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Abstract

:

Featured Application


This work is aimed at carrying out calculations of strengthening of reinforced concrete structures on the shear, taking into account a new factor—the loading level at which strengthening occurs. Its application field is strengthening of reinforced concrete bent structures with composite materials on the shear.




Abstract


This article presents research on the bearing capacity and methods of calculating reinforced concrete beams on the shear without internal shear reinforcement, which are strengthened with a composite FRCM system. The test samples were divided into two series: the first series—control, in which the variable parameter was the shear span (a/d = 2, a/d = 1.5, and a/d = 1); and the second series—reinforced by the FRCM system, without load, and strengthened at different load levels. The method of calculating experimental beams was tested according to the current code and data from the fib report. In this article, recommendations for determining the angle of inclined struts θ, the coefficient of the concrete shear strength CRd,c, and the coefficient of the load level at which strengthening is performed are proposed. The calculation with the these recommendations showed a good convergence of experimental and theoretical data in the 16–29% range, which is a much higher convergence than the calculation without these recommendations.
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1. Introduction


The study of the bearing capacity of reinforced concrete (RC) elements on the shear is essential due to the complex stress–strain state. In codes [1,2,3], shear designs are calculated with a significant margin of strength, leading to excessive overspending on materials. The development and implementation of dependencies that can realistically assess the bearing capacity of RC beams on the shear that need strengthening are essential tasks for scientists. The presented experimental and theoretical research is based on the existing methodology for calculating current codes [3].




2. Analysis of Previous Research


The main reasons for the need to strengthen structures are a decrease in their bearing capacity or the need to increase their bearing capacity to manage a greater load.



Defects occur in all structures during operation, and reduce the bearing capacity of RC structures. Most common are concrete defects in reinforced concrete beams [4] or columns [5]. The defects described in these works lead to a significant decrease in the bearing capacity of such structures.



One of the reasons for the rapid spread of defects is the opening of cracks in the RC structure. In the study [6], it was established that the load level of the opening shear crack was 53% higher than the load level of the appearing bending cracks. This dependence was derived for prestressed reinforced concrete T-beams based on experimental data. An empirical expression for determining the projection of a dangerous shear crack and the necessary shear reinforcement has been obtained. The use of modern methods and devices for viewing and detecting cracks allows faster identification of their effects on the safe operation of structures with higher accuracy [7].



In the case of emergency dynamic loads, it is also important to research the shear crack resistance of concrete and the reinforced concrete elements of protective structures. The work [8] describes the influence of dynamic loads on protective structures, data about changing the shear crack resistance, and the calculation principles in this case.



The appearance of corrosion or mounting holes in the structure decreases the strength of RC beams. In this regard, experimental research was conducted focused on different RC beams with a web opening, such as beams made from ultra-high-performance concrete (UHPC) with a web opening in the support area [9].



Developing methods for strengthening RC structures requires the improvement of calculation methodologies. To determine the necessary amount of reinforcement for structures, their residual bearing capacity needs to be known [10,11]. Only by having the exact value of the residual strength is it possible to design economic strengthening of structures.



Today, structures often need to be strengthened due to the demand to restore or increase the bearing capacity of elements. Classic methods of strengthening are improving and changing. For example, geopolymer concrete (GPC) is used with improved properties for jacketing [12]. In this case, there is a need to perform experimental investigations and improve the calculation methodology.



The most effective way to increase the bearing capacity of bent elements is to strengthen the compressed zone of concrete and tensile reinforcement [13]. Strengthening was performed by using fine-grained or steel fiber concrete in the compressed area and glued carbon fibers in the tensile area. The overall strengthening effect was 32–69%, depending on the type of strengthening and the type of load (one-time or low-cycle).



A study of various types of composites (Fiber-Reinforced Polymer (FRP) and Fiber-Reinforced Cementitious Matrix (FRCM)) as systems for strengthening shear beams was conducted in the article [14]. It was established that the beams strengthened by the FRCM system showed a worse interaction than the samples strengthened by the FRP system.



Research on the implementation of U wraps of the FRCM system is relevant [15]. In this case, the possibility of the practical application of such strengthening increases. Strengthening took place along the entire length of the beam and was performed in one or more layers. The reinforcement effect ranged from 21 to 56%, depending on the characteristics of the concrete and the number of layers of reinforcement material.



The influence of the reinforcement numbers at different reinforcement ratios for longitudinal reinforcement for strengthened concrete beams by the FRP system showed the necessity to consider the specified reinforcement ratio and the importance of the quality performance of design works [16].



The combination of different types of strengthening to increase the bearing capacity has been used more and more widely [17]. Experimental studies of two-span RC beams with strengthening frames from rebars and concrete with steel fibers have been conducted. Research [18] proposed a method of strengthening the concrete properties by laying a fibrous mesh in the top (mortar) layer of the concrete surface. Basalt fiber, aramid fiber, and carbon fiber mesh were selected as reinforcing materials to study the concrete’s early cracking resistance and the mortar’s early cracking characteristics. Another method is installing a polymer–cement coating on wall structures [19]. The influence on the durability and destruction of the tested wall elements was described.



The need for reinforcement often arises in connection with an increase in the seismicity of the building or a change in code [20]. Research into reinforced concrete beams with different schemes and reinforcement principles for seismic impact is directed toward the most effective construction of RC beams.



A particular type of strengthening increases the seismic resistance of the joints of reinforced concrete structures. A promising direction is their reinforcement with composite materials with significant strength and deformability, which can prevent the destruction and collapse of structures [21].



Long-term effects on structures also lead to the need to strengthen them [22]. As the service life increases, the mechanical characteristics deteriorate due to the properties of filled concrete that wear out over time. Another factor that is rarely taken into account is the level of load on the structure for which strengthening is performed [23].



An important aspect of the development of methods of strengthening reinforced concrete structures is their practical application, such as the strengthening of an RC tank [24]. According to results of a technical inspection, numerous defects were discovered, and a method of using steel external bandages was developed. However, to restore tightness and improve operational characteristics by installing reinforced concrete brackets [25]. The given examples of strengthening were carried out taking into account the existing defects and the real state of the structure.



Expanding the application areas of FRCM systems requires appropriate design models. The paper [26] proposes a simplified modified compression field theory (SMCFT) for shear model calculation. According to this calculation model, the calculation accuracy was 0.96 (the ratio of theoretical data to experimental data) with a deviation of 0.14.



The calculation of strengthening concrete T-beams reinforced in shear with FRCM composites based on the ACI549.4R-13 code is relevant [27]. The results of the calculations were significantly underestimated and require further refinement.



For a high-quality calculation of RC structures, it is necessary to consider the nonlinear properties of materials and the deformation criteria for the exhaustion of the bearing capacity [28]. The same requirements apply to the calculation of constructions on the shear. The proposed method for determining the reliability of RC structures on shear allows optimal design decisions to be made, ensuring the specified level of construction reliability without overspending on materials [29]. Optimizing the design method is an urgent issue. This technique can be based on geometric parameters and structural features of systems [30]. This technique can be based on design features and systems’ geometric parameters. Required reinforcements for beams with span-to-depth ratios varying from 10 to 20 were first determined in accordance with Eurocode 2. A probabilistic analysis using Monte Carlo simulations then revealed that doubling the span-to-depth ratio would not worsen the performance of the beams in terms of ultimate strength [31].



One of the effective methods of strengthening structures is their unification of prefabricated individual elements into a continuous spatial structure [32]. The model for determining the shear strength of such combined reinforced concrete beams was proposed on the basis of experimental and calculation data.



An important aspect of the FRCM application of strengthening systems is studying their carrying capacity under the influence of high temperatures [33]. It was established that heating/cooling down cycles affect the bearing capacity of FRCM systems for reinforcing reinforced concrete structures. However, it should be noted that according to an investigation of reinforced concrete beams on the FRCM (TRP) section, the systems showed better resistance to temperature effects than the FRP systems [34].



Based on the above studies, the findings do not consider the load level at which the stress-deformed state of structures changes (strengthening and/or damaging). Moreover, applying structural design models in practice is difficult since regulatory documents do not support them. This study proposes the calculation of reinforced concrete beams on the shear, without internal steel shear reinforcement, strengthened with a composite material based on the current code, considering the load level at which the reinforcement will be performed.




3. Experimental Data


In this research work, six test samples were tested. The initial dimensions of the sample’s cross-section was 200 × 100, and the length was 2100 mm, but the actual dimensions had minor deviations (Table 1). Beams were reinforced with tensile reinforcement 2 Ø18 A500C, and compressed—2Ø10A500C. They were without transverse reinforcement in the supporting areas. The concrete for all beams was the same—C32/40.



Three beams were tested as control samples in the first research stage. The variable parameter was the shear span, which acquired the following values: a/d = 1, a/d = 1.5, and a/d = 2. The criterion for exhausting the bearing capacity was obtaining limit values of the strains of compressed concrete area in the zone above the diagonal (inclined or shear) crack [1]. Each support area was tested separately, according to the developed testing methodology [35].



Exhaustion of the bearing capacity on the shear was equated to the physical destruction of the concrete compressed area. The occurrence of the limit state of control samples occurred in the following sequence:




	
opening of a shear crack of maximum width (acrc = 0.4 mm) on the concrete surface;



	
cracking of the compressed area concrete and plastic deformation of the rebars of the reinforcing frame took place (Figure 1).



	
shear reinforcement.








Test results of the bearing capacity on the shear without transverse reinforcement are described in Table 1.



According to them, the increase in bearing capacity on the shear was recorded at 1.48 times when the shear span was reduced from a/d = 2 to a/d = 1.5. When the shear span was a/d = 1, it increased 2.08 times. This effect is shown when the shear span is reduced, the compressive forces increase in the support zone, which are effectively absorbed by the concrete.



In the second stage, reinforced concrete beams were reinforced by sticking P.B.O. fabric in the form of vertical strips with a width of 70 mm for the possibility of fixing concrete strains in the support areas (Figure 2). Beams were tested according to the following program: BS 1.1–0, strengthened without initial load; BS 1.2–0.3 and BS 1.3–0.5—at the initial load level equal to 0.3 and 0.5 from the destructive one determined by experimental tests of unreinforced samples. The criterion for exhausting bearing capacity was adopted from unreinforced samples: the exhaustion of the shear strength was equated to the physical destruction of the compressed concrete area of the samples.



The collapsing of an RC beam reinforced with a composite fabric on the shear occurred in the following sequence:




	
opening of a diagonal crack of maximum width (acrc = 0.4 mm) on the concrete surface;



	
propagation of the diagonal crack to the concrete compressed area. The appearance of a network of cracks with an opening width of acrc = 0.2 mm on the surface of the strengthening system;



	
collapse of concrete in the zone of action of the main tensile stresses; detachment of the reinforcement system in this area;



	
plastic deformation of reinforcing bars. Destruction of the concrete compressed area and significant deformations of the reinforcing fabric can be seen due to the violation of the protective layer.








When the load was further increased, the ends of the fabric tape completely peeled off, and their anchoring failed. The exhaustion of the bearing capacity occurred at the moment of exfoliation of the concrete compressed area, together with the sharp elongation of the tape and the damage of the cover of the FRCM system in the area of propagation of the inclined crack (Figure 2).



The increase in the bearing capacity of the strengthened RC beams on the shear is given in Table 2.



The maximum effect of increasing the bearing capacity was 45% for samples reinforced without an initial load. Accordingly, as the initial load increased, the strengthening effect decreased. For a beam strengthened at the level of 0.3∙, the strengthening effect was 21%, and for BS 1.3–0.5—16%. Increasing the load level to a higher value did not occur because the strengthening effect would have decreased even more, and it can be taken as a research deviation. The maximum strengthening effect is commensurate with the increase in the shear bearing capacity when the shear span is reduced from a/d = 2 to a/d = 1.5 (see Table 1).



For more details, experimental investigations of strengthened and unstrengthened RC beams on the shear are given in the articles [36,37].




4. Calculation Model for Determining the Shear Strength of the Tested Samples


4.1. Methodology of Calculating Shear Strength of the Control RC Beams


For a long time in Eastern Europe, codes [38] allowed the calculation of the bearing capacity on the shear according to the engineering method. Figure 3 shows the distribution of forces in the calculation scheme from the distributed load q (or equivalent action F) and the occurrence of forces in concrete Qb and transverse reinforcement RswAsw, which is located with step s. The bearing capacity of such an element is considered at the section on the length of the projection of a diagonal crack on the longitudinal axis (c—length for reinforcement, c0—for concrete).



The engineering method is based on the equilibrium of limit forces. The basis is the determination of the actual internal forces in the support section and their comparison with the external acting loads.



The calculation of RC elements for the action of the transverse force was carried out under the condition:


  Q ≤  Q b  +  Q  s w    



(1)







This relationship determines the total shear force as the sum of the strength of shear reinforcement and the concrete shear strength that can be borne by the support section. Since there is no transverse reinforcement in the samples, condition (1) takes the form:


  Q ≤  Q b   



(2)







The shear force perceived by concrete was calculated based on the following:


   Q  b , 1   =    φ  b 2   ⋅   1 +  φ f  +  φ n    ⋅  R  b t   ⋅ b ⋅  h 0 2   c   



(3)







However, if the value is not less than:


   Q  b , 2   =  ϕ  b 3   ⋅   1 +  ϕ f  +  ϕ n    ⋅  R  b t   ⋅ b ⋅  h 0  .  



(4)




   φ  b 2   = 2 ;  φ  b 3   = 0.6  —coefficient that takes into account the influence of the type of concrete (light or heavy);    φ f  = 0  —a coefficient that takes into account the influence of compressed flanges in T-shaped and I-shaped elements (accepted no more than 0.5);    φ n  = 0  —a coefficient that takes into account the influence of longitudinal compressive forces;  c —the length of the projection of the most dangerous inclined section on the longitudinal axis of the element, cm;   b ,  h 0   —respectively, the width and effective depth of the section, cm;    R  b t    —design value of concrete axial tensile strength, MPa.



Current codes [1,2,3] regulate shear strength calculation according to the “truss model”. The bearing capacity in the zone of action of the transverse force, where is no shear reinforcement, is considered the strength of the concrete in a section at an angle of 45°.



The shear strength of reinforced concrete beams, according to current standards [1,3], is considered similar to condition (2):


   V  E d   ≤  V  R d , c    



(5)




   V  E d   = Q  —the calculated value of the transverse force from the external load. This is the value of the transverse force that a support area can absorb without transverse rebar and prestressed longitudinal reinforcement or axial force, according to the codes [2,3], is determined by the dependence:


   V  R d , c 1   =      C  R d , c   ⋅ k ⋅     100 ⋅  ρ 1  ⋅  f  c k        1 3      ⋅  b w  ⋅ d  β   



(6)







However, if the value is not less than:


   V  R d , c 2   =  ν  min   ⋅  b w  ⋅ d  



(7)




   C  R d , c    —concrete shear strength [39], codes [2,3] recommend taking 0.18;   k = 1 +   200 / d    —coefficient, which takes into account the influence of the beam cross-section depth;    ρ 1  =    A  s l      b w  ⋅ d    —reinforcement ratio for longitudinal reinforcement;    A  s l    —cross-sectional area of tensile reinforcement, mm2;    f  c k    —characteristic value of concrete compressive strength at the age of 28 days, MPa;    b w  , d  —respectively, the smallest width of the cross-section in the tensile area and the effective depth of the cross-section, mm;    ν  min   = 0.035 ⋅  k  3 / 2   ⋅  f  c k   1 / 2    —the minimum value of the shear strength that can lead to failure before yielding occurs in the longitudinal reinforcement, MPa.



Longitudinal reinforcement was taken into account in the calculation only if it was installed at a distance    l  b d     beyond the projection of the calculated section at an angle of 45°. In this case,    l  b d    —the minimum required anchoring length of longitudinal reinforcement (Figure 4).



The coefficient β is equal to      a v   /  2 d     when loading the design elements from above within limits   0.5 ⋅ d ≤  a v  ≤ 2 ⋅ d   (Figure 5) as a reducing coefficient of the shear force. In this model, it is proposed to consider it in the calculation by dividing the determined bearing capacity by this coefficient.



When using the coefficient β, the following condition must be met:


   V  E d   ≤ 0.5 ⋅  b w  ⋅ d ⋅ ν ⋅  f  c d    



(8)




   f  c d    —design value of concrete compressive strength, MPa;  ν —coefficient of reduction shear strength of cracked concrete. It is recommended to determine the coefficient  ν  according to the dependence [3]:


  ν = 0.6 ⋅   1 −    f  c k     250      



(9)







Make calculations of the control samples according to the above dependencies. For convenience, we summarize the main calculation parameters in Table 3.



The results of the calculation are given in the Table 4.



According to the engineering method, the calculation showed convergence within 32–46% in the direction of exaggeration of experimental results. Such an indicator is a satisfactory result, considering the complex stress–strain state, lacking influence of longitudinal reinforcement in the methodology, and the suddenness and speed of exhaustion of the bearing capacity on the shear.



The overestimation of experimental data compared to calculation ones determined according to the current code is much greater. Considering the progress of the calculation, it can be established that all values, except for one, change during the calculation process. Only the value of CRd,c (shear strength of concrete [39]) was constant in all calculations and was 0.18 MPa. This value is accepted as a minimum and does not depend on the change in concrete class. To determine the influence of the shear strength of concrete on the bearing capacity on the shear, it is suggested to use relationship from European codes of the 1997 edition, which considers changing the concrete shear strength from tension strength [40]:


   C  R d , c   =  τ  R d   = 0.25 ⋅  f  c t k 0.05    



(10)







When designing RC structures, the compressive strength of concrete is used more often. Therefore, we switch from the concrete tensile strength to the compressive in the dependence (10), using the relationship given in the same standards:


   f  c t k 0.05   = 0.7 ⋅  f  c t m    



(11)






   f  c t m   = 0.3 ⋅  f  c k   2 / 3    



(12)







By substituting dependencies (11) and (12) into the relationship (10), we obtain the equation for determining the shear strength of concrete from the concrete compressive strength:


   C  R d , c   = 0.0525 ⋅    f  c k  2   3   



(13)







After substituting the obtained values into dependence (6), we recalculate the shear strength of the control beams (Table 5).



Comparisons of the results of theoretical and experimental studies are presented graphically in Figure 6.



The results of determining the shear strength of the RC beams using the updated values of CRd,c, defined by the formula (13), showed a much higher convergence of results. Experimental data exceed theoretical calculation results by 16–29%., which is acceptable given the sharp nature of the destruction of such elements without transverse reinforcement.




4.2. Methodology of Calculating Shear Strength of the Strengthened RC Beams by FRCM System


The bearing capacity of the RC beams on the shear, which is strengthened with composite system in the form of fabric strips, is calculated according to the method of the truss analogy [2,3]. It is calculated based on the condition that the shear force is perceived only by the shear reinforcement. In this case, the stressed–strained state of the support area is considered by the truss analogy (Figure 7). The concrete compressed zone is taken as a top, compressed chord (Figure 7A), and the working tensile reinforcement, respectively, as a bottom, tensile truss chord (Figure 7C). In this case, compressed struts of the webs are reduced to compressed strips of concrete in the support area of the beams (Figure 7B), while tensile struts of the web—shear reinforcement (Figure 7D).



In Ukraine, codes do not allow the design of reinforced concrete elements strengthened with composite materials. Therefore, to calculate the bearing capacity on the shear, we accept the following prerequisites for the operation:




	-

	
there is a valid hypothesis of flat sections for the supporting areas;




	-

	
reinforcement with composite material works as additional external reinforcement;




	-

	
the reinforcement system works together with the concrete in the support area.









In this way, the external composite reinforcement is included in the design model, as with tensile elements of the truss web.



Provided that the accepted prerequisites are correct, it is proposed to calculate the shear strength of the strengthening element, such as internal shear reinforcement. Therefore, to calculate the shear strength of the strengthening system, we use an equation from codes [2,3], substituting the parameters of the composite fabric:


   V  R d   a d d   =    A  s w   a d d    s  ⋅ z ⋅  f  y w d   a d d   ⋅ cot θ  



(14)




Afw = (0.00455 × 7) × 2 = 0.0637 mm2—cross-sectional area of the composite fabric; sf = 100 mm—step of strengthening elements.



The angle θ was determined along the diagonal crack in which the destruction of the element took place. However, it should be noted that the angle of inclined struts extends from the point of the center of force applied to the face of the element’s support (Figure 8).



With the determined bearing capacity of the additional reinforcement, the angle of inclined struts was 21.8°, which was defined from experimental data (Figure 9). The obtained value of the angle of inclination corresponds to the maximum value from the code cotθ = 2.5 [2,3].



The calculated shear strength of the composite reinforcement was determined by relationship (15), taking into account the calculation recommendations given in the report [42]:


   f  y w d   a d d   = k ⋅  ε  f d , e   ⋅  E  f u d   = k ⋅    ε  f k , e      γ f    ⋅ 0.4 ⋅  E  f u k    



(15)




   ε  f d , e    —design value of limit strains for composite reinforcement;    ε  f k , e   =    ε  f , e      γ f     —characteristic value of limit strains for composite reinforcement;    γ f  = 1.3  —partial factor by material, according to recommendations [42], which is accepted when there is a possibility of slipping through the fabric or    γ f  = 1.35   if there is a possibility of tissue rupture (or the coefficient is taken equal to 1 in the case of the impossibility of the above-described conditions);   k = 0.8  —reducing coefficient showing the dependence of the shear strength to the tensile strength of the reinforcement, described in the code [2] and Fib recommendations [42];    E  f u d    —the design value of the modulus of elasticity of the composite material, which is taken at the level of 40% of the characteristic value. According to Fib recommendations [38], the joint operation of concrete and reinforcement elements occurs only with such an underestimation of the characteristic value of the composite material modulus of elasticity.



To take into account the load level of the beam at which the strengthening took place, it is proposed to use a coefficient    γ  y w   a d d     that depends on the carrying capacity of the beam for shear strength and the load level. For the load factor of the element, it is suggested to use the dependence:


   γ  y w   a d d   =     1 −    V  E d      V  R d        n   



(16)




   V  E d    —external transverse force;    V  R d    —design value of the shear strength of the RC beams; n—the index, which considered influencing from internal steel reinforcement (3/2—for a support area without transverse reinforcement; 1/2—for a support area with transverse reinforcement).



The bearing capacity is proposed to be calculated as the sum of the concrete and reinforcement composite system shear strength. This principle is proposed in Formula (1) [38], in Section 4.1 described above.



Based on the described Equations (6), (14), and (16), the following dependence of determining the shear strength of the RC bent elements without transverse (shear) reinforcement strengthened with composite fabric under action of the load was obtained:


   V  R d    =  V  R d , c    +  V  R d   a d d   ⋅  γ  y w   a d d    



(17)







Analogous expressions are proposed for providing the shear strength strengthened with composite materials by many researchers and are given in Fib recommendations [42].



The above expressions were tested to calculate the bearing capacity of tested samples without internal transverse reinforcement. The value of the shear strength of the control samples is determined according to the current code, and consider the refined value CRd,c determined according to Equation (13). Result of the theoretical calculation data is shown in the Table 6.



Additionally, the obtained results are shown as curves in Figure 10.



Satisfactory convergence of results was obtained for all experimental samples, within 16–18% in the direction of overstatement of experimental data. The calculation shear strength of the composite material as a transverse reinforcement, taking into account the proposed coefficient, shows a satisfactory convergence, namely an overestimation of the experimental data by 23% for all investigated levels of the active load.





5. Conclusions


The calculation of the bearing capacity of the RC beams on the shear was tested according to the current codes with clarifications regarding the consideration of the concrete shear strength CRd,c. The calculation results showed a better convergence; the deviation was 16–29% in the direction of the experimental data exceeding the theoretical.



An improved methodology for calculating the bearing capacity of reinforced concrete beams without shear reinforcement strengthened with a composite FRCM system is proposed. This methodology includes the following:




	-

	
application of compatible bearing capacity of concrete and external reinforcement;




	-

	
taking into account the angle of the inclined struts θ;




	-

	
principles for calculating the external composite reinforcement are proposed, which are based on FIB recommendations and existing design code;




	-

	
the proposed coefficient takes into account the reduction in the use of composite reinforcement depending on the initial load level of the beam.









The proposed method allows the determination of the actual additional carrying capacity of the reinforcement system. A new coefficient is proposed that considers the change in the load level and, accordingly, the change in the reinforcement effect. Approbation of the proposed methodology for calculating strengthened samples without internal transverse reinforcement showed a good convergence of 23%. This methodology can be simply applied in practical design.
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Figure 1. Tested control samples without internal shear reinforcement. 
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Figure 2. General view of exhausted shear strength of reinforced samples. 
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Figure 3. Scheme of the shear forces when calculating according to the engineering method [38]. 
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Figure 4. A model of the influencing factors on the shear strength of a support area [2,3]. 
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Figure 5. Case of applying load for the coefficient β [2,3]. 
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Figure 6. Experimental and theoretical data of the shear strength for control samples. 
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Figure 7. Truss model of the calculation state in the supporting area of RC beam [2]: A—compressed chord; B—compressed struts; C—tensile truss chord; D—tensile struts. 
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Figure 8. Location of the inclined struts [41]. 
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Figure 9. The angle of inclined struts in the sample BS 1.1.1–0. 
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Figure 10. Comparison theoretical and experimental results of shear strength of strengthened beams. 
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Table 1. Bearing capacity on the shear without transverse reinforcement.






Table 1. Bearing capacity on the shear without transverse reinforcement.





	
Beam

Number

	
Number of Tested

Support Area

	
The Actual Cross-Section

h × b mm

	
Span

l0 mm

	
Shear Span, a/d

	
Shear Bearing Capacity,

    V  E d   exp   ,   kN   

	
Average Value,

    V  E d   exp   ,   kN   

	
       V  e d   i − t h      V  e d   B O 1.1        






	
BO 1.1

	
BO 1.1.1

	
201 × 106

	
1900

	
2

	
97

	
95

	
1.00




	
BO 1.1.2

	
1550

	
93




	
BO 1.2

	
BO 1.2.1

	
199 × 98

	
1900

	
1.5

	
139

	
140.5

	
1.48




	
BO 1.2.2

	
1750

	
142




	
BO 1.3

	
BO 1.3.1

	
202 × 98

	
1900

	
1

	
192

	
198

	
2.08




	
BO 1.3.2

	
1650

	
204
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Table 2. Bearing capacity of strengthened research samples on the shear without internal transverse reinforcement.
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Beam Number

	
Number of Tested Support Area

	
The Actual Cross-Section

h × b mm

	
Span

l0 mm

	
Shear Span, a/d

	
Shear Bearing Capacity,

    V  E d   exp   ,   kN   

	
Average Value,

    V  E d   exp   ,   kN   

	
       V  e d   i − t h      V  e d   B O 1.1        






	
BO 1.1

	
BO 1.1.1

	
201 × 101

	
1900

	
2

	
97

	
95

	
1.00




	
BO 1.1.2

	
1650

	
93




	
BS 1.1-0

	
BS 1.1.1-0

	
199 × 100

	
1900

	
130

	
137.5

	
1.45




	
BS 1.1.2-0

	
1650

	
145




	
BS 1.2-0.3

	
BS 1.2.1-0.3

	
200 × 100

	
1900

	
126

	
120

	
1.26




	
BS 1.2.2-0.3

	
1650

	
117




	
BS 1.3-0.5

	
BS 1.3.1-0.5

	
201 × 98

	
1900

	
116

	
110

	
1.16




	
BS 1.3.2-0.5

	
1650

	
114
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Table 3. Basic calculation parameters of beams without transverse reinforcement.
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Beam

Number

	
Tensile

Reinforcement

	
fck,

MPa

	
fctk,

MPa

	
The Actual Cross-Section

h × b mm

	
Effective Height d, mm

	
Shear Span, a/d

	
Experimental Shear

   Bearing   Capacity .    V  E d   ,   kN   






	
BO 1.1

	
2∅18

	
30.49

	
5.06

	
201 × 106

	
171

	
2

	
95




	
BO 1.2

	
199 × 98

	
171

	
1.5

	
148.5




	
BO 1.3

	
202 × 98

	
171

	
1

	
198
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Table 4. The results of determining bearing capacity on the shear without transverse reinforcement.
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Beam Number

	
Shear Span, a/d

	
Experimental Shear Bearing Capacity. VEd (Q), kN

	
Theoretical Shear Strength according to Engineering Method [6]

	
     Q   Q  b , 1        

	
Theoretical Shear Strength according to Current Codes [6]

	
       V  E d      V  R d , c 1        




	
Qb,1, kN

	
Qb,2, kN

	
VRd,c1,

kN

	
VRd,c,

kN






	
BO 1.1

	
2

	
95

	
71.9

	
43.1

	
1.32

	
32.8

	
9.9

	
2.89




	
BO 1.2

	
1.5

	
140.5

	
95.8

	
43.1

	
1.46

	
43.7

	
9.9

	
3.22




	
BO 1.3

	
1

	
198

	
143.7

	
43.1

	
1.37

	
65.5

	
9.9

	
3.02
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Table 5. The bearing capacity of the control beams on the shear without transverse reinforcement.
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Beam Number

	
Shear Span, a/d

	
Experimental Shear Bearing Capacity. VEd(Q), kN

	
Theoretical Shear Strength according to Current Codes [6]

	
    Theoretical   Shear   Strength   according   to   Current   Codes   with    C  R d , c     Calculated   by   ( 13 )    




	
VRd,c1,

kN

	
       V  E d      V  R d , c 1        

	
VRd,c2,

kN

	
       V  E d      V  R d , c 2        






	
BO 1.1

	
2

	
95

	
32.8

	
2.89

	
81.6

	
1.16




	
BO 1.2

	
1.5

	
140.5

	
43.7

	
3.22

	
108.8

	
1.29




	
BO 1.3

	
1

	
198

	
65.5

	
3.02

	
163.2

	
1.21
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Table 6. Comparison theoretical and experimental data of the shear strength of the tested RC beams without transverse reinforcement strengthened with a composite system.
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Beam Number

	
Theoretical Data

	
Experimental Results

	
       V  E d       V  R d         

	
       V  E d   a d d      V  R d   a d d   ⋅  γ  y w   a d d        




	
     V  R d , c    ,   k H    

	
     γ  y w   a d d      

	
     V  R d   a d d   ⋅  γ  y w   a d d   ,   k H    

	
    V  R d    ,   

kH

	
    V  E d    ,   

kH

	
    V  E d   a d d   ,    kH






	
BO 1.1

	
81.6

	
−

	
−

	
81.6

	
95

	
−

	
1.16

	
−




	
BS 1.1-0

	
1.0

	
34.6

	
116.2

	
137.5

	
42.5

	
1.18

	
1.23




	
BS 1.2-0.3

	
0.7

	
20.3

	
101.9

	
120

	
25.0

	
1.17

	
1.23




	
BS 1.3-0.5

	
0.5

	
12.2

	
93.8

	
110

	
15.0

	
1.17

	
1.23
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