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Abstract:  

This study presents the investigation of structural response of strengthened cantilever beams using steel 

plates. For the purpose a rectangular section is selected and full-scaled beams are three dimensionally 

modeled using finite element method. The dimensions of the beams such as width, height and length are 

selected as 25 cm, 50 cm and 300 cm, respectively. In the study, three different beam models are included 

to investigate the structural response of beams. First model is called as Model-1 and it considers only a 

traditional RC beam. Second model is called as Model-2 and it considers rectangular concrete section 

covered with steel plates. In model-2, thickness of the steel plate is selected as 2.5 mm. Third model is 

called as Model-3 and it is similar to Model-2, but the thickness of the steel plate is selected as 5 mm. 

Model-2 and Model-3 are used to strength the Model-1 to investigate the strengthening effects on the 

structural response of the traditional beam. In the study, all models and analyses are performed using 

ANSYS software. The rebar, concrete and steel plates are represented with LINK180, SOLID65, and 

SOLID185 elements, respectively. Boundary conditions are defined on started section as fixed and ended 

section as free. Interface between concrete and steel plates is assumed as bounded. Nonlinear pushover 

analyses of beam models are performed and displacements and stresses obtained from analyses are 

presented as graphics through beam length and contour diagrams. The results showed that strengthened 

beams (Model-2 and Model-3) have more capacity compared to traditional beam (Model-1). 

 

Keywords: finite element method, nonlinear pushover analysis, structural response, traditional and 

strengthened beam. 

1. Introduction 

Beams are one of the structural elements of 

engineering structures such as buildings, bridges and 

other systems. They have a large usage area in civil 

engineering. They are structurally designed to 

against vertical loads which cause shear forces and 

flexural moments. They are generally used to 

transfer loads to columns, to provide ductility and 

stability on the systems. So many researches are 

done to investigate the beam response in the past [1-

5]. With the developing of technology, new 

techniques are presented to increase the capacity of 

beams. These techniques generally include the 

covering of beams such as steel plates or fiber 

reinforced polymers (FRP).  

Narmashiri et al. [6] investigated the failure and 

structural behavior of carbon fiber reinforced 

polymer (CFRP) strengthened steel I-beams. For the 

purpose, one non-strengthened control beam and 

twelve strengthened beams using different types and 

dimensions of CFRP strips in both experimental test 

and simulation modelling studies were investigated. 

The structural performance of the CFRP 

strengthened steel beams also varied according to 

the strengthening specifications investigated in this 

research.  

 

Jankowiak [7] analyzed the RC beams strengthened 

by CFRP strips in the content of an experimental 

and numerical study. Assessment of effectiveness of 

strengthening at different preloading states is aimed 

in the study. It is explained from the study that 

validation of the numerical model and the 

verification procedure of numerical modeling based 

on the results of the laboratory tests have completed 

successfully. 

Capozucca [8] studied the assessment of CFRP 

strengthened RC beams through some dynamic tests. 

He investigated the experimental vibration 
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monitoring of strengthening according to the two 

aforementioned methods through dynamic tests on 

six RC beam models strengthened using carbon 

FRP. Experimental results are compared with 

numerical results. It is mentioned in the study that 

vibration monitoring is a convenient, non-

destructive method for assessing strengthened beams 

under service loads.  

Yang et al. [9] investigated flexural behavior of 

wood beams strengthened with hybrid fiber 

reinforced polymer (HFRP). For the purpose they 

prepared an experimental study including 12 

strengthened beams and 3 control wood beams. In 

the study the failure modes and failure mechanisms 

of the FRP and HFRP strengthened beams were 

investigated It is concluded from the study that 

HFRP strengthening may significantly increase the 

ductility of the strengthened wood beams under the 

premise of increasing moment capacity greatly at a 

lower cost 

Jasienko and Novak [10] experimentally researched 

about solid timber beams strengthened with steel 

plates. In the study, tests carried out on solid timber 

beams made of new wood (NW) and old wood 

(OW), which were subjected to bending after they 

were strengthened with steel plates and an epoxy 

adhesive. It is concluded from the study that the 

load-bearing capacity of the strengthened specimens 

increased by as much as 100% relative to that of 

unstrengthen reference specimens. 

Tahsiri et al. [11] an experimental study presented 

related to RC jacketed and CFRP strengthened RC 

beams. In the study, three-point loadings are applied 

to twelve strengthened beams and three reference 

specimens to put the two techniques into 

perspective. Also, conventional analytical methods 

are applied for evaluation of ultimate moment, and 

the results are compared with the experiments. 

Zand et al. [12] finite element analysis of square 

Concrete-filled steel tube (CFST) beam strengthened 

by carbon fiber-reinforced polymer (CFRP) 

composite material is performed. Several parameters 

are studied in this research, including various CFRP 

wrapping lengths/layers, steel tube yielding 

strengths, depth-to-thickness (D/t), and length-to-

depth (L/D) ratios. It is highlighted from the study 

that better load improvement ratios were observed 

for the strengthened models with higher L/D and D/t 

ratios and for the models with lower steel yield 

strength when adopting the same strengthening 

scenario. 

Khalifa [13] studied about the flexural performance 

of RC beams strengthened with near surface 

mounted CFRP strips. In the study, the performance 

and effectiveness of the near surface mounted 

(NSM) and externally bonded reinforcement (EBR) 

techniques for the flexural strengthening of RC 

beams are compared. In order to achieve this 

objective, six full-scale, RC beams were 

strengthened with different carbon FRP schemes and 

tested. It is conclude from the study that beams 

strengthened with NSM strips achieved higher 

ultimate load than those strengthened with EBR. 

Fujikake et al. [14] examined the CFRP 

strengthened RC beams subjected to impact loading. 

For the purpose, four different types of CFRP 

strengthening schemes are applied to RC beams. It is 

highlighted from the study that the RC beams 

strengthened with CFRP are significantly improved 

in the resistance to impact loading. 

Selvaraj and Madhavan [15], investigated the failure 

modes and structural performance of CFRP 

strengthened steel beams. They tested the externally 

bonded CFRP strengthened steel C channel beams. 

In the study surface and closed strengthening 

methods are considered. Also, the effectiveness of 

CFRP strengthening under environmental exposure 

is also studied by conducting the durability test with 

artificial rain. İt is highlighted from the study that 

CFRP strengthening technique can significantly 

improve the flexural moment capacity compared to 

the unstrengthen specimen by converting the lateral 

torsional buckling (LTB) mode of failure to failure 

due to yielding. 

Tanarslan et al. [16] determined the flexural 

strengthening of RC beams using Ultra-high 

performance fiber-reinforced concrete (UHPFRC) 

laminates. In the study, real-sized laminates were 

tested to define the bare properties of full-scaled 

laminate and then flexural deficient RC beams were 

strengthened with 30 mm thick UHPFRC laminates 

using two different bonding methods: gluing with 

epoxy and mechanical anchoring. It is concluded 

from the study that UHPFRC laminate usage, 

especially in the case of anchorage, is an effective 

technique to improve the load carrying capacity of 

RC beams. 

In addition to these studies some specific 

investigations are done related to strengthening of 

beams. In these studies, different type of beams such 

as concrete, timber, wood, steel or composite are 

experimentally and numerically examined [17-21]. 
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The literature review showed that, more studies 

required to understand structural response of beams 

epically strengthened with new materials such as 

steel plates and FRP. So this study is prepared to 

investigate the structural response of strengthened 

beams using steel plates. For the aim, three different 

beam models considering with and without steel 

plates are three dimensionally constituted in ANSY 

software. Then nonlinear analyses are performed and 

the effectiveness of strengthening are examined 

comparing displacements and stress results for all 

models. In the content of the study, firstly 

importance of subject is highlighted and literature 

review is presented in introduction part. Then finite 

element models are descripted considering, 

geometrical dimensions, material properties, 

boundary conditions and other assumptions in 

numerical example part. This part also considers 

nonlinear pushover analyses of models and results 

obtained from the analyses which are shared with 

graphics and counter diagrams. Lastly, conclusions 

obtained from the study are presented. 

2. Numerical Example 
 

2.1 Description of Beams and Finite Element 

Models 

This study presents the investigation of structural 

response of strengthened cantilever beams using 

steel plates. For the purpose a rectangular section is 

selected and full-scaled beams are three 

dimensionally modeled using finite element method. 

The dimensions of the beams such as width, height 

and length are selected as 25 cm, 50 cm and 300 cm, 

respectively (Fig. 1).  

 

 
Fig. 1: Geometrical dimensions of the beam 

Three different beam models are included in the 

study as Model-1, Model-2 and Model-3 to 

investigate the structural response of beams. 

Definition of the models are summarized below: 

 

 Model-1: Model-1 considers a traditional RC 

beam including longitudinal and tie 

reinforced bars. Diameters of the bars are 

selected as 14 mm and 8 mm for longitudinal 

and tie bars, respectively. 

 Model-2: Model-2 considers a strengthened 

beam including concrete covered with steel 

plates. In Model-2, thickness of the steel 

plates is assumed as 2.5 mm. 

 Model-3: Model-3 considers a strengthened 

beam including concrete covered with steel 

plates. In Model-3, thickness of the steel 

plates is assumed as 5 mm. 

 

Model- 2 and Model-3 are used to see effectiveness 

of strengthening response of beams. The sections of 

the models are illustrated in Fig.2. 
 

 
Fig.2: The sections of the beam models 

3D finite element models of the beams are 

constituted using ANSYS software [22]. In the 

models, concrete is represented by SOLID65 

elements, reinforcement bar is represented by 

LINK180 elements, and steel plates are represented 

by SOLID185 elements. SOLID65 has 8 nodes 

considering three translational degrees of freedom 
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on each node. The element is capable of crushing in 

compression and cracking in tension. LINK180 is 

generally used to model reinforcement bars. It is a 

uni-axial tension-compression element including 2 

nodes and three translational degrees of freedom on 

each node. It also has plasticity and large deflection 

capabilities. SOLID185 can be used to represent 

steel plates. It has same numbers of nodes and 

degrees of freedom with SOLID185. The element 

has nonlinear properties such as plasticity, stresses 

stiffening, and large deflection and strain 

capabilities.  

 

In this study, nonlinear pushover analyses are 

performed for each model. So finite element models 

consider geometrical nonlinearity, also materials 

used in the models has nonlinear properties. Table 1 

includes the material properties used in the finite 

element models. In the study, multi-linear elastic 

behavior for concrete and bilinear kinematic 

hardening behavior for reinforced bars and steel 

plates are assumed in nonlinear modeling and 

analysis.  In multi-linear elastic behavior, unloading 

occurs along the same path as loading. In bilinear 

kinematic hardening behavior, it is assumed the total 

stress range is equal to twice the yield stress. In 

addition to these, boundary conditions are defined 

on started section as fixed and ended section as free. 

Interface between concrete and steel plates is 

assumed as bounded. 

 

Table 1. Materials properties of the beams 

Material 

Properties 

All Beams 

Concrete Bar Steel Plate 

Weight per unit 

volume (kg/m
3
) 

2400 7850 7850 

Elasticity 

Modulus (N/m
2
) 

3E10 
2.1E1

1 
2.1E11 

Poisson Ratio 0.2 0.3 0.3 

Yield Strength 

(MPa) 
30 420 235 

Tangent 

Modulus (MPa) 
- 21 21 

Yield Strain 0.001  

Ultimate Strain 0.003 
Automatically 

calculated by ANSYS 

According to geometrical and material properties 

and boundary conditions, 3D finite element models 

of the beams are given in Fig. 3. 

 

 
Fig. 3: Finite element models of the beams 

 

2.2 Finite Element Analyses of Beams Models 

In the study, nonlinear pushover analyses of the 

beams are performed using ANSYS software [22]. 

In nonlinear analyses, the size step is chosen as 

0.005. The beams are statically loaded on the ended 

section nodes in vertical direction (through height 

direction) until the failure of materials. Schematic 

loading and sections on the beam used to present 

and compare result are shown in Fig. 4. In Fig. 4, A-

A and B-B are the top and bottom section lines on 

the beam respectively. P is the static load applied to 

nodes on beam ended section 

 

 
Fig. 4: Schematic loading and sections on the beam 

Vertical displacements contour diagrams are 

illustrated in Fig. 5 a-c, respectively for Model-1, 

Model-2, and Model-3. As is seen Fig. 5, 

displacements have an increasing trend through 
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beam from started section to ended section which is 

expected. In addition, maximum displacement are 

occurred on Model-1 which is only RC beam. The 

value of maximum displacement is about 9 cm for 

Model-1. This shows that the relative displacement 

ratio is nearly 0.03 which can be assumed as much 

for the beams. But the maximum displacements 

occurred on Model- 2 and Model-3 are nearly two 

and four times lower compared to Model-1 results. 

This shows that strengthened beams has least twice 

displacement capacity compare to traditional beam. 

 

 
Fig. 5: Vertical displacements contour diagrams 

 

The changing of vertical displacements along to 

beam length (B-B section, see Fig. 4) for Model-1, 

Model-2 and Model-3 is respectively presented in 

Figs. 6-8. As seen in Figs. 6-8, the displacements are 

exponentially increased through the end of the beam. 

Also, minimum displacements are occurred on 

Model-3, when maximum displacements are 

occurred in Model-1. 
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Fig. 6: Vertical displacements on the beam for 

Model-1 
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Fig. 7: Vertical displacements on the beam for 

Model-2 
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Fig. 8: Vertical displacements on the beam for 

Model-3 

 

The force-displacement curves on 1 point (See 

Fig.4) of the beams are respectively plotted in Figs. 

9-11 for Model-1, Model-2 and Model-3. It is stated 

from Figs. 9-11 that maximum displacement on 1 

point is obtained from nonlinear pushover analysis 

of Model-2 and Model-3 at about 1500 kN vertical 

load. However, Model-1 is started to fail after 80 kN 

vertical load. The results show that strengthened 

models (Mdel-2, and Model-3) have more ductility 

and rigidity compared to traditional model (Model-

1). The result also show that when the force 

increased on strengthened models, displacements are 

not as much as increased compared to traditional 

model. 

Maximum principal stresses (tensile stress) contour 

diagrams obtained from nonlinear analyses are 

illustrated in Fig. 12 a-c, respectively for Model-1, 

Model-2, and Model-3. As is seen Fig. 12, 

maximum principal stresses are occurred on the top 

region and near fixed support for each model. 

Contrary of this response, the minimum stresses are 

occurred under the beams and near the fixed support. 

As results of Fig. 12, 8 MPa, 17 MPa, and 23 MPa 

tensile stresses are occurred on Model-1, Model-2, 

and Model-3, respectively. When considered 

capacity of strengthened models with steel plates, it 
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can be stated that Model-2 and Model-3 have better 

behavior than Model-1. 
 

The changing of maximum principal stresses along 

to beam length (A-A section, see Fig. 4) for Model-

1, Model-2 and Model-3 is respectively presented in 

Figs. 13-15. As seen in Figs. 13-15, the maximum 

principal stresses are exponentially increased from 

the end to start of the beam.  
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Fig. 9: Force- displacement curve for Model-1 
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Fig. 10: Force- displacement curve for Model-2 
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Fig. 11: Force- displacement curve for Model-3 

 
Fig. 12: Maximum principal stresses contour 

diagrams 
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Fig. 13: Maximum principal stresses on the beam 

for Model-1 
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Fig. 14: Maximum principal stresses on the beam 

for Model-2 
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Fig. 15: Maximum principal stresses on the beam 

for Model-3 
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3. Conclusions 

This study investigates the structural response of 

strengthened cantilever beams using steel plates. For 

the purpose, a rectangular concrete beam section is 

selected. In the study, three cantilever beam models 

(one of them is traditional RC beam, Model-1; the 

others are strengthened covering the concrete beam 

with steel plates, Model-2, and Model-3) are 

considered and full-scaled finite element models are 

nonlinearly performed. According to the study 

fallowing conclusions are obtained: 

 

 The maximum displacements occurred on 

Model- 2 and Model-3 are nearly two and 

four times lower compared to Model-1 

results. This shows that strengthened beams 

has least twice displacement capacity 

compare to traditional beam. 

 The maximum displacement on 1 point is 

obtained from nonlinear pushover analysis of 

Model-2 and Model-3 at about 1500 kN 

vertical load. However, Model-1 is started to 

fail after 80 kN vertical load. The results 

show that strengthened models (Mdel-2, and 

Model-3) have more ductility and rigidity 

compared to traditional model (Model-1). 

 The maximum principal stresses are occurred 

on the top region and near fixed support for 

each model. Contrary of this response, the 

minimum stresses are occurred under the 

beams and near the fixed support. When 

considered capacity of strengthened models 

with steel plates, it can be stated that Model-2 

and Model-3 have better behavior than 

Model-1. 

 The both of displacements and stresses results 

are showed that strengthened beam models 

have more capacity than unstrengthened 

model. Also, the thickness of steel plates has 

an importance on the displacement and 

stresses results compared the Model-2 and 

Model-2, which are the strengthened beam 

models. 
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