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Abstract:  

The availability of nonlinear material models, and the existence 
of computer software that can model the behavior of reinforced 
concrete (Rc) structural members until failure, made finite 
element (FE) structural modelling more attractive. FE 
computer simulation for Rc structural members is cost 
effective. It also gives detailed results of the evolution of the 
complex distribution of internal stresses and strains in concrete 
and steel reinforcement in the Rc structural member, in a matter 
that cannot be attained upon carrying out the much more 
expensive experimental testing. This paper presents a three-
dimensional nonlinear FE analysis to study the flexural 
behavior of RC beams. Particular attention is paid to the 
nonlinear material modeling and to the failure surfaces of both 
concrete and steel reinforcement and the heterogenic physical 
concrete properties and concrete cracking. Obtained results 
from the FE model are compared with analytical values 
calculated using ACI (318-14) provisions. The work involves 
investigating all the evolution of the internal actions associated 
with the time dependent applied incremental loading up to 
failure. In this study, the FE model is intended to simulate the 
behavior of under reinforced Rc beam that is designed to fail in 
flexure. The study showed that the performance of the FE 
model of the Rc beam, in terms of crack initiation, propagation 
and pattern, as well as load deflection relationship, flexural 
strength and mode of failure, realistically simulate the actual 
behavior when the proper material models are implemented in 
the FE model. This work aims to illustrate the vital role of FE 
structural modeling in simulating the performance of Rc 
elements. The detailed obtained results that can be obtained 
from FE analysis would lead to a better understanding of the 
internal actions and stress resultants in steel reinforcement and 
concrete that form the main components of Rc beams. FE 
computer simulation would help in further development of 
design rules for Rc members.  

Keywords: Performance of Reinforced concrete beams, 
Nonlinear Finite element analysis, Flexural behavior of RC 
beams 

 

INTRODUCTION  

Safety and serviceability assessment of complex structures, 
necessitate the development of accurate and reliable methods 
and models for their analyses, both analytical and experimental 
studies are to be carried out side by side. Experimental studies 

are expensive, and time consuming but they do not give 
detailed information [1]. According to kwak [2], it is very 
important to describe the behavior of the structures under over-
load conditions and estimate their ultimate strength accurately.  

The earliest publication on the application of the finite element 
method to the analysis of Rc structures was presented by Ngo 
and Scordelis [3]. In their study, simple beams were analyzed 
with a model in which concrete and reinforcing steel were 
represented by constant strain triangular elements, and a special 
bond link element was used to connect the steel to the concrete 
and describe the bond slip effect. A linear elastic analysis was 
performed on beams with predefined crack patterns to 
determine principal stresses in concrete, stresses in steel 
reinforcement and bond stresses.  

Nilson [4] introduced nonlinear material properties for concrete 
and steel and a nonlinear bond-slip relationship into the 
analysis and used an incremental load method of nonlinear 
analysis. Four constant strain triangular elements were 
combined to form a quadrilateral element by condensing out 
the central node. Cracking was accounted for by stopping the 
solution when an element reached the tensile strength.  

For the analysis of RC beams with material and geometric 
nonlinearities, Rajagopal [5] developed a layered rectangular 
plate element with axial and bending stiffness in which 
concrete was treated as an orthotropic material. Rc beams have 
also been treated by many other investigators [6,7], using 
similar methods.  

Reza and Seyed [8] experimentally and theoretically 
investigated six under-reinforced concrete beams. Each 
concrete beam was reinforced with two 16 mm diameter steel 
bars for tension. 

Mohammadhassani et al [9] studied the effect of different web 
reinforcement on the stress strain distribution of Rc deep 
beams, they concluded that strain distribution across the section 
is nonlinear even before the yielding of steel reinforcement. 

Nasr et al [10] carried out FE analysis to study the effect of 
transverse openings on the performance of Rc beams. Also 
Amir et al [11] studied the effect of fly ash on the flexural 
capacity of Rc beams. Metwally [12] suggested including the 
formulation of a constitutive model for time dependent effects 
such as concrete creep, shrinkage, and fire exposure, in order 
to realistically simulate their long term effect on the 
performance of Rc beams. 
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Tiejiong et al [13 ] undertook a FE analysis to examine the 
behavior of prestressed concrete beams. Kim et al [14] 
experimentally tested a full scale prestressed girder. In their 
study, numerical analysis using the FE method was conducted 
in parallel, in order to increase the reliability of the 
experimental results and to understand the unpredictable 
additional behaviors due to the laboratory environment.   

According to Kwak [2], concrete stress strain relation in 
compression exhibits a nearly linear elastic response up to 
about 30% of the compressive strength. This is followed by 
gradual softening, influenced by crack spread and expansion. 
This nonlinear stage extends up to the concrete compressive 
strength, when the material stiffness drops to zero. Beyond the 
compressive strength, the concrete stress strain relation exhibits 
strain softening until failure takes place by crushing. The 
concrete in the tension side behaves as linear elastic up to the 
concrete tensile strength, defined as the concrete modulus of 
rupture.   

On the other hand the steel reinforcement stress strain relation 
in both compression and tension zones is linear elastic up to 
steel yield strength. This is followed by the strain hardening 
stage up to steel ultimate strength. Lastly, the strain softening 
stage extends up to failure.  

Currently, the existence of computer software that can model 
the nonlinear behavior of reinforced concrete structural 
members up to failure, made computer numerical modelling 
more attractive as it minimizes the cost and is much faster than 
the experimental testing. It is crucial to know that 
implementing the material models that best describe the 
mechanical properties of the materials would give the results 
that would more realistically simulate the experimental testing. 
The objective of this paper is to perform a nonlinear FE analysis 
on a simply supported reinforced concrete beam. The work 

involves considering the load dependent variation of the 
material models of concrete and steel reinforcement in tension 
and in compression sides.   The numerical model development 
involves the following:  

• Constructing a 3-D finite element model of the RC beam. 
The model involves the geometry of the beam and 
reinforcement bars detailing, appropriate material models, 
meshing, applied boundary conditions and loading.  

• Apply incremental loading aimed to capture the flexural 
response of Rc beam up to failure.  

• Performing structural stress analysis to obtain deflection, 
stress strain results in both concrete and steel 
reinforcement. As well as tracing and recording crack 
formation, development, and pattern.  

• Validating the structural model outcomes by comparing 
them by analytical values calculated using ACI [15] 
provisions. Analytical calculations are shown in Appendix. 

• Evaluating the load deflection relationship, investigating 
crack initiation, pattern and propagation up to failure, and 
ultimately identifying the mode of failure. 

  

2. Finite Element Model.  

 Geometry and Loading.   

The RC beam has a 5.1 m span. The rectangular section width 
is 200 mm, and depth is 300 mm. The one layer bottom 
reinforcement involves 212mm corner rebars and 114mm 
rebar at the middle. Stirrups are 18 mm/ 150mm c/c. Top 
reinforcement is 210 mm. Concrete cover for rebars is 25 mm. 
Rebars detailing is given in Figure (1) 

 

 

 

Figure 1. Detail of longitudinal and cross section of RC beam 

 

 Material Models  

It is not an easy task to implement in the FE model, the mutual 
behavior of the brittle concrete of load dependent material 

model, and the ductile steel reinforcement load dependent 
material model. Concrete itself, exhibits a material model in 
tension that is different from that in compression. In the case of 

                                         



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 4 (2018) pp. 2014-2020 
© Research India Publications.  http://www.ripublication.com 

2016 

concrete in the compression side, concrete behaves as linear 
elastic in the first stage, followed by a nonlinear behavior in the 
second stage that involves gradual stiffness softening. 
Nonlinear isotropic hardening controls concrete behavior in the 
second stage. This is followed by strain softening controlled by 
non-metal plasticity and non-associated flow rule until failure 
takes place as concrete crushing as shown in Figure (2). 

 

 

 

Figure (2): Concrete Material Model[16]. 

Concrete in the tension side, behaves as linear elastic up to the 
concrete tensile strength. Concrete properties are listed in 
Tables (1,2). 
 

Table 1: Concrete properties prior to yield surface. 

Material  

 
Material 
model  

Modulus of  
elasticity 
MPa  

Poisson's 
ratio  

Concrete 
 Linear 

Elastic  2.5743x1010 0.2  

 

Table 2: Concrete parameters beyond yield surface. 

Open shear transfer coefficient, t 0.3 

Closed shear transfer coefficient, c 0.9 

Uniaxial cracking stress 3.40 Mpa 

Uniaxial crushing stress f'c 30 Mpa 

 

Steel reinforcement material is modelled as bilinear in the 
compression and in tension sides, (Figure3). The first stage is 
linear elastic up to steel yield strength. Followed by linear 
kinematic strain hardening stage, with a tangent modulus of 
elasticity of 10% of steel. Steel properties are listed in Table 
(3). 

Table 3. Properties for the steel reinforcement 

Material Model prior to initial 
yield surface 

Linear elastic 

Poisson's ratio  =0.3  

Yield stress, fy  460 MPa  

Density 7800 Kg/m3 

Elastic modulus, Es  200 GPa 

 

 Finite Elements. 

Due to symmetry about a vertical plane at b/2, and about a 
vertical plane at L/2 of the beam, in geometry, loading, 
boundary conditions and material, it was decided to build a 
quarter beam model in order to save the computational time, 
(Figure 4). The support at the left support is pin. The applied 
load on width b/2 becomes P/4. 

Figures (5,6) illustrate the steel reinforcement distribution in 
the quarter span FE Rc model. 

 

 

Figure 4: FE Model for quarter beam illustrating Load and boundary conditions. 
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Figure 5. Isometric view of the quarter beam FE model 

 

 

 

Figure 6: Isometric view of Steel reinforcement details 

 

The solid65 element [17] models the nonlinear response of the 
reinforced concrete. The behavior of the concrete material is 
based on a constitutive model for the triaxial behavior of 
concrete after Williams and Warnke [18]. Solid65 is capable of 
plastic deformation, cracking in three orthogonal directions at 
each integration point.  

  

 

Figure 7: Solid65 element [18] 

 

The cracking is modelled through an adjustment of the material 
properties that is done by changing the element stiffness 
matrices. If the concrete at an integration point fails in uniaxial, 
biaxial, or triaxial compression, the concrete is assumed 
crushed at that point. Crushing is defined as the complete 
deterioration of the structural integrity of the concrete. The 
criterion for failure of concrete due to a multi axial stress is 

expressed in the form:  

                            (1)                                      

 Where: 

F: a function of principal stress state 

   S: failure surface 

       fc: uniaxial concrete strength. 

 

If equation 1 is satisfied, the material will crack or crush. 
Solid65 is capable of plastic deformation, cracking in three 
orthogonal directions, at each integration point. The cracking is 
modelled through an adjustment of the material properties that 
is done by changing the element stiffness matrices.  

Element Link180 was adopted to model the steel 
reinforcement. It is a uniaxial element that has a single degree 
of freedom at each nodal point.  Bilinear plasticity model 
controls the failure of steel reinforcement. It implements Von 
Mises yield surface with associated plastic flow and kinematic 
hardening, available in Ansys [17]. 

 

RESULTS AND DISCUSSION.  

 Model Validation. 

The proposed finite element analysis was validated by 
comparing the FE model solution with the analytical values 
calculated using ACI [15]. Table (4) presents a comparison of 
obtained results. It indicates that the results compare well. 

  

Table 4. Results of  FE simulation and analytical values. 

Case  FE Model Analytical 
approach 

Initial 
cracking 

Load 9.6 kN 10.18 kN 

Deflection 1.6 mm 2.2 mm 

 
Prior to 
failure 

Load 34.8kN 36.1 kN 

Deflection 27.5mm 24.7 mm 

 

 FE analysis results  

The performance of the FE computer simulation of the RC 
beam is investigated.  The Rc beam was subjected to 
incremental transverse two point loading up to failure. Figures 
(8a,8b) depict the development of cracks within the Rc beam. 
As the applied load exceeded the cracking load of 9.6 kN, 
flexural cracks started at the regions in which concrete tensile 
stresses reached modulus of rupture. The initial cracking of the 
Rc beam. The first cracks appeared in the constant moment 
region. They are vertical flexural cracks. It was noticed that 

0 S
f
F

c
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flexural cracks development was flat and sudden. This implies 
that the tensile stress relaxation is not functioning properly, 
leading to a sudden stress drop. At larger loading, flexural shear 
cracks appeared. Subsequent cracking occurred as more load 
was applied to beam. Cracking increased and expanded in the 
constant moment region. Then the beam started cracking out 
towards the supports, and expanded towards the compression 
zone. Yielding of steel reinforcement took place at a force of 
33.0 kN, and at 20.2mm mid-span deflection. Beyond steel 
yielding, cracking noticeably spread and expanded towards the 
compression zone as depicted in Figure (8b). 

 

 Due to kinematics of deformation and compatibility, concrete 
compressive strain also increased significantly. Ultimately, 
when the concrete strain in the compression side reached the 
concrete ultimate compressive strain, the Rc beam failed by 
crushing of concrete at a load P= 34.8 kN, and mid-span 
deflection of 27.5 mm. Figure (9) depicts the recorded mid-
span deflection versus the incremental applied loading. The 
shape of the plot is trilinear with a kink that depicts the first 
crack formation. Initially and up to a load of 9.60 kN, the load 
deflection curve is linear elastic. In this stage, the linear elastic 
material properties for both steel reinforcement and concrete 
define the flexural rigidity. At the cracking load Pcr, cracks 
formed in tension concrete when concrete tensile stresses 
reached the modulus of rupture. This is followed by nonlinear 
concrete behavior. At load = 33.0 kN, tension steel stresses 
reached Fy, the load deflection relationship reflected the 
substantial loss of stiffness in tension steel. This stage extended 
until failure took place. 

Figure (10) depicts the rebars axial stresses just before failure. 
It shows that axial stresses in compressive steel are very low as 
the Rc beam is designed as under-reinforced. On the other hand, 
maximum recorded axial stress in tension steel is 463 MPa, 
(Figure10). This indicates that the stresses surpassed the steel 
tensile strength Fy value of 460 Mpa, showing that at the verge 
of failure, Steel was in the stress hardening bilinear stage, 

which is associated with small increments of steel stresses that 
are accompanied with large plastic strain values. Ultimately, 
the resulting large concrete strain values in the compressive 
side caused concrete crushing in the compression side, when 
concrete strain reached ultimate compressive strain  

 

 

 

 

CONCLUSIONS  

A nonlinear material FE model has been used to simulate the 
behavior of Rc beams. The FE model  has been verified by 
comparison between FE model and anlytical results according 
to ACI [15].  

The following conclusions were obtained upon carrying out 
incremental applied loading up to failure:  

• The initial cracking in the FE model formed at the 
maximum positive moment region. As the load increased with 
time upon the application of incremental loading, the flexural 
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a. Cracks at the cracking load 

 

b. Cracks just before failure 
 

Figure 8. Cracks in the FE model

Figure 10. Isometric view of the Rebars and 

Stirrups for quarter beam FE model 
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cracks increased and extended towards the top. Subsequently 
diagonal shear cracks appeared in regions closer to the 
supports. Finally, a plastic hinge formed at the positive moment 
region, ultimately the beam failed in flexure. 

• The load deflection response is linear elastic up to the 
cracking moment strength, then the curve inclines more 
towards the horizontal exhibiting degradation of flexural 
rigidity. After yielding of tension steel reinforcement, the curve 
inclines appreciably towards the horizontal.   

• The FE simulation of the under reinforced concrete 
beam gave the same performance as that anticipated by ACI 
code [15] for under reinforced beams that are designed to fail 
in flexure, in terms of ductility, concrete progressive cracking, 
steel reinforcement yielding, showing clues for ample warning 
before it ultimately fails by crushing of concrete in compression 
zone.  

• Finally it can be concluded that with the availability 
of the proper nonlinear material models, and the existence of 
computer software that can model the nonlinear behavior of 
reinforced concrete structural elements until failure, FE 
structural modeling would give results that would more 
realistically simulate the experimental testing. 

 

Appendix 

Analytical evaluation based on ACI code [15]. 

Calculations are carried by means of an excel sheet. Beam self-
weight is not considered neither in the FE model nor in the 
analytical analysis. 

2.0,105743.2,30' 10  cc MPaEMPacf   

3.0,100.2,460 11  ss MPaEMPafy   

mhdepthmbbeamwidth 3.0)(,20.0)(   

maarmmomentmmAs 25.2)(,380 2   

mdmerconc 275.0,025.0cov   

MPaff cr 4.362.0 '   

769.7
105743.2

100.2
10

11







c

s

E
En  

mm
Asnhb

hdAsn
y 139.5

)1(.

)
2

()1(
0 




  

2
0

2
0

3 )
2

().1(...).
12

1
( yhdAsnyhbhbIut   

48108854.4 mmIut   

At first crack initiation 

00872.0
.


db

As  

mmdnnnkd 54.76)..).(.2( 2    

4823 10462.1)(.)(
3

1 mmkddAsnkdbIct   

kNm
yh

IfM utr
cr 453.11

)
2

(

.

0




  

cr
L MaP


2

.
 

kNPL 18.10
25.2

453.112



  

))43(2(
48

1 222 lalM
IE L

utc
L  mmL 2.2  

At failure 

kNmM 60.40  

MaPL 
2

.
 

kNPL 1.36
25.2

6.40*2
  

48
33

10512.1).1(. mmI
M

MI
M

MI ct
cr

ut
cr

e 














mmlalM
IE L

ec
L 1.18))43(2(

48

1 222   

mmL 7.24  

 

 

 

REFERENCES 

[1] Park R, Pauley, "Reinforced Concrete Structure", New 
York, John Wiley and Sons, 1975  



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 4 (2018) pp. 2014-2020 
© Research India Publications.  http://www.ripublication.com 

2020 

[2] Hyo-Gyoung Kwak and Sun-Pil Kim, "Nonlinear 
Analysis of RC beams based on moment-curvature 
relation", Computers and Structures, 2002  

[3] Ngo D, Scordelis AC, "Finite Element Analysis of 
Reinforced Concrete Beams", ACI J 
1967,64(3):15263.  

[4] Nilson A," Internal Measurement of Bond Slip", 
Journal of ACI, 69-7(1972)  

[5] Rajagopal K.R. "Nonlinear Analysis of Reinforced 
Concrete Beams, Beam-Columns and Slabs by Finite 
Elements. Ph.D Dissertation, Iowa State University 
1976.  

[6] Rots, J.G., Nauta, P., Kusters, G.M.A. and Blaauw 
endraad, J. (1985), “Smeared Crack approach and 
Fracture Localization in Concrete”, HERON, 
Vol.30,no.1.  

[7] Bergmann, R. and Pantazopoulou, V.A., “Finite 
element for Rc Shearwalls under Cyclic Loads”, 
Department of Civil Engineering, Report UCB/ 
SEMM-88/09, University of California, Berkely, 1988.  

[8] Reza Mahjoub, and Seyed Hamid, “Finite element 
Analysis of Rc beams strengthened with FRP sheets 
under bending”, Australian Journal of Basic and 
Applied Sciences, Vol.4, no.7, 2010 

[9] Mohammadhassani Mohammad, Mohd Zamin Bin 
Jumaat, Mohamed Chemrouk, Ali Ghasemi, SJS 
Hakim, Rafieipour Najmeh, "An experimental 
investigation of the stress strain distribution in high 
strength concrete deep beams", ScienceDirect, 
Procedia Engineering 14(2011) 2141-2150. 

[10] Nasr Z, Alaa G, Amal H,"Finite Element analysis of 
Reinforced Concrete Beams with opening 
Strengthened Using FRP", Ain Shams Engineering 
Journal, 2017 

[11] Amir M. A, Amin O, Shima N, Peyman B, Naseri 
M.H," The Effect of Fly Ash On Flexural Capacity 
Concrete Beams", Advances in Science and 
Technology Research, Vol10, no30, 2016. 

[12] Metwally I.M," Three dimensional nonlinear finite 
element analysis of concrete deep beam reinforced 
with GFRP bars", Concrete Structures Research Inst, 
HBRC Journal(2017) 13. 

[13] Tiejiong L, Sergio M, Adelino V," Flexural Response 
Of Continuous Concrete Beams Prestressed with 
External tendons", Journal of Bridge Engineering, 
ASCE, 2013. 

[14] Kim T, Do-Hak K, Moon K, Yung M" Flexural 
behavior of a half-decked bulb tee pre-stressed 
Concrete Girder: full Scale Test and Nonlinear Finite 
Element Analysis", Structure and Infrastructure 

Engineering, 2017. 

[15] Building Code Requirements for Structural Concrete 
ACI (318M-14) and Commentary”, American 
Concrete Institute.  

[16] Knaack M. Adam, Yahya C. Kurma, David J, Kirkner, 
" Compressive Stress Strain Relationships for North 
American Concrete under Elevated Temperatures", 
ACI Materials Journal, Vol. 108, No.3, 2011. 

[17] Ansys (Release 15), Theory Reference for the 
Mechanical APDL and Mechanical applications, 2009. 

[18] William, K.J. and Warnke, E.P., “Constitutive Model 
for the Triaxial Behavior of Concrete”. Proceedings of 
the International Association for Bridge and Structural 
Engineering, Vol. 19, ISMES, Bergamo, Itali, 1975.  

 


