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Abstract

With the technological advancement of computers and the development of the Finite Element Method, numerous studies
have been developed to understand the behavior of structural elements made with concrete. In general, these studies are
carried out based on experimental tests. However, numerical modeling has established itself as an efficient tool in the
analysis of the behavior of structural elements of reinforced concrete, as it does not demand much time or costs, as it happens
in experimental tests, in addition to offering a detailed and punctual investigation of the models analyzed. Therefore, this
work aims to develop a non-linear three-dimensional numerical model, using the ABAQUS ® software, capable of
simulating the behavior of a reinforced concrete beam using the Finite Element Method. The constitutive models Concrete
Damaged Plasticity and Von Mises were used to model concrete and steel, respectively. For model calibration and
validation, Gomes [8] experimental work was used. The developed numerical model proved to be suitable for simulating

the behavior of reinforced concrete beams.
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1. INTRODUCTION

Any mechanical system when subjected to some loading,
be it static, dynamic or thermal in nature, will present an
answer. However, provides this mechanical system it makes
the analysis too complex, since it is linked to the constitutive
law of the material that makes up are elements in question
[16].

The analysis of efforts and displacements in reinforced
concrete structures has the purpose of mathematically
reproducing the behavior of the material. In classical

assumptions, a linear relationship between stresses and strains
is assumed. The elastic-linear models admit, among other
factors, the superposition of effects, where geometric non-
linearity can be assumed. However, one must question the
validity of such hypotheses for reinforced concrete [19].

The concrete has a behavior that deviates from the elastic-
linear hypothesis. When compressed, it exhibits a non-linear
behavior under high stresses. In traction, even at relatively low
stress levels, concrete presents cracking, which implies a
considerable loss of structures stiffness [5].
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The non-linearity of the concrete is due to the cracking
process, which degrades the material for a loading, thus, the
permanent plastic deformation of concrete at least in the early
stages, is a result of the degradation of stiffness [13].

The difficulties in computational modeling of reinforced
concrete are due to the significant difference between the
tensile and compressive strengths of concrete, the non-
linearity of the stress-strain relationship even for low stress
levels, the creep and shrinkage phenomena that depend on
moisture, ambient temperature, the dimensions of the
structural elements, the cracking of the concrete and the
transmission of forces through the cracks [4].

In the analysis of non-linear structures of reinforced
concrete, using the Finite Element Method (FEM), there is
great difficulty in characterizing material properties. Thus,
many researches have already been carried out in order to
develop a model that is as close to reality as possible,
managing to predict the behavior of the structure when
loading [14].

Thus, a better modeling of reinforced concrete beams
should be based on criteria that take into account the damage
to reinforced concrete. However, the mathematical systems
generated from the formulation of this non-linear problem
cannot be solved analytically, but numerically, and these
numerical solutions require the application of computational
routines [19].

In this sense, the technological advancement of computers
and the development of Finite Element Method, together with
the non-linearity of the problem and models that best describe
the behavior of the material, made possible the computational
analysis more closely structures of reality [14].

According to Sanches Junior [19], the modeling of the
behavior in service of reinforced concrete, using the Finite
Element Method and the application of physical non-linearity,
can be realized to in two ways:

o modeling of the relationships between the stresses
and strains of the constituent materials, in this case
concrete and steel;

e modeling by way of moment-curvature diagrams of
a cross section.

1.1. Background

The traditional analysis of concrete structures is based on
laboratory tests. In this type of study, the results are limited,
considering only a few points of the element, and sometimes
these data are difficult to interpret. In this sense, it is necessary
to develop mathematical models to complete the experimental
analysis and make it possible to generalize the results for
different structures and forms of loading [4].

According to Ellobody and Young [7], numerical
modeling has established itself as an efficient tool for studying
the behavior of concrete structures, as it does not generate
large costs and does not require a lot of time, as occurs with
experimental tests. This stems from the fact that there is no
need for waiting time for curing the concrete or even extra
expenses with materials for the execution and testing of the
structures. In addition, it offers a thorough and punctual

investigation of the models, enabling a broader and more
complete analysis.

From the validation of a numerical model as a model that
can realistically represent the behavior of a structure, it is
possible to carry out a series of analyzes by varying the
geometric characteristics of the computational model for
example, developing new models that will also present results
close to reality.

The numerical simulation is still in an important academic
tool to, especially in the case of limited laboratory
environment, and to allow the analysis of structures from the
validated models of experimental work and are widely
disseminated in academia. Thus, several studies in different
types of structures can be realized without the direct need for
a laboratory of engineering.

1.2. Objectives

The main objective of this work is to develop a non-linear
three-dimensional numerical model using the Finite Element
Method, using the ABAQUS ® software, capable of
simulating the behavior of a reinforced concrete beam.

1.2.1. Specific Objectives
The specific objectives are:

e implementation of the numerical model of reinforced
concrete beam in the ABAQUS ® software;

e comparison of the numerical results obtained with
the experimental results verified by Gomes [8];

e evaluate the efficiency of the concrete damaged
plasticity constitutive model for the simulation of
concrete behavior;

e tostudy the stresses acting on the structure during the
loading process.

2. EXPERIMENTAL/MATERIALS AND METHODS

The numerical model was calibrated and validated from
the experimental tests performed by Gomes [8], by means of
a comparison between the experimental and numerical results
for the load-displacement relationship. For the development
and simulation of numerical models, the ABAQUS ®
software as used. The constitutive models Concrete Damaged
Plasticity and Von Mises were used to model concrete and
steel, respectively.

2.1. Experimental Model Analyzed

In this experimental program Gomes [8] studied four
beams: a reference beam (Vo) in reinforced concrete and three
beams (Vos, Vogs, Vio) reinforced by shearing with steel
fibers. This study refers to an experimental analysis of the
efficiency of steel fibers in reinforcing the shear of reinforced
concrete beams. In this work was analyzed only the reference
beam. According to Gomes [8], it was opted for a non-uniform
distribution for the transversal reinforcement, for the
definition of a region of analysis in his experimental program.
The Figure 1 shows a longitudinal section of the beam with
all units in millimeters.
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Figure 1. Longitudinal view of the modeled beam. Adapted
from [8].

The Figure 2 shows the cross section of the beam with all
dimensions in millimeters.
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Figure 2. Cross section of the beam studied [8].

The beam was subjected to the four points bending test,
also called the Stuttgart test, whose loading scheme is
illustrated in Figure 3. The instrument for reading the vertical
displacements of the beam, the Linear Variable Differential
Transformer (LVDT), was fixed by means of a device known
as Yoke. The load was applied manually by means of a
hydraulic pump with a capacity of 103 kN.
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Figure 3. Experimental test system Adapted from [8].
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2.2. Computational Program Used

The ABAQUS ® software is established and has already
been validated for many complex conditions, providing
facilities through several modules, allowing to analyze the
effects under study.

As Alelvan [3] to complete this analysis software consists
of the steps of pre-processing, simulation and post-processing,
which are described below:

1. in the first step, the entire physical problem is
portrayed, defining the geometry, the materials, the
sections, the possible interactions, boundary
conditions and meshes of elements. The input file
can be defined using the ABAQUS/CAE ® module
or a text editor;

2. a from the input file is performed solving the
numerical problem in the background through the
ABAQUS/Explicit ® or ABAQUS/Standard ®
module. These modules are differentiated by the way
in which the numerical integration is made;

3. the post numerical analysis are generated binary files
that are stored in the output database. These files can
have their results analyzed, including deformed
shape, animations, color graphics and cartesian
graphics, using ABAQUS/CAE ® visualization
module.

2.3. Constitutive Model of Materials

In numerical modeling, one of the most important
characteristics is the constitutive model of the materials used,
in order to describe their real behavior and thus promote a
more precise analysis.

2.3.1. Concrete Damaged Plasticity

There is a large number of constitutive models that
describe the behavior of concrete when subjected to loads,
which do simulation with the consideration of simplifying
hypotheses [15].

The Concrete Damaged Plasticity (CPD) is based on the
assumption damage scalar (isotropic), being indicated for
cases in which the concrete element is subjected to arbitrary
loading conditions, including cyclic loading. This model
considers the degradation of elastic stiffness induced by
plastic deformation, both in traction and in compression. It
also describes the behavior of concrete in relation to the
effects of stiffness after recovery under cyclic loading [9].

The CDP model was developed by Lubliner et al. [13] and
modified by Lee and Fenves [11] based on the plasticity and
mechanics of the damage. Subsequently, Alfarah, Lopez-
Almansa and Oller [2] presented a new methodology to
calculate the evolution of the damage variables.

The model proposed by Lubliner et al. [13], also known as
the Barcelona model, considers that the plastic deformation
represents all irreversible deformations, even those caused by
cracking. However, Lee and Fenves [11] seek to adapt the
model to concrete behavior submitted the to cyclic loading,
whereas the former does not it had suitable for conducting
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such analyzes, so it is proposed to use two variables damage
plastic, one for traction (d,) and one for compression (d,)

[9].

The behavior of concrete is dependent on four constitutive
plastic parameters: the form factor (K¢), the expansion angle
¢, the relationship between the compressive strength of
biaxial and uniaxial concrete fno/feo and the potential plastic
eccentricity (€). They define the potential non-associative
plastic flow rule in the plastic damage model (LIMA, 2018).
Thus, the plastic parameters are responsible for the expansion
of the equations of material behavior in uniaxial state to the
multiaxial state [1]. In their research, Alfarah, Lopez-Almansa
and Oller [2] assumed the values present in Table 1 for the
plastic parameters.

Table 1. Plastic parameters [2].

Ke

¢

fbo/ fco

€

0,7

13°

1,16

0,1

In Concrete Damaged Plasticity the elastic and plastic
deformations are determined independently and are then
added together to obtain the total deformation. The elastic
deformations are only a function of the modulus of elasticity
and the Poisson’s ratio, whereas the plastic deformations are
obtained from the stress-strain curve [1].

Axial deformations in compression can be decomposed
into crush deformation (inelastic) (£&"), undamaged elastic

deformation (&gL), plastic deformation (2') and damaged
elastic deformation (£¢) [2].

The characteristic strength of concrete (f ) and the secant
elasticity modulus (E,) can be obtained from the equations
established by fib Model Code 2010 [10] through the data of
average compressive strength (f ) and the modulus of initial
elasticity (E.;):

fom = fox + 8 1)
1
E; = 10000 f3 (2)
EO=(08+02-@)-E- (3)
) ] 88 ciL

The uniaxial behavior of concrete under compression
(Figure 4) has three stages, each of which describes one aspect
of the material behavior when subjected to one charge.

The first stage has a linear elastic behavior. In the second
stage the cracks would start to increase in quantity, length and
opening. Thus, the fracture of the concrete start, at first, due
to the formation of cracks next to the aggregates. With the
significant increase in cracks, the non-linearity of the material
would be evident, but they would still be considered stable.
Finally, in the third stage, when exceeding this limit, even if
the load remained constant, the cracks would continue to

propagate, starting the micro cracking of the matrix with the
formation of internal micro cracked zones [9].
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Figure 4. Uniaxial behavior of concrete under compression
[12].

According to fib Model Code 2010 [10] apud Lima [12]
the first stretch extends to the tension of 0,4f .,,, and is a linear,
the second goes from 0,4f .., t0 f .n @nd the third is the stretch
of softening. Each of these stages is described by an equation:

First section
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Second section
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The equivalent length of the finite element (1,,) depends
on the mesh size, the type of element used and the crack
direction, but it can be determined by the relationship between
the volume and the area of the largest surface area of the finite
element. Based on experimental observations, b=0,9 is
initially adopted. In this way, the stress-strain curve is
obtained and, with that, an average value of b. Thus, an
interactive calculation is performed until a convergence is
defined [2].



According to Qureshi, Lam and Ye [17] apud Lima [12],
three different paths ca be taken to define softening in traction.
The first consists of a linear approach, that is, after reaching
the maximum tensile strength, the drop in strength, in relation
to the crack opening, occurs in a linear manner (Figure 5-a).
In the second, a little more detailed behavior is adopted, so
that a bi-linear function is assumed for the loss of resistance
(Figure 5-b). The third and last path (Figure 5-c), consists of
a more realistic method, defined by an exponential expression
proposed by Cornellissen, Hordijk and Reinhardt [6] apud
Lima [12].
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Figure 5. Softening in the traction in relation to the crack
opening [12].

According to fib Model Code 2010 [10] apud Lima [12],
the values of mean tensile strength (f,,) and fracture energy
(Gy) are defined according to the equations:

fom = 030165 (©)
G;=0,073f° (10)

According to Oller [15] apud Lima [12] energy for
crushing concrete (G.;,) can be obtained by equation (11):

Gon = (2:)2 G (11)

Cornellissen, Hordijk and Reinhardt [6] relate the stress to
the crack opening through an exponential expression,
equation (12), assigning ¢1=3 and ¢»=6,93. In addition, it
establishes the critical crack (w.) opening according to
equation (13):

0w _ [1 v (e z)] R

ftm c c

G
w, = 5,14—f (13)

tm

According to Alfarah, Lopez-Almansa and Oller [2] apud
Lima [12] the strain values that define the second stretch of
the stress-strain curve can be obtained using equation (14),
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with &,,, being the strain corresponding to average tensile
strength:
_ w
&t = E&m + E (14)
A Figure 6 shows the uniaxial behavior of the concrete to
the traction.

%A
ffm

Figure 6. Uniaxial behavior of concrete under tension [12].

Analogous to the compression deformations, the axial
deformations in the traction (&,) can be decomposed in: crack
deformation (inelastic) (sf"), undamaged elastic deformation
(egt), plastic deformation ()and damaged elastic
deformation (&¢').

2.3.2. Behavior of Steel

Steel has an elastic-plastic constitutive model, with
isotropic flow. Thus, the response is obtained regardless of the
strain rate. The axial behavior for steel, required by the
constitutive Von Mises model can be defined by the bi-linear
(Figure 7) or tri-linear (Figure 8) [12].
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Figure 7. Uniaxial behavior of steel [12].
The first part of the bi-linear curve is linear elastic, which

extends until the yield stress of the material is reached. The
second is a plastic region, where the stress remains constant
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with only variation in the deformation. The bi-linear model
establishes the perfectly elastic-plastic behavior. In the tri-
linear curve, the behavior is initially elastic, followed by a
hardening and immediately afterwards it presents a perfectly
plastic flow [12].

3. RESULTS AND DISCUSSION

The process of implementing the model in the software
until its calibration included several steps.

3.1. Modeling Elements

The elements of the computational model were defined
based on the constituent elements and geometric
characteristics of the reference beam of Gomes [8]. In
addition, a plate (150mmx150mm and 20mm thick) was
inserted for the support and load application regions of the
bending test, just to carry out the load transmission to the
beam. For each component of the beam studied, the type of
element was defined in ABAQUS ® according to Table 2.

Table 2. Elements of modeling.

Spatial Form Finite | N°of | Illustration
Element dim. elem. | nodes [20]
Concrete ) <>
beam 3D Solid | C3D8R | 8 “
Long. Wire
Armature 2D - T3D2 2
(912,5mm) Truss
Long. Wire
Armature | 2D - | T2 | 2
(26,3mm) Truss
Stirrup Wire
2D - | D2 | 2
(a4,2mm) Truss ©
Plate 3D Solid | C3D8R | 8 “

3.2. Materials Constitutive Model

For each group of elements (concrete beam, steel bars and
plate), the constitutive model was defined to describe its
adequate behavior in the case of the performance of efforts in
the structure.

3.2.1. Concrete

The concrete behavior was described using Concrete
Damaged Plasticity, which is implemented in ABAQUS ®. It
should be noted that the study only contemplates static loading
according to the model by Lubliner et al. [13], so that the
parameters of damage to traction and compression
implemented by Lee and Fenves [11] were not considered for
analyzes with cyclic loads.

When using the damage-plastic model, the data on average
compressive strength (fon) and its respective deformation

(erem) (Table 3) were used, defined by Gomes [8] through the
axial compression test of concrete.

Table 3. Values of tension and deformation of concrete of the
reference beam. Adapted from [8].

fom (MPa) fem (%60)
26,89 1,88

In Table 4 are checked the parameters used for concrete in
this work. In the plastic parameters, there was an adaptation
of the dilation angle, as it presents a better response for the
model during its calibration.

Table 4. Parameters for concrete.

Modulus of Poisson’s Parameter’s plastics

elasticity (GPa) Ratio P
©=10°

0,1

25,79 0,2 foolfeo=1,16

K¢=0,7

p=0

3.2.2. Steel

In this work, the elastic-plastic constitutive model was
used to simulate the mechanical behavior of the reinforcement
in concrete. The uniaxial behavior implemented in the model
considered of the bi-linear stress-strain relationship. Thus, the
Elastic and Plastic models available in the ABAQUS ®
material library were used. The mechanical properties of steel
bars were determined by Gomes [8] from the uniaxial tensile
test. Table 5 show the yield stress values (fs,), rupture stress
(fsu) and their respective strain values &sy and e.

Table 5. Mechanical properties of reinforcement. Adapted
from [8].

D. fsy Esy fsu Eu Es .
(mm) | (MPa) | (%) | (MPa) | (%) | (GPa) | FO'**°"
24,2 | 609,5 | 3,02 | 672,3 10 | 201,5 0,3
26,3 | 568,55 | 2,15 | 610,2 | 85 | 264,9 0,3
g12,5 | 610,3 | 3,05 | 716,0 10 | 200,1 0,3

3.2.3. Plate

The plates used in the regions of support and load
application relating to test Stuttgart were defined as highly
rigid elements to avoid damage to the beam concrete
reinforced due to the direct application of point charge in the
simulation, thus the plates do not they must deform, but only
transmit the stress to the structure.

3.3. Contour and Loading Conditions

In the support conditions of the computational model
(Figure 8), the same restrictions present in the experimental
work were used. Both supports were defined in line on the



applied plate, one of the first gender with two displacement
restrictions (Ux=Uy=0) and the other of second gender with
three displacement restrictions (Ux=Uy=Uz=0). To describe
the four-point bending test in the computational model, point
loads were applied at two points and on the plate (Figure 8),
each 650mm away from the supports, also according to the
experimental model.

Load —

I

First gender

A

Second gender
Figure 8. Support conditions and load application.

The point load was defined in the Load module of
ABAQUS ® and in the Step module the type of Static
analysis, Riks, to obtain the correct non-linear equilibrium
paths. The initial increment established was 100N.

3.4. Interactions

The numerical model is formed by different parts that
interact with each other. For the consideration of the non-
linearity of contact between the elements of the simulation,
ABAQUS ® makes it possible to define the interaction
between the elements of the simulation in its Interaction
module.

To simulate the contact between the plates and the
horizontal surfaces of the top and bottom of the beam (Figure
9), a restriction offered by ABAQUS ® called Tie was used.
According Rojas [18], this type of interaction considers that
there is no relative displacement between the nodes of the
slave surface to the master surface, generating a seamless
transfer of tensions.

Slave surface
= Master surface

v
10{
*

Figure 9. Plate-concrete contact.
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For the longitudinal and transverse reinforcement (Figure
10), the Embedded Region constraint type, also present in the
software, was defined. This type of contact simulates the
perfect adhesion between the materials, that is, there is no
slipping of the bars. Thus, the elements that are involved
(Embedded Region) are determined, in this case the
reinforcements, and the component that involves (Host
Region), the concrete beam.

Concrete

Figure 10. Reinforcements embedded in concrete.

3.5. Mesh

The choice of mesh for concrete influences the calculated
values of stress and strain using the damage-plastic model.
Table 6 shows the meshes defined for the beam constituent
elements.

Table 6. Finite element characteristics.

Interpolation Finite Size
Element order Element | (mm)
Beam Quadratic C3D8R 20
Long. Reinf. .
(912,5mm) Linear T3D2 5
Long. Reinf. .
(96.3mm) Linear T3D2 5
Stirrup .
(94.2mm) Linear T3D2 5
Plate Quadratic C3D8R 30

3.6. Calibration of the Number Model

The computational model was calibrated by comparing the
load-displacement curve of the simulation with the reference
beam tested by Gomes [8]. Thus, the values must be extracted
at coincident points in the simulation and in the experimental
test with a system as shown in Figure 11.

I- Yoke I

I LVDTJ I

[ ¥ O
E=4 650 1200 650 —

e pa s v

Figure 11. Displacement monitoring [8].
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In the development of mathematical models has been
observed that the use of an angle of dilatancy 10° resulted in
a better approximation with the experimental result, although
Alfarah, Lépez-Almansa and Oller [2] recommend 13°.
Figure 12 shows the comparison between the experimental
and numerical result.

——Experim. result
- — —Numerical result

Displacement (mm)

Figure 12. Force-displacement curve used in model
calibration.

The simulation presented results close to those found in
the experimental test of flexion at four points, with very
similar values for the ultimate load of the beam (Vu)
according to Table 7, with an error of 0,45% for this one. The
numerical load-displacement curve was more rigid than the
experimental one, since with respect to be displacement
related to the ruin load (Ju) there was a greater divergence
between the results.

Table 7. Ruin load and displacement of the numerical and
experimental result.

Result Vu (kN) du (mm)
Experimental 125,50 14,32
Numeric 124,93 9,18

The factor that causes the greatest stiffness of the
numerical curve is probably in the stress-strain relationship,
which were modeled according to the theoretical curves
proposed by previous research and data obtained in
experimental tests. In addition, in the computational model an
interaction was used that simulates the perfect adhesion
between the concrete and the reinforcement, which does not
occur in practice.

3.7. Complementary Analysis of the Numerical Model

With the computational model representing the behavior
of the experimental model, it is possible to carry out several
structural analyzes. In this work, the flexural reinforcement
and cracking of the beam by Gomes [8] were further studied.

3.7.1. Analysis of the Mapped Fissure

During the flexion test, Gomes [8] performed the crack
mapping (Figure 13-a), so that these results can also use for

comparative analysis of the experimental study with the
simulation performed in ABAQUS ®.

(a) Crack mapping [8]

E, Max. Principal
{Avg: 75%)
+4.086e-02
+3.900e-02
+3.575e-02
+3.250e-02
+2.925e-02
+2.600e-02
+2.275e-02
+1.950&-02
+1.625e-02
¥ +1.300e-02
lax +9.751e-03
z +6.501e-03
+3.251e-03
+1.205e-06

(b) Deformation verified in ABAQUS ®

S, Mises
(Avg: 75%)
+3.771e+07
+2.690e+07
+2.466e407
+2.242e+07
+2.018e+07
+1.793e+07
+1.569e+07
+1.345e+07
+1.121e+07
o +8.967e+06
tx, +6.725e+06
+4.483e+06
+2.242e+06
+0.000e+400

(c) Tension verified in ABAQUS®

Figure 13. Development of deformations and stress in the
mapped crack.

Through the analysis of the deformations developed in the
numerical model it is possible to perceive where the cracked
regions are. The numerical result is in accordance with the
crack mapping carried out in the experimental work, also
showing higher values of deformation in the region with
greater stirrup spacing (Figure 13-b). In addition, the
modeling allows to perceive the development of stresses in the
beam (Figure 13-c), which occur with greater intensity in the
region with the greatest cracking.

With the analysis of the stress and strain distributions in
the numerical model, it is observed that it can simulate the
rupture mode of the experimental model. In general, it is noted
that the beam presents a characteristic shear rupture mode,
with the formation of a crack of approximately 45°,
originating in the support and that invades the region
compressed by the flexion.

3.7.2. Flexural Armor Analysis

From the validation of the computational model, the
longitudinal reinforcement of the beam was analyzed. Similar



to the load-displacement curve of the concrete beam, the
longitudinal reinforcement was also analyzed according to the
points verified in the experimental work.

According to Gomes [8], for the instrumentation of the
flexural reinforcements, Electric Resistance Extensometers
(EER) were installed in two points of the structure to record
the deformations (Figure 14). It is observed that the EERE; is
promoting the analysis in terms of compression and the EERg;
in terms of traction.

100 650 1200 650 100
o - + ks
EERs1
® [EERm2
100, 1150 |

(@) Identification of points

EERF)

| .-
EERF2

(b) Instrumented section

Figure 14. Flexural reinforcement. Adapted from [8].

The comparison between the experimental and numerical
results is seen in Figure 15, which also shows the steel
deformation value (esy) of the flexural reinforcement
(212,5mm) in the tensile region, and the strain value referring
to the average strength of the concrete (erm) in the
compression region.

150

Experim_ result

........ Numerical result

Load (IN)

; -150
Strain (%)

Figure 15. Numerical and experimental load strain.

50

It is observed that there was a considerable divergence
between the experimental and the numerical model for the
load-strain ratio of the flexural reinforcement subjected to
compression. Table 8 shows the ultimate strain values (g,)
found for compression and tension.

Table 8. Ultimate strain for the flexural reinforcement
subjected to compression and traction.

Analyze ecu (%o) et (%o)
Experimental 4,08 1,87
Numeric 0,81 1,94

However, according to Gomes (2016), it is likely that the
record of compression strains of the reference beam (Vo) is
incorrect, since the angular constant (k) for the compression
reinforcement was very different from the values found for the
other tested beans (Vos, Vog, V1i0). No experimental work
(Table 9). This constant evaluates the tangent of the
inclination angle of the linear portion of the load-strain
relationship for compressed longitudinal reinforcement.

Table 9. Parameters that define the load-strain relationship.
Adapted from [8].

Beam ke
Vo — Reference 40,03
Vos 141,09
Vogs 109,75
V10 136,48

In addition, in the analysis of the numerical result of
deformation of the compression reinforcement, we have
ear=0,81%o0 < etem = 1,88%o0, Which is more consistent with the
failure mode of the reference beam (shear), not crushing of the
concrete was verified after the experimental test.

4. CONCLUSION

The developed numerical model provides approximate
results to the experimental ones, although the numerical load-
displacement curve has been shown to be a little more rigid, the
result of the ruin load was very similar to the real one, with the
same behavior of the longitudinal tensile reinforcement being
verified and in beam break mode.

The divergence found for the load-deformation curves of the
longitudinal compression reinforcement is mainly explained by
the error verified in the experimental work, because it is a region
of poor adhesion and by the very difficult of the extensometers in
capturing an ideal behavior in the compression region. Although
the numerical result of load-deformation for compression
reinforcement is more consistent with beam breaking mode, it is
not possible to say that this curve defines the correct behavior.



51

The simulation developed contributed to a better
understanding of the behavior of the reinforced concrete beam
during the loading process, being verified how the stresses
deformations act in the formation of cracks.

Although the study contemplates only the points analyzed in
the experimental work, the simulation allows a thorough analysis
of all the constituent points of the beam, making it possible to
carry out a more complete analysis of the loading process in the
structure.

For all these reasons, it is concluded that the main objective
of this work was achieved, since the numerical model developed
was able to represent the real behavior of the reinforced concrete
beam.
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