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ABSTRACT: It is well known that the behavior of concrete is extensively affected by the initiation of 
cracks and their propagation. Among these cracks, diagonal or shear cracks have more complicated and 
less known behavior. In spite of extensive research in this field, current codes of practice do not provide 
a uniform margin of safety against shear failure of reinforced concrete yet. To simulate the non-elastic 
behavior of concrete in the fracture process zone, the distribution of cohesive forces through the crack 
sides have been used by researchers. The aim of this study is to evaluate the effect of the crack’s tip 
cohesive forces on the load-deflection response of reinforced concrete beams using fracture mechanic. 
In the numerical analysis used in this study, the non-linear behavior of concrete in the compression field 
is simulated by damage-plasticity model. To simulate the non-linear behavior of concrete in the tension 
area and simulating the onset and evolution of cracking, non-linear fracture mechanics based on cohesive 
crack model is used. Using finite element software of ABAQUS, a step by step approach is used. In the 
presented approach, the probability of possibility of crack evolution in beams is considered. Comparing 
the calculated load-deflection curves for several reinforced concrete beams with the experimental ones 
showed a good consistency.
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1- Introduction
  Since the behavior of reinforced concrete structures is 
affected by crack initiation and propagation, understanding 
the crack tip fracture process zone not only helps to understand 
the failure mechanism, but also it is important to find and 
predict real crack paths in real structures [1]. 
   The first serious study on the concrete cracks and failures 
caused by them was done in 1928 by Richardt, Brandzaeg 
and Brown. Kaplan [2] tried to use linear fracture mechanics 
principles for concrete. A number of researchers such as Shah 
and Mc Garry [3] showed that linear fracture mechanics leads 
to incorrect results for concrete structures. By understanding 
the nonlinear behavior of concrete, different nonlinear models 
were introduced over time. Researchers have shown that to 
simulate inelastic response of material at the fracture process 
zone in the crack tip, a cohesive stress distribution closing 
the crack surfaces can be used [4], [5]. Cohesive crack model 
initially was introduced by Barenblatt [4, 5] and Dugdale 
[6]. Although BarenBlatt applied cohesive crack model to 
brittle fracture analysis, Dugdale introduced it to model the 
behavior of ductile material. Under the discrete crack method 
[7], Hillerborg et al. [8] were the first researchers who applied 
the cohesive crack model for simulation of concrete structure 
failure. Initially, they found that even if the use of large finite 

element analysis, the analysis of onset and evolution of cracks 
as well as failure analysis can be done with the cohesive crack 
model. Hereby, this method put an end to mesh sensitivity. 
After, cohesive crack method was modified and used over 
time by researchers.
    In this study, a step by step approach provided, with which 
the behavior of the load-deformation of empirical reinforced 
concrete beams using damage-plasticity model and non-
linear fracture mechanic based on cohesive crack model 
are investigated. Several softening functions to investigate 
the effect of different cohesive forces at the crack tip are 
used in the method provided with discrete crack model. 
Finally, the load-deflection diagrams of reinforced concrete 
beams obtained from numerical analysis are compared with 
experimental results.  

2- Numerical Modeling 
   For numerical simulation of reinforced concrete beams, 
ABAQUS finite element software is used. In the proposed 
stepwise approach, the simultaneous creation and growth 
of several cohesive cracks are considered. One of the basic 
assumptions in this study is neglecting the slip between 
concrete and rebar. The method used in this research is based 
on the concept of discrete crack model. The steps of the 
proposed numerical algorithm are in Figure 1.
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Figure 1. Flowchart of the proposed analysis algorithm

    It should be noted that load-controlled loading was applied 
to the middle span of beams. The criterion of crack onset 
and evolution in concrete was reaching the tensile stresses to 
the tensile strength of concrete. Also, the direction of crack 
growth has considered perpendicular to the normal stress. 
     Generally, it is assumed that steel reinforcements which are 
embedded in concrete bear only axial force and their behavior 
merely is describe by an axially stress-strain relationship. In 
many studies to model the behavior of bars embedded in the 
concrete, conventional bilinear elastic full plastic model is 
used. Of course the steel tensile behavior of a single rebar 
is different from the behavior of a steel rebar embedded in 
concrete. After the first failure occurred in rebar, the stress-
strain curve of reinforcement embedded in concrete shows a 
gradual decrease in stiffness which continuous up to complete 
failure of rebar.
   So in order to simulate the behavior of compressive and 
tensile behavior of steel in reinforced concrete beams, plastic 
plateau is considered by taking a gentle slope. Also a bilinear 
relationship with strain hardening for steel reinforcement is 
taken into account. The behavior of reinforcing bars which 
is embedded in concrete obeys from a bilinear stress-strain 
curve.
     In this study, to simulate the non-linear behavior of concrete 
in the compression zone, damage-plasticity theory and the 
stress-strain relationship provided by Hsu [9] is used. On the 
other hand, to simulate the non-linear behavior of concrete 
in the tensile area and crack propagation, non-linear fracture 
mechanics based on cohesive model is used. 
  To simulate the non-elastic response of the material 
considering the fracture process zone of the crack is essential 

and would be applied with a series of forces to the two sides 
of the crack.
   The distribution of stresses applied to the two sides of 
crack, conforms concrete softening curve that is one of the 
most essential basics of cohesive crack model and is defined 
by the stress-mouth opening displacement curve of the crack, 
unique for each type of concrete. In recent years, researchers 
have proposed a variety type of softening curve. Distribution 
of cohesive stresses in terms of distance from the crack tip, as 
much as three times the size of the largest aggregate concrete, 
in the two sides of crack are linear, bilinear and non-linear . 
In this study, for the linear softening curve of Hillrborg model 
[8], for the bilinear softening curve Shilang Xu model [10] 
and for non-linear softening curve Reinhardt and colleague’s 
model [11] is used. 
   To evaluate the proposed method and compare with the 
results of some tests which has done on reinforced concrete 
beams, a series of tests conducted by Bresler and Scordelis 
[12] which has high quality and sufficient documentation, 
were selected as benchmark tests. All beams were subjected 
to monotonic center-point loading, with a force-controlled 
loading procedure employed. 
   In this study, six beams of Bresler–Scordelis beams are 
modeled with three different distributions of cohesive stresses 
at the crack tip including concrete beams without shear 
reinforcement named OA1, OA2 and OA3 and reinforced 
concrete beams with shear reinforcement, named A1, A2 and 
A3 respectively.
    to apply non-linearity behavior of concrete at the crack tip, 
bilinear and nonlinear distribution of the cohesive stresses at 
the 2 sides of crack is used. The load–deformation responses 
based on numerical analysis are followed below using three 
types of softening curves, linear, bilinear and non-linear.
  With comparison between results of the numerical and 
experimental results can be seen that the proposed method 
used in this study, can predict the load-deformation responses 
in reinforced concrete beams with and without stirrups. 

3- Results and Discussion
      The results of numerical modeling for the load-deformation 
curves of Bresler-Scordelis beams were compared to the 
experimental ones. For each beam, three numerical curve 
were obtained corresponding to three softening law of linear, 
bi-linear, and non-linear ones. The results for beam OA1 
(without stirrups) and beam (A1) with stirrups are presented 
in Figure 2.
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Figure 2. Comparison of experimental and predicted 
load-deformation curves: a) beam OA1, b) beam A1

(b)

4- Conclusions
   This study examines diagonal cracking of reinforced concrete 
beams subjected to three-point bending test. The classical 
finite element method based on discrete crack approach is 
used in this study. The behavior of cracks is simulated based 
on cohesive crack model. Three different softening laws of 
linear, bi-linear, and non-linear curves were considered to 
simulate the cohesive zone of cracks. A stepwise approach is 
proposed to analyze crack propagation.
    The results showed that there is a little difference between 
load–deformation curves derived based on different softening 
laws. In other words, the type of traction-separation function 
used in numerical study is not very important in the results.
    The comparison of the predictions of the proposed method 
for reinforced concrete beams with test results indicates good 
accuracy in the evaluation of the load-deformation curves of 
the beams.
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