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Abstract – Using appropriate material properties for analyzing different models in academic and commercially available 

finite element software is one of the main concerns for design engineers and researchers. This paper demonstrates the 

importance of using appropriate material properties for the models to be considered by engineers during finite element 

modelling. Two reinforced concrete (RC) beams strengthened with Carbon Fiber Reinforced Polymer (CFRP) strips are 

investigated, considering the CFRP elements as elastically isotropic and orthotropic materials. To show the significance of 

the selective material properties, all properties of the models are chosen to be exactly the same for the two beams except for 

the CFRP strip. To validate the study, an RC beam is tested experimentally and the numerical results are compared to the 

experimental test. The results show that CFRP with isotropic or orthotropic properties has no significant influence on beam 

responses such as stresses, displacements and damage response under applied loadings.  
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1.0 INTRODUCTION 

Concrete materials have recently been used in many projects as these materials have favorable 

behaviour in construction of civil structures [1–5]. Concrete may be modified to increase its capacity 

against applied load, particularly under flexural loading. In recent years, concrete with Carbon Fiber 

Reinforced Polymer (CFRP) has seen an increase in use to improve its characteristics [6–9]. A wide 

range of research has been accomplished through bending tests on reinforced concrete (RC) and on steel 

beams strengthened with CFRP [10–13]. The behavior of such concrete beams are now well agreed-

upon [8], and many stress-strain curve models have been projected for them using isotropic material 

properties. Besides, some researchers have used elastically orthotropic material for modeling such as 

Obaidat [11]. A model of isotropic linear elastic is frequently designed to model CFRP and Fiber 

Reinforced Polymer (FRP) where the trend of those materials is corresponding to the principal stresses 

[14]. Also, orthotropic linear elastic behavior can be considered since CFRP and FRP principally have 

orthotropic behavior [15]. Therefore, there is a challenge to use elastic material properties in terms of 

isotropic or orthotropic for materials like FRP or CFRP. This paper attempts to investigate the behavior 

of a strengthened RC beam with CFRP modeled with isotropic and orthotropic material properties in 

order to inspect the effect of elasticity behavior on overall response of the concrete beam-like structures 

under certain static loading. 

2.0 METHODOLOGY 

The geometry of the concrete beam is 250 x 125 x 3000 mm. The CFRP is attached to the RC beam 

using adhesive  with the same width and length of the CFRP; namely 125 mm and 2900 mm. A 

thickness of 1 mm and 0.17 mm is used for CFRP and adhesive materials, respectively. The finite 

element discretization of the model is done by means of the commercial software package ABAQUS 

6.14.2. This package has the ability to simulate the real response of different structures having wide 

range of different material properties [16–19].  
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In this study, the concrete beam is designed with 8-node linear brick element with hourglass control and 

reduced integration or C3D8R. For steel bars a 2-node linear 3D truss (T3D2) is used. The layer of 

adhesive is modeled by means of a 3D cohesive element (COH3D8). The adhesive, CFRP and the RC 

beam are attached using tie constraints. The cohesive law is adopted to define the constitutive model. 

The CFRP is modeled once as an isotropic material and then as an orthotropic material. For the 

orthotropic materials the following characteristics are assigned [11]: 

E11=165 GPa. 

V12= V13= 0.3  

E22= E33= 9.65 GPa.  

G12=G13= 5.2 GPa.  

V23=0.45 

G23=3.4 GPa.  

Where E, V and G are module of elasticity, Poisson’s ratio and shear modulus of the materials, 

respectively. The subscript 1, 2 and 3 denotes the x, y and z direction. 

Table 1 indicates the elastic modulus and yield stress of the materials used in modeling of the RC beam. 

For adhesive, shear modulus of 4 GPa, Poisson’s ratio of 0.38 and thickness of 0.17 mm are used. The 

geometry and Finite Element (FE) model of the strengthened RC beam are depicted in Figure 1 and 2, 

respectively. A study on mesh convergence has been carried out to achieve a suitable mesh in order to 

study its finite element model. To implement an appropriate mesh in order to run and converge the 

analysis, several FE meshes have been created. 

8608 elements and 12018 nodes are used for discretization of different parts of the model based on the 

consequences attained from the testing of 8326, 7450, 9654, 8608 and 6442 elements.  

The whole FE model of the sections needs to be considered due to asymmetric boundary conditions 

(hinge and roller support at each side of the RC beam). 

 
Table 1 Material properties of concrete beam, CFRP, adhesives and steel bars 

 

 Elastic Modulus E (GPa) Yield Stress (MPa) 

Concrete Beam 21 40 

CFRP 165 1300 

Stirrup 200 340 

Longitudinal Bar 200 400 
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Figure 1 Geometry of the RC beam 

 

Figure 2 Transparent view of FE modeling of the whole model with load position and boundary conditions 
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The procedure of the current study is drawn and presented in Figure 3. 

 

Figure 3 Diagram of the modelling processes 

 

3.0 EXPERIMENTAL VALIDATION OF THE MODEL  

The correctness of the present model is tested by experiment. As illustrated in Figure 4 (a), a strip of 

CFRP was attached to the bottom of the studied RC beam to evaluate the resistance effect of CFRP 

material on the RC beam under flexural load. A uniform incremental static load was applied to the test 

specimen up to its failure level (cracking stage). This can be seen in Figure 4(b). According to the 

developed FE method above, the strengthened RC beam with CFRP strip was simulated under the same 

conditions using ABAQUS software. Both isotropic elasticity and orthotropic behaviour of the CFRP 

were considered in FE analysis. A comparison of the experimental and software-based results are 

presented in the results and discussion.  

 

 

 

 

 

 

 

 
a) CFRP strip attached to the RC beam 
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b) Strengthened RC beam under bending test 

 
Figure 4 The RC beam specimen a) strengthened with CFRP material under b) flexural loading 

 

 

4.0 CONCRETE DAMAGED PLASTICITY (CDP) 

One of the main important responses of structural members in analysis and design is damage severity 

[20–24]. In order to explain the complicated mechanical response of the concrete materials under 

loading, many constitutive approaches have been proposed including damage model, anisotropic 

damage and isotropic damage model. The method of explaining the nonlinear behavior of each 

combinatorial material in a multiphase composite material is generally used in the cracking analysis for 

concrete materials. This model factorizes the uniaxial strength functions into two divisions to stand for 

the permanent degradation of stiffness and deformation. The model assumes two major failure 

mechanisms for concrete materials, the first for cracking and the second one for crushing in tension and 

compression, respectively.  

In the incremental theory of plasticity the strain tensor ( ) is divided into two parts including the elastic 

strain ( ) and plastic strain ( ) where the linear elasticity can be written as:  

 
 

The variables  are assumed to be identified at time (t). With that information, for stress tensor 

the following can be obtained:  

 and  

 

Where  is the scalar stiffness degradation variable which can be in the range of 0 (undamaged) to 1 

(fully damaged);  is the undamaged elastic stiffness for concrete material. The failure mechanism of 

the material associated with the damage reduces the elastic stiffness. This stiffness is assumed as a 

function of the internal variable  including of the compressive and tensile variables, namely 

. The function of damages consisting of tension  and compression  are nonlinear 

functions which are computed by uniaxial response in tension and compression using practical data. 

Hence, the effective stress is determined as: 

 
 

5.0 RESULTS AND DISCUSSION 

5.1 STRESS  

The von Mises stresses of the strengthened RC beam owing to use of isotropic and orthotropic material 
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properties are indicated in Figure 5. As shown in this figure, the difference in stress response between 

both models is negligible. The maximum von Mises stress when the isotropic and orthotropic properties 

are used for CFRP is 44.57 MPa and 45.42 MPa respectively, with approximately 2% difference. In 

addition to this, the stress contour of the RC beam for the different material properties of CFRP is 

extremely close to each other.  

Analogous to RC beam stress response, the von Mises stress of CFRP considering utilized isotropic and 

orthotropic material is shown in Figure 6.  Figure 6(b) remarkably shows the stress direction in the 

CFRP plate when orthotropic elastic model is implemented. Nevertheless, for this condition the 

percentage of variance of the stress is around 75% smaller than the isotropic model but it does not 

change the overall response of the RC beam at the end of analysis. As shown in Figure 6(b), since the 

orthotropic material is assigned to CFRP in principal direction, therefore the stress response can 

obviously be seen in that direction. 

5.2 DISPLACEMENT  

The displacement response of the RC beam for two different analyses is demonstrated in Figure 7. From 

this figure it can be concluded that, similar to stress response, the difference of displacement for the two 

models can be ignored. These values are 1.847 mm and 1.9 mm respectively with about 3% difference.      

 

      

 

  

 

a) Isotropic CFRP b) Orthotropic CFRP 

Figure 5 Von Mises Stress of the RC beam for different material properties used for CFRP 
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a) Isotropic CFRP b) Orthotropic CFRP 

Figure 6 Von Mises Stress of the CFRP for different used material properties 

 

 

     

 

 

a) Isotropic CFRP b) Orthotropic CFRP 

Figure 7 Displacement of the RC beam for different material properties used for CFRP 

5.3 LOAD-DEFLECTION AND STRESS-STRAIN CURVES  

The force-displacement curve for both isotropic and orthotropic elastic models are compared with the 

experimental test and presented in Figure 8(a). The FE model presents accurate expectation for the 

models. As observed in the figure, the values and trends of the force-displacement curves for both cases 
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are notably near to the result obtained in experiment. The force-displacement relation is 123.257 KN-

17.74 mm for the isotropic and 123.254 KN-18.24 mm for the orthotropic model. Comparison of values 

in terms of force and displacement through this figure show a proportion of 2.4e-3% and 2.8% in 

changes, respectively.  

 

a) Force-displacement curves 

 

b) Stress-strain curves 

Figure 8 Comparison of a) force-displacement and b) stress-strain relationship curve 

 

The stress-strain relationship curve of the model is compared to the experiment as shown in Figure 8(b). 

Since the stress-strain has a direct relationship with load-deflection curve, a similar curve or 

performance is achieved. As a result of this, a simillar percentage of difference obtained for load-

deflection result can be observed for stress-strain curve considering the effect of isotropic and 

orthotropic elastic models .  

5.4 DAMAGE RESPONSE 

Based on the uniqueness of the cracking development, the damage propagation is inspected considering 

the effect of isotropic and orthotropic behavior of CFRP. The starting point of the cracking is formed 

from the central elements at the bottom of the RC beam and it propagates toward both sides. The tensile 

damage response of the RC beam in both cases is shown in Figure 9. Comparison of these results with 

those obtained from experiment (see Figure 4) confirms the accuracy of the study once again. As can be 

observed from the damage response, the RC beam strength modeled with isotropic and orthotropic 
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behavior of CFRP material has a very close response. Thus, it is emphasized that modeling of CFRP can 

be simplified from an orthotropic to an isotropic method. 

 

 

  
a) Isotropic CFRP 

  
b) Orthotropic CFRP 

 

Figure 9 Damage response of the RC beam considering a) isotropic material and b) orthotropic material of CFRP 

 

6.0 CONCLUSIONS 

Elastic isotropic and orthotropic behaviors were used to characterize the CFRP used for strengthening 

of a RC beam under flexural test. A cohesive model was designed to address an interface material 

between concrete and CFRP and analzyed using ABAQUS software. An experimental test was then 

carried out in the lab to validate the FE analysis results. Based on the experiment and modeling analysis, 

the following conclusions are drawn: 

 The overall responses of the RC beam such as stresses, displacements and damage response are 

not much different when isotropic and orthotropic material properties are defined for CFRP 

plate. 

 The variance of load-displacement curves as well as stress-strain relationship for the RC beam 

can be ignored when orthotropic material properties are deliberated for CFRP compared to that 

conducted isotropic features. 

 Finally, it is not obligatory to take orthotropic elastic material properties of the unidirectional 

CFRP into consideration. A uniaxial CFRP basically has an orthotropic behavior; nonetheless 

simulations illustrated that where the direction of principal stress corresponds with the fiber 

direction, an isotropic material could be replaced with a fine and acceptable accuracy. 
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