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Abstract
This paper presents a successful attempt for modeling a two-span reinforced concrete
beam using the finite element code ABAQUS. A non-linear analysis is performed using
the concrete damaged plasticity option in ABAQUS 6.14. A modified tension stiffening
model is proposed and used in the model. The results of the finite model are validated
using results of an experimental beam tested in flexural test. The results are presented in
terms of load-deflection curves, cracking patterns, and stresses contours in both
compression and tensile zones. The results showed good agreement between the finite
and the experimental beam.
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1. Introduction

Concrete is the most popular construction material around the world. It is preferred in
construction projects for its durability, versatility, mechanical and physical properties.
However, its non-linear behavior is very complex. Finite element analysis of concrete as
a non-linear material can be a useful way for modelling concrete. Many finite element
packages are commercially available, such as ADINA, ABAQUS, NASTARAN,
ANSYS, etc.

Researchers found that this complexity came from the non-linear stress-strain
relation of the concrete under multi-axial stress conditions, strain softening and
anisotropic stiffness reduction, progressive cracking caused by tensile stresses and
strains, and bond between concrete and embedded rebars [1]. Therefore, an appropriate
analysis of reinforced concrete, using a finite element software, depends totally on the
input data, especially the material properties used [2]. Standard uniaxial compressive
strength tests on concrete samples showed highly non-linear stress-strain relationship.
As an attempt to model the non-linear behavior of concrete, a numerical expression has
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been developed by Hognestad [3],[4]. The model simulates the behavior of concrete as
parabola in the ascending part and the descending part as a straight line as shown in
equations 1,2.
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In ABAQUS, concrete as a non-linear material can be modeled using the concrete
damaged plasticity model. This model is modified from the Drucker-Prager criterion
[5]. To represent the inelastic behavior of concrete in association with its isotropic
damaged elasticity, this model takes into consideration the isotropic compressive and
tensile plasticity of concrete. Also, the cracking in tension or crushing in compression
are considered in this model. George et al. [6] used the ABAQUS package to simulate
the damage induced plasticity in concrete. Three-point bending test has been carried out
on beams of various sizes. Concrete damaged plasticity model has been used to carry
out the analysis.

According to Alrazi et al. [7], the use of implicit procedure to solve problems
involving cracking and damage is not always efficient as convergence difficulties are
often encountered, whereas a dynamic explicit analysis can be more efficient to model
complex nonlinear material behavior involving damage and large deformations. To
ensure a quasi-static solution is obtained with the dynamic explicit procedure, the
displacement must be applied smoothly and slowly to eliminate any significant change
in the acceleration from one increment to the other [7].

2. Materials and Experimental Test Set-Up

2.1 Materials

Two-span reinforced concrete beam with dimensions 100 mm width, 250 mm height,
and 3000 mm total length was designed and casted. The beam’s reinforcement detailing
is shown in Fig. 1. The beam is casted using Ordinary Portland Cement CEM | 42.5R.
The target strength is 40 MPa after 28 days. The maximum size of the coarse aggregate
is limited to 20 mm to agree with the beam dimensions and reinforcement distribution.
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Figure 1: Beam’s reinforcement detailing, dimensions in mm

2.2 Experimental test set-up
Steel loading frame was designed and fabricated for testing the RC beam in a two-
span flexural test. Two edge supports, and one middle support are provided for the beam
to be carried and two reaction beams are located at the top of the frame and at the
middle of each span. Figure 2 shows a schematic drawing for a bean loaded in the
loading frame.
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Figure 2: Schematic drawing for a beam loaded in the loading frame, dimensions
inmm

3. Finite Element Model

The experimental RC beam is modeled using the finite element software package
ABAQUS 6.14. The geometry and the reinforcement of the modeled beam are typically
the same as the experimental beam. The geometry, mesh, boundary conditions, and
supporting and loading plates are shown in Fig. 3. Due to the symmetry of the tested
beam, it is applicable to model only one quarter of the beam and choosing the
appropriate boundary conditions to exactly simulate the whole beam. One quarter of the
beam is modeled with dimensions: 50 mm width, 250 mm height, and a total length of
1500 mm. Also, one quarter of the reinforcement will be used to reinforce the modeled
beam. Table shows the average material properties for the concrete used in the
experimental work and are used as an input for the finite element model.

Loading Plate 1

Edge Support

Intermediate
Support

Figure 3: Geometry, mesh, and boundary conditions of the finite element beam
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Table 1. Average Material Properties for Concrete

Density, kg/m3 2300
Poisson’s ratio 0.2
Young’s modulus, GPa 27.8
Cubic compressive strength, MPa 40
Tensile strength, MPa 3.8

3.1 Elements for the beam and its reinforcement

The 3D 8-noded hexahedral (brick) elements with reduced integration (C3D8R)
available in the ABAQUS library are used to model the concrete beam. 3D linear truss
(T3D2) elements are used to model the steel bars. Stirrups are modeled using the same
elements of the longitudinal bars (T3D2), and both types of reinforcement are
embedded in the concrete geometry, so their translation degrees of freedom are
constrained to the corresponding concrete degrees of freedom [8].

The beam end and middle supports, which are provided in the experimental test by
the frame supporting beams, are modeled in a simplified way to avoid stress
concentrations if displacement boundary conditions are applied on a line. The end and
middle supports are modeled using a 50 mm wide steel plates constrained to a reference
point lying on the lower surface of the plates with a rigid body motion. The vertical
displacement (U2) of the reference point is blocked and all other rotational degrees of
freedom are allowed. Also, two steel loading plates are used for loading the beam and
are constrained to a reference point on their upper surface where the concentrated load
is applied.

3.2 Tension stiffening relationship

The tensile behavior of concrete in a damaged plasticity model in ABAQUS requires
a post-failure stress -strain relationship for concrete in tension and the damage
parameter values. Nayal and Rasheed [9] developed a model for tension stiffening of
concrete, and this model was modified for ABAQUS and used by Wahalathantri et al.
[10]. Figures 4 shows the tension stiffening model proposed by [10].
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Figure 4: Wahalathantri et al. [10] tension stiffening model
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The tensile behavior of concrete is characterized by a linear stress-strain relationship
till reaching the value of cracking stress, where micro-cracks start to initiate. The
transfer of these micro-cracks to macro-cracks are then captured using a softening
stress-strain relationship which can be defined in ABAQUS using the ‘tension
stiffening’ option. In this study, the modified tension stiffening model by [10] is used
but with one modification. The model proposed by [10] was a modification to the Nayal
& Rasheed’s model, and one of its modifications was: the sudden drop at critical tensile
strain was slanted from (€, o) to (1.25 &€, 0.77 orw) to avoid run time errors in
ABAQUS material model. However, even after this modification, run time errors occur
at high loading values. Therefore, in this study the sudden drop at critical tensile strain
is again shifted from (1.25 Ecr, 0.77 o) to (1.4 €, 0.77 o) to avoid run time errors at
large load values. Figure 5 shows the tensile stress-strain relationship for the modeled
concrete using both Wahalathantri et al. [10] model and the modified model for this
study.
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Figure 5: Modified tension stiffening model
3.3 Compressive behavior

The compressive behavior of concrete is characterized by a linear stress-strain
relationship till reaching the value of yield stress, then obeys a non-linear relationship
till reaching the maximum compressive strength and then a strain softening in the
descending portion till failure. This can be modeled using the ‘concrete compression
damage’ in ABAQUS. In this study the complete stress-strain relationship for concrete
in compression is determined in accordance with the Hsu & Hsu model [11]. However,
a modification is done at the maximum strain to escape from negative or decreasing
values for plastic strain. Figure 6 shows the compressive stress-strain relationship
according to Hsu & Hsu model versus the modified model used in the presented study.
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Figure 6: Compression stress-strain relationship for concrete used for ABAQUS

3.4 Damage parameters
Two damage parameters are required in a concrete damage plasticity model: one for
tension, d;, and another for compression, dc. The tensile damage parameter, d, is defined
as the ration of the cracking strain to the total strain. Similarly, the compressive damage
parameter, de, is the ratio of the inelastic strain to the total strain. Table 2 shows the
values of cracking and inelastic strains versus the damage parameter values.

Table 2. Damage parameters values in compression, dc, and tension, d:

Compression damage Tensile damage

Inelastic strain Damage, dc Cracking strain Damage, d:
0 0 0 0
0.000275591 0.011023642 0.000054978 0.045977011
0.000675591 0.027023642 0.000412341 0.344827586
0.001175591 0.047023642 0.001058341 0.885057471
0.001905925 0.076237017
0.002905925 0.116237017
0.003905925 0.156237017
0.004905925 0.196237017
0.005905925 0.236237017
0.006905925 0.276237017
0.007775591 0.311023642
0.009175591 0.367023642
0.024275591 0.971023642
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4. Results and Discussion

Results are presented in terms of load-deflection relationship and cracking patterns
for both experimental and finite element beam. Also, the stress versus strain curves for
elements located in the compression and tensile zones are presented for the ABAQUS
beam. The numerical beam is loaded by a concentrated load acting at the reference point
coupled to the loading plate, the same as the experimental beam.

4.1 Load-deflection relationship (experimental Vs. Finite)

Figure 7 shows the load-deflection curves for the experimentally tested beam versus
the ABAQUS one. The curves show a very good agreement between the experimental
and finite results. Initially the two beams show the same linear behavior till reaching a
load of 20 kN. After that the two beams show approximately a same non-linear
relationship till reaching the failure load at 91 kN for the experimental beam and 88 kN
for the ABAQUS beam.
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Figure 7: Load-deflection curves for the experimental Vs. the ABAQUS beam

4.2 Cracking patterns

In a concrete damage plasticity model, cracks can be graphically represented by
introducing an effective crack direction, and the direction of the maximum principal
plastic strain, as it is normal to the crack plane, determines the crack direction [7].
Lubliner et al. [12] assumes that cracks are initiated at points where the tensile
equivalent plastic strain, and the maximum principal plastic strain are both positive.
Therefore, the contour plots of the maximum principal plastic strain (PE, Max,
Principle) are shown in Fig. 8 which simulate the crack initiation and propagation at
critical sections during loading.

As shown in Figs. 8 and 9, the cracking patterns for the finite model and the
experimental beam are nearly the same. Cracks initiated at the section of negative
bending moment, at the middle support, followed by cracks propagating at sections of
positive bending moments at the middle of each span at the lower surface as the load
increases.
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Figure 8a: Initiation of cracks at the upper face _ _ N
of the beam at the beginning of loading Figure 8b: Propagation of cracks at critical
sections (20% P.)
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Figure 8: Predicted crack patterns for the ABAQUS beam at various levels of
loading

igure 9a: Crack patterns at the beam upper Figure 9b: Crack ats at the lower
surface of the beam (-ve moment) surface at the middle of the right span (+ve
moment)

Figure 9: Crack patterns for the experimental beam at failure load
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4.3 Stresses within the model elements

Tensile and compressive stresses along the ABAQUS beam are shown in Fig. 10 as
stresses contours. The contours show tensile stresses at the section of positive and
negative moments. As load initiated, elements at critical sections started to sustain load
till the stresses reached the maximum specified strength in the tension stiffening model.
As shown in Fig. 10a, the stresses at the red colored elements are about 3.7 MPa in
tension, and this is nearly the maximum strength specified. As load increased, these
elements started to crack, and can’t sustain tensile stresses anymore. Therefore, stresses
are transferred to the adjacent elements as shown in Fig. 10b. At failure load, nearly all
elements in the tensile zone of the beam were cracked, and high compressive stresses
were shown directly under the point of load application. As these stresses exceeded the
concrete specified compressive strength, crushing of concrete happened.
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Figure 10: Stresses, S33, contours diagram
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5. Conclusions

A finite element model for a two-span reinforced concrete beam Using the ABAQUS
software package was presented. The concrete damage plasticity and the tension
stiffening models together with the elastic stiffness damage parameters were introduced
to the model. The model was validated using results of an experimentally tested beam
and the following points were concluded from this study:

i The concrete damage plasticity model in ABAQUS can catch the non-linear
stress-strain behavior of plain concrete.

il The modified tension stiffening model presented in this study can be used
for simulating the tensile behavior of concrete at high loading levels
avoiding ABAQUS run time errors.

il The proposed finite element model can be used to track the cracks initiation
and propagation in RC beams.
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