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Introduction 

Background  

Web openings in beams are essential in practice to provide convenient passage of environmental services. Story height of buildings 

can be reduced, As a result, a slight reduction in the concrete beam's weight would improve the demand of the supporting frame for 

both gravity and seismic excitation which will result in cost savings. These openings may be in different shapes, sizes and are 

generally located close to the supports where shear is predominant. A structural engineer should select the opening position so that 

chords with sufficient concrete area shall develop the ultimate compression block in flexure and adequate depth to provide effective 

shear reinforcement. Although the most used shapes are circular and rectangular openings. Hanson (1969) tested a series of 

longitudinally reinforced T-beams with circular and square openings in the web. Hanson reached that if the opening is located near 

the support the strength will not decrease. According to Somes and Corley (1974), a circular opening may be considered as large 

when its diameter exceeds 0.25 times the depth of the web. The test indicated that when a small opening is located in the web of a 

beam that is not reinforced in shear, the failure mode remains the same as that of a beam without an opening. Siao and Yap (1990) 

found that there was a sudden failure occurs in the compression zone according to diagonal cracks when there is no reinforcement 

existing around the opening. Abul Hasnat et al., (1993) tested seventeen concrete prestressed beams containing a transverse circular 

opening without stirrups. They found from their tests that there were various combinations of torsion and bending occur when the 

beams have two different opening diameters. The results of their testing showed that the bending moment has a positive effect and 

improves the torsional strength of beams with high torsional moment to bending moment ratios (T/M). However, when the bending 

moment increases, the torsional strength of beams with low (T/M) ratios decreases rapidly. Mansur (1998) discussed the effects of 

existing a transverse opening on the behavior and strength of reinforced concrete beams. He found that the opening represents a 
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Many ducts and pipelines are required in modern projects to accommodate important services to the 
electromechanical requirements. These services are installed through web openings in the Reinforced 
Concrete (RC) beams. Previous researchers have improved the structural behavior of beams after 
adding transverse web openings, these researchers conclude that the web openings not only 
decrease both of strength and stiffness of the reinforced concrete beams but also excessive cracking 
will be generated at the opening edges due to high-stress concentration. This study presents an 
experimental program for eight reinforced concrete T-beams cast with overall depth and length 
equal to 400-mm and 4500-mm, respectively. Seven specimens were considered simple beams with 
a cantilever, while the remaining specimen was a double cantilever. The top flange was 600-mm 
wide and 80-mm thick, and the web width was equal to 200-mm. Each of the seven specimens was 
tested for a 1400-mm clear span as a cantilever. While the double cantilever was tested for each part 
separately. This paper is concerned with the nine tests that were done for the cantilever part. Eight 
of the specimens had a rectangular opening with various widths from 200 to 400 mm, while the 
height was kept constant at 200 mm. The effect of rectangular opening size and strengthening 
techniques of each specimen was investigated in this research. The experimental program was 
supported by a three-dimensional finite element model (FEM) using ABAQUS software. At the end of 
the study, it concluded that the proposed strengthening technique by using steel plates and carbon 
fiber reinforced polymer (CFRP) can significantly improve the load capacity and ductility of the (RC) 
T- section specimens.  
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source of weakness and the failure plane always passes through the opening, except when the opening is very close to the support. 

Moreover, Abdallaa et al. (2003) used fiber-reinforced polymer (FRP) sheets to strengthen the opening region in an experimental 

program and found that the shear failure at the opening chords of strengthened openings occurs due to a combination of shear 

cracking of concrete and bond failure of the FRP sheet glued to the concrete. Thompson and Pessiki (2006) conducted an 

experimental study to investigate the precast, prestressed inverted-tee girders with large web openings. Moreover, Many 

experimental and analytical researches have been carried out on precast and prestressed beams, T-beams, deep beams, and 

rectangular concrete beams with web openings. At present, different methods for analyzing reinforced concrete members are 

available, including FEA, which may be considered as the most powerful tool among the different methods. Hawileh et al. (2012)  

developed a 3D finite element model to investigate the behaviour of RC deep beams with web openings and strengthened with 

CFRP in to enhance shear strength. The results indicated that the load capacity of the strengthened beams was 74% higher than 

those having no CFRP.  

 

Experimental study  

Details of tested specimens  

The program included nine reinforced concrete simply supported T-beams with a cantilever. All T-beams have the same web width, 

flange width, depth, and overall length equal to 200, 600, 400, and 4500 mm, respectively. All specimens with a clear span equal to 

3000 mm for beam and a clear span of 1400 mm for cantilever, as shown in Fig.1. The specimen (C01) was tested without openings. 

The other specimens were provided with a rectangular opening at the cantilever. This paper reports testing the cantilevers while 

another paper shall addressed the beam behaviour with openings. The opening height was kept the same for all the specimens 200 

mm, while the length was changed from 200 to 400 mm. The openings were located within the shear zone of the specimens starting 

at 350 mm from the support. The steel reinforcement of all specimens was four 22 mm diameter bars as tension reinforcement; two 

16 mm diameter bars as compression reinforcement and stirrups of 6 mm diameter with 200 mm spacing, as shown in Fig.1. The 

characteristic compressive strength of concrete cubes after 28 days was 25 MPa, while the yield stress of the longitudinal and 

transversal steel was 440 and 350 MPa, respectively. In the case of cantilevers with opening (C02 to C09), the vertical stirrups in the 

lower and upper chords were in the form of (U) and inverted (U) to represent the case of post-planted openings. C01 was considered 

as a control beam without opening, while C02 and C09 are control specimens with opening dimensions of 200x400 and 200x200 

mm, respectively. They tested without strengthening, as shown in Figs.2 and 3. The remaining six specimens were tested after 

strengthening. The strengthening specimens were divided into two groups according to opening dimensions. For the two groups, the 

height of the opening (hop) kept constant equal to 200 mm while the width of the opening (bop) equal to 400 mm for group 1 

specimens as (bop=height of beam). For group two specimens the width of the opening (bop) equal to 200 mm (bop=0.5 height of 

beam). Specimens C03, C04, and C08 were strengthened using different strengthening technics of steel plates, while carbon fiber 

reinforced polymer (CFRP) sheets were used for strengthening C05 and C06. C07 was strengthened using prestressed steel rods. 

Table (1) shows the different strengthening schemes used for strengthening the specimens.  

 
Fig.1: Steel reinforcement detail of the test specimens.   
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Fig. 2: Configuration of the specimen (C02).  

 

 
Fig. 3: Configuration of specimen C09. 

Table  1: Classification of Specimens 

Group  

No. 

Cantilever  No. Opening  Size  Strengthening Schemes 

Control  C01 - Without opening  

 C02 200 x 400 With opening 

 C09 200 x 200 With opening 

 Group 1  C03  

200 x 400 

 

Closed steel box 

 C04 Steel plates 

 C05 CFRP 

 Group 2  C06 200 x 200 

 

CFRP 

 C07 Prestressing steel rods 

 C08 Steel plates 

 

External strengthening schemes  

Steel plates and CFRP sheets are two different strengthening materials that were used for the external strengthening of specimens 

(C03 to C08). Three specimens (C03, C04, and C08), were strengthened using steel plates with two different configuration schemes, 

while two specimens C05 and C06 were strengthened using CFRP sheets. The remaining specimen was strengthened using 

prestressed steel rods. Specimen C03 Fig.4a was strengthened by fixing a closed steel box in the opening. The upper chord of the 

steel box was a steel plate with dimensions 200x400x8 mm, however, a steel plate with dimensions 200x400x8 mm and a steel 

channel 200x120 x8mm were used as a bottom chord of the steel box. The two side chords were strengthened by a channel with 

dimensions of 200x200x8 mm. Two specimens C04 and C08 Figs. 4b and 4c were strengthened by attaching two steel plates 

horizontally with dimensions 1200x120x8 mm at the opening bottom chord sides. Another two steel U-shape sections with 

dimensions 200x320x8 mm were fixed on each vertical side of the opening. These two U-shape plates were fixed over the 

horizontal strengthening steel plates by using 12 mm diameter bolts with grade 8.8. The steel bolts penetrated through the full width 

of the concrete by using four bolts and were fixed using nuts for each plate. Specimen C05 and C06 as in Fig.5 were strengthened by 

three layers of U-CFRP jackets, which were applied on the two sides of the opening. For the opening bottom chord, three layers of 

wrapping CFRP sheets were applied. Another three layers of CFRP sheets were applied with fibers in the horizontal direction at 

each side of the opening bottom chord. All CFRP sheets were fixed with the concrete beam by using epoxy and CFRP anchors. 

Specimen C07 was strengthened by adding prestressing force around the opening using 14 mm diameter steel rods. Two vertical 

rods were added at each side of the opening and two horizontal rods at the opening bottom chord. Prestressing was induced by a 

C02 
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torque wrench to obtain tension stress of the rod equal to 0.7fybAs, where, fyb = yield stress of used bars and As= cross-section area of 

bars, (fyb = 640 MPa).    

 

 
(a): Configuration of specimen C03. 

 
 

 
(b): Configuration of specimen C04.  

 

C03 

C04 
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(c): Configuration of specimen C08.  

Fig. 4. External steel strengthening schemes.  

 

 
(a): Configuration of specimen C05. 
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(b): Configuration of specimen C06.  

Fig. 5. External CFRP strengthening schemes. 

 

 

 
Fig. 6. Configuration of specimen C07.  

 

Test set-up  

The beam specimens were tested under one vertical point load at the cantilever end, up to failure using a hydraulic jack of 500-kN 

capacity. The load was measured using a load cell of 500-KN capacity, as shown in Fig.7. The load was applied to each specimen 

using a stroke control system. The data was collected using a data acquisition system and lab view software at a rate of one reading 

per second. Deflection of all specimens was measured using two linear variable differential transducers, LVDT01 was located at the 

cantilever end under the load while LVDT02 was located at the opening end. The longitudinal and transverse strains of the 

specimens were measured by two different methods; linear variable differential transducers (LVDT), and electric strain gauge. 

Diagonal shear deformations were also measured using two inclined LVDTs; one to measure the tension deformation and the other 

one to measure the compression deformation, as shown in Fig.7.  

 

Experimental results and analysis 

In this section, nine specimens with different strengthening techniques were tested to investigate the effect of web opening on the 

shear behavior of cantilever beams. Testing control cantilever specimens without opening C01, C02, and C09 to investigate the 

behavior of un-strengthened cantilevers while testing cantilever specimens from C03 to C08 to study the efficiency of different 

schemes of external strengthening for cantilevers with opening. Table 2 presents the maximum measured load, the elastic load, the 

maximum measured deflection, the deflection at elastic load, ductility, and mode of failure for each specimen. In addition to the 

relative deflection for each load step. The elastic load was calculated from load deflection curve.  

 

It is the perpendicular from the point of intersection of the maximum value of the load with the tangent of the curve. Figs.8 and 9. 

Show the load-deflection curves for all test specimens to study the deformation behavior due to the web opening of cantilever 

beams. Also, specimens strengthening techniques to regain the original capacity is studied. The measured values of deflection at the 

bottom surface of the tested specimens were plotted versus the corresponding applied load from zero load up to failure. As indicated 

in the figures, the relation between the applied load and the corresponding deflection is approximately linear up to the elastic load. 

After cracking, deflection tends to deviate from linearity as the load increases, prior to failure, deflection increased rapidly and the 

curve became flatter.    
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Fig. 7. Test Setup and LVDT locations  

 

Table 2: Maximum Measured Load, Elastic Load, Measured Deflection, and Modes of Failure. 

Group  

No. 

Cantilever 

No. 

Pmax    

(kN) 

Pe 

(kN) 

Δmax 

(mm) 

Δe 

(mm) 

Δf 

(mm) 

Ductility 

Δf\Δe 

Pmax/PC01 Mode of 

Failure 

Control  C01  114.7  97  28  17  38  2.23 -  Shear 

 C02  66.8  60  31  18  37  2.05 -  Shear 

 C09  77.5  58  19  13  25  1.92 -  Shear 

Group 1  C03  113.6  93  73  32  76  2.37  99 %  Shear 

 C04  112  90  58  28  59  2.10  98 %  Shear 

 C05  98  81  33  17  65  3.8  85 %  Shear 

Group 2  C06  110  80  47  11  60  5.40  96 %  Shear 

 C07  119  90  22  13  31  2.38  103 %  Shear 

 C08  122  105  48  20  75  3.75  106 %  Shear 

Where :  Pmax = maximum load , Pe = elastic load, PC01= maximum load for control without an opening specimen, Δmax = Deflection 

at maximum load, Δe = Deflection at elastic load, Δf = Deflection at failure load 

 
 Fig. 8. Load-Deflection Curves for Specimens with opening dimensions 200x400 mm 

 

The previous results show the maximum loads of specimens C01, C02, C03, C04, C05, C06, C07, C08, and C09, were 114.7, 66.8, 

113.6, 112, 98, 110, 119, 122, and 77.5 kN, respectively. The maximum deflection at failure load, for the tested specimens, were 28, 

31, 73, 58, 33, 47, 22, 48, and 19 mm, respectively.  

 

A significant consideration that may have to be considered alongside strength is ductility. It is important to ensure that in the 

extreme event of a structure being loaded to failure it will behave in a ductile manner. Ductility was calculated by the ratio between 

the failure and the elastic deflection (Δf/Δe). The ductility factor of each of the tested specimens (C01 to C09) were 2.23, 2.05, 2.37, 

2.1, 3.8, 5.4, 2.38, 3.75, and 1.92, respectively. Fig.8. shows load-deflection relationships for specimens with opening dimensions of 

200 x 400 mm. Comparing the deflection for specimens C01 and C02 it found that significant increase in the deflection of cantilever 

C02 than C01. This occurs due to the existence of an opening in C02 which will lead to a decrease in cantilever stiffness. It can be 
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also observed from the figure that at the elastic range, the load-deflection behavior of all strengthened specimens with openings is 

similar to specimen C01, because strengthening enhances stiffness for opening specimens. On the other hand, strengthened 

cantilevers with openings showed significant deviations in their load-deflection behavior in the post-elastic zone. 

 

 
Fig. 9. Load-Deflection Curves for Specimens with opening dimensions 200x200 mm 

 

The ultimate load of the control specimen with the opening C02 was decreased by 42% of the control specimen without opening 

C01. The maximum load capacity of the strengthened specimens C03, C04, and C05 was higher than the control specimen with the 

opening C02 by 70, 69, and 47 %, respectively. It should be noted that strengthening of the cantilever C03 and C04 regains the 

losses of stiffness and load capacity compared to the control specimen without opening C01 by 97% and 98% respectively. Fig.9. 

shows load-deflection relationships for specimens with opening dimensions 200 x 200 mm. The ultimate load of the control 

specimen with opening C09 was decreased by 33% of that control specimen without opening C01. Comparing the deflections 

between specimens C01 and C09 it found that significant increase in the deflection for cantilever C09 than that for cantilever C01 

because of the existence of an opening. The maximum load capacity of the strengthened specimens C06, C07, and C08 was higher 

than the control specimen C09 by 42%, 53%, and 57 %, respectively. As it is known that the dimensions of opening for group 2 are 

small than that of group 1,so if the same strengthening technique is used for both group specimens the regain of losses will be higher 

in group 2 specimens due to the small opening dimension.  

 

From the previous results, in the case of externally strengthened cantilevers with openings using steel plates only outside the opening, 

the cantilevers failed in a shear mode after debonding of plates since such a scheme of strengthening did not provide enough anchor 

for plates. Similarly, in the case of externally strengthened cantilevers with opening using steel box. In this such strengthening scheme 

confined the inner edges of the opening, provided enough anchor length of the steel plates around the chords and prevented debonding 

of steel plates. This mainly attributed the steel box stiffness which transfer the internal stresses at the opening zone. As a result the 

shear strength of the upper and lower chords of the opening significantly increased. 

 

A strengthening scheme for cantilever using CFRP enhanced the ultimate load capacity of the cantilever in comparison to the un-

strengthened cantilever with the opening. In this case, the vertical orientation of U-shaped CFRP fibers along with the upper and lower 

chords in the direction of the external shear forces significantly increased the shear strength of the chords. Also, the presence of fully 

wrapping of CFRP sheets for the opening bottom chord in addition to the horizontal outside CFRP sheets along the bottom chord 

increased the efficiency of such scheme against debonding which lead to a higher contribution of CFRP sheets to the shear strength of 

the chord members. In specimens with an opening (200x200), the external post-tension strengthening technique gave heigh load 

capacity because it is stiffer than the two other techniques used.  

 

A comparison between the ultimate load capacities of cantilevers with openings externally strengthened with steel plates to that 

externally strengthened with CFRP sheets revealed that steel plates are more efficient than CFRP sheets since steel is a homogeneous 

material compared to the unidirectional CFRP sheets. Such homogeneous steel plates can resist not only the external shear force but 

also tensile stresses in any direction. Furthermore, a similar comparison between the ultimate load capacities of specimens with 

openings externally strengthened with steel box to the corresponding externally strengthened beam with CFRP sheets confirmed the 

greater efficiency of steel box in providing enough shear strength to the opening chords than CFRP sheets. This advantage of steel box 

in addition to the economical aspect may lead to a recommendation that steel plates be used for external strengthening with openings 

rather than CFRP sheets. It is also recommended that the engineer should take into consideration the following when designing 

external strengthening for a cantilever with an opening: (i) providing enough shear strength to the chords of the opening; and (ii) 

extending the strengthening material along and beyond the opening corners to overcome the stress concentration and to prevent the 

formation of plastic hinges at corners.  



Peter K. Fakhry et. al./IJREM/5(3); 2022; 89-104 

International Journal of Research in Engineering & Management                                                                                                                                   97 

 
Fig. 10. Diagonal shear strain for specimens with opening dimensions 200x400 mm 

Figs. 10 and 11. Show the diagonal shear strain of all tested specimens. The diagonal strain of strengthened specimens with 

opening dimensions 200x400 mm and 200x200mm decrease by 75 %  and 50 % respectively, compared to the specimen with an 

opening at the same load level. However, it was still larger than that of the control specimens without an opening.  

 
Fig. 11. Diagonal shear strain for specimens with opening dimensions 200x200 mm 

 Crack pattern and failure modes  

All cantilever specimens failed in shear. For the control cantilever specimen without opening C01, crack lines appeared diagonally 

inclined 45
 
 up to the neutral axis of the specimen. The number of shear cracks increased and followed by the formation of diagonal 

cracks. The crack width increased before failure, and the shear failure was sudden and initiated at points of the applied loads to the 

supports, as shown in Fig.12. Figs.13.and .14. shows the crack pattern and failure mode of specimens C02 and C09. The shear 

cracks were initiated at the top corner of the opening near the point load and the bottom corner of the opening near the support 

followed by the remaining corners of the opening. The cantilever specimens failed in shear with diagonal cracks initiated at the top 

corner towards the point load and from the bottom corner towards the support and in the bottom chord of the opening. This 

behaviour is due to the vierendeel action of the cantilever at the opening location.  Typical shear failure of beam specimens with un-

strengthened openings. Fig.15. shows the crack pattern and failure mode of specimen C03, which were strengthened using a steel 

box. The failure occurred at both ends of the cantilever. Diagonal shear cracks were observed at the end which was far from the 

opening location and tension shear cracks were observed at the opening lower chord. This strengthening scheme prevents the 

debonding between the cantilever web and flange. Figs.16.and 17 show the crack pattern and failure mode of the specimens C04 and 

C08, which were strengthened using steel plates. The failure mode was almost the same as specimen s before strengthening except 

that the angle of the diagonal crack changed due to crack end movement from the opening lower corner to the opening upper corner. 

This is attributed to the after strengthening of the steel plate to prevent the crack extension at the opening lower corner. In the case 

of specimens C05 and C06, failure began when the fibers separated and warped along the lower chord of the opening, followed by 

an abrupt diagonal crack along the primary diagonal cracks created at the upper and lower chords of the opening. The failure, 

however, began when CFRP sheets debonded at the upper edge of the higher chord above the inner vertical edge of the opening, 

followed by a sudden diagonal crack along the two primary diagonal shear fractures found along with the upper and lower chords as 

shown in Figs .18. and 19. The failure mode and pattern of cracks for specimen C07 were comparable and characterized as shear  
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compression. Specimen C07 showed minor vertical cracks in the lower chord of the opening zone, followed by hairline cracks in the 

upper corner of the opening close to the applied load point. The beam failed suddenly in shear at the upper chord of the opening as a 

result of a crack extending from the prestressing bar to the opening's corner at an angle as shown in Fig.20. 

 

  
Fig. 12. The failure mode of Specimen C01 Fig. 13. The failure mode of Specimens C02 

  
Fig. 14. The failure mode of Specimen C09 Fig. 15. The failure mode of Specimen C03  

  

Fig. 16. The failure mode of Specimen C04 Fig. 17. The failure mode of Specimen C08  

  
Fig. 18. The failure mode of Specimen C05 Fig. 19. The failure mode of Specimen C06 

 
Fig. 20. The failure mode of Specimen C07 

Finite Element Modeling   

 Element Description   

To construct the finite element model, a 3D FE mesh of concrete beams, reinforcement bars, and impactor was created using two 

main types of elements, solid element and truss element (wire element). The Part option in the ABAQUS model tree is used to 

define all element types used in developing the finite element model.  

a- Solid Element   

Concrete plates were modeled using (C3D8R) or brick element shown in Fig.21. Each node of the element has three transitional 

degrees of freedom. This element was chosen as it can define the boundaries of the RC beam property and can define the contact 

faces that are needed to apply the impact loading [ ABAQUS user guide (2016)]. Additionally, it follows the constitutive law 

integration accurately and is very suitable for nonlinear static and dynamic analysis as well as allows for finite strain and rotation in 

large-displacement analysis. C3D8R element was used to represent the impactor as well.  
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Fig. 21. 3-Dimensional solid (Brick) element.  

b- Truss Element   

Truss elements are rods that can carry only tensile or compressive forces. They have no resistance to bending; therefore, they are 

useful for modeling reinforcement within other elements [user guide]. (T3D2) element was selected in modeling reinforcement bars 

as shown in  Fig.22. which were modeled as embedded elements in concrete blocks. In current models, elements of size (15×15×15) 

mm and (10×10×10) mm were selected for cantilevers and impactors as shown in Fig.23. The truss element of steel reinforcement 

had a size of 5 mm. This fine mesh size was used to obtain close responses to the experimental results  

  
Fig.22. Modeling of steel bars reinforcement using truss 

element  

Fig. 23. Mesh configuration of FE model  

 

Material Modeling   

Material properties for all elements are specified; however, high-quality material data were difficult to obtain, particularly for the 

more complex material models like material damage properties. The validity of the results is essentially limited by the accuracy and 

extent of the material data. In modeling the RC beams, two material models were used; the concrete damaged plasticity model 

available in ABAQUS [ ABAQUS user guide (2016] was used to model concrete and the elastic-plastic model was used to model 

reinforcement bars embedded in the concrete elements.   

a- Concrete Damaged Plasticity Model (CDP)   

The material model is a continuum, plasticity-based, damaged model for concrete. Damaged plasticity is assumed to characterize the 

uniaxial tensile and compressive response of concrete as shown in Fig.19. In the beginning, the stress-strain relationship is linearly 

elastic under uniaxial tension until the value of the failure stress (Ft0) is reached [ABAQUS user guide (2016]. Failure stresses in a 

concrete block are converted to replace micro-cracks in it. Beyond the state of the failure stress in concrete, the stress-strain 

response is designed by softening characteristics (see Fig.24.a). Under uniaxial compression, the response is linear until the value of 

the initial yield (Fc0). After attaining the ultimate stress (Fcu) in the plastic zone, the response of concrete is characterized by stress 

hardening followed by strain-softening (see Fig.24.b). Therefore, concrete stresses determined to unload from any point on the strain 

are [Abaqus user's guide (2013]:   

𝑓t= 𝐸c (𝜀t −   
  
)(1 − 𝑑t)                                                                                                                                       (1)    

𝑓c= 𝐸c (𝜀c−   
  

 )(1 − 𝑑c)                                                                                                                                                     (2)   

Where Ec is the modulus of elasticity of concrete.                              

Then, the effective tensile and compressive cohesion stresses of concrete are estimated as:   

𝑓𝑡
−
 = 

  

        
 = 𝐸c (   −   

  
 )                                                                                                                                              (3)   

𝑓c
−
 = 

  

        
 = 𝐸c (   −   

  
 )                                                                                                                                              (4)   
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(a) Tension behavior associated with tension b) Compressive behavior associated with stiffening 

Fig.24. Concrete damaged plasticity  

 

The post-failure behavior of reinforced concrete is represented by means of the post-failure stress as a function of cracking strain   
   

and   
   , which are defined as the total strain minus the elastic strain corresponding to the undamaged material, and tension 

stiffening data are given in terms of the cracking strains [ABAQUS user guide (2016]. When unloading data is available, 

programming automatically converts the cracking strain values to plastic strain values using the following relationships:  

  
  

 =   
   − 

  

        
 × 

  

  
                                                                                                                                                        (5)   

  
  

 =   
   − 

  

        
 × 

  

  
                                                                                                                                                        (6)   

 The modulus of elasticity of concrete was calculated according to the following formula:   

𝐸 =3800√      
 

                                                                                                                                                              (7)  

 

Results and discussion   

The results of FE simulation in the ABAQUS program of a solid and opening RC specimen explained above are specified and 

discussed in this section.  

 

Load-Deflection Behaviors and crack pattern   

To study the influence of external strengthening on the behaviour of concrete cantilevers, a total number of nine specimens were 

modeled and analyzed. The specimens are grouped into two series. The solid specimen C01, while the specimens C02 and C08 were 

the opening control specimen, and six strengthened specimens with opening symbolized experimentally tested, were simulated 

numerically and introduced in the present work as shown in Fig.25. These figure present rather more stiff behavior at the primary 

linear stage by FE analysis, that's may attribute to experimental conditions and any assumptions involved in simulating numerical 

model such that boundary conditions, type of interaction assumed between concrete and strengthening, and any other perfect 

conditions assumed in the numerical model. Although it can be an indication of the overall behavior of such type of concrete beam 

with a lot of many strengthening techniques. The possible cause for the difference in stiffness between the specimen in the 

experiment and the finite element analysis is the assumed perfect bond between concrete and steel reinforcement. Table 3 shows the 

finite element results, the maximum loads of specimens C01, C02, C03, C04, C05, C06, C07, C08, and C09 were 117.2, 68.5, 112, 

114, 102, 113, 118, 124 and 78 KN, respectively. The maximum deflection at failure load, for the specimens, were 28, 29, 50, 56, 

34.5, 47, 24, 50, and 20.5 mm, respectively. The numerical results are strongly correlated with the experimental results,  which 

further demonstrates the good predictive performance of the proposed numerical model.  

  
(a) Specimen C01 (b). Specimen C02 

0

20

40

60

80

100

120

140

0 10 20 30 40

Lo
ad

 (
K

N
) 

Deflection ( mm ) 

C01 - EXP

C01 - FEM
0

10

20

30

40

50

60

70

80

0 10 20 30 40

Lo
ad

 (
K

N
) 

Deflection ( mm ) 

C02 - EXP

C02 - FEM



Peter K. Fakhry et. al./IJREM/5(3); 2022; 89-104 

International Journal of Research in Engineering & Management                                                                                                                                   101 

  
(c). Specimen C03 (d). Specimen C04 

  
(e). Specimen C05 

 

(f). Specimen C06 

  
(g). Specimen C07 (h). Specimen C08 

 
(i). Specimen C09 
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Fig.25. Comparison of the load-deflection curve of all 

specimens 
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Table 3:  Comparison between Finite element and Experimental in Maximum Load and Maximum deflection.   

Group No.  Cantilever 

No. 

Pmax.FE 

(kN) 

Pmax.EX 

( kN) 

Δmax.FE 

(mm) 

Δmax.Ex (mm) PFE  / PEX 
 

Control  C01 117.2 114.7 28 28 102% 

C02 68.5 66.8 29 31 103% 

C09 78 77.5 20.5 19 100.5% 

Group 1  C03 112 113.6 50 73 98.5% 

C04 114 112 56 58 102% 

C05 102 98 34.5 33 104% 

Group 2  C06 113 110 47 47 103% 

C07 118 119 24 22 99% 

C08 124 122 50 48 101% 

Where:  Pmax.FE = Maximum Finite element load , :  Pmax.EX = Maximum experimental load, Δmax.FE = Deflection at maximum finite 

element  load,  Δmax.EX = Deflection at maximum experimental load. 

 

Fig.26. shows the cracking patterns of the specimens predicted by FE at the ultimate state of each one. the experimental and 

numerical first cracking load are converged obviously for specimens with the opening and the difference between them is below 5%. 

As sho n in  ig     a  the failure  egan  ith diagonal crac s inclined        to the  ea  a is fro  the support up to the open ing 

lower corner. The diagonal crack width increased by increasing the applied loads up to failure. The predicted crack pattern in FEM 

shows good agreement with the crack pattern of the experimental specimens. Meanwhile, the load-deflection curves of the finite 

element models exhibited a stiffer result compared to the experimental specimens.  

 
 

(a).Specimen C01 (b). Specimen C02 

 
 

(c). Specimen C03 (d). Specimen C04 

  

(e). Specimen C05 (f). Specimen C06 
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(g). Specimen C07 (h). Specimen C08 

 
(i). Specimen C09 

Fig.26.The crack pattern from FEM analysis of all specimens  

Conclusions   

On the basis of the present study involving experimental and FE analysis of 9 RC cantilevers (with and without openings) having 

different strengthening techniques, the following conclusions can be depicted:   

1. The inclusion of an opening in a reinforced concrete beam within its shear zone significantly decreases its stiffness and 

ultimate strength. Various cracks are formed around the opening corners due to stress concentration and diagonal cracks 

are formed along with its upper and lower chords due to the lack of shear strength. Failure in this case suddenly occurs in 

the form of diagonal shear failure in both the upper and lower chords. 

2.  Strengthening of the specimen opening using a fixing steel box increased the cantilever capacity by 70%. 

3.  Strengthening of the opening with dimensions 200*200 and 200*400 mm using CFRP increased the beam cantilever  

capacity by 46 %, and 53 %, respectively.  

4. Strengthening of the cantilever opening using steel plates regains the total capacity of control specimen with the opening. 

5.  Strengthening of the cantilever opening using prestressing steel rods increase the beam cantilever capacity by 51 %. 

6.  The strengthened cantilever by using fixing closed steel box regains the losses in the cantilever's ultimate capacity and 

stiffness compared to the control specimen without opening.  

7. The upper chord of the opening should be strengthened to resist compression, shear, and double flexure stresses.  

8. The bottom chord of the opening should be strengthened to resist the shear and double flexure stresses, in addition to high 

tensile stress levels which affect negatively the element flexure and shear capacity.  

9.  The use of steel plates for external strengthening of the cantilever is more efficient than the use of CFRP sheets. The 

homogeneous properties of the steel plate material lead to a much more reliable resistance to diagonal shear cracks in 

comparison to that offered by the unidirectionally oriented fibers of the CFRP sheets. 

10.  The presented FE modeling approach ABAQUS was employed to predict the behavior of an RC beam cantilever 

strengthening by different techniques. Relatively well agreement between the FE results and experimental results was 

observed.  

11. The experimental and numerical first cracking load and also the ultimate load parameter are convergent clearly for 

specimens with opening, where the difference is below 5%. So, the first cracking load and ultimate load of an RC beam 

with the opening can be predicted well by FE analysis.   
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