large concentration of deformations; Limit Analysis, instead, pre-
dicts the formation of three plastic hinges as the collapse mechanism shown.

Collapse Load Load Factor
An. (1) 381 kN/m 3.81
An. (2) 420 kN /m 4.20
An. (3) 594 kN /m 5.94
—— Non Linear Analysis (with both mech. and geom. non lin.)

g --------- Non Linear Analysis (with mech. non lin. only)

a) Limit Analysis

= 7 £ 3

M o A R

a o] J LIMIT ANALYSIS

= T 5 % sey

E E L * 1 Kion

Z2 B P S . =

e T

= 2

m

< 1 T T T T T T T 1

o ) -50 -100  -150 -200 -250 -300 -350 -400

Dispacement [cm]
NON LINEAR ANALYSIS

An. (1) Non Linear Analysis (with both mechanical and geometrical non linearities)
An. (2) Non Linear Analysis (with mechanical non linearities only)
An. (3) Limit Analysis

Table 7.3: Cable Stayed Harp Bridge: Non Linear Versus Limit Analysis.
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7.3 SOUND ARCH BRIDGE (CORACE RIVER, CALABRIA, ITALY)

Following the same procedures adopted for the cable stayed bridge of the previous
section, Non Linear Analysis and Limit Analysis are now compared with reference
to the reinforced concrete arch bridge over the Corace river in Italy (Fig. 7.7). The
bridge, designed by Galli and Franciosi (1955), presents a span equal to 80 m and
a dept equal to 26.10. The bridge is more than half a century old.

(a) Construction process.

L et

(b) View of the bridge.

Figure 7.7: Corace Bridge (Calabria, Italy), (Franciosi, 1959).

The structural model refers to the data presented in (Galli and Franciosi, 1955)
and (Ronca and Cohn, 1979b). The beam has a two-cellular cross-section with
main nominal dimensions 6.00m x 2.00m. The distribution of the reinforcements
along the beam refers to the subdivision shown in Fig. 7.8 and is given in Tab. 7.4c.
The arch has a 6.00m x 0.57m rectangular cross-section and it is reinforced with
45 + 45 = 90 steel bars, each having a nominal diameter ¢ = 28 mm (see Tab. 7.4d
and Fig. 7.9b).

With reference to Fig. 7.8, two types of loads are considered:

(1) dead load:

- an uniform distributed load on the beam: gg = 102.9 kN/m;
- an uniform distributed load on the arch: ¢; = 85.0kN/m;

(2) live load:

- an uniform distributed load acting on the half span of the beam:
p="53.3kN/m.
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/ h
i
Figure 7.8: Geometry of the bridge.
z[m] y[m] Data
0.00 0.00 l 80.00 m
8.89 11.43 f 26.10 m
17.80 19.04 h 27.00 m
26.70 23.76 go 102.90 KkN/m
35.60  25.98 g1 85.00 kN/m
40.00  26.10 go 53.30 kN/m
(a) Arch Shape. (b) Geometric data.
Beam 1 2 3 4 5 6 7 8 9
Al 21428  48¢28 42928 30428  24¢8 4848 4848  45¢8 3348
13098 13048 13098 13048 13048 13048 13048 13048 13098
As 21428 30428 42¢28 24428 24428 21¢28 36428 27428  24¢28

(c) Distribution of the top A’ and bottom As reinforcement along the beam. n¢d = n steel
bars with diameter d [mm].

Element AL As

Arch 45¢28  45¢28
Supp. Walls - Type (a) 12¢18 12¢18
Supp. Walls - Type (b) 12¢18 12¢18
Supp. Walls - Type (¢) 12¢18 12¢18

(d) Reinforcement distribution in the arch
and supporting walls.

= —-30MPa
=300 M Pa

Concrete

Steel

fe
fsy

= —0.0035
= 206000 M Pa

= —0.002
= 0.0014563

Ecu €c0

Es Esy

(e) Material’s characteristics.

Table 7.4: Corace Bridge: reinforcing steel and material’s characteristics.
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Figure 7.9: Corace Bridge: geometry of the sections and reinforcement positions.
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The bridge is analyzed with different type of analysis, not only with the aim of
compare them, but principally in order to understand the structural behavior:

- Non Linear Analysis:

- with mechanical and geometric non linearities;

- with mechanical non linearities only;
- Limit Analysis:

- without considering geometric non linearities and without applying ef-
fectiveness factor.

It is recalled that with Limit Analysis only informations related to the collapse
are obtained. Since no effectiveness factor are used, limit analysis results are not
consistent. In contrast, with Non Linear Analysis we can follow the real structural
behavior for all the range of loadings and the definition of effectiveness factor is not
required. Hence, by comparing Non Linear with Limit results, a sort of numerical
structural effectiveness factor can be obtained.

7.3.1 NON LINEAR ANALYSIS

Non Linear Analysis results are reported in Fig.7.10 for two different values of
the load p acting on the deck. p = 112kN/m is the collapse load obtained by
considering both mechanical and geometrical non linearities. Instead, the collapse
load due to mechanical non linearities only is equal to p = 157 kN/m (see Tab. 7.5).

(a) Step 1: 10% of the collapse load. (b) Step 2: 90% of the collapse load.

Figure 7.10: Non Linear Analysis: deformed configuration until collapse.

Analysis N.L.G. N.L.M. Collapse load Load Factor

(1) v v 112kN/m 2.10
(2) - v 157 kN/m 2.95

Table 7.5: Different analysis for the Corace Bridge. N.L.G. = Non Linear Geometry,
N.L.M. = Non Linear Mechanics.



130 DAMAGE EFFECTS ON STRUCTURAL PERFORMANCES OF BRIDGES

7.3.2 LIMIT ANALYSIS AND COMPARISONS

Limit Analysis requires the definition of the interaction domains for all the sections
of the bridge. Concerning the arch and the beam, the domain used in the analysis
are reported, also for sound conditions, in Fig. 7.17. Since the supporting walls are
only compressed, they are assumed infinitely resisting. The collapse load obtained
by Limit Analysis is equal to p = 217kN/m and the relative mechanism is show
in Tab. 7.6. By comparing Non Linear Analysis and Limit Analysis, the following
observations arise (Tab. 7.6):

- Limit and Non Linear Analysis results are not equal. By comparing the
collapse load due to Limit Analysis and the one due to Non Linear Analysis
without geometric effects there is a difference that can be used in order to
determine a sort of numerical structural effectiveness factor ve:

~ Anpa 157

. = =—=0.72
ALA 217

- the geometrical effects on the collapse load can be estimated with a percentage
that is approximately equal to 40 %;

- despite the results are different, both the analyses identify the same crit-
ical structural parts (see the comparisons between deformed configuration
obtained with Non Linear Analysis and the mechanism obtained with Limit
Analysis in Tab. 7.6).

Collapse Load Load Factor
An.(1) 112 kN/m 2.10
An.(2) 157 kN /m 2.95
An.(3) 217 kN /m 4.08
--------- Non Linear Analysis (with mech. non lin. only)
Non Linear Analysis (with both mech. and geom. non lin.)
Limit Analysis
5
5 A
8 < ‘7 i LIMIT ANALYSIS
= S :38%
CCS 8 s e 949%
= g _ | a0%
&) a o 4
~
<t
1 T 1
° N ° NON LINEAR ANALYSIS
Displacement [cm]
An. (1) Non Linear Analysis (with both mechanical and geometrical non linearities)

)
An. (2) Non Linear Analysis (with mechanical non linearities only)
) Limit Analysis

Table 7.6: Arch Bridge: Non Linear Versus Limit Analysis.
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7.4 DAMAGED ARCH BRIDGE (CORACE RIVER, CALABRIA, ITALY)

As already sad, the Corace Bridge studied in the previous section is more than an
half century old. For this reason, the lifetime behavior of the bridge is now pre-
sented and, by considering different scenarios, the damage effects on the structural
performances are outlined and discussed.

The same structure has been studied also in (Biondini and Frangopol, 2008),
in a probabilistic limit context. However, the effects considered here are not only
due to the reduction of steel bars areas, but also to the reduction of steel ductility,
the to reduction of concrete strength and to the concrete spalling, according to the
formulation presented in chapter 6. In addition, Non Linear and Limit Analysis
are compared in order to understand the evolution of the effectiveness factor in
time.

7.4.1 CORROSION SCENARIOS

In order to perform lifetime predictions, the informations about types, position,
and intensities of the aggressive agents are required. In the following, three types
of chlorides-corrosion scenarios are considered according to Fig. 7.11:

1. only arch is interested by corrosion, in the adjacent zones to the supporting
walls (Fig. 7.11a);

2. only beam is interested by corrosion, in the zones highlighted by Fig.7.11b;

3. both arch and beam are interested by corrosion, according to Fig. 7.11c;

= Corroded Zone = Corroded Zone
(a) Scenario 1: only arch. (b) Scenario 2: only beam.
= Corroded Zone
A »

(¢) Scenario 3: arch and beam.

Figure 7.11: Corrosion scenarios: longitudinal distribution of the aggressive agent.

In addition to the longitudinal position of the corroded zones, the local sectional
distributions are needed. Concerning the beam, it is reasonable to assume that
chlorides attack interests only the lateral and the bottom parts of the section;
concerning the arch, since it is completely exposed, all the 4 external parts of the
section are considered attacked. The so obtained sectional corrosion scenarios are
reported in Fig. 7.12.
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— Position of the aggressive agent

[

H [

(a) Corrosion Scenario for the beam (3 side corrosion).

— Position of the aggressive agent

(b) Corrosion Scenario for the arch (4 side corrosion).

Figure 7.12: Corrosion scenarios: sectional distribution of the aggressive agent.

7.4.2 SOLUTION OF THE DIFFUSION PROCESS

With reference to Fig. 7.12, the diffusion process is dealt with cellular automata. By
considering a nominal diffusivity coefficient D = 1071t m?2/s, the cellular automa-
ton is defined by a grid dimension Az = 10mm and a time step At = 0.16 year.
Damage rates are assumed to be defined by the values Cy = 3 %.

The diffusion process is highlighted in Fig.7.13 and 7.14, where the maps of
concentration C(x,t)/Cy of the aggressive agent at different time instants are shown

in the arch and the beam respectively.

cic,
£ 1
500
£ 05
=, 0
> 0 1000 2000 3000 4000 5000 6000
z [mm]
(a) t =0 years.
crc,
£ 1
500
- N T
=, 0
> 0 1000 2000 3000 4000 5000 6000
z [mm]
(c) t =3 years.
crc,
—_
£ s00 1
£ 0.5
= 0 0
> 0 1000 2000 3000 4000 5000 6000

z [mm]

(e) t =7 years.

cic,

500 1
[ —————————— 0 5
0 0
0 1000 2000 3000 4000 5000 6000
z [mm]

(b) t =20 years.

y [mm]

0 1000 2000 3000

z [mm]
(d) ¢ =40 years.

4000

0 1000 2000 3000

z [mm]
(f) t = 60 years.

4000 5000 6000

Figure 7.13: Evolution in time of the normalized concentration maps for the arch.
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7.4.3 MECHANICAL DAMAGE INDUCED BY CORROSION

Once the diffusion process has been solved, damage indexes can be computed in all
the points of the cross-section, for all the materials, and for all the time instants.
Several damage’s effects are here considered:

1. reduction of steel bars areas;
2. reduction of steel ductility;

3. reduction of concrete strength;
4. spalling of the concrete cover.

According to what exposed in section 6.3.4, that not all the parts of the section
are interested by effects 3 — 4, but only the zones adjacent to reinforcing bars. In
this way, both local effects and delamination phenomena can be dealt with.

The obtained corrosion effects on the cross-sections are reported in Fig. 7.15-
7.16, which show the concrete parts interested by spalling. It can be observed
that in the beam, due to the position of reinforcing steel and to the choice of
the aggressive scenario (the upper part is not interested by corrosion), spalling
interests three local zones at the bottom. Instead, in the arch, spalling interests all
the external parts of the cross-section (delamination). In the same Figs., specific
evolutions of geometrical and mechanical parameters are showed in time:

- in the beam, Fig.7.15, the damage effects in the central upper part of the
section are equal to zero. Instead, the maximum values of corrosion are
obtained in the external corners at the bottom. This clearly depends not only
on the geometry of the section, but also on the corrosion scenario considered
(in this case, only the two lateral and the bottom parts of the section are
attacked by the aggressive agent);

- in the arch, Fig. 7.16, the same reductions are obtained in the upper and the
bottom parts, due to the symmetry of the corrosion scenario that interests
all the 4 sides of the section.

All these considerations concern the time effects of damage on the materials and
on the relative distributions in the sectional domain. In order to understand the
damage effects on the section’s performances, the time evolution of the resistance
curves f(N,M) = 0 are reported in Fig.7.17. It can be observed that we have a
reduction in time and the spalling of the concrete cover acts like a discontinuity
(cyan area). In the beam, spalling’s effect is very limited, in the arch, instead,
spalling produces a big reduction of the sectional resistance.

In the following, aiming to describe the effects of damage at the structural level,
two types of evaluations are presented:

1. the damage effects on the service performance of the bridge, where Non Linear
Analysis is used;

2. the damage effects on the ultimate performance of the bridge, where Non
Linear Analysis is compared, in time, with Limit Analysis.
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Figure 7.15: Damage effects on the section of the beam.
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Figure 7.16: Damage effects on the section of the arch.
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Figure 7.17: Axial Force-Bending Moment Resistance Diagrams.
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7.4.4 EFFECTS ON SERVICE PERFORMANCE

In order to understand the damage effects on the service performances of the bridge,
the influence line of the vertical displacement in the mid-span of the beam, due
to a moving 30tons truck, is presented in time. As clearly Fig.7.18 shows, the
damage effects cannot be catch by observing the displacements due to normal load
conditions. All the influence lines results in fact coincident and very small variations
can be observed at t = 40 years and t = 60 years.
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(a) Load position 1. (b) Load position 4.

(c) Load position 2. (d) Load position 5.
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(g) Influence line.

Figure 7.18: Corace Bridge: influence line of the vertical displacement in the mid-span
of the beam due to a moving load with intensity equal to 30tons.



138 DAMAGE EFFECTS ON STRUCTURAL PERFORMANCES OF BRIDGES

7.4.5 EFFECTS ON ULTIMATE PERFORMANCE

The ultimate performances are now considered and studied both with Non Linear
and with Limit Analysis. The time-evolutions of the so obtained collapse multipliers
are reported in Fig. 7.19 for the different damage scenarios chosen (see Fig. 7.11):

1. corrosion acts only on the arch. Two sub-cases are considered: (1) only steel is
interested by corrosion, Fig. 7.19a; (2) both steel and concrete are interested
by corrosion (complete corrosion), Fig. 7.19b;

2. corrosion acts only on the beam, Fig. 7.19¢;

3. corrosion acts both on arch and on beam, Fig. 7.19d;
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Figure 7.19: Time evolution of the collapse multiplier.

As clearly highlighted in Fig. 7.19a, if corrosion interests only the reinforcements
of the arch, significant reductions of the collapse load are not observed. The arch, in
fact, works prevalently in compression and hence its behavior depends principally
on concrete. However, when a full corrosion is considered as in Fig.7.19b, the
spalling of the concrete cover produce a significant reduction of the arch sectional
resisting area; as a consequence, the reduction of the collapse multiplier is higher.
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It is interesting to observe the trends between Limit and Non Linear Analysis
results. In particular, when corrosion interests the arch, the difference between the
two curves is decreasing in time; when corrosion interests the beam, instead, the
trend is contrary, with the difference between the two curves that increase in time.
Since what we have in the middle is a sort of numerical effectiveness factor at the
structural level, defined as:

_ANLA

e =

ALA
it’s clear that:

- in the case of arch corrosion, the effectiveness factor is increasing in time and,
after 60 years, it is equal to 2.7/3.3 = 0.82 (see Fig. 7.19Db);

- in the case of beam corrosion, the effectiveness factor is decreasing in time
and, after 60 years, it is equal to 2.5/3.5 = 0.71 (see Fig. 7.19¢).

The conclusion is that, in the first case, the collapse is governed by reinforcing
steel, that presents hight ductility; in the second case, instead, the collapse is
governed by concrete, for which the assumption of infinite ductility used in Limit
Analysis is too far from reality and a more hight effectiveness factor is needed.

Such a conclusion is confirmed also by the diagrams in Tab. 7.7 - 7.8 - 7.9, where
the time evolutions of the internal forces (axial forces and bending moments) and
the collapse mechanisms are given for the three corrosion scenarios.

From Tab. 7.7, it can be observed that a corrosion scenario in the arch produces a
redistribution of solicitations that is moved from the arch, damaged, to the beam,
that is sound. This happens until a flexural collapse (hence with hight ductility)
affects the beam.

In Tab. 7.8, instead, the opposite behavior is outlined: if the beam is damaged, the
forces progressively moves to the arch, until a collapse due to compression (hence
with low ductility) is obtained.

When a mixed scenario is considered as in Tab. 7.8, an intermediate behavior can
be observed.

These conclusion are very important in the study of damaged RC structures,
because we can directly see which parts of the structure are damaged, but this is
not sufficient in order to design a repair intervention since the structure maybe has
varied its behavior in time, with a flow of forces that progressively is moved from the
damaged parts to the sound ones. A more specific attention is hence required, and
a coupling between damage’s effects and global structural performances is needed.
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Table 7.7: Arch corrosion scenario: axial forces, bending moments and collapse mechanisms in time.
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Axial Forces Bending Moments Collapse Mechanisms
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Table 7.9: Arch and Beam corrosion scenario: axial forces, bending moments and collapse mechanisms in time.
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7.5 CONCLUDING COMMENTS

In this chapter, the structural performances of two bridges - a Cable Stayed Harp
Bridge and an Arch Bridge - have been presented. The damage’s effects are cou-
pled with the structural performances in order to consider time-variant capacity
accounting for environmental hazards. The structural behavior is carried out by a
complete parallel study between Non Linear and Limit Analysis.

Between the most important conclusions:

- Non Linear Analysis presents an hight level of generality and permits to take
into account not only the mechanical non linearities, but also the geometric
effects due to configuration’s changes. However, despite based on the most
synthetic formulation (monodimensional modeling with beam-column finite
elements), the interpretation of the obtained results requires some consider-
ations. If, for instance, we are searching the causes of the collapse, a lot of
data and informations must be checked, aiming to find where a large amount
of strains occur, or where instable behaviors have been obtained, etc.

- in contrast, Limit Analysis is the most immediate tool in order to understand
the structural behavior but, since concrete is not a perfectly plastic material,
it can be applicable to RC structures only if an adequate effectiveness factor
is considered. And here a problem arises: what about an adequate choice of
such a factor? If the collapse is governed by the steel, a correct evaluation of
the effectiveness factor can be obtained, but in general, the definition of such
a factor is based on theoretical /empirical/experimental observations. The
main suggestion is to use prudential values. For these reasons, a complete
different choice has been done: no effectiveness factor are used. It follow,
of course, that Limit Analysis results are not consistent because concrete is
treated as a material with infinite ductility, assumption too far from reality.
However, the so-obtained not consistent results can be compared with Non
Linear Analysis ones that give, instead, a more realistic collapse load without
requiring effectiveness factor definitions. In this way, a sort of structural
effectiveness factor has been numerically obtained.

- the obtained value for the effectiveness factor are in the range 0.70 =+ 0.85.
The lower bond identifies a collapse governed by concrete, the upper value a
collapse governed by steel.

- all these considerations have been outlined not only when the structure is
sound, but also when it is damaged. At first, the damage’s effects are deeply
exposed at the material level, then they are moved at the sectional level, and
at the structural level. It has been obtained that, despite localized corrosion
scenarios have been considered, the structural performances can varying in
time in a non-straightforward way. In particular, since a real structure is
statically undetermined, if corrosion acts in a section, here we have a decrease
of the structural stiffness and the consequence is that the solicitations move
in time towards the sections in which the stiffness is higher, so towards the
sound sections.
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- hence, the most important practical conclusion is that damage produce not
only the reduction of the local capacity, but also a redistribution of the so-
licitations towards the sound structural parts. For these reasons, in design
repair interventions, it is not sufficient to repair the damaged parts, but it is
more important to check if the sound structural components have sufficient
resistance to contrast time-variant solicitations.

Since current design is based on the Lower Bond Theorem, it’s seems very useful
try to enhance also Limit Analysis by considering axial force - bending moment -
shear force interaction, so that the complete structural behavior can be dealt with.
This is one the possible improvement of this thesis.



Damage Effects on Shear Re-
sisting Mechanisms

Structural performances can vary in time due to environmental hazards. In
the previous chapter, particular attention is given to the global response. In
this chapter, instead, the effects of damage on shear resistance mechanisms
are presented and discussed. The structural models are coupled with the dam-
age ones in order to study the time-variant structural behavior.

8.1 PROBLEM STATEMENT AND DIFFUSIVE PROCESS

The Stuttgart Beams (Leonhardt and Walther, 1962) presented in par. 5.4 are
considered. The beams, simply supported with a span equal to 3000 mm, are
loaded by two equal concentrate loads P as sketched in Fig.8.1. This figure also
shows the reinforcement layout.

50 110 P 450 P
T 1 1 -L
Py | =y
[ 3 A [
200 1050 900 1050 200
| )
3000

Figure 8.1: Geometry of the beams [mm)].

The element’s depth, flange width and reinforcements are taken fixed, while web
thickness varied in order to investigate its influence on the overall response. Four
variations of the web thickness has been created in order to produce four specimens
called ET1, ET2, ET3 and ET4.

All the beams have been studied in par. 5.4, both with a bidimensional and a
monodimensional modeling. Accordingly to the numerical results, all beams failed
by crushing of concrete in the web. However, in the first beam this happens after



146 DAMAGE EFFECTS ON SHEAR RESISTING MECHANISMS

extensive yielding of longitudinal bars instead, in other three cases, after yielding of
stirrups, with an importance that progressively grows by moving from ET2 towards
ET4 beam. The general conclusion is that ET1 fails in bending, ET2 presents a
mixed shear-bending failure, ET3 and ET4 fail in shear.

For these reasons, since this chapter aim to understand the damage effects on the
resisting mechanisms, only the first two beams (ET1 and ET2) are now considered,
Fig.8.2. With respect to the previous analysis, however, their structural behavior
is not only studied in sound conditions, but it is also evaluated in time.
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(a) ET1 beam. (b) ET2 beam.

Figure 8.2: Geometry of the sections ET1-ET2.

8.1.1 CORROSION SCENARIO

Concerning the corrosion scenario, a chlorides corrosion attacks is considered. The
distribution of such a scenario is as follow:

- the longitudinal distribution of corrosion is uniform and interests the entire
beams;

- the sectional distribution of corrosion is assumed to be located along the
two laterals and the bottom sides of the cross-sections, with a concentration
Co = 3%, as Fig. 8.3 shows.

Aggressive agent Aggressive agent
2¢10
2¢10
4 ¢ 20 4¢20
(a) ET1 beam. (b) ET2 beam.

Figure 8.3: ET1-ET2 corrosion scenario: sectional position of the aggressive agent.
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8.1.2 CELLULAR AUTOMATA SOLUTION OF THE DIFFUSION PROCESS

Once the corrosion scenario has been defined, the diffusion problem must be solved
both in the sectional domain and in time. The cellular automata technique is
hence applied (see chapter 6), with a diffusivity coefficient D = 10~ m?/s, a
grid dimension Az = 10mm and a time step At = 0.04year. The results are the
concentration maps, in time, for the two considered cross-sections, Fig. 8.4.
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Figure 8.4: Time evolution of the normalized concentration maps for the cross-sections.

Despite the corrosion scenario is the same for the two cross-sections, the two
penetration paths are different. This is the shape’s effect and, if the problem is
handle with 1D diffusion models, as suggested in (C.E.B., 1992), wrong predictions
can be obtained. These 1D models can be applied in dealing with compact sections,
but in general a procedure that considers the real sectional domain is needed. The
approach here proposed, instead, presents an hight level of generality and is able to
deal with arbitrary shaped sections and with arbitrary position of reinforcements.

8.2 TIME VARIANT STRUCTURAL ANALYSIS

The structural behavior can be studied in time by coupling the diffusion process
with the structural analysis. At each time instant, from the concentration in a
generic point of the section (C' = C(x,1)), it is possible to compute all the damages
indexes exposed in chapter 6. For the sake of simplicity, despite the proposed
procedure is able to consider also the reduction of steel ductility, the reduction of
concrete strength and the concrete cover spalling, only the reduction of steel bars
areas is taken into account.
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Hence, starting from the results obtained in par. 5.4, where the beams are in
sound conditions, their structural behavior is now studied in time. Tab. 8.1 shows
the time evolution of the principal tension strain. It can be observed that:

- in ET1 beam, damage process does not produce large effects. It seems that
the collapse mechanism remains a flexural-type mechanism also in time (see
the first column of Tab. 8.1);

- in ET2 beam, instead, we can observe that strains are moving towards the
beam’s web, like happens in a shear-type mechanism (see the second column
of Tab. 8.1).

It is interesting to check also the evolution in time of the stresses in the stirrups
and in the longitudinal bars, Tab. 8.2. The following comments arise:

- ET1 beam (first column of Tab. 8.2):
the greater stresses interest the longitudinal bars and this happens for all the
studied time instants;

- ET2 beam (second column of Tab. 8.2):
when the beam is sound, collapse is reached with yielded longitudinal bars,
but with not-yielded stirrups, despite an hight stress is present. In time,
however, such a trend vary and after 50 years of corrosion, stirrups are yielded
before longitudinal bars. For these reasons, strains are moving towards the
web and the beam’s collapse became clearly a shear-type mechanism.

These comments have been outlined by considering both load and time as a
variables. However, the conclusion became very simple if we fix the acting load
and consider only time variations. Fig. 8.5 shows the time evolution of the stresses
(normalized with respect to yielding) in the stirrups and in the longitudinal bars,
for an acting total load equal to 240 kN. It is evident that in the ET1 beam the
greater stresses are measured in longitudinal bars. This holds also for ET2 beam,
but only from 0 to 25 years circa; then there is a switch and the greater stresses are
measure in the stirrups. The effects of damage, hence, produce a switch between
collapse mechanisms. When the beam is sound, a mixed shear-bending failure
occurs, but in time the collapse is moved clearly towards a shear failure.
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Figure 8.5: Evolution in time of the stresses for a constant total load equal to 240 kN.
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Table 8.1: Time evolution of the principal tension

strain for ET1 and ET2 beams.
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8.3 CLOSING REMARKS

This chapter has dealt with a specific problem: the effects of damage on the resisting
mechanisms in RC beams. The problem is not only important from a theoretical
point of view, but also from a practical point of view, since today the majority of
RC structures are reaching their ultimate lifetime.

In order to accomplish such a problem, the FE models exposed in part [ have
been coupled with the damage models detailed in part II, and lifetime predictions
have been performed. Concerning corrosion scenarios, a chloride induced corrosion
has been considered, with a given distribution along the cross-section’s edges.

In particular, the diffusion process has been solved through cellular automata
at first. The boundary conditions, the diffusion parameters and the size of the
automaton have been detailed; secondly, the evolution of the concentration maps
in time has been given. Starting to these results, the structural analysis are then
performed in time and the damage’s effects on the structural performances have
been finally obtained.

The main conclusion of these investigations is that the effects of damage can
produce a variation in the failure modes. Due to the complexity of the RC mech-
anisms, this conclusion can not be taken as a general statement, for these reasons:

- RC mechanism depends not only on the ratio of transverse reinforcements,
but also on the shape of the section. Since the worst damage’s effect in
RC elements is the reduction of steel bars areas, it’s clear that if a beam
can transfer the load mainly through concrete contribution, a reduction of
transversal steel does not produce effects on the ultimate behavior. This is
the case of ET1 beam in which, thanks to the compact section’s shape, the
load can be transfer by inclined compression stresses acting on concrete that
creates a smeared compression field;

- on the contrary, if the load transfer flow is based also to concrete-steel in-
teractions, it’s clear that a reduction of steel areas can produce dangerous
effects. This is the case of ET2 beam. In sound condition, its failure mode
can be classified as a bending-shear type collapse mechanism, with a concrete
crushing in the web anticipated by the yielding of the longitudinal steel. Stir-
rups are not yielded, but they present an hight stress level. If the structural
behavior is studied in time, a switch between longitudinal and transversal
steel roles has been obtained after 25 years of corrosion. After that time, the
collapse of the beam can be classified as a shear-critical collapse mechanism.

Finally, it must be observed that the proposed methodology is able to predicts
all these complex behaviors and, by coupling the structural analysis with the dam-
age’s models, is able to account for environmental hazards. Hence, it can be very
useful in a general life-cycle approach.
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A sectional parametric sub-
domains discretization

A methodology handling the integrals that define the state of a generic R.C.
section is presented. The section is divided in subdomains that are paramet-
rically transformed in the same square parent domain on which integration
rules refer. In this way, several combinations of integration strategies can be
performed, with the widely used “fibers method” as particular case.

A.1 INTRODUCTION

Lets’ consider the section domain, referred to a right handed reference system
(0,z,y, z) with the origin placed in the centroid of the concrete domain. The
x — axis is normal to the sectional plane and oriented along the element, Fig. A.1.

Figure A.1: A generic RC section and his reference system.

Once suitable constitutive laws are assumed, so that the stresses o in a generic
point of the section can be evaluated from the strains €, and once a suitable inter-
polating matrix a, is defined, the generalized stresses f; can be evaluated by direct
integration of the local stresses over the section domain. Such an integral is given
in the following equation:

s :/aS (y,2,e) o (e) dA (A1)
A
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This problem always arise at the sectional level, despite the formulation adopted
for the finite beam-column element. In common sectional kinematic assumptions
such as Navier-Bernoulli or Timoshenko, matrix a, does not depend from &, but
only to (y, z) (see Tab. A.1). Instead, in beam theories with a more hight kinematic
level, the interpolating matrix can be state-dependent.

NAVIER-BERNOULLI TIMOSHENKO

€ € 1 0 Y £o

— _ 0 — z — - —

e =[1 —y] [Xo} =a, e, {%J = {0 1 0 ] ;0 =a, e,
0

Table A.1: Navier-Bernoulli and Timoshenko sectional kinematics.

In any case, since the arise stresses on the section are not linear, the evaluation
of the integral (A.1) must be performed numerically. Actually, the most used
numerical approach that deals with sectional numerical integration is the so-called
“fibers approach” (C.E.B., 1996), through which the section is subdivided in sub-
domains called “fibers” and the integral is evaluated with the Riemann Mid-Point
Integration Rule, Fig. A 2.

Fiber ("slice") y

Figure A.2: Fibers Approach (Riemann Mid-Point Integration Rule).

In the following, instead, a special numerical integration technique is presented.
The strategy has been proposed in (Malerba, 1984); in this context, a contribution
that deals with circular or circular/hollow sections is proposed. The classical fibers
approach is simply a particular case of the present more general approach.
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=

1
Psup
— — 1 -l < <
C -1 | pinf

0 6. 6,
DIFFERENT QUADRATURE RULES x sampling points
Newton-Cotes ~ Gauss-Lobatto ~ Gauss-Legendre "Fibers Approach”
Y ox x X x x K % < (Riemann middle sum)
X x x x x x b x x x x
x X x X x x [ X x as particular case

Figure A.3: Integration strategies. The section is divided into sub-domains and the
integration works sampling in a parent domain by using parametric trans-
formations. The so called fibers approach is a particular case of these
integration procedures.

A.2 NUMERICAL INTEGRATION BY PARAMETRIC TRANSFORMATIONS

In order to deal with sections of arbitrary shape, the numerical integration is based
on parametric transformations. The section is divided into sub-domains and the
actual geometry of each sub-domain is transformed into a parent geometry by using
parametric equations (Malerba, 1984), (Bontempi, 1992). In this way, sampling
points refer to the parent domain and the relation with the reference to the actual
geometry is ruled by Jacobian of the transformation. We set the integral form as
follows:

1= [ jy) da (A2)
A
and we consider the section subdivided with these two types of sub-domains:

1. quadrilateral sub-domains;

2. circle or semicircle or circular ring sub-domains.

Obviously, sections composed by both can be dealt with. The application fields of
such discretization choices are shown in Fig. A.3. In case 1, only one parametric
transformation is needed. In case 2, two different transformations are required.



156 A SECTIONAL PARAMETRIC SUB-DOMAINS DISCRETIZATION

A.2.1 QUADRILATERAL SUB-DOMAIN

In this case, the transformation from the given quadrilateral sub-domain to the
square parent domain (Fig. A.4) is ruled by the well-known bilinear interpolation
function (Bathe, 1996):

n
AR "
‘ J: (Cn) i
g — 1
¢ L =
z
Figure A.4: Transformation between real quadrilateral sub-domain and square parent
domain.
1 -G)(1 -1 .
Ny = +C<)4( ) 934 (A.3)
which, ordered in matrix form, results:
x = H =N-c (A.4)
Y
with
_INit 0 N 0 N3 0 Ng O
N—[o Ny O Ny 0 Ny 0 N (4.5)
T
c=[zn y 2z Y2 2 Y3 21 Y (A.6)

The corresponding determinant of the Jacobian matrix is:

1
det(J;) = 3 [(z24 - Y13 — 213 - Y24) + (214 - Y23 — 2223 - Y14) C + (212 - Y34 — 234 - Y12) 7]
Zij = Zi T Zjy Yig = Yi —Yj
(A7)
A.2.2 CIRCULAR SECTORIAL SUB-DOMAIN

In this second case, two transformations are needed (Fig. A.5). The first one uses
polar coordinates to transform the sector in a rectangular domain by using the

relationships:
{z:p~ sin 0 (A8)
y=p-cosb
The relative Jacobian of the polar transformation is:
det(J,) =p (A.9)

Then, a second step transforms the rectangular sub-domain in the usual square
parent domain.



A.2 NUMERICAL INTEGRATION BY PARAMETRIC TRANSFORMATIONS 157
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J,(6,0) P Ji(Cn) -
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Figure A.5: From a quadratic shape to a circular sector: a double transformation.

A.2.3 INTEGRATION RULES

Through the transformations previously exposed, the generic integral is written
with reference to the basic square parent domain. The differential must contain
the corresponding Jacobian matrix.

1 1
= /A f(zry) dA = [ 1 [ (Cmdet(3(C.n)) dCa (A.10)

The problem is reduced to algebraic form through sums, which for the quadri-
lateral sub-domain, are:

I > f(Gomy)det(Te(Giymy)) - ws - w; (A11)

i=1 j=1

and for the circular sector sub-domain are:

I~ ZZf(Q,nj) det(Ji(Ciymy)) det(Tp) w; - w; (A.12)

i=1 j=1

As shown, in this second case two Jacobian matrices are involved. The sampling
points location and the relative weights depend on the quadrature rule adopted
(Abramowitz and Stegun, 1964).

For the sake of comparison, in this work, three type of quadratures rules and
different numbers of sampling points n have been considered.

- Newton-Cotes rule, that integrates exactly polynomials of grade n — 1;
- Gauss-Legendre rule, that integrates exactly polynomials of grade 2n — 1;
- Gauss-Lobatto rule, that integrates exactly polynomials of grade 2n — 3.

We remember that we are dealing with problems concerning reinforced concrete
sections. In this field the most used integration strategy discretizes the section into
fibers (C.E.B., 1996), that in fact are sub-domains with only one sampling point.
Such an integration rule (midpoint integration rule) is the simplest possible and
corresponds to what proposed in this work just putting n = 1. On the other side,
working with R.C. sectional problems, we know that the maximum strains lie on
the boundaries, so it seems more effective adopt Gauss-Lobatto rule, which choses
sampling points on the frontier of the domain.
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A.2.4 SAMPLING POINTS AND WEIGHTS FACTORS

Sampling points location and relative weights can be find in specific book of Nu-
merical Analysis. For example, Fig. A.6 and A.7 report the sampling given in
(Abramowitz and Stegun, 1964).

Table 25.4 ABSCISSAS AND WEIGHT FACTORS FOR GAUSSIAN INTEGRATION

n

j_*l‘ Fadr= Y wif )

i=1

Abscissas—+z; (Zeros of Legendre Polynomials) Weight Factors=w;
+ri wi E4 wi
I n=8
" 0.18343 46424 95650 0.36268 37833 78362
0,57735 02691 89626 1.00000 00000 00000  0,52553 24099 16329 0,31370 66458 77887
0.79666 64774 13627 0,22238 10344 53374
n=3 0.96028 98564 97536 0,10122 85362 90376
0.00000 00000 00000 0.88888 88888 88889
0,77459 66692 41483 0,55555 55555 55556 n=9
0,00000 00000 00000 0,33023 93550 01260
n=4 0.32425 34234 03809 0.31234 70770 40003
0.33998 10435 84856 0,65214 51548 62546  0,61337 14327 00590 0.26061 06964 02935
0.86113 63115 94053 0.34785 48451 37454  0,83603 11073 26636 0.18064 81606 94857
5 0.96816 02395 07626 0.08127 43883 61574
n=
0.00000 00000 00000 0.56888 88888 88889 n=10
0.53846 93101 05683 0,47862 86704 99366 0,14887 43389 81631 0.29552 42247 14753
0,90617 98459 38664 0.23692 68850 56189  0,43339 53941 29247 0.26926 67193 09996
0.67940 95682 99024 0,21908 63625 15982
n=6 0.86506 33666 88985 0,14945 13491 50581
0.23861 91860 83197 0,46791 39345 72691  0,97390 65285 17172 0.06667 13443 08688
0.66120 93864 66265 0.36076 15730 48139
0.93246 95142 03152 0.17132 44923 79170 n=12
0,12523 34085 11469 0.24914 70458 13403
n=T 0.36783 14989 98180 0.23349 25365 38355
0.00000 00000 00000 0,41795 91836 73469  0,58731 79542 86617 0,20316 74267 23066
0.40584 51513 77397 0,38183 00505 05119 0.76990 26741 94305 0.16007 83285 43346
0.74153 11855 99394 0.27970 53914 89277  0,90411 72563 70475 0.10693 93259 95318
0.94910 79123 42759 0,12948 49661 68870  0,98156 06342 46719 0.04717 53363 86512

Figure A.6: Gauss-Legendre quadrature, (Abramowitz and Stegun, 1964).

Table 25.6 ABSCISSAS AND WEIGHT FACTORS FOR LOBATTO INTEGRATION
—1
J Sy = e S, wif )+t ()
Z

Abscissas= 1 Weight Factors=w;
" EX3 wi " Taq wy
7 1, 00000 000 0. 04761 904
0.83022 390 0.27682 604
0, 46884 879 0.43174 538
0.00000 000 0. 48761 904
3 1, 00000 000 0.33333 333
0,00000 000 1.33333 333
8 1, 00000 000 0,03571 428
0,87174 015 0. 21070 422
0.59170 018 0.34112 270
4 1. 00000 000 0.16666 667 0.20929 922 0.41245 880
0.44721 360 0.83333 333
9 1. 00000 00000 0,02777 77778
0.89975 79954 0.16549 53616
5 1, 00000 000 0.10000 000 0.67718 62795 0,27453 87126
0.65465 367 0.54444 444 0, 36311 74638 0. 34642 85110
0,00000 000 0.71111 111 0.00000 00000 0.37151 92744
10 1, 00000 00000 0.02222 22222
0,91953 39082 0.13330 59908
6 1,00000 000 0.06666 667 0.73877 38651 0, 22488 93420
0.76505 532 0.37847 496 0, 47792 49498 0. 29204 26836
0,28523 152 0,55485 838 0,16527 89577 0. 32753 97612

Figure A.7: Gauss-Lobatto quadrature, (Abramowitz and Stegun, 1964).

In the following tables, the sampling points and weights are furnish for n =
1,2,...,12, divided in the three quadrature rules previously exposed (see Tab. A.2,
A.3, A.4). These quadrature rules are used in the code developed in this thesis not
only at the sectional level, but also at the element level.
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NEwTON-COTES

X4

(623

n

X4

623

0.000000000000000

2.000000000000000

2

-1.000000000000000
1.000000000000000

1.000000000000000
1.000000000000000

-1.000000000000000
0.000000000000000
1.000000000000000

0.333333333333333
1.333333333333330
0.333333333333333

-1.000000000000000
-0.333333333333333
0.333333333333333
1.000000000000000

0.250000000000000
0.750000000000000
0.750000000000000
0.250000000000000

-1.000000000000000
-0.500000000000000
0.000000000000000
0.500000000000000
1.000000000000000

0.155555555555556
0.711111111111111
0.266666666666667
0.711111111111111
0.155555555555556

-1.000000000000000
-0.600000000000000
-0.200000000000000
0.200000000000000
0.600000000000000
1.000000000000000

0.131944444444444
0.520833333333333
0.347222222222222
0.347222222222222
0.520833333333333
0.131944444444444

-1.000000000000000
-0.666666666666667
-0.333333333333333
0.000000000000000
0.333333333333333
0.666666666666667
1.000000000000000

0.097619047619048
0.514285714285714
0.064285714285714
0.647619047619048
0.064285714285714
0.514285714285714
0.097619047619048

-1.000000000000000
-0.714285714285714
-0.428571428571429
-0.142857142857143
0.142857142857143
0.428571428571429
0.714285714285714
1.000000000000000

0.086921296296296
0.414004629629630
0.153125000000000
0.345949074074074
0.345949074074074
0.153125000000000
0.414004629629630
0.086921296296296

-1.000000000000000
-0.750000000000000
-0.500000000000000
-0.250000000000000
0.000000000000000
0.250000000000000
0.500000000000000
0.750000000000000
1.000000000000000

0.069770723104056
0.415379188712522
-0.065467372134039
0.740458553791887
-0.320282186948854
0.740458553791887
-0.065467372134039
0.415379188712522
0.069770723104056

10

-1.000000000000000
-0.77TTTTTTITTI7778
-0.555555555555556
-0.333333333333333
-0.111111111111111
0.111111111111111
0.333333333333333
0.555555555555556
0.7777TTTTTTTT7778
1.000000000000000

0.063772321428571
0.351361607142857
0.024107142857143
0.431785714285714
0.128973214285714
0.128973214285714
0.431785714285714
0.024107142857143
0.351361607142857
0.063772321428571

11

-1.000000000000000
-0.800000000000000
-0.600000000000000
-0.400000000000000
-0.200000000000000
0.000000000000000
0.200000000000000
0.400000000000000
0.600000000000000
0.800000000000000
1.000000000000000

0.053668296723852
0.355071882849661
-0.162087141253808
0.909892576559243
-0.870310245310245
1.427529260862590
-0.870310245310245
0.909892576559243
-0.162087141253808
0.355071882849661
0.053668296723852

12

-1.000000000000000
-0.818181818181818
-0.636363636363636
-0.454545454545455
-0.272727272727273
-0.090909090909091
0.090909090909091
0.272727272727273
0.454545454545455
0.636363636363636
0.818181818181818
1.000000000000000

0.049866461823927
0.309710717041446
-0.074338463587596
0.579316509589947
-0.220356178350970
0.355800953483245
0.355800953483245
-0.220356178350970
0.579316509589947
-0.074338463587596
0.309710717041446
0.049866461823927

Table A.2: Newton-Cotes Quadrature Rule: sampling points and weight factors.
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GAUSs-LEGENDRE

X4

(627

Zq

(23

0.000000000000000

2.000000000000000

-0.577350269189626
0.577350269189626

1.000000000000000
1.000000000000000

-0.774596669241483
0.000000000000000
0.774596669241483

0.555555555555556
0.888888888888889
0.555555555555556

-0.861136311594054
-0.339981043584857
0.339981043584856
0.861136311594053

0.347854845137453
0.652145154862547
0.652145154862547
0.347854845137453

-0.906179845938664
-0.538469310105683
0.000000000000000
0.538469310105683
0.906179845938664

0.236926885056189
0.478628670499367
0.568888888888889
0.478628670499366
0.236926885056189

-0.932469514203153
-0.661209386466264
-0.238619186083197
0.238619186083197
0.661209386466263
0.932469514203154

0.171324492379169
0.360761573048140
0.467913934572692
0.467913934572688
0.360761573048142
0.171324492379169

-0.949107912342760
-0.741531185599394
-0.405845151377397
0.000000000000000
0.405845151377397
0.741531185599394
0.949107912342760

0.129484966168868
0.279705391489280
0.381830050505115
0.417959183673472
0.381830050505116
0.279705391489280
0.129484966168868

-0.960289856497539
-0.796666477413624
-0.525532409916329
-0.183434642495650
0.183434642495650
0.525532409916330
0.796666477413623
0.960289856497541

0.101228536290375
0.222381034453380
0.313706645877883
0.362683783378361
0.362683783378367
0.313706645877877
0.222381034453384
0.101228536290372

-0.968160239507627
-0.836031107326636
-0.613371432700590
-0.324253423403809
0.000000000000000
0.324253423403809
0.613371432700590
0.836031107326635
0.968160239507625

0.081274388361574
0.180648160694859
0.260610696402935
0.312347077040002
0.330239355001260
0.312347077040002
0.260610696402936
0.180648160694856
0.081274388361576

10

-0.973906528517184
-0.865063366688974
-0.679409568299027
-0.433395394129248
-0.148874338981631
0.148874338981631
0.433395394129247
0.679409568299026
0.865063366688971
0.973906528517182

0.066671344308679
0.149451349150606
0.219086362515955
0.269266719310012
0.295524224714749
0.295524224714748
0.269266719310012
0.219086362515954
0.149451349150604
0.066671344308682

11

-0.978228658146072
-0.887062599768073
-0.730152005574058
-0.519096129206811
-0.269543155952345
0.000000000000000
0.269543155952345
0.519096129206813
0.730152005574051
0.887062599768080
0.978228658146071

0.055668567116165
0.125580369464943
0.186290210927675
0.233193764592044
0.262804544510203
0.272925086777940
0.262804544510209
0.233193764592032
0.186290210927684
0.125580369464944
0.055668567116162

12

-0.981560634246719
-0.904117256370479
-0.769902674194298
-0.587317954286623
-0.367831498998179
-0.125233408511469
0.125233408511469
0.367831498998180
0.587317954286623
0.769902674194297
0.904117256370483
0.981560634246718

0.047175336386509
0.106939325995323
0.160078328543347
0.203167426723058
0.233492536538362
0.249147045813402
0.249147045813397
0.233492536538368
0.203167426723051
0.160078328543355
0.106939325995318
0.047175336386509

Table A.3: Gauss-Legendre Quadrature Rule:

sampling points and weight factors.



A.2 NUMERICAL INTEGRATION BY PARAMETRIC TRANSFORMATIONS

161

Gauss-LoBATTO

T4

(627

X4

(627

0.000000000000000

2.000000000000000

[V

-1.000000000000000
1.000000000000000

1.000000000000000
1.000000000000000

-1.000000000000000
0.000000000000000
1.000000000000000

0.333333333333333
1.333333333333330
0.333333333333333

-1.000000000000000
-0.447213595499958
0.447213595499958
1.000000000000000

0.166666666666667
0.833333333333333
0.833333333333333
0.166666666666667

-1.000000000000000
-0.654653670707977
0.000000000000000
0.654653670707977
1.000000000000000

0.100000000000000
0.544444444444445
0.711111111111111
0.544444444444444
0.100000000000000

-1.000000000000000
-0.765055323929465
-0.285231516480645
0.285231516480645
0.765055323929466
1.000000000000000

0.066666666666666
0.378474956297847
0.554858377035486
0.554858377035487
0.378474956297847
0.066666666666666

-1.000000000000000
-0.830223896278567
-0.468848793470714
0.000000000000000
0.468848793470714
0.830223896278567
1.000000000000000

0.047619047619048
0.276826047361566
0.431745381209862
0.487619047619047
0.431745381209863
0.276826047361566
0.047619047619048

-1.000000000000000
-0.871740148509606
-0.591700181433143
-0.209299217902479
0.209299217902479
0.591700181433144
0.871740148509606
1.000000000000000

0.035714285714286
0.210704227143505
0.341122692483504
0.412458794658704
0.412458794658705
0.341122692483504
0.210704227143505
0.035714285714287

-1.000000000000000
-0.899757995411461
-0.677186279510739
-0.363117463826178
0.000000000000000
0.363117463826178
0.677186279510738
0.899757995411461
1.000000000000000

0.027777T7TTTTTT778
0.165495361560804
0.274538712500162
0.346428510973048
0.371519274376416
0.346428510973047
0.274538712500162
0.165495361560805
0.027777TTTTITTT8

10

-1.000000000000000
-0.919533908166462
-0.738773865105502
-0.477924949810446
-0.165278957666387
0.165278957666387
0.477924949810445
0.738773865105504
0.919533908166459
1.000000000000000

0.022222222222219
0.133305990851074
0.224889342063127
0.292042683679680
0.327539761183900
0.327539761183896
0.292042683679684
0.224889342063124
0.133305990851073
0.022222222222222

11

-1.000000000000000
-0.934001430408055
-0.784483473663149
-0.565235326996204
-0.295758135586939
0.000000000000000
0.295758135586939
0.565235326996203
0.784483473663149
0.934001430408056
1.000000000000000

0.018181818181822
0.109612273266991
0.187169881780302
0.248048104264036
0.286879124779002
0.300217595455696
0.286879124779002
0.248048104264035
0.187169881780303
0.109612273266991
0.018181818181821

12

-1.000000000000000
-0.944899272222886
-0.819279321644002
-0.632876153031862
-0.399530940965349
-0.136552932854928
0.136552932854928
0.399530940965349
0.632876153031864
0.819279321643999
0.944899272222888
1.000000000000000

0.015151515151508
0.091684517413205
0.157974705564372
0.212508417761012
0.251275603199208
0.271405240910697
0.271405240910697
0.251275603199208
0.212508417761012
0.157974705564372
0.091684517413205
0.015151515151508

Table A.4: Gauss-Lobatto Quadrature Rule: sampling points and weight factors.
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A.3 RC SECTION BASED ON NAVIER-BERNOULLI KINEMATIC

In order to compare the sectional discretization strategy here proposed with the
fibers approach, the State of a RC Section based on Navier-Bernoulli kinematic
is presented. By using such an assumption, it’s clear that only the problem re-
lated with normal stresses can be dealt with. However, this is the most com-
mon approach used in reinforced concrete and consent to determine, for example,
Moment-Curvature Diagrams or Interaction Domains. In addition, the state of the
so obtained section can be used in the formulation of beam-column finite elements
in which shear’s effect is not directly considered. The following hypotheses are
hence assumed:

(a) plane sections remain plane after deformations;
(b) shear deformation is not considered;

(c) perfect bond holds between steel and concrete.

Figure A.8: RC section and generalized normal stresses.

According to these hypotheses, in a deformed configuration, the normal dis-
placement at a generic point P (Fig. A.8) of the section is given by:

wp(z,y,2) = wo(z) —y- ¢.(x) + 2- ¢y(2) (A.13)

where wy is the displacement at the origin and ¢., ¢,(x) are, respectively, the
rotations around the z and y axes. The corresponding normal strain at point P
(Fig. A.8) is given by:

_ awp (SL', y7 Z)

ep(,y,2) = ——5 = = eo(@) =y Xz(2) + 2 xy (2) (A.14)

where ¢q is the normal strain at the origin and ., X, are, respectively, the cur-
vatures around the z and y axes. The kinematic variables can be grouped by
introducing the sectional displacement vector s(z) and the sectional deformation
vector e4(z):

]T

S(x):[WO (o ¢y (A15>

es($)=[€0 Xz Xy]T (A16)
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Through the operator:
as(z,y)=[1 -y 2] (A.17)

egs. (A.13) and (A.14) can be put in the matrix form:
wy(z,y,2) = as(z,y) -s(x) (A.18)

ep(,y,2) = as(z,y) - es(x) (A.19)

With reference to a section belonging to a beam element, eqs. (A.18) and (A.19)

decompose the kinematic field into the product of a function as(z,y), depending

on the coordinates on the section, by a function of the coordinate x of the section
along the beam axis.

A.3.1 SECTION EQUILIBRIUM

The sectional equilibrium equations are derived through the Principle of Virtual
Displacements, by equating the work done by the static quantities of the actual
equilibrated field and the kinematic quantities of a virtual kinematic field. The
section is considered belonging to a unitary length segment of the beam.

OW; = oW, (A.20)
The external and internal works are, respectively:

W, = deg(2)" - £, () (A.21)

5Wi = / 5€p(«r, Y, Z)O'p(l‘v Y, Z) dA (A22)
A

By substituting in Eq. (A.22) the expression of ¢, given by (A.19), it follows that:

Seg(x)T £, (2) = dey(x)T - /Aas(z,y)Tap(w,y,z) dA Ve, (A.23)

Doing such an equation be valid for any virtual de, the following relationship must
hold:

1
fs,e(x):/Aas(z,y)Tap(x,y,z) dA:/A —y| op(z,y,2) dA (A.24)
z

This equation defines the generalized section stresses N, M., M, which equilibrate
the distribution of the internal uniaxial stresses o,:

N(z) 1
fr(z) = | M.(x) :/ —y| op(z,y,2) dA (A.25)
M, (z) Al=
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and can be rewritten as:

N(z) = /Aap(x,y,z) dA
M., (z) z/A—yﬁp(x,y,z) dA (A.26)
M, (z) z/Azﬁp(x,y,z) dA

Clearly, the integrals are meant extended to all the materials composing the section.
These integrals will be continuous over the concrete domain and discrete sums on
the reinforcing bars.

A.3.2 THE TWO TYPES OF SECTION PROBLEMS

The stress o,(z,y, 2) in Eq. (A.25) is given as function of the strain €,(z,y, z) by
an assumed uniaxial constitutive law. The most known stress-strain relationships
are those proposed by (Kent and Park, 1971) and (Mander et al., 1988).

f, (z) = /Aas(z,y)TUp(es(m)) dA (A.27)

Eq. (A.27), strictly speaking, is an equilibrium equation. Its use in the design
practice and in finite element analysis can be associated to the following two types
of problems:

- given a strain state (the sectional strains) e, determine the stress state (the
resultant section forces) fs,; this happen in a displacement based element
and the problem is in a direct form;

- given a stress state f ., determine the sectional strain state ey; this happen
in a flexibility based element and the problem is a indirect form.

A.3.2.1 TYPE 1 PROBLEM

The first problem is formulated in a direct way. In fact, given the section defor-
mations ey, the section stresses in any point are directly given by the assumed
constitutive law. The integral of the stresses over the section domain gives the
section forces f; .. Hence Problem 1 requires a suitable integration strategy only.

A.3.2.2 TYPE 2 PROBLEM

The second problem can’t have a direct solution. It involves the solution of a system
of nonlinear equations and can be stated as follow: for an assigned vector of section
forces f; ., reckon the section deformations e, giving corresponding internal forces
fs (resisting or restoring forces) equal to fs .. The internal forces are computed
through the integration of the stress distribution over the section domain:

£, (es) = /Aas(z,y)TUp(es) dA (A.28)
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The equilibrium condition states that:
foe =15 r(es) (A.29)
Such a condition is written in homogeneous form as follows:
gles) =fsc—fs.(es) =0 (A.30)

and solved by Newton-Raphson (NR) method. The main steps of the NR solution
are:

1. choice of an initial solution eyq.
2. linearization of the problem as follows:
gles) 2 gles) +J(eso) - (es —es) =0 (A.31)
where J(ey0) is the Jacobian matrix evaluated in eg.

3. search for a new solution, by solving Eq. (A.32):
es1 = es0 — [J(ew0)] ™' - gleso) (A.32)

4. iteration until convergence.
In a more explicit form, the Jacobian matrix is given by the Equation:
Jg(es) _ I(fs,e — fs,r(es))
e, Oeg
afs,r(es)
Oeg

J(es) =

(A.33)

which shows how J(e;) equals the derivatives of the resisting forces f; .(es) with
respect to es. By expanding Eq. (A.33) we have:

of,.(es) 0 T (al op es)) / Up es)) B
Fomee L [ aloy(en an— [ AR gy - el 4=

:/ STaap O2p gq / ST@%.MC[A:/%T&L a, dA =
Ogp  Oes Ozp ey 9ep

= / a T By onas dA 2k,
A

(A.34)
where Fy,, is the tangent modulus and k; is the tangent sectional stiffness matrix.
The following relationship between Jacobian matrix and tangent stiffness matrix
holds:

J(es) = —ks (A.35)

The recursive equation of the NR solution results:
eqit1 =€y, + k()] gles) = ey + Ae; (A.36)

and will be iterated until convergence.
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A.3.3 REMARKS ON THE SECTION STIFFNESS MATRIX

For a linear elastic material, the expanded form of the sectional stiffness matrix kg
is:
1 —y z
ks = / al'Biyna, dA = / Eian |~y y?> —yz| dA (A.37)
A A 2  —yz 2?

The stress-strain relationship is simply ¢ = Ee and 0o,/0¢, = E, where E is the
Young’s modulus. For the special case of homogeneous sections, Eq. (A.37) can be
rewritten as:

1 —y z
k, = E/ ala, dA = E/ —y  y?  —yz| dA (A.38)
A Al 2z —yz 22

If the system (y, z) coincides with that of the principal axis of the section, the first
order moments equal zero and the two flexural components uncouple, so that Eq.
(A.38) becomes:

A 0 0
ke=E|0 I, 0 (A.39)
0 0 I,

For a non linear stress strain relationship and non homogeneous sections, the tan-
gent modulus varies with the sampling point P on the section. Further compli-
cations arise if the section is non homogeneous (made of concrete and reinforcing
bars). In this case there isn’t a reference system more effective than another. The
simplest way is to assume the origin in the centroid of the concrete section. As
a consequence, the tangent stiffness matrix is always full (Ciampi and Di Carlo,
1977).

In conclusion, two types of problems arise in dealing with the section state. The
first one is written in an explicit way, the second one requires a numerical strategy
for solving systems of nonlinear equations. In both of them, clearly, numerical
integration over the section must be performed.

A.3.4 INTERACTION DOMAINS

We refer to a generic reinforced concrete section. The interaction domain is a
volume which contains all the states [N, M., M,] acceptable within certain limits,
stated according to given hypotheses. Its frontier is the locus of the points corre-
sponding to an ultimate sectional state. In such a surface frontier lie the points
having as coordinates the triplets of values [N, M, M,] which lead a fiber of con-
crete or a bar of steel to reach its ultimate strain. In this paragraph we deal with
the problem to define such a surface. The problem may be solved both in the
space of the deformations e;(z) as well as in the space of the forces f;. In the first
case we have to solve an ordinate succession of problems Type 1 (direct problems).
The succession will explore all the deformative states corresponding to an ultimate
value of the material strains. In the second case, working in the space of forces, we
have to solve problems Type 2, involving repeated solutions of nonlinear equations.
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This second way is time consuming, but more effective from a practical point of
view, because it works defining the 3D domain N, M., M, as a succession of 2D
domains N, M, M, reckoned for a constant value of the axial force.

N
N

Figure A.9: Generic 3D Interaction Domain.

According to (Bontempi, 1992), we work through the following steps, Fig. A.9:
1. we chose a value N = N € [NT; N7];

2. in the plane N, M,, M, we have to find the points associated to an ultimate
limit state. To this purpose:
- we chose at first an angle p = 0 + 27;

- this angle gives a line on which we define a local variable A so that:

M, =\ cosyp (A.40)
My =X-sinp '

- with the bisection method we find the value of A to which correspond
the forces producing an ultimate state;

By repeating this search for a discrete set of angles ¢ and axial forces N the surface
frontier is built point wise. The same approach is applicable to the definition of
2D domains (M — N moment-axial force).

A.4 VALIDATION AND APPLICATIONS

The three reinforced concrete sections shown in Fig. A.10 are now considered: the
first one is a square section reinforced with symmetrical bars, the second is a L
shaped section, with distributed bars and the third is an hollow circular section
with distributed bars. As already explained the first and the second sections need
only one transformation while the third involves two parametric transformations.
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Figure A.10: R.C. sections considered for benchmarking.

« sampling points

T R

Figure A.11: Example of sub-domains discretization and sampling points position.

In order to compare the results with those of other Authors, for concrete the
stress-strain parabola-rectangle relationship has been used. The steel is assumed
having an elastic perfectly plastic behavior. The strength and ultimate strains
parameters are listed in Tab. A.5.

Concrete Steel
fe=—-15MPa fy =375 MPa
eco0 = —0.0020 ey = 0.0020
€ecw = —0.0035 ey = 0.0100

Table A.5: Material characteristics.

Benchmark organization

e Square RC Section: reckoning of moment-curvature diagrams, with compar-
isons among different discretizations and different grids of sampling points.
The fiber discretization method is also used. The results are compared in
term of moment-curvature diagrams and assigned and approximate stress
distributions;

e Square, L-shaped and hollow circular sections: construction of the multiaxial
interaction domains.
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A.4.1 SQUARE SECTION. COMPARISONS AMONG DIFFERENT DISCRETIZA-
TIONS

The square reinforced concrete section of Fig. A.10(a), loaded by three different
axial forces N = —240 — 1200 — 1680 kN, is considered. The section is subdived
into 30 sub-domains and in each sub-domain a Gauss-Lobatto integration scheme
with n=3 sampling points is used. The corresponding moment-curvature diagrams
are shown in Fig. A.12. The results obtained with this fine discretization agree
with those reported in (C.E.B., 1978) and will be considered in the following as the
reference solution.

N =-240kN © © © CEB.123(1978) N=-1200kN o o o C.EB.123(1978) N=-1680kN ¢ ¢ ¢ CEB.123(1978)
V=01 Reference Solution V=05 Reference Solution v=0.7 Reference Solution
200 1 ~ - < 200 - 200 1
180 1 @ @ 2 2 180 180
8 8 8 £
160 1 {5 & o] » 160 160
140 140 140
E 120 E 120 1 E 120 1
£ 100 € 100 | € 1001
s’ 80 s 80 s’ 80
60 60 60 4
20 40 4 40 4
20 20 4 20 A
0 T T T T T T T T 0 0
0 25 5 75 10 125 15 17.5 20 0 25 5 7.5 10 125 15 17.5 20 0 25 5 7.5 10 125 15 175 20
X, [1/m103] X, [1/m103] X, [1/m103]

Figure A.12: Moment-curvature diagrams for different axial forces.

Fig. A.13 shows the stress distributions for different states of the moment-
curvature diagram for the case with N = —240kN. One can observe how the
neutral axis is moving upward and how at the final stage the points on the upper
border catch the maximum compressive stress equal to 15 M Pa.

State 1 State 2 State 3

oc [MPa] c. [MPa
<
" S

n n
Ge Ge Ge

400 mm

n n

Figure A.13: Stresses in the concrete at different states (N = —240kN).

Tensile stresses are null below the neutral axis, so we have to deal with the integra-
tion of a function that presents discontinuities whose position is state-dependent.
On the other hand the interpolation functions associated to the integration rules
are continuous.
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In order to deal with the local discontinuity, three possible ways are explored and
compared:

1. by fixing the dimension of the sub-domains and improving the integration by
changing or the quadrature rule or the number of the sampling points;

2. by fixing the quadrature rule and increasing the number of sub-domains in
order to increase the possibility to catch the stress discontinuity;

3. a combination of the two previous cases.

Fig. A.14 shows the moment-curvature diagram for the square R.C. section with
N = —240kN. One can observe that by increasing the number of the sampling
points the accuracy increases. From n > 5, no practical differences are observed
in the results. Considering now the case with n = 8 sampling points. By working
with strategy 2 we use different sub-domain discretizations, taking always n = 8.
The results are reported in Fig. A.14(c). No practical differences are observed in
the results.

N =-240 kN N =-240 kN N =-240 kN
v=0.1 Reference Solution v=01 Reference Solution v=0.1 Reference Solution
200 +—+—+n=1 200 7 t—+—+n=5 200 4 +——+ 1subdomain-n=8
180 s e —on=2 180 7 e—=—on=6 180 o—s—o 2 subdomain-n=4
160 —+—n=3 160 ———n=7 160 -| +—+— 4 subdomain - n =2
140 e en=4 140 - e——=—n=8 140 - +—s—e 8 subdomain-n=1
E 120 E’ 120 E 120
£ 100 € 100 Z 100 ]
s 80 s 80 = g0 ]
60 60 ] 60
40 40 - 20 1
20 20 20
0 T 0 —— T 0
0 25 5 75 10 125 15 175 20 0 25 5 75 10 125 15 175 20 0 25 5 75 10 125 15 175 20
%, [/m103] %, [1/m103)] %, [/m103]

(a) Single subdomain (n=1:4) (b) Single subdomain (n=5:8) (c) Different subdomains (n=8)

Figure A.14: Moment-curvature diagrams for different sectional discretizations.

Fig. A.15 and Fig. A.16 report the results for different discretizations and dif-
ferent numbers of sampling points. With reference to the ultimate states, these
figures compare the stress distribution, associated to the assumed constitutive law,
and the stress distributions as interpolated according to the integration rule. Even
though the final results globally agree with the equilibrium condition, we observe
that the interpolated stresses may have shapes quite different with respect the
given one and that, in particular, they have non-null values below the neutral axis.
Numerical convergence is reached through the balance of positive and negative ar-
eas, which tends to sum zero. As a consequence of these first results, it appears
more convenient deal with to a so marked discontinuity, by adopting more small
sub-domains. In fact, the well known fiber approach works with many fibers and
uses a single sampling point.
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Figure A.15: First discretization strategy. Real (black) and approximated (blue) distri-
butions of stresses at the final state of moment-curvature curve. Compar-
ison between the exact resultant of stresses (grey area) and approximate
distribution (cyan area).
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Figure A.16: Second discretization strategy. Real (black) and approximated (blue) dis-
tributions of stresses at the final state of moment-curvature curve. Com-
parison between the exact resultant of stresses (grey area) and approxi-
mate distribution (cyan area).
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Figure A.17: Dense discretization. Real (black) and approximated (blue) distributions
of stresses at the final state of moment-curvature curve. Comparison be-
tween the exact resultant of stresses (grey area) and approximate distri-
bution (cyan area).
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A.4.2 MULTIAXIAL INTERACTION DOMAINS

173

For the three R.C. sections shown in Fig. A.10, the multiaxial interaction domains

are exposed in the next.

A.4.2.1 A sQUARE R.C. SECTION

The first example concerns the square R.C. section reported in Fig. A.10(a). The
section has been subdivided in 4 sub-domains and the Gauss-Lobatto rule with
5 sampling points has been used in each of them. Fig. A.18(a) shows the 3D
interaction domain. The relative bottom, top and lateral view are reported in

Fig. A.18(c-d-e).
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Figure A.18: Interaction domain for the square section of Fig. A.10(a).
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A.4.2.2 AN L sHAPED R.C. SECTION

The second example concerns the L-shaped R.C. section reported in Fig. A.10(b).
The section has been subdivided in 4 sub-domains and the Gauss-Lobatto rule
with 7 sampling points has been used in each of them. Fig. A.19(a) shows the
3D interaction domain. The relative bottom, top and lateral view are reported in
Fig. A.19(c-d-e).
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Figure A.19: Interaction domain for the L shaped section of Fig. A.10(b).
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A.4.2.3 AN HOLLOW CIRCULAR R.C. SECTION

The third example concerns the circular hollow R.C. section reported in Fig. A.10(c).
The section has been subdivided in 10 sub-domains and the Gauss-Lobatto rule
with 5 sampling points has been used in each of them. Fig. A.20(a) shows the
3D interaction domain. The relative bottom, top and lateral view are reported in
Fig. A.20(c-d-e).
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Figure A.20: Interaction domain for the circular hollow section of Fig. A.10(c).






Limit analysis

A systematic approach to the limit analysis of framed structures, which con-
siders axial force and bending moment interaction, is presented. Following
the general theory for limit analysis, the complete solution of the problem
(i.e. the collapse loads, a stress distribution at the incipient collapse and a
collapse mechanism) is obtained by linear programming.

B.1 INTRODUCTION AND BAsic HYPOTHESIS

The theory dealing with the determination of the load-carrying capacity of struc-
tures made of perfectly plastic materials is called limit analysis. A general formu-
lation of a complete theory for perfectly plastic materials was given by Gvozdev
(1938), but his work was not known in the Western world until the 1950s, where
previously, mainly in works of Prager while at Brown University (Drucker et al.
(1952) and Prager (1952)), a very similar theory had been developed (Nielsen and
Hoang, 2011). One of the most important improvements in the development of the
plastic theory was undoubtedly the establishment of the upper and lower bound
theorems that, when the first computer based calculations became possible, can be
translated in linear mathematical programming problems. Some of the first works
in that direction has been done by De Donato and Maier (1972) and Maier (1973),
in which also the geometrical non linearities are considered.

In many cases, the ultimate limit state of structural collapse can be adequately
evaluated by assuming perfectly plastic behavior and neglecting second order ef-
fects, which make the general theory of limit analysis applicable to steel structures.
Instead, since concrete is not a perfectly plastic material, the application of limit
analysis to reinforced concrete structures requires some preliminary considerations.

Since reinforced concrete is a composite material, made of concrete and rein-
forcing steel, the use of a plastic approach is acceptable in cases where the strength
is governed mainly by the reinforcement, e.g., flexure of beams and slabs. Also in
this case, however, concrete properties can modify the ultimate structural behav-
ior. If it is simple to assume that the tensile strength of concrete can be neglected,
concerning the compression strength is much more difficult to propose reasonable
assumptions, since concrete exhibits a significant strain softening. In addition, lo-
cal mechanical properties can be influenced by cracks phenomena or interaction
mechanisms between steel and concrete.
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For that reasons, limit analysis seems not generally applicable to reinforced
concrete structures. However, several experiences suggest that limit analysis can
be successfully applicable to RC problems if (Biondini, 1999):

- concrete tensile strength is neglected;

- concrete compression strength is modify trough a coefficient v, called effec-
tiveness factor:
fX=ve fo  withv. €0;1] (B.1)

(&

Of course, adequate values for v, are required. Exner (1979) proposes the evalu-
ation of the effectiveness factor by using the energy equivalence reported in Fig. B.1.
However, it must be pointed out that con-
crete properties alone cannot define such -0

[~
a coefficient, because several informations Zr
must be considered, e.g., properties and A l:l @
position of reinforcing steel, structural
geometry, support conditions, structural /@

forces flow and load conditions. For these -v /.-
reasons, prudential values has been pro-
posed, such as v, = 0.60 suggested in
(Marti, 1985) and (Rogowsky and Mac-

Gregor, 1986). 5 S
Several applications of limit analy-
sis by mathematical programming can be Figure B.1: Effectiveness factor.

found in (Cocchetti and Maier, 2003),

(Ardito, 2004), (Ardito et al., 2008), in which also softening plastic-hinge mod-
els are considered in the elastic-plastic analyses of frames and critical thresholds
on deformations are introduced by solving a nonconvex nonsmooth constrained op-
timization problem usually referred to in the literature as “mathematical program
under equilibrium constraints” (Ardito et al., 2010).

The approach here proposed neglects shear failures and considers axial force
N and bending moment M as interacting generalized plastic stresses. A rigid
perfectly-plastic constitutive law is adopted to relate these stresses to the correlative
generalized plastic strains, represented by the cross-sectional axial elongation Al
and bending rotation 1, respectively. In this way, the behavior of the discrete
cross-sections where the plastic strains tend to develop can be represented by a
generalized plastic hinge that allows a free axial-bending kinematic behavior and,
at the same time, fully transfers the corresponding plastic values of the axial force
and bending moment. The plastic collapse is reached when the set of generalized
plastic hinges is able to activate a kinematic mechanism for which the equilibrium
can no longer be satisfied, (Biondini and Frangopol, 2008).

The hypothesis used are: (1) small displacements; (2) rigid perfectly-plastic
behavior; (3) only axial force and bending moment active and interacting (Fig. B.2);
(4) ultimate axial forces and bending moments described by the interaction domain,
that can be linearized as Fig. B.3 shows; (5) the formation of plastic hinges is limited
at the extreme of the elements. This approximation produces limitations that can
be overcome by increasing the elements number of the mesh.



B.2 GLoBAL EQUILIBRIUM AND COMPATIBILITY EQUATIONS 179
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(a) Axial force - displacement. (b) Bending moment - rotation.

Figure B.2: Rigid perfectly-plastic behavior.

M M

N N
N N

(a) Real domain. (b) Linearized domain.

Figure B.3: Limit Interaction Domains.

B.2 GLOBAL EQUILIBRIUM AND COMPATIBILITY EQUATIONS

In order to apply the Limit Analysis Theorems, global equilibrium and compatibil-
ity equations must be formulated. At this end, the generic structure is subdivided
in finite elements as Fig. B.4 shown. Forces and generalized stresses are assumed in
accordance with the conventions and with the reference systems shown in Fig. B.4c.

omn - s
A 1 ! ! A R
7777 ~ |
N M
N A S
”"T \ ., 0,
— >
F uy X
(a) Geometry. (b) Mesh. (c) Reference system.

Figure B.4: Limit analysis: structural geometry, structural mesh and reference system.

Since it is reasonable to replace a distributed load with statically equivalent
concentrated loads in an appropriate number of cross-sections, no distributed loads
are considered acting on the element. In these cases, an additional subdivision of
the mesh can be introduced in order to increase accuracy.
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B.2.1 EQUILIBRIUM EQUATIONS

Let’s considered the generic j—th element of a structure. The equilibrium equations
can be obtained by following the steps used for a force-based element (see par. 2.4).

' X
A

(a) Element “with rigid body modes”. (b) Element “without rigid body modes”.

Figure B.5: Static field: element with and without rigid body modes.

In particular, by removing the rigid body motions, the following relation holds:
Q, = thQj (B.2)

The nodal forces in the global reference system Qg ; can be obtained from the local
ones Q; through the transformation matrix T:

cosa —sina 0

T, = [1(;0 19 ] with Ty = |sina cosa 0 (B.3)
0 0 0 1
so that:
Q. = Ta Q; (B.4)
By substituting in (B.41) eq. (B.2), the following relation holds:
= (T, ) Q.
Qo = (Ta ) Q; (B.5)
= Hy; Qj

where Hj, is the element equilibrium matrix.
Finally, by assembling all the ne elements, the nodal equilibrium equations for the
whole structure result as follows:

F.= Z% (Qg,j)

Jj=1

ne (B.6)
= Z"y (Hg’j ’ Qg)
j=1
that, in matrix form, becomes:
F.=H. Q (B.7)

where F. is the external nodal forces vector, H is the equilibrium matriz of the
structure and Q; is the vector that contain all the basic forces of the elements.
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B.2.2 CoMPATIBILITY EQUATIONS

Fig. B.6 shows the kinematic quantities in the reference system “with rigid body
modes” and in the one “without rigid body modes”. The same quantities are used
in a force-based element.

6
(—\ ?1]
q n,g —7>
= 4
: \
n, 4
- X
T
9,
(a) Element “with rigid body modes”. (b) Element “without rigid body modes”.

Figure B.6: Kinematic field: element with and without rigid body modes.

Compatibility conditions for the whole structure can be obtained by using a dual
approach with respect equilibrium, in which the Virtual Force Principle is applied.
The external and the internal works are:

W, = 0FT's oW =6Q! q; (B.8)
and the Principle of Virtual Forces states that:
Wi =W, = 6F's=0Q7 q (B.9)
For the static field the following equilibrium equation holds:
0F =H 0Q; (B.10)
By substituting eq. (B.10) in eq. (B.9) the following relation is obtained:

QI H" s =6Q q; (B.11)

Since such an equation is valid for any choice of §Q7, the following compatibility
equations are finally obtained:
q=HTs (B.12)

where matrix H7 is the compatibility matriz of the structure and it is the transpose
of the equilibrium matrix.

B.2.3 ABoUT EQUILIBRIUM AND COMPATIBILITY MATRICES

It has been show that the equilibrium matrix is the transpose of the compatibility
matrix. Such a results can be used in order to classify a structure:

- if matrix H has full rank, with equilibrium equations we can find the vector
of basic forces and hence the internal forces: this is the case of a statically
determined structure;
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- if matrix H has more columns than rows, equilibrium states that infinite solu-
tions can be possibile. This is the case of a statically undetermined structure;

- if matrix H has more rows than columns, equilibrium states that there are
not solutions. This is the case of a kinematic undetermined structure.

B.3 MATERIAL CONSTITUTIVE MODELS

According to the hypothesis of the rigid perfectly-plastic constitutive law, (a) the
yielding criterion, which defines the stress state corresponding to the start of the
plastic flow, is convex, and (b) the flow rule, through which the increments of the
plastic strains are correlated to the stress state, is associated with the yielding
surface (normality rule).

B.3.1 YIELD CONDITION

By assuming the normal force N; and the bending moment M; as the only active
generalized plastic stresses (Fig. B.7), the yielding criterion for the i — th generic
critical cross-section can be written as:

fi(Ni, M;) =0 (B.13)

Such a criterion defines, in the N — M plane, a do-
main that can be reasonably idealized by a step-
wise approximation which is, for the sake of safety,
inscribed within the convex yielding criterion:

fi(Ni, M;) <0 (B.14)

Figure B.7: Yielding criterion. By assuming a stepwise linearization with ¢ sides
for each ¢ — th plastic domain, with reference to Fig. B.7 we can define:

- a matrix N;, in which each row contains the components with respect the
axis of the normal vector n} to the j — th side of the curve (n};, n},);

- a vector k;, with inside the k; distance between the side of the domain and
the origin of the axis.

The dimension of these quantities depends on the quality of the stepwise lineariza-
tion chosen. Matrix N; and vector k; have this expression:

i i i
ni o Nip kl
K3 3 3
Ny MNag ks
j1 j2 J
Ng1 Mg kq

Therefore, the yielding criterion for each ¢—th critical cross-section can be rewritten
in matrix form as:
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where r; is the vector whose components are the generalized stresses acting in the
i — th section:

N,
and ©; is the plastic potential vector, whose components give a measure of the
distance between the point and the j — th side of the limit domain:

@ =0 6 - O .. @é]T (B.18)

The internal forces r; in a generic section of the element can be evaluated from the
basic forces Q by using the equilibrium equation:

[Z\J\H[(l) (x/lo— 1) x% %g (B.19)

In this formulation, only the extreme sections of the element are controlled and
hence:

@ Q1
N 1 0 0]z N 1 0 0] |2
=l =l ool |2 e[l 0 ] |@ @
OF Qs
For each element, the yielding criterion becomes:
0,=N;,Q-k; <0 (B.21)

By assembling all the elements, it is possible to set the structural yielding criterion
as follows:

0, =) #(®;)<0
j=1

— ZM(NJ» Q,—k;) <0 (B-22)
j=1
=NQ -k<0

In (Olsen, 1998) the influence of the linearization of the yield surface on the
load-bearing capacity is detailed.

B.3.2 FLOW RULE

The associated flow rule for each i — th critical cross-section is given by:

Al = g]{;

" OM;
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with the multiplier p; that allows plastic flows only for the points lying on the
yielding curve along the outside normal (Fig. B.7):

pi =0 if  fi(Ng, M;) <0 (B.24)
i >0 if  fi(N;,M;) =0 .
or, in compact form:
pi - fi(Ni, M;) = 0 (B.25)
For the linearized case, the following matrix notation can be introduced:
d;=NT-p, (B.26)
with
m; =0 .

where vector p,; contains the terms ,uj» relative to each side of the linearizated
domain:
I J 1T
i = [lh L ,Uq] (B.28)
As before, the flow rule can be written for the generic element by connecting
the vector of plastic deformation d; with the vector of basic displacement q:

a=N7 i (B.29)

By assembling all the element, the structural flow rule becomes:

a=)_ o (a)=> o (Nj p;) =N"p (B.30)
j=1 j=1

with

(B.31)

pn>0

B.4 STATIC AND KINEMATIC APPROACH (DUALITY)

Let Py be a vector of constant loads and P a vector of loads whose intensity is
proportional to a given scalar multiplier A > 0. By assuming that the structure is
safe for A = 0, the collapse multiplier \. associated with its failure is derived from
the two fundamental theorems of limit analysis.

The lower bound theorem states that A. is the maximum of the multipliers
associated with stress fields that satisfy both the equilibrium conditions and the
yielding criterion. In mathematical terms:

Ae=maz{\ | \AP-HQ,=-P;, NQ, <k, A>0} (B.32)
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THEOREM INPUT OuTPUT
H  equilibrium matrix Ac  collapse multiplier
Lower Bond N  yielding criterion matrix Q  basic forces
k  yielding distance vector
H” compatibility matrix A collapse multiplier
Upper Bond N  yielding criterion matrix s nodal displacements
k  yielding distance vector ~ p  flow parameters vector

Table B.1: Limit Analysis Theorem: Input & Output variables.

The upper bound theorem states that A. is the minimum of the multipliers
associated with plastic flows that satisfy both compatibility conditions and flow
rule. In mathematical terms:

Ae=min{k"p—Pls | N'p-H"s=0, P's=1, p>0} (B.33)

Therefore the fundamental theorems of the limit analysis can be translated
into dual linear constrained optimization problems: the first one requires to find a
maximum, while the second one a minimum. It is worth noting that in the second
case, the minimum condition is related to the work done by the proportional loads
P for the displacements s associated with the collapse mechanism. Since this
mechanism is associated with an arbitrary multiplier, it results in being univocally
identified by the condition PTs = 1. The solution of the previous dual linear
programs leads to the complete solution of the problem, i.e. the collapse multiplier,
the stress distribution at the incipient collapse and the collapse mechanism. As it
is the separator of two sets, A. is unique. However, the uniqueness of \. does not
necessarily mean the uniqueness of the collapse mechanism, or that of the stress
field at collapse.

Finally, it must be pointed out that computationally speaking the two theorems
are not equal. In fact, in the case of the lower bond theorem, the solution is a
search in the space defined by equilibrium, on which the yielding criterion acts like
a constrain: the unknowns of the problem are A\. and the basic forces Q; in all
the elements. Instead, in the case of the upper bond theorem, the solution is a
search in the space defined by compatibility, but the flow rule and, in particular,
the vector u enter in the definition of the space: the unknowns of the problem are
A¢, the displacement vector s and vector p. Since the last has a dimension that
depends on the number of stepwise linearization used for domains, it is clear that
the upper bond theorem is more computational demanding with respect the lower
bond one.

Limit analysis procedure previously exposed has been implemented in a specific
computer code. The optimization problem has been solved by the simplex method.
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B.5 BENCHMARKS

In the following, three benchmarks with increasing complexity are presented:
1. a portal frame with two variable concentrate loads (Dell’Acqua, 1994);
2. a clamped RC arch (Ceradini and Gavarini, 1965);

3. a collaborating beam-arch system (Ronca and Cohn, 1979a).

B.5.1 A PORTAL FRAME

The portal frame shows in Fig. B.8 is considered. It is supposed that the bend-
ing moment is the only active generalized plastic stresses. The resisting bending
moment of the beam is double with respect the columns. The geometry of the
structure, the external supports, the loads acting and the mesh used are reported
in Fig. B.8a. Limit analysis gives the combinations of (A1, A2) that produce the
collapse of the portal frame. The results are shown in Fig. B.8b.

ﬂ“] Mechanism 1
ALF
T
— 12.00
2M,
Mechanism 2
M, M,
8.00
< A<
Mechanism 3
< &
0 L00 3.00 A
(a) Definition of the problem. (b) Limit analysis result.

Figure B.8: Portal frame with two variable concentrate loads.

In the first mechanism, there is a plastic hinge in the fixed support at the left
and two plastic hinges at the top of the columns. In the second mechanism, there
is a plastic hinge in the fixed support at the left, a plastic hinge in the middle of the
beam and a plastic hinge at the top of the right column. In the third mechanism,
two plastic hinges at the top of the columns and a plastic hinge in the middle of
the beam are present.
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B.5.2 A cLAMPED RC ARCH

The clamped arch subdivided in 28 elements and shown in Fig. B.9 is analyzed.
T T T e

s M1 o
L i P, [
B z,, 1= 14000 mm

o f= 3500 mm

Figure B.9: Clamped RC arch. Geometry and discretization.
Two load combinations (with same multiplier A) are considered:

1. Case 1: p; = 0.0 N/mm and ps = 100 N/mm,;

2. Case 2: p; = 300 N/mm and ps = 100 N/mm.

For both, Fig. B.10 reports the collapse mechanisms and the relative internal forces.

6=-2.6116, rad 0=-21610, rad
Al =-0.4456, m Al=-0.3700, m

0= 29720, rad
Al =-0.5070, m

0= 28720, rad
Al = -0.4890, m
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0= 0, rad 0=0,rad
0=-1.3250, rad Al =-0.1680, m 0=-1.7010, rad Al =-0.1700, m
Al =-0.2320, m Al =-0.2900, m

A.=3.024 A =1185

(a) Case 1: collapse mechanism. (b) Case 2: collapse mechanism.

3899.89
-190.

(d) Case 2: axial forces [kN].

190.36

(e) Case 1: bending moments [kNm]. (f) Case 2: bending moments [kNm].

Figure B.10: Clamped RC arch: limit analysis results.
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Fig. B.11 shows the positions of the generalized plastic hinges in the interaction

domains.
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Figure B.11: Clamped RC arch: plastic hinges position in the interaction domains.

Finally, the obtained results are compared with the ones gives in (Ceradini and
Gavarini, 1965), in order to control the validity of the proposed computer code.
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(c) Case 1: bending moments.

x [m]

(d) Case 2: bending moments.

Figure B.12: Clamped RC arch: comparisons with the solution obtained by (Ceradini

and Gavarini, 1965).
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B.5.3 A COLLABORATING BEAM-ARCH SYSTEM

The collaborating beam-arch system shown in Fig. B.13a is considered. For ge-
ometry and loads: I = 4000mm, f = 750mm, h = 800mm; gy = 1.87 N/mm,
go = 1.87TN/mm, g1 = 1.18 N/mm, go = 0.90 N/mm, g3 = 0.56 N/mm, p =
10.00 N/mm. For the beam, a resisting bending moment equal to M, = 6 kNm
is considered. For the arch, the three interaction domains shown in Fig. B.14 are
used. The connections between beam and arch are considered as infinitely resisting.

i e
e

(a) Structural scheme.

i e
e e i e e
8 9 10 11 12 13 14 15 16 17 18 19

20

(b) Structural discretization.

Figure B.13: Geometry and loads of the beam-arch system.

Fig. B.14 shows the position of plastic hinges in the interaction domains. The
limit solution is show in Fig. B.15, where in addition the comparisons with (Ronca
and Cohn, 1979a) are reported.
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(a) Type a. (b) Type b. (c) Type c.

Figure B.14: Collaborating beam-arch system: plastic hinge positions.
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(f) Bending moments in the beam.

Figure B.15: Collaborating beam-arch system: limit analysis solution and comparisons
(Ronca and Cohn, 1979a). A. = 3.835.
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Conclusions

OUTLINE & GENERAL CONCLUSIONS

A robust methodology for the assessment of reinforced concrete structures based on
time-variant capacity has been presented. Structural analyses have been coupled
with the damage processes in order to evaluate the time-evolution of the structural
performances accounting for environmental hazards.

The thesis is composed of four parts:

- Part I concerns the methods of structural analysis suitable to deal with the
non-linear behavior of RC structures. The main aim of this part is to propose
a shear sensitive beam element;

- Part IT extends theories and methods previously developed to damaged RC
structures modeling;

- Part III studies cable stayed and arch bridges and presents a coherent set of
applications involving one or more of the aforementioned problems, as well
as significant comparisons with other approaches to the structural analysis of
R.C. structures (non linear analysis versus limit analysis). In addition, the
damage effects on resisting mechanisms are outlined and discussed;

- Part IV contains two appendices, collecting notes, comments and deepening
emerged in developing the theoretical formulations and in setting up the
numerical algorithms.

PARrT I

Chapter 1 frames the argument of the thesis, outlines the research significance
and presents its aims. In Chapter 2, after a short recall of the Principle of Vir-
tual Work, the basic characteristics of non-linear beam elements are derived by
using both a displacement-based and a force-based approach (dual formulation).
In particular, it is shown how a force-based beam element is suitable to represent,
for any distributed applied load, the exact internal forces distribution, while a
displacement-based element is constrained by the assumed shape functions. Chap-
ter 3 distinguishes the different and nested levels of analysis (structure, element,
section, fiber). With reference to the infinitesimal beam element, the evolution
of the sectional kinematic from the Navier-Bernoulli, to Timoshenko and to the
generalized beam theory is analyzed, showing how each new grade of refinement
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requires necessarily a more refined stress-strain relationship (linear or non linear
t00):

- for the Navier-Bernoulli beam only normal strains and normal stresses are
involved, hence a mono-dimensional stress-strain relationship (linear or non
linear) is sufficient;

- for the Timoshenko beam, in the elastic field only the normal and tangential
elasticity modulus of elasticity are needed, but the same model is not suitable
to deal with non linear material, because for such an extension we cannot
simply superimpose two elementary behavior (behavior under the normal
strains and, separately, that under the shear strains), but a coupling between
normal and tangential stresses is required;

- hence, a non linear shear beam element necessarily involves a more rich kine-
matic field, with all the term of the strain tensor, and, as a consequence, a
corresponding fully bi-dimensional stress-strain constitutive laws.

In the same Chapter the main approaches proposed until now are presented
and shortly discussed:

- Strut & Tie based Models;
- Inter-fiber equilibrium model;
- Fixed Pattern based Approaches.

Due to the necessity of a bi-dimensional stress-strain relationships, in Chapter 4
two known and widely used Theories are examined: the Modified Compression Field
Theory (MCFT) and the Disturbed Stress Field Theory (DSFT). Both Theories
are discussed and tested with an original code and with reference to panels and
beams having shear critical behaviors. Results and methods are compared and
widely discussed in order to choice the most effective for the formulation of a shear
sensitive beam element.

A finite element beam suitable to deal a with the shear effects is then proposed
and developed in Chapter 5 both with a fixed strain approach and a fixed stress
approach. The difference between these two approaches depends on the type of
the additional condition to be imposed in order to make the problem determinate.
The element formulation is accomplished with proposal that allows to compute
the stresses in the stirrups and of a proposal of conventional representation of the
crack pattern in the web of the beam. The model has been validated with reference
to beams of the Stuttgart series ET1, ET2, ET3, ET4. These beams have been
analyzed through (I) 2D CST-F.E. analyses and MCFT Theory, (II) with no shear
1D beam elements and (IIT) with 1D shear sensitive beam elements.

The comparisons have been made with respect to the load-displacement curves,
the crack patterns, the collapse mechanism and the stresses in the stirrups. The
general agreement is good. The differences among some results have been discussed
and motivated.
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PARrT 11

The damage diffusion process and its modeling through the diffusivity equation is
presented. The diffusion problem is solved through the Cellular Automata algo-
rithm. Introductory examples show the effectiveness of such a numerical approach.
The effects of the damage are then specialized to Reinforced Concrete Elements.
New damage indexes, concerning both steel and concrete, are introduced and then
tested for different reinforcement assemblies.

Parr 111

This part studies cable stayed and arch bridges and presents a coherent set of
applications involving one or more of the aforementioned problems. In particular,
significant comparisons are made between non-linear analyses and limit analyses
results, that led to introduce an efficiency factor that takes into account the different
nature of these two approaches, as well as the different criteria to model the material
properties with respect to the ultimate behavior.

ParT IV

Two appendices, collecting notes, comments and deepening emerged in developing
the theoretical formulations and in setting up the numerical algorithms are exposed.
A set of notes on the so called fibre method outline some hidden aspects associated
to the numerical integration of section properties. A concise recall of the limit
analysis theory and a set of basic as well as actual applications put in evidence the
powerful and also the care to be adopted in using this type of analysis.

ORIGINAL CONTRIBUTIONS

In developing the theoretical formulations and in setting up the numerical algo-
rithms, several original contributions has been carried out.

Concerning the structural model, the main contribution is the development
of the shear sensitive beam element, based on two different sectional approaches
depending on the type of the condition to be imposed. In particular, a new section
state determination process, effectively efficient and stable, has been presented.
In order to reach such a result, an important effort comes from the fact that
also bidimensional modeling has been developed and coded in a finite element
based program. It has been shown that such a computational technique can be
successfully applied in dealing with the non linear behavior of RC structures for
all range off loadings. Clearly, since a structural 1D theory contains some intrinsic
approximations with respect the complete 2D problem, such a strategic choice has
permitted to obtained critical suggestions in order to move the formulation from
bidimensional towards monodimensional modeling.

Concerning the damage model, a general computational approach based on the
Cellular Automata algorithm has been formulated in dealing with damage processes
affecting RC structures. Through such an approach, it is possible to deal with:
(a) the reduction of steel bars areas, (b) the reduction of steel ductility, (c) the
reduction of concrete strength until (d) the spalling of concrete cover occurs.
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Due to his generality, the so-obtained damage model can be linked with any
structural model. Hence, a general method aiming to asses the life cycle perfor-
mances of a generic RC structures has been obtained. This is the most important
and practical contribution of this work.

Two others marginal contributions are the following.

In coding beam-column elements, specific numerical integrations strategies are re-
quired both at the element level and at the sectional level. In the last case, the
most used approach is the so-called fibers approach, through which the section
is divided is sub-domains, called fibers, and the integral is evaluated with the
Riemann Mid-Point Integration Rule. In this work, a more general numerical inte-
gration strategy, able to deal with arbitrary quadrilateral-circular shaped sections,
has been proposed. The section is divided, once again, in sub-domains that now
are parametrically transformed in the same square parent domain on which inte-
gration rules refers. In this way, several combinations of integration strategies can
be performed, with the widely uses fiber method as particular case.

In developing the applications, a complete parallel study between limit and non
linear analysis has been carried out. Through such a parallelism, a proposal for the
evaluation of the so-called effectiveness factor has been given, not only when the
structural system is sound, but also in time, when the structure is progressively
interested by damage.

FINAL CONCLUSIONS

The main aim of this work is to consider the possibilities of shear-flexible beam
column elements in the study of RC structures, both in sound and in damaged
conditions. In order to reach this result the basic methods of non linear structural
analysis, two renown RC membrane theories have been reviewed, developed and
compared with reference to shear critical panels and beams. A finite element beam
suitable to deal a with the shear effects is then proposed and developed two different
approaches depending on the type of the additional condition to be imposed. The
model has been validated with reference to beams of the Stuttgard series ET1-ET4.
The comparisons have been made with respect to the load-displacement curves,
the crack patterns, the collapse mechanism and the stresses in the stirrups. The
general agreement is good. These theories and methods have been then extended
to model damaged RC Structures. New damage indexes, concerning both steel
and concrete, have been introduced and then tested for different reinforcement
assemblies. A wide set of applications confirm the soundness of both of theoretic
proposals and of the algorithms used to reduce the problems to algebraic forms.
The types of application stand out the effectiveness of the model in dealing with
actual and complex structures. Particular interesting are the effects of damage on
shear resistance mechanisms.

In concluding, this thesis proposes a general and versatile methodology that
deals with the time-evolution of RC structural performances accounting for en-
vironmental hazards. The proposed procedure can be applied also as a general
life-cycle approach.
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FURTHER DEVELOPMENTS

Based on the achieved results, several future developments of this work are possible:

- the shear-flexible beam-column element:

the formulation proposed in this thesis is based on fixed pattern approaches.
Despite different types of patterns are considered, it’s clear that this choice
contains some intrinsic approximations. The main difficulty in formulating
beam-column elements sensible to shear is the definition of a consistent sec-
tion state determination process. Since shear mechanism in RC elements is
not a sectional phenomena, it’s clear that this step is not straightforward. A
very important improvement of the beam formulation must be reckoned in
the so-called generalized beam theory, in which the kinematic of the section
is state dependent. A lot of work in this field has been already carried out
and the most elegant approaches have been recalled in Chapter 5;

- concerning limit analysis:

it has been shown that limit analysis is the most synthetic approach. If small
displacement hypothesis is assumed, the solution of the problem (i.e. the
collapse load, a stress distribution at the incipient collapse and a collapse
mechanism) is obtained by linear programming. In the formulation exposed
in the thesis, only axial force and bending moment interaction is considered.
In the plane, however, three are the interacting generalized stresses: the
axial force N, the shear force V' and the bending moment M. If an adequate
resistance criterion, that consider N — V — M interaction, is proposed, then
limit analysis can be extended also in the study of shear collapse mechanisms.
Since current design criterion are based on the lower bond theorem, this is a
very practical and useful development of this work;

- dealing also with seismic performances:
an important development concerns the extension of the presented procedures
also in the dynamic field, so that also the time-variant seismic performances
can be evaluated considering different environmental hazards;

- extension to the non deterministic field:
it has been shown that the phenomena involved in damage processes are
not so clear and, in addition, not so certain due to dependability on aleatory
quantities such as the chlorides content, the position of the corrosion scenarios
and so on. A natural development of this work is to extend the proposed
procedure in the non deterministic field, in order to deal with the intrinsic
uncertainties affecting the considered phenomena.

As shown, several and not directly linked improvements can be possible. This is
due to the methodology adopted in carrying out this research, that is obtained as
a nested summation on independent theoretical and computational parts.
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