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Abstract. This paper deals with the development of a .nite element system to nonlinear
analysis of structures of heterogeneouns quasi-brittle material.In the present,it has been
implemented incremental-iterative methods to perform the nonlinear solution and some
constitutive models for concrete. Herein,it is presented the results for different implemen-
tations of .nite element that include the reinforcement bar and bond at the concrete-steel
inter- face. The base of the system is a .nite element program that use the object-oriented
programming paradigms as technique of implementation.It was implemented the discrete,
embedded and axis-symmetric models for include reinforcement bar,and the bond-link and
contact element for treatment of the bond-slip.For both,reinforcement and bond models,
it is possible to use .nite elements with several interpolation order.The numerical tests
performed are presented in order to validate the various models and the several elements
implemented.

903



MECOM 2002 — First South-American Congress on Computational Mechanics

1 INTRODUCTION

The finite element method is a powerful tool to be used in analysis of reinforced concrete
structures. Permits consideration of members which are nonhomogeneous, defined by
irregular boundaries and arbitrarily supported and loaded. Progressive cracking, tension
stiffening, nonlinear multi-axial material properties, bond at the concrete-steel interface
and other effects can be modelled rationally.

This paper presents a computational system that has for base a finite element program
that use the object-oriented programming paradigms as technique of implementation [13].
In the present, it has been implemented incremental-iterative methods to perform the
linear or non-linear solution and some constitutive models for material characterization.

This work refers, specifically, to the implementation of the reinforcement and bond-
slip models. In order to include the reinforcement bars, it was introduced the discrete,
embedded and axis-symmetric point reinforcement models. To treatment of the bond
between materials, it was implemented the bond-link and contact models. For both,
reinforcement and bond models, finite elements with several interpolation order can be
used.

In the numerical analysis performed, the materials were conceived as linear elastic, with
the purpose of validate the several models and the various finite elements implemented.

At this time, tests are been performed to check the accuracy of the system, when
the materials are modelled with non-linear constitutive models. The concrete has been
modelled with scalar damage and microplane models, the steel as elastoplastic material
and the steel-concrete interface with different bond stress-slip relations.

2 REINFORCEMENT FINITE ELEMENTS MODELS

In finite element modelling of reinforced concrete structures, there are at least, three
distinct alternative representations of the reinforcement: distributed, embedded and dis-
crete reinforcement models. The distributed model isn’t widely used and, therefore, it
isn’t include into the system discussed here.

2.1 Discrete Reinforcement Models

The discrete representation of reinforcement use one-dimensional elements, corresponding
to beam or truss elements that is easily superimposed on two or three-dimensional finite
element mesh used to represent the concrete.

A significant advantage of discrete representation, in addition to its simplicity, is that it
can account for possible displacement of the reinforcement with respect to the surrounding
concrete.

The methods to include the bond effects are, usually, related with this representation,
and the bond-link or contact elements can be used to connect the steel and concrete nodes,
in order to considerate this effect.

One-dimensional finite elements with several interpolation order were introduced into
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the computational system (figure 1). The bond lost is treated with these elements,
through of the introduction of the bond-link or contact elements, treated in the sections

3.1 and 3.2, respectively.
X

Figure 1: Discrete reinforcement model

@b

Figure 2: Embedded reinforcement model

2.2 Embedded Reinforcement Models

In the embedded representation, the reinforcing bar is considered as axial member built
into the concrete element such that its displacements are consistent with those of the
parent element.

One of the formulations of this model suppose that the one-dimensional embedded bar
into the parent element keep the perfect bond and its position is such that is coincident
to local coordinates system of parent element [6].
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Some works have attempt to remove this limitation. In the work of Balakrishna and
Murray [2] the bond-slip was taken into account by introducing extra nodes along the
bar, in which the characteristics of bond is defined.

Allwood and Bajarwan [1] propose another formulation, in which the bar orientation
is generic and the bond-slip could be treated.

Another researchers [12] have preferred to introduce artificial nodes along the steel bar
and performing a condensation to remove the additional degrees of freedom in a such way
that the bond effects become related with the degrees of freedom of the concrete elements.

The embedded reinforcement element implemented was the proposed by Elwi and
Hrudey [5]. In this element, a generic curved bar is built into concrete element (figure
2) in a such way that its geometry is describe with respect to parent element coordinate
system. The behavior of reinforcement layer is defined using the degrees of freedom and
the interpolation functions of the concrete element, together a appropriated constitutive
relation. The bond-slip is take into account introducing additional degrees of freedom, to
define the interpolation functions of the curved element and a appropriated bond stress-
slip relation.

2.3 Axis-Symmetric Point Element

The axis-symmetric point element is another important element incorporated in the sys-
tem (figure 3). It can be classified as a discrete element because it is introduced directly in
the node of the finite element mesh. It was used the work of Liu and Foster [8] to incor-
porate this element into the system. This element is fundamental to represent the circular
stirrups in concrete structures with circular section and to simulate the phenomenons of
concrete confining and stirrups rupture.

Y

P’
Vv e/’\

Y ®
u €0 (c0)

Figure 3: Axis-symmetric point finite element

3 FINITE ELEMENT MODELS TO BOND

When the discrete finite element models are used to represent the reinforcement, it’s
necessary to add specific elements for treatment of the bond lost. So, bond-link and
contact elements were implemented into the system.
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3.1 Bond-link Element

This element can be conceived as two orthogonal springs that connects the concrete nodes
to steel nodes (figure 4). For each spring an appropriate stress-strain relation is defined.

o Reinforcement Element Node

® Concrete Element Node

Figure 4: Discrete reinforcement model Figure 5: Embedded reinforcement model

3.2 Contact Element

The figure 5 shows the contact element implemented into the system from model proposed
by Mehlhorn and Keuser [9]. Different interpolation orders are used to simulate a continuo
one-dimensional behavior of the bond lost in the interface between materials.

3.3 Bond Stress-Strain Relations

The behavior of the concrete-steel interface for the bond-link and contact elements, used
in discrete models, and for embedded element, must be described from appropriate stress-
strain laws. The constitutive relations introduced into the system were the proposed by
Doerr [3], Eligehausen, Popov and Bertero [4], Saenz [14], Nilson [10] and Homayoun
and Mitchell [7].

4 IMPLEMENTATION OF THE MODELS

The computational implementation of the proposed models was carry out using the object-
oriented programming paradigms. It was utilized the FEMOOP (”Finite Element Method
Object Oriented Program”), a finite element program that was initially developed at Civil
Engineering Department of the Pontifical Catholic University of Rio de Janeiro (Puc-Rio)
and have been used in several researches in various brazilian universities. The figure 6
shows, in resume, the super classes of Femoop [13].

The definition of problem type is under Driver class (mechanic, heat transfer, etc.),
it starts the objects of the FEM and PATH classes. The solution of the linear or non-linear
problems is given by Path class, through the appropriate algorithms (incremental loads,
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displacements, etc.). FEM class accomplishes the discretization of the dominium in finite
elements, assembles the stiffness matrix and prints results. AnalysisModel class manages
the kind of analysis performed (plane stress, plane strain, axis-symmetric, solid, etc.). The
Material class manages material properties. The Node class has methods to numbering
all degrees of freedom and manages the whole nodal values, such as displacements, loads,
support, coordinates. The connectivity and shape functions of the elements is under
Shape class. The LoadElement class calculates the equivalent nodal loads, using the
methods from Shape and Gauss classes. The Gauss points coordinates and their weight
to performed numerical integration is given by Gauss class, that responses for constitutive
state of material in these points. The constitutive relations is built up and actualized by
ConstModel class.

LoadElement

AnalysisModel

Figure 6: Instances of FEMOOP Classes

In order to implement the reinforcement and bond models, the Element, AnalysisModel
and Shape classes were expanded.

Table 1 resumes the subclasses of the Element, AnalysisModel and Shape classes
that were utilized in the expansion of the system to include the discrete, embedded and
axis-symmetric point reinforcement models and bond-link and contact bond models.

All elements implemented (table 1) has a isoparametric formulation, already existing
into the system. However, the embedded model was implemented as a combination of
three isoparametric elements: plane (for concrete), bar (for steel) and contact (for bond).
Because this, it was necessary to create the derived class ElcParamEmbed.

The expansion of the AnalysisModel class (table 1) involves the creation of the
PlaneTruss classes (used in discrete and embedded reinforcement model), UnidimContact
(used by bond-link and contact model), UnidimEmbContact (used in the embedded re-
inforcement bond model) and AxisymPoint (used by axis-symmetric point model). The
UnidimEmbContact was created because the difference between the embedded reinforce-
ment model and contact model formulations.

The connectivity of the finite elements is under Shape class and as each of the rein-
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Table 1: Subclasses created for inclusion of the reinforcement and bond models

| Model H Element class | AnalysisModel class ‘ Shape class ‘
Discrete ShapeLine?2
Reinforcement ElcParam PlaneTruss ShapeLine3
ShapelLine4
Embedded Plane (concrete) ShapeEmbLine?2
Reinforcement | ElcParamEmbed PlaneTruss (steel) ShapeEmbLine3

UnidimEmbContact (bond) | ShapeEmbLine4

Axis-symmetric

Point ElcParam AxisymetricPoint ShapePoint
Bond-Link ElcParam UnidimContact ShapeContactC2
ShapeContactC4
Contact ElcParam UnidimContact ShapeContactC6é
ShapeContactC8

forcement and bond models has particular characteristics, distinct subclasses were created
for each case (table 1).

The Material and ConstModel classes (figure 6) were also expanded in a such way that
the concrete and steel interface behavior was taken into account by different bond stress-
slip relations. The figures 7 and 8 show, respectively, the ConstModel and Material
class expansion performed.

von Mises

ElastoPlastic

MohrCoulomb
ConstModel

CarolCM

Tresca

Drucker-Prager

—| MicroplaneCM |—

OzboltCM

[

|

BondCM

Figure 7: ConstModel class expansion
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Figure 8: Material class expansion

5 NUMERICAL EXAMPLES

In this example, a reinforced concrete ring (figure 9) is modelled using the different
reinforcement and bond models introduced into the system.

The materials are supposed linear elastic materials, and the used parameters were such
as (figure 9): Ay/L = 0.025, O, = 045, E;/E. = 8, v = 0.25, E,L/E; = 0.27 and
E, =21 x 10° MPa.

In all discretizations adopted, the mesh is regular. In the first model, embedded rein-
forcement elements are adopted (figure 10). The mesh is formed by eight quadrilateral
elements of eight nodes with one steel layer incorporated, which is described by a four
nodes one-dimensional element. If the bond lost is considered each layer node is associ-
ated with degrees of freedom that represents the behavior between the materials. Instead,
the four nodes is used to define the reinforcement layer geometry without increase in the
number of degrees of freedom.

The second and the third models utilize discrete reinforcement elements. Each one of
them adopts the regular mesh showed in figure 11.

In order to have compability between the discrete reinforcement layer and the layer used
by embedded models, the mesh was created with sixteen 12-node quadrilateral elements
to describe the concrete and eight 4-node one-dimensional elements to representing the
reinforcement layers.

In the second model, called discrete reinforcement model with contact elements, the
lost of bond is represented by sixteen 8-node contact element. The third model, called
discrete reinforcement with bond-link elements, adds fifty two springs at the nodes that
connects the steel and concrete elements (figure 11).

The figure 12 shows the stress (generalized as ¢.A/p.L) along the steel bar for the
embedded reinforcement model. The figure 13 shows the results to discrete reinforcement
model with contact elements and the figure 14 shows the results obtained using discrete
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A@
Reinforcement Layer

Ec - Young's Modulus of the Concrete
— Es - Young's Modulus of the Reinforcing Layer
st | P Eb - Bond Slip Stiffness
e v - Poisson's ratio of the Concrete
As - Cross-Section Area of Reinforcing Layer
<t | per unit Thickness
i Os - Perimeter Length of Reinforcing Layer
per unit Thickness
-

Figure 9: Reinforced concrete ring with two layers of steel

reinforcement model with bond-link elements.

The figures show that the embedded reinforcement model response is best in compari-
son with the other models in both, perfect and imperfect bond cases.

The figures 12, 13 and 14 also show the number of degrees of freedom and the
time spent in the computational processing. They reveal the efficiency of the embedded
reinforcement model in comparison to the another models.

911



MECOM 2002 — First South-American Congress on Computational Mechanics

Rehforcem ent

Figure 10: Mesh for embedded reinforcement model

Figure 11: Mesh for discrete reinforcement models
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Figure 12: Steel stress to embedded reinforcement model
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Figure 13: Steel stress to discrete reinforcement model with contact elements
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Figure 14: Steel stress to discrete reinforcement model with bond-link elements
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6 FINAL REMARKS

The paper presented an ongoing effort in developing a object-oriented computational
system that uses the finite element method to modelling reinforced concrete structures,
with evidence to the reinforcement and bond models implementation.

The object-oriented programming paradigms allowed the implementation of the pro-
posed models without changes in the basic tools existent into the system.

The numerical examples presented allowed validate the models introduced into the
system, particularly the embedded reinforcement model.

The next step in the system development refers to the use of the reinforcement and
bond models with non-linear constitutive models to represent concrete behavior: the
scalar damage model incorporate into the system with the work of Pitangueira [13]
and the microplane model, implemented into the system with the work of Perez and
Pitangueira [11].

7 ACKNOWLEDGMENTS

This study was supported in part by FAPEMIG (Fundao de Amparo Pesquisa do Estado
de Minas Gerais) and Pr-Reitoria de Pesquisa da UFMG (Universidade Federal de Minas
Gerais).

REFERENCES

[1] R. J. Allwood and A. A. Bajarwan. A new method for modelling reinforcement
and bond in finite element analysis of reinforced concrete. International Journal of
Numerical Methods in Engineering, pages 833-844, 1989.

[2] S. Balakrishna and D. W. Murray. Prediction of response of concrete beams and
panels by nonlinear finite element analysis. IABSFE Reports, pages 393-404, 1987.

[3] K. Doerr. Bond behaviour of ribbed reinforcement under transversal pressure. Non-
linear Behaviour of Reinforced Concrete Spatial Structures, 1:13-29, 1978.

[4] R. Eligehausen, E. P. Popov, and V. V. Bertero. Local bond stress-slip relationship
of a deformed bar under generalized excitation. Report No. 83/23, University of
California, pages 1-169, 1983.

[5] Alaa E. Elwi and Terry M. Hrudey. Finite element model for curved embedded
reinforcement. Journal of Engineering Mechanics, 115(4):470-754, January 1988.

[6] K. Gerstle, A. R. Ingreffea, D. Murray, A. H. Nilson, and M. S. Mirza. Subcommitee
2 on finite element analysis of reinforced concrete strucutures - state of art report
on finite element analysis of reinforced concrete. Technical report, ASCE Structural
Engineering Division, 1982.

[7] H. A. Homayoun and Denis Mitchell. Analysis of bond stress distributions in pullout
specimens. Journal of Structural Engineering, 122(3):255-261, March 1996.

[8] Jing Liu and Stephen J. Foster. Microplane model for the finite element analysis of
reinforced concrete tied columns. Technical Report R-368, The University of New

916



R. L. S. Pitangueira and W. 1. S. Siméo

[9]

[10]

[11]

South Wales, Sydney, 2052, Australia, June 1998.

Gerhard Mehlhorn and Manfred Keuser. Isoparametric contact elements for analysis
of reinforced concrete. Finite Element Analysis of Reinforced Concrete Structures,
pages 329-347, May 1986.

A. H. Nilson. Nonlinear analysis of reinforced concrete by the finite element method.
ACI Journal, 65(9):757-766, 1968.

Patrick Perez and Roque Luiz Pitangueira. Modelos de microplanos para anlise no-
linear de estruturas de concreto. Proceedings of the 22nd Iberian Latin-American
Congress on Computational Methods in Engineering, pages 1-20 (CD-ROM), Nov
2001.

D. V. Phillips and Z. P. Wu. An oriented bar formulation with bond-slip. Proceedings
of the International Conference on Numerical Methods in Engineering: Teory and
Application, pages 320-328, 1990.

Roque Luiz Pitangueira. Mecdnica de FEstruturas de Concreto Com Inclusdo de
Efeitos de Tamanho e Heterogeneidade. PhD thesis, PUC - Pontificia Universidade
Catdlica do Rio de Janeiro, Rio Janeiro, Agosto 1998.

L. P. Saenz. Discussion of equation for the stress-strain curve of concrete. ACT
Journal, 61:1229-1235, 1964.

917



