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Abstract. The use of composite materials is an effective technique to enhance the capacity of reinforced concrete 
columns subjected to the seismic loading due to their high tensile strength. In this paper, numerical models are 
developed in order to predict the experimental behavior of square reinforced concrete columns strengthened by 
glass fiber reinforced polymer and steel bars and unstrengthened column under cyclic and monotonic loadings, 
respectively. Two columns are modeled in the present work. The first one corresponds to the column without 
strengthening subjected to lateral monotonic loading, and the second one corresponds to the column strengthened 
by glass fiber reinforced polymer and steel bars subjected to lateral cyclic loading. Comparison of the numerical 
modeling and the experimental laboratory test results are performed and discussed. A good agreement between the 
numerical and experimental force-displacement responses is obtained. Moreover, improvements in the strength of 
the reinforced concrete column subjected to the cyclic loading along with the comparison of the behavior of the 
strengthened column with the unstrengthened reference column are discussed. The results show a good 
improvement in the load carrying capacity and ductility of the column. The main objectives of this numerical 
modeling are to contribute the comprehension of the monotonic and cyclic behavior of the square reinforced 
concrete columns and to compare the numerical results with the experimental ones. 
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1. Introduction 

Composite materials have gained acceptance among civil engineers [1-8]. In particular, fiber-reinforced polymers (FRP) are 
becoming a viable choice for reinforcing and strengthening reinforced concrete (RC) structures. They offer many functional 
advantages including lightness, mechanical and chemical resistance, reduced maintenance, and freedom of form. They also 
enrich the design possibilities for lightening the structures and perform several functions suitable for complex shapes. The 
columns are critical elements in the reinforced concrete buildings. Partial or total failure of the whole building may happen due 
to the failure of the columns. The behavior of the structures under cyclic and monotonic loads can be used as a means to 
evaluate the behavior of structures using different types of strengthening [9, 12]. Among strengthening techniques applied for 
reinforced concrete structures, the use of fiber reinforced polymer composite [13-15]. This method has been widely used for 
reinforced concrete structures as a strengthening approach of RC columns [16, 17]. Strengthening the structural elements can 
increase their compressive [18, 20], shear [21-23], and flexural strength [24-26]. Finite element modelling of concrete material 
is a challenging task because it requires accurate definition of the concrete material model to represent the behavior of 
reinforced concrete structures subjected to mechanical and environmental loadings [27-37]. 
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Many significant researches have been dedicated to the strengthening of reinforced concrete columns using the fiber 
reinforced polymer and also numerous models were developed. Rahai et al. [38] studied the performance of RC columns 
strengthened by the carbon fiber reinforced polymer (CFRP). They considered the CFRP thickness, eccentricities, and fiber 
orientation as influencing parameters, and it was found that an increase in the moment capacity and stiffness along with an 
improvement in ductility caused a greater level of energy dissipation. Yuan and Wu [39] developed a three dimensional finite 
element method (FEM) to study the behavior of plastic hinges of RC columns subjected to cyclic and axial loadings. Different 
parameters were taken into account such as the lengths of plastic hinge zone, rebar yielding zone, and concrete crushing zone. 
It was found that all the zones are significantly affected by loading types. In a previous study [40], square, rectangular, and 
circular RC columns strengthened with fiber reinforced polymer composites were investigated using a modified concrete 
damaged plasticity model (MCDP). The monotonic behavior of RC columns along with the variation of input parameters of the 
MCDP model were studied. It was shown that the stress-strain response of RC columns strengthened by FRP is predicted by 
the MCDP model. Realfonzo and Napoli [41] performed experimental studies on rectangular RC columns strengthened by FRP 
with a high aspect ratio. The columns were subjected to an axial load and lateral cyclic loading. The influence of different 
parameters such as unconfined concrete strength, longitudinal steel reinforcement, strengthening system, and number of FRP 
layers was evaluated. Sun et al. [42] performed experimental tests on RC columns strengthened by different reinforcement 
types including sleet bars, hybrid steel-FRP bars, and steel-FRP composite bars subjected to cyclic loading. The results showed 
that the strain distributions of the columns reinforced by different bars at the column base prior yielding, the decrease of the 
loading capacity, and the concentration of the plastic deformation of the ordinary RC column at its base after yielding are 
similar. Ma et al. [43] investigated the crack process of FRP-strengthened RC column under lateral cyclic loading based on the 
acoustic emission technique. It was found that the acoustic emission is an effective method that reveals the crack process of 
both FRP-strengthened and unstrengthened RC columns subjected to cyclic loading. 

Although a lot of research have been devoted to the behavior of circular columns, fewer investigations have been 
conducted on square and rectangular RC columns. Moreover, the vast majority of the columns used in building construction 
are square and rectangular columns. In this paper, numerical modeling of square RC column strengthened by the glass fiber 
reinforced polymer (GFRP) as well as steel bars, and unstrengthened square RC column subjected to lateral cyclic and 
monotonic loadings is presented. The numerical models are developed to predict the experimental behavior of the square 
columns under lateral cyclic and monotonic loadings. It is also described that strengthening by GFRP and steel bars contributes 
to the improvement of the stiffness and ductility of the RC column subjected to lateral cyclic loading. 

2. Experimental Program 

According to the experimental tests [44] (Figs. 1 & 2), two columns are studied in the present study. The first column is 
considered without strengthening subjected to lateral monotonic loading (C1M), and the second is strengthened using glass 
fiber reinforced polymer and steel bars subjected to lateral cyclic loading (C7C1-BM-GW). The GFRP jackets were applied for 
an overlap length of 600mm from the base of the column and no anchorage of GFRP jackets to the support of the column was 
applied in the experimental tests (Fig. 6(c)). The strengthening with the two longitudinal steel bars was applied on left and 
right sides of the base of the same column and chemically anchored to the support and 2cm deep of vertical silts were cut into 
the cover concrete. Afterwards, the steel bars were anchored after the holes were drilled in the support of the column. Chemical 
anchorage was applied to the support using the resin anchor HILTI HIT-RE500 in order to place steel bars into the holes. 
Following the data of the resin anchor HILTI HIT-RE500 [45], 180mm of anchorage of steel bars was applied. After the 
anchorage of steel bars was finished, the vertical silts were filled using an epoxy mortar. The steel bars were overlapped with a 
distance of 700mm. The notation of the column C1M means that the concrete column is subjected to monotonic loading, and 
the column C7C1-BM-GW means that the concrete column (C7C1) was strengthened by metallic bars (BM) and glass FRP 
(GW). 

Figure 4 shows the geometry and reinforcement details of the RC columns. The columns were subjected to lateral cyclic 
and monotonic loadings using the compressive force of the hydraulic press. Hydraulic pump was used in the experimental tests 
to generate the loads (Fig. 5). Figure 6 shows the steps of column strengthening using GFRP materials. 

In order to determine the strength properties of the columns, compression tests on concrete and tensile tests on steel bars 
were performed. Tables 1 and 2 show the mechanical characteristics of concrete and the diameters of steel bars, respectively. 
The elastic limit of the column was determined by applying an experimental test on a reference column without strengthening. 
Figure 3 shows the general overview of the reference column (named C1C). 

The experimental force-displacement behavior of the reference column is shown in Figure 7. It was found that the column 
achieves its elastic limit when 25kN of loading and 24mm of displacement are reached. 

 

 
Table 1. Mechanical characteristics of concrete. 

Concrete C16/20 

Compressive strength 
[MPa] 

Elastic modulus E 
[MPa] 

Compressive strength 
[MPa] 

27.5  34500  2.187  
 



Cyclic and Monotonic Behavior of Strengthened and Unstrengthened Square Reinforced Concrete Columns  
 

Journal of Applied and Computational Mechanics, Vol. 5, No. 3, (2019), 517-525 

519

Table 2. Mechanical characteristics of steel bars. 

Steel bars ∅8, ∅10, ∅12 and ∅16 

Compressive strength 
[MPa] 

Elastic modulus E 
[MPa] 

Compressive strength 
[MPa] 

560  200000  7850  
 
 

  

Fig. 1. General view of the experimental stand element C1M [44] Fig. 2. General view of the experimental stand element C7C1-BM-
GW [44] 

  

  

Fig. 3. General view of the experimental stand element C1C [44] Fig. 4. Reinforcement of the columns 
 

 
Fig. 5. Elements of the test instrumentation [44] 
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Fig. 6. Column preparation: a) cleaning the surface, b) application of the epoxy resin, and c) application of the wrapping tissue of GFRP 

[44] 
 

 
Fig. 7. Experimental force-displacement behavior of the reference column C1C [44] 

3. Numerical Modeling 

The aim of the numerical modeling is to describe the experimental behavior of the RC column strengthened with GFRP 
under lateral cyclic loading and the unstrengthened RC column under monotonic loading (Fig. 8). Two numerical models were 
developed using the finite element method. The software of concrete and reinforced concrete structures analysis ATENA [46] 
was used in this work in which the 2D finite element model was created. The 4-node solid element (SBETA) was used to 
define the concrete material of RC columns according to the software material library. Each node has two degrees of freedom, 
namely translations on x and y directions. The definition of steel bars and the GFRP was based on 2-node structural bar 
elements. 

The loads were applied on the columns in a similar way as the experimental tests [44] in which the columns were fixed in 
their supports and subjected to lateral loading on their tops. For the column that is strengthened with GFRP, the loads were 
divided into two stages. In the first stage, the imposed force (value of 1kN) in several load steps was applied until the elastic 
limit was reached. In the second stage, the imposed displacement (value of 1mm) in several load steps was applied until failure. 
One monitoring point was defined to control the displacement of the column (D1 in Fig. 9(a)), and four monitoring points were 
defined to control the force at the loading application points on the right and left side of the column (U, P (-) and U, P (+) in 
Fig. 9(a)). It should be noted that U and P represent the imposed displacement and force in the right (+) and left (-) directions, 
respectively. 

In case of the unstrengthened column subjected to lateral monotonic loading, the support of the column was fixed, and 
1mm of displacement was applied on its top until failure. The force was controlled at the load application point, and also the 
displacement was controlled at the point D1 (Fig. 9(b)). It should be noted that the loading and boundary conditions of the 
columns were applied in the numerical modeling in a similar way as the experimental tests [44]. Table 3 shows the mechanical 
characteristics of GFRP and steel bars used in the numerical modeling. 
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Fig. 8. Details of steel bars (a) and GFRP sheets of the column 

C7C1-BM-GW [44] 
Fig. 9. Displacement and force application points of the columns 

C7C1-BM-GW (a) and C1M (b) [44] 
 

Table 3. Mechanic characteristics of GFRP and steel bars. 

Nr Material Elastic modulus E
 [MPa] 

Tensile strength 
[MPa] 

Density 
[Kg/m3] 

Thickness 
[mm] 

1 GFRP 70000 2250 2530 0.17 

2 BM 200000 560 7850 ∅=12mm 

4. Material Models  
The concrete behavior is defined to have nonlinear properties. The strain softening law defined by means of the softening 

modulus and based on the strain was used for the strain softening model of the concrete material in compression. The 
exponential crack opening law was used to simulate the model of tensile softening based on the crack band theory [47]. In 
order to take the rotation of cracks directions into account, the rotating crack model [48] was used. The behavior of steel bars 
was defined by the nonlinear stress-strain relationship and cyclic rules as presented by Menegotto and pinto (Fig. 10) [49]. 
According to experimental tests, the perfect bond between GFRP, steel, and the concrete material was considered in the 
numerical model. 

 
Fig. 10. Menegotto-Pinto stress-strain model [49] 

5. Results and comparison 

5.1 Unstrengthened Column 

Figure 11 shows the experimental and numerical force-displacement responses of the unstrengthened column subjected to 
lateral monotonic loading. It is observed that the maximum displacements in the numerical analysis and the experimental test 
are 91.22mm and 85.69 mm, respectively, and the maximum forces supported by the column in the numerical analysis and the 
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experimental test are 36.00kN and 35.20kN, respectively. 
The results show that the numerical model follow the experimental behavior of the column very closely in terms of the 

force and displacement in addition to the estimation of the maximal displacement to its corresponding lateral load. It is also 
observed that the numerical model overestimated the force in the elastic path of the column. This overestimation of the force is 
observed because of some micro-cracks stated in the concrete material before the application of the experimental test. These 
micro-cracks might be the results of the non-hydration of some particles of cement. Figure 11 shows a good agreement 
between the numerical model and the experimental test. 

 

Fig. 11. Comparison of the experimental and numerical force-displacement responses of the column C1M 

5.2 Column strengthened with GFRP and steel bars 

Figure 12 shows the behavior of the column strengthened using GFRP and steel bars in the numerical analysis and 
experimental test. It is observed that the maximum displacements in the numerical analysis and the experimental test are 99.70 
mm and 105.74 mm, respectively, and the maximum forces supported by the column in the numerical analysis and the 
experimental test are 24.52kN and 48.20kN, respectively. These results show a small difference in the displacement (6.06%) 
and the force (96.57%) in the experimental test compared to the numerical modeling. It is observed that the experimental 
behavior presents a higher peak load capacity. This difference may be due to the perfect bond in the interfaces concrete/GFRP 
and concrete/steel-bars, and the neglecting of the GFRP creep for the short term cyclic loading in the numerical analysis. GFRP 
creeps under the supported loads, and this includes fiber straightening and resin creep. When a creep model is used, different 
parameters are considered in the numerical analysis such as stress redistribution and history, damage degree, creep failure of 
the column, etc. However, one can see that the numerical ductility of the column is closely predicted to the ductility achieved 
in the experimental test. Moreover, the ultimate displacement is also closely predicted in the numerical model compared to the 
experimental test. Even though the cyclic behavior of the columns was calibrated to describe the experimental behavior, it is 
important to note that the numerical simulation of RC columns strengthened with different methods is sensitive to some 
material properties at the microscale level which may have an influence on the structural behavior of the structural elements 
(interface concrete/FRP, aggregate size, cement hydration, etc). 

 

Fig. 12. Comparison of the experimental and numerical force-displacement responses of the column C7C1-BM-GW 
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Figure 13 shows the comparison of the experimental behavior of the column strengthened by GFRP and steel bars (C7C1-
BM-GW) with the reference column without strengthening (C1C). It is observed that the maximum displacements for the 
columns C7C1-BM-GW and C1C are 105.74 mm and 76.76mm, respectively, and the maximum forces are 47.20kN and 
33.05kN, respectively. It is clearly shown that the load carrying capacity and the ductility of the column strengthened with 
glass fiber reinforced polymer and steel bars are larger than the load carrying capacity and the ductility of the reference column 
without strengthening. This confirms that adding GFRP and steel bars to the column improves the strength and stiffness of the 
RC column subjected to lateral cyclic loading. 

 

 

Fig. 13. Comparison of the experimental behavior of the columns C7C1-BM-GW and C1C 

6. Conclusion 

In the present study, numerical modeling of two square RC columns was performed. The first column was strengthened by 
glass fiber reinforced polymer and steel bars subjected to lateral cyclic loading, and the second was unstrengthened and 
subjected to lateral monotonic loading. The experimental behavior of RC columns was predicted numerically by means of the 
finite element method. It was found that the numerical models applied on the unstrengthened and strengthened columns reflect 
the behavior of the experimentally tested ones in terms of the load capacity and the maximal displacement. On the other hand, 
the numerical model of the column strengthened with GFRP underestimate the load capacity compared to the experimental test 
which might be due to the assumption of perfect bond in the interfaces concrete/GFRP and concrete-steel-bars, and the 
neglecting of the FRP creep for the short term cyclic loading. The comparison of the behavior of the column strengthened with 
glass fiber reinforced polymer and steel bars with the unstrengthened reference column under lateral cyclic loading was also 
performed. It was found that the load carrying capacity and the ductility of the strengthened column are larger than the load 
carrying capacity and the ductility of the unstrengthened reference column, which confirms the contribution of the 
strengthening method to the improvement of the strength and stiffness of the column. Future work might address the influence 
of the interface FRP/sleet-concrete and the consideration of FRP creep analysis on the structural behavior of RC columns. 

Acknowledgments 

The authors gratefully acknowledge the financial support of the German Academic Exchange Program (DAAD) and 
RISTEK-DIKTI (Directorate General of Resources for Science, Technology and Higher Education. Ministry of Research, 
Technology and Higher Education of Indonesia) under funding agreement No: 153.39/E4.4/2014. The authors would like to 
thank Dr. A. C. Dăescu for his contribution to this work. For the availability of the experimental data, the authors also 
acknowledge the collaboration of D. A. Cosmin who conducted the experimental tests at the Civil Engineering Department of 
Politehnica University of Timisoara.  

Conflict of Interest  

The author(s) declared no potential conflicts of interest with respect to the research, authorship and publication of this 
article. 

Funding  

The author(s) received no financial support for the research, authorship and publication of this article. 
 



 Chahmi Oucif et. al., Vol. 5, No. 3, 2019 
 

Journal of Applied and Computational Mechanics, Vol. 5, No. 3, (2019), 517-525   

524

References 

[1] Kerfriden, P, Schmidt, K.M., Rabczuk, T, Bordas, S.P.A., Statistical extraction of process zones and representative 
subspaces in fracture of random composites, International Journal for Multiscale Computational Engineering, 11(3), 2012, 
253-287. 
[2] Ben, S., Zhao, J., Zhang, Y., Qin, Y., Rabczuk, T., The interface strength and debonding for composite structures: Review 
and recent developments, Composite Structures, 129, 2015, 8-26. 
[3] Ghasemi, H., Kerfriden, P., Bordas, S.P.A., Muthu, J., Zi, G., Rabczuk, T., Interfacial shear stress optimization in sandwich 
beams with polymeric core using non-uniform distribution of reinforcing ingredients, Composite Structures, 120, 2015, 221-
230. 
[4] Diyaroglu, C., Oterkus, E., Madenci, E., Rabczuk, T., Siddiq, A., Peridynamic modeling of composite laminates under 
explosive loading, Composite Structures, 144, 2016, 14-23. 
[5] Sas, G., Dăescu, A.C., Popescu, C., Nagy‐György, T., Numerical optimization of strengthening disturbed regions of 
dapped‐end beams using NSM and EBR CFRP, Composites Part B: Engineering, 67, 2014, 381-390. 
[6] Nagy-György, T., Sas, G., Dăescu, A.C., Barros, J.A.O., Valeriu Stoian. Experimental and numerical assessment of the 
effectiveness of FRP-based strengthening configurations for dapped-end RC beams, Engineering Structures, 44, 2012, 291-303. 
[7] Mauludin, L.M. Oucif, C. The effects of interfacial strength on fractured microcapsule, Frontiers of Structural and Civil 
Engineering, 2018, 1-11, doi: 10.1007/s11709-018-0469-3. 
[8] Mauludin, L.M., Oucif, C. Interaction between matrix crack and circular capsule under uniaxial tension in encapsulation-
based self-healing concrete, Underground Space, 3(3), 2018, 181-189.  
[9] Youssf, O., ElGawady, M., Mills, J.E., Static cyclic behaviour of FRP-confined crumb rubber concrete columns, 
Engineering Structures, 113, 2016, 371–387. 
[10] Tarabia, A.M., Albakry, H.F., Strengthening of RC columns by steel angles and strips, Alexandria Engineering Journal, 53, 
2014, 615–626. 
[11] Dăescu, A.C., Nagy‐György, T., Experimental study on the strengthening procedures for reinforced concrete columns, 11th 
WSEAS International Conference on Sustainability in Science Engineering (SSE ’09), Timisoara, ISBN 978‐960‐474‐080‐2, 
2009. 
[12] Oucif, C., Voyiadjis, G.Z., Kattan, P.I., Rabczuk, T. Nonlinear Superhealing and Contribution to the Design of a New 
Strengthening Theory, Journal of Engineering Mechanics, 144(7), 2018, 1-17. 
[13] Arash, B., Park, H.S., Rabczuk, T., Tensile fracture behavior of short carbon nanotube reinforced polymer composites: A 
coarse-grained model, Composite Structures, 134, 2015, 981-988. 
[14] Arash, B., Park, H.S, Rabczuk, T., Coarse-grained model of the J-integral of carbon nanotube reinforced polymer 
composites, Carbon, 96, 2016, 1084-1092. 
[15] Arash, B., Park, H.S, Rabczuk, T., Mechanical properties of carbon nanotube reinforced polymer nanocomposites: A 
coarse-grained model, Composites Part B: Engineering, 80, 2015, 92-100. 
[16] Hasan, Q.F., Tekeli, H., Demir, F., NSM Rebar and CFRP laminate strengthening for RC columns subjected to cyclic 
loading, Construction and Building Materials, 119, 2016, 21-30. 
[17] Ozbakkaloglu, T., A novel FRP-dual-grade concrete-steel composite column system, Thin-Walled Structures, 96, 2015, 
295-306. 
[18] Kumar, V., Patel, P.V., Strengthening of axially loaded circular concrete columns using stainless steel wire mesh (SSWM) 
- Experimental investigations, Construction and Building Materials, 124, 2016, 186-198. 
[19] Rabczuk, T., Belytschko, T., A three dimensional large deformation meshfree method for arbitrary evolving cracks, 
Computer Methods in Applied Mechanics and Engineering, 196(29-30), 2007, 2777-2799. 
[20] Oucif, C., Mauludin, L.M. Numerical modeling of high velocity impact applied to reinforced concrete panel, 
Underground Space, 2018, 1-9, doi: 10.1016/j.undsp.2018.04.007.  
[21] Hadi, B., Joaquim, A.O.B., Fatmir, M., Shear strengthening of reinforced concrete beams with Hybrid Composite Plates 
(HCP) technique: Experimental research and analytical model, Engineering Structures, 125, 2016, 504-520. 
[22] Zi, G., Rabczuk, T., Wall, W.A., Extended Meshfree Methods without Branch Enrichment for Cohesive Cracks, 
Computational Mechanics, 40(2), 2007, 367-382. 
[23] Rabczuk, T., Bordas, S., Zi, G., A three-dimensional meshfree method for continuous multiple crack initiation, nucleation 
and propagation in statics and dynamics, Computational Mechanics, 40(3), 2007, 473-495. 
[24] Peng, G., Xianglin, G., Ayman, S.M., Flexural behavior of preloaded reinforced concrete beams strengthened by 
prestressed CFRP laminates, Composite Structures, 157, 2016, 33-50. 
[25] Rabczuk, T., Belytschko, T., Cracking particles: a simplified meshfree method for arbitrary evolving cracks, International 
Journal for Numerical Methods in Engineering, 61(13), 2004, 2316-2343. 
[26] Rabczuk, T., Zi, G., A meshfree method based on the local partition of unity for cohesive cracks, Computational 
Mechanics, 39(6), 2007, 743-760. 
[27] Rabczuk, T., Zi, G., Numerical Fracture analysis of prestressed concrete beams, International Journal of Concrete 
Structures and Materials, 2(2), 2008, 153-160. 
[28] Plotzitza, A., Rabczuk, T., Eibl, J., Techniques for Numerical Simulations of Concrete Slabs for Demolishing by Blasting, 
Journal of Engineering Mechanics, 133(5), 2007. 
[29] Rabczuk, T., Belytschko, T., Application of particle methods to static fracture of reinforced concrete structures, 
International Journal of Fracture, 137, 2006, 19-49. 



Cyclic and Monotonic Behavior of Strengthened and Unstrengthened Square Reinforced Concrete Columns  
 

Journal of Applied and Computational Mechanics, Vol. 5, No. 3, (2019), 517-525 

525

[30] Rabczuk, T., Akkermann, J., Eibl, J., A numerical model for reinforced concrete structures, International Journal of Solids 
and Structures, 42, 2005, 1327-1354. 
[31] Rabczuk, T., Eibl, J., Numerical analysis of prestressed concrete beams using a coupled element free Galerkin/finite 
element approach, International Journal of Solids and Structures, 41, 2004, 1061-1080. 
[32] Rabczuk, T., Xiao, S.P., Sauer, M., Coupling of meshfree methods with finite elements: Basic concepts and test results, 
Communications in Numerical Methods in Engineering, 22(10), 2006, 1031-1065. 
[33] Rabczuk, T., Zi, G., Bordas, S., Nguyen-Xuan, H., A simple and robust three dimensional cracking-particle method 
without enrichment, Computer Methods in Applied Mechanics and Engineering, 199(37-40), 2010, 2437-2455. 
[34] Rabczuk, T., Eibl, J., Modeling dynamic failure of concrete with meshfree particle methods, International Journal of 
Impact Engineering, 32(11), 2006, 1878-1897. 
[35] Rabczuk, T., Zi, G., Bordas, S., Nguyen-Xuan, H., A geometrically non-linear three dimensional cohesive crack method 
for reinforced concrete structures, Engineering Fracture Mechanics, 75(16), 2008, 4740-4758. 
[36] Bordas, S., Rabczuk, T., Zi, G., Three-dimensional crack initiation, propagation, branching and junction in non-linear 
materials by extrinsic discontinuous enrichment of meshfree methods without asymptotic enrichment, Engineering Fracture 
Mechanics, 75(5), 2008, 943-960. 
[37] Ouzaa, K., Oucif, C. Numerical model for prediction of corrosion of steel reinforcements in reinforced concrete structures, 
Underground Space, 2018, 1-6, doi: 10.1016/j.undsp.2018.06.002. 
[38] Rahai, A., Akbarpour, H., Experimental investigation on rectangular RC columns strengthened with CFRP composites 
under axial load and biaxial bending, Composite Structures, 108, 2014, 538-546. 
[39] Yuan, F., Wu, Y.F., Effect of load cycling on plastic hinge length in RC columns, Engineering Structures, 147, 2017, 90-
102. 
[40] Hany, N.F., Hantouche, E.G., Harajli, M.H., Finite element modeling of FRP-confined concrete using modified concrete 
damaged plasticity, Engineering Structures, 125, 2016, 1-14. 
[41] Realfonzo, R., Napoli, A., Results from cyclic tests on high aspect ratio RC columns strengthened with FRP systems, 
Construction and Building Materials, 37, 2012, 606-620. 
[42] Sun, Z., Wu, G., Zhang, J., Zeng, Y., Xiao, W., Experimental study on concrete columns reinforced by hybrid steel-fiber 
reinforced polymer (FRP) bars under horizontal cyclic loading, Construction and Building Materials, 130, 2017, 202-211. 
[43] Ma, G., Li, H., Acoustic emission monitoring and damage assessment of FRP strengthened reinforced concrete columns 
under cyclic loading, Construction and Building Materials, 144, 2017, 86-98. 
[44] DĂESCU, A.C., Reabilitarea elementelor de construcţie utilizând material compozite polimerice, PhD Thesis, Timisoara, 
2011. 
[45] HIT-RE 500 injection technique for concrete. https://www.hilti.ro 
[46] Červenka, V., Červenka, J., User’s Manual for ATENA 2D, Prague, 2010. 
[47] Bazant, Z.P., Fracture in Concrete and Reinforced Concrete, Northwestern University. Mechanics of Geomateriats, 
Chapter 13, 1985. 
[48] Weihe, S., Kroplin, B., Borst, R.D.E., Classification of smeared crack models based on material and structural properties, 
International Journal of Solids Structures, 35, 1998, 1289-1308. 
[49] Yu,W., Inelastic modeling of reinforcing bars and blind analysis of the benchmark tests on beam-column joints under 
cyclic loading, MSc Dissertation, Pavia, 2006. 
 

© 2019 by the authors. Licensee SCU, Ahvaz, Iran. This article is an open access article distributed under the 
terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0 

license) (http://creativecommons.org/licenses/by-nc/4.0/). 


