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Abstract


Reinforced concrete (RC) beams may need to be strengthened because of material deterioration, structure aging, change of building function, defective design, and the decrease of structural reliability caused by accidental disasters such as earthquake and fire. Thus, the retrofitting of RC beams has become a crucial problem, especially for the old buildings constructed before 1980 in mainland China. A variety of studies have proven that the bolted side-plating (BSP) method is feasible and effective for rehabilitating RC beams in existing buildings and infrastructures. The aim of this paper is mainly to review the previous studies conducted by the authors on the shear performance of reinforced concrete (RC) beams retrofitted using the BSP technique, including experimental, theoretical, and numerical studies.
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1. Introduction


Reinforced concrete (RC) beams, as important load-bearing components of building structures, are usually in need of retrofitting because of material deterioration, natural disasters, and change of usage function. In the past decades, many researchers have focused their attentions on how to improve the bearing capacity of RC beams efficiently and effectively [1,2,3,4]. Three strengthening techniques, namely steel jacketing [5,6,7], concrete jacketing [8,9,10,11], and composite jacketing [12,13,14,15,16,17,18,19,20], have been proposed to recover and upgrade the load bearing capacity of RC beams. Compared to the other two techniques, the steel jacketing technique is not only less space-intensive, easy to install and lightweight, but is also not prone to debonding and peeling failures [21,22].



The bolted side-plating (BSP) technique, i.e., anchoring steel plates to the side faces of RC beams using bolts, is one of the steel jacketing techniques and can increase the flexural capacity of RC beams without evident ductility reduction, due to the increase of both compressive and tensile reinforcement [4,23]. Moreover, it can also increase the shear strength and stiffness of RC beams, because the steel plates bolted onto the side faces are in the same plane as the shear force [24,25].



Although the BSP technique was found to be an effective way to strengthen RC beams [26,27,28,29,30,31], existing related studies, especially those related to shear strengthening, are still far from sufficient when compared to those on the bending behavior of BSP beams. Thus, it is of great significance for researchers and engineers to establish an analytical system and design scheme to predict the shear performance of BSP beams in practical applications. To address this issue, compressive studies have been conducted by the authors. This paper mainly makes a review of previous academic investigations, including experimental, theoretical, and numerical studies, in which various factors that affect the shear behavior of BSP beams were discussed. Finally, an analytical model and a practical design method is proposed, which allows BSP beams to be designed with confidence and provides great convenience for researchers to promote the implementation of BSP technique.




2. Experimental Section


To investigate the shear performance of BSP beams, four-point bending shear tests were conducted by Li et al. [24] on six BSP beams and one RC beam without retrofitting, as shown in Figure 1 and Figure 2. The shear and tensile reinforcement ratios of all specimens were 1.0% and 2.2%, which guaranteed the shear failure mode occurred first. Two full-length steel plates, with a thickness of 4 mm or 6 mm and a depth of either 200 mm or 300 mm, were attached to the two opposite side faces of the RC beams by anchor bolts with varying bolt spacing. Moreover, to study the buckling restraining effect of stiffeners, buckling restraint devices (steel angles of L63 × 5) were introduced to Specimen P3B2-stiff. During the test, the shear capacity, failure mode, deformability, and the transverse and longitudinal slippages between the bolted steel plates and RC beam were recorded.



The load–midspan deflection curves for all specimens are shown in Figure 3. It can be seen that the shear capacity, stiffness, and ductility were improved significantly with the increase of plate depth and thickness, as well as the decrease of bolt spacing. However, despite an obvious enhancement of the shear capacity caused by the larger plate depth and the denser bolt spacing, the former measure exhibited better effects. In addition, despite the additional buckling restraining stiffeners improved the stiffness and shear capacity, specimen P3B2-stiff exhibited an obvious ductility degradation. It is noteworthy that the failure mode of specimens that failed in the form of shear-tension changed to shear-compression after being retrofitted with BSP technique.



Although the RC beam and the steel plates can co-work well, uncoordinated deformations still existed on the steel-concrete interface, due to the shear deformation of the bolt shafts. The longitudinal and transverse relative slips at the supports and the loading points are shown in Figure 4, where the location of the linear variable displacement transducers (LVTDs) can be found in Figure 2b. It is evident that the relative slips increased as the external loads increased, and their magnitudes ranged from −1 mm to 2 mm for all specimens. However, despite the slips being relatively small, they resulted in significant effects on the shear performance of BSP beams due to the great elastic modulus of steel. In addition, the relative slips exerted a direct influence on the partial interaction of steel–concrete, which controlled the mechanical performance of the BSP beams.



As can be seen from Figure 4a, the longitudinal slips of specimen P3B2-stiff showed the same variation trend, and the slips at the upper side of the bolted steel plate were greater than those at the lower side (for instance, f13 > f11). It is shown in Figure 4b that the magnitudes of the transverse slips at the loading points were positive, and greater than those of the negative ones above the supports (for instance, f9 < 0, f7 > 0, and |f7| > |f9|). The reason for this phenomenon is that the principal tensile stress (σmax) of the bolted steel plates remained almost orthogonal to the main shear diagonal crack (as shown in Figure 2b), hence the bolted steel plates had a rotating trend of upward at the plate end and downward at the loading point.




3. FEM Modelling


3.1. Numerical Modelling


The finite element method (FEM) program OpenSees was used by Li et al. [32] to simulate the shear performance of BSP beams, as shown in Figure 5. Concrete in the RC beams was simulated by the multi-layer shell element ShellMITC4 with 2-dimensional constitutive model PlaneStressUserMaterial, and the concrete mechanical properties were simulated by the smeared crack model [33]. Truss elements with the Steel02 material model, which is based on a Giuffre-Menegotto-Pinto constitutive model [34], were introduced to simulate the reinforcements and embedded in the concrete layers of the RC beams. The steel plates were simulated by the quadrilateral flat shell elements shell DKGQ [35], which was integrated with a material J2Plasticity, controlled by the Mises yield criterion and isotropic hardening model. As for the connection and interaction between the RC beam and steel plate, CoupledZeroLengh elements with a uniaxial Hysteretic material model were adopted to simulate the anchor bolts. Thus, when the BSP beam deformed, shear forces arose in the anchor bolts in both vertical and horizontal directions to resist the corresponding slippages on the steel-concrete interface.




3.2. Comparison Between Experimental and Numerical Results


The failure modes, load–deflection responses, and load–strain relationships of the specimens obtained from the FEM model were compared with experimental tested results. The comparison results showed a satisfactory agreement, which indicated that the proposed FEM model was reliable to use in conducting a parametric study on the shear performance of BSP beams. Considering the similarity, only the failure modes and load–deflection curves of the specimens Control and P3B2 are presented herein for simplicity (as shown in Figure 6 and Figure 7); more details can be referred in to the literature of Li et al. [32]



As is shown in Figure 7, the stiffness was characterized by the secant modulus Ke at the point P = 0.75 Pu (where Pu is the ultimate shear load), while δu was defined as maximum mid-span deflection corresponding to Pu and the modulus of toughness Ut (i.e., the area under the load-deflection curve) was adopted to quantify the amount of energy that the specimen absorbed in the whole loading process. The comparison between the experimental and numerical results (shown in Table 1) showed that the maximum errors of Pu and δu were 6.7% and 13.7%, respectively. Thus, the numerical results match well with the experimental results.




3.3. Parametric Study


A parametric study was carried out to investigate the variation of the shear strengthening effect with that of BSP retrofitting parameters, such as the thickness, depth, and yield strength of the bolted steel plates; and the diameter, longitudinal spacing, and the number of rows of the anchor bolts; as well as the concrete strength and the shear span ratio. The results of each parameter were exhibited as following:




	(1)

	
The influence of different plate depth on the shear strengthening effect of BSP beams is shown in Figure 8. It is evident that the shear capacity, stiffness, ultimate deflection, and energy absorption increased with the plate depth. In addition, a greater plate depth caused larger transverse slip, which is because a deeper plate requires more anchor bolts to offer the same connection effect between the bolted steel plates and RC beams.




	(2)

	
Thicker steel plate led to larger shear capacity, stiffness, and energy absorption as well as transverse slip.




	(3)

	
When the yield strength of steel plate was larger than 300 MPa, the shear capacity, deformability, and the magnitude of transverse slip increased with the enlargement of yield strength, while that of stiffness was almost unchanged.




	(4)

	
Although larger bolt diameter can raise the shear capacity, stiffness, and ultimate deflection, the improvement was negligible when the diameter was greater than 16 mm. Besides, the transverse slip decreased with the increase of bolt diameter, due to the stronger composite action between the steel plates and RC beam.




	(5)

	
It is shown from Figure 9 that reducing the bolt spacing significantly improved the shear strength, stiffness, and deformability. The transverse slip decreased with an increasing bolt spacing, which was mainly caused by the better composite action.




	(6)

	
The strengthening effect had little relation with the number of bolt rows (n). When n was greater than 3, the enhancement of shear performance had no evident variation. Therefore, n = 2 was a recommend number of bolt rows. The transverse slips decreased with the increasing of bolt rows.




	(7)

	
Smaller shear span ratio generated larger shear bearing capacity, stiffness, and relative slips of BSP beams, while the ultimate deflection increased with the shear span ratio.




	(8)

	
The increase in concrete strength resulted in greater shear bearing capacity, stiffness, deformability, and transverse slips.




	(9)

	
Finally, it can be summarized that the cross-section of steel plate, bolt arrangement, shear span ratio and concrete strength affected the shear performance of BSP beams significantly. In addition, stronger bolt connection provided a reliable composite action in the steel plates and RC beam.











4. Theoretical Analysis


4.1. Shear Capacity Model Based on Deformation Compatibility


A force analysis of the beam segment in the shear span was conducted by Li et al. [24], thus a feasible analytical mode was established to evaluate the shear capacity of BSP beams, as shown in Figure 10.



The force equilibrium in the vertical direction when the BSP beam reached the ultimate limit state (when the external force P = Pu) can be expressed as:


     P u   2  =  T p  cos α +  V c  +  V d  +  T v   



(1)






  α = arctan  (     d 0  − x   a −  b 1     )   



(2)




where Tp is the tensile force of the bolted steel plates normal to the main diagonal crack, Vc is the shear force provided by concrete in the shear-compression zone near the loading point, Vd is the dowel shear force of the longitudinal tensile rebars, and Tv is the tensile force contributed from the stirrups. The depth of the shear-compression zone is x, d0 is the effective depth of the RC beam, b1 is the half width of support, a is the shear span, and α is the inclination angle of main diagonal crack.



Similarly, the mechanical equilibrium formula in the horizontal direction is:


   P c  =  T p  sin α +  P  s t    



(3)




where Pc is the compressive force of concrete in the shear-compression zone and Pst is the tensile force of the longitudinal tensile rebars.



By supposing the stress along the beam cross-section remains constant, the shear and compressive forces of concrete can be written as:


   V c  =  τ c   [  b x +  (   α E  − 1  )   A  s c    ]   



(4)






   P c  =  σ c   (  b x −  A  s c    )  +  f  y c    A  s c    



(5)




where τc and σc are the shear and compressive stresses of concrete, respectively. Asc is the cross-sectional area of longitudinal compressive rebars, b is the width of RC beam, and αE is computed as the ratio of the Young’s modulus of steel to that of concrete.



According to equivalent strength transformation principle, the dowel shear force (Vd) provided by the longitudinal tensile rebars is assumed to be provided by a nominal concrete area (αE Ast):


   V d  =  α E   f  c t    A  s t    



(6)




where fct is the tensile strength of concrete material.



The tensile force (Tv) of the shear stirrups can be computed as following:


   T v  =    (  a −  b 1   )     s v     f  y v    A  s v    



(7)




where sv, fyv, and Asv are the longitudinal spacing, yield strength, and cross-sectional area of the stirrups, respectively.



As is shown in Figure 10, the tensile force of steel plate (Tp) is resulted from a triangular distribution of tensile stress. Considering the detrimental influence of shear lag caused by the relative slippages on the steel–concrete interface, a reduction factor (βp) with a recommended value of 0.8 is adopted in the calculation of TP as follows:


   T p  =  1 2   β p   f  y p    A p   



(8)






   A p  =  t p     (   d b  −  d a   )    sin α    



(9)




where da and db are the distance from the top surface of RC beam to the upper and lower plate edges, respectively, fyp and tp are the yield strength and thickness of the steel plate, and Ap is the inclined cross-sectional area of the steel plates corresponding to Tp.



In addition, in order to prevent the bolt group experiencing shear brittle failure prior to the tensile failure of the bolted steel plates, the shear capacity provided by the bolt group should be larger than the tensile force of the steel plate Tp (i.e., nbβpRb ≥ Tp, where nb is the number of bolts outside the main diagonal crack and Rb is the shear strength of a single bolt). The distance (z1) between the plate tensile force (Tp) and the lower edge of the shear-compression zone is as follows:


   z 1  =  1  sin α   ⋅  [   2 3   (   d b  −  d a   )  +  (   d a  − x  )   ]   



(10)







As is shown in Figure 10b, the upper area of the steel plate will be under compression when x > da. Hence, Pc, Ap, and z1 can be to be revised as follows:


   P c  =  σ c   (  b x −  A  s c    )  +  f  y c    A  s c   +   1 2    σ c   t p   (  x −  d a   )   










    A p  =  t p     (   d b  − x  )    sin α     










    z 1  =  2 3  ⋅    (   d b  − x  )    sin α     











Besides, the tensile force (Pst) cannot be computed according to the yield strength of the longitudinal reinforcements, because the longitudinal steel bars that pass through the shear diagonal crack might not yield. Furthermore, the deformation will be concentrated in the region around the main diagonal crack once it appears. Therefore, the assumption proposed by Barnes et al. [5] is employed, i.e., the deformation of the bolted steel plates (δp) and the longitudinal tensile rebars (δst) can be regarded as the total vertical and horizontal deformations of the beam segment in the shear span, as is shown in Figure 11.



The following expressions can be obtained based on the assumption that the breadth of the main diagonal crack stays constant along its whole length:


   δ  s t   =  δ p  cos α   ⇒    ε  s t   =  ε p  cos α  



(11)




where εp is the strain of steel plate and εst is the strain of the longitudinal tensile rebars, thus their tensile force (Pst) can be obtained by substituting Equation (8) into Equation (11):


   P  s t   =  A  s t    E s    2  T p     β p   A p   E p    cos α  



(12)







According to the moment equilibrium of the beam segment, the following equation can be derived by taking the moment to the lower the edge of the shear-compression zone:


     P u   2  a =  V d   (  a −  b 1   )  +  1 2   T v   (  a −  b 1   )  +  T p   z 1  +  P  s t    (   d 0  − x  )  +  P c   x 2   



(13)







In order to characterize the failure envelope of concrete in the shear-compression zone, the criterion of shear-compression strength established by Tsuboi et al. [36] is adopted:


     τ c     f c      ≤   [    τ c     f c    ] =   0.0089 + 0.095    σ c     f c    − 0.104    (     σ c     f c     )   2     



(14)







As can be seen from Equations (1)–(14), the concrete compressive and tensile stress in the shear-compression zone can be computed as expressions in the form of x as σc(x) and τc(x). Substituting them into Equation (14) and solving this equation yields x. Finally, substituting the value of x into Equation (13) gives the shear capacity Pu. For the convenience of strengthening programming, a trial and error strategy is recommended, as shown in Figure 12:




4.2. Shear Capacity Model Based on Simplified Transverse Slip


A simplified transverse slip model has been established by the authors based on the experimental and numerical results [37,38,39]. The shear ultimate limit state and the shear forces in the longitudinal and transverse directions (Tm,i & Vm,i) of a BSP beam are shown in Figure 13a–c. As is shown in Figure 13d, a piecewise linear simplified model can be introduced to depict the distribution of transverse slips [5], where Sl and Str represent the relative longitudinal and transverse slips caused by the shear forces. In addition, to ensure the anchor bolt does not experience a ductile failure, the shear stress of an anchor bolt should not exceed its yield strength. Thus, the expression between the shear forces of an anchor bolt and the transverse slip of the bolted steel plate can be written as:


   V   m ,    i   =  K b   S  tr ,   i    



(15)




where Kb is the shear stiffness of an anchor bolt. Furthermore, a consecutive shear-transfer stress of anchor bolts vm(x) can be obtained by smearing the bolt shear force (Vm, i) to the longitudinal bolt space (Sb) as following:


   v m  ( x ) =    V   m ,    i      S b    =    K b     S b     S  tr   ( x )  



(16)






   V m  ( x ) =    K b     S b       ∫ 0 x    S  tr   ( u )      d u  



(17)




where Vm (x) is the total shear force provided by bolt group and Str (x) is the distribution of transverse slip, the integration      ∫ 0 x    S  tr   ( u )      d u   is the area of the shadow region (from u = 0 to u = x) which is encircled by the distribution curves of transverse slip and the beam axis, as shown in Figure 13d.



The plate tensile force (Tp) normal to the main diagonal crack can be computed as:


   T p  =    T  py     cos α    



(18)






   T  py   =  ∑   V   m ,    i     =      V m  ( x )  |    x = a    



(19)






  ⇒    T p  =    K b     S b  cos α          ∫ 0 x    S  tr   ( u )      d  u    |    x = a    



(20)







According to the previous simplified assumption of a piecewise linear profile, Tp can be computed as:


  ⇒    T p  =   a  K b    4  S b  cos α    S   tr , max     



(21)




where Str, max is the maximum transverse slip at the plate end.



Based on previous research findings [5], the relationship between the transverse slip (Str), the external load (P), and the stiffness ratio of the steel plate (βp) and anchor bolts (βm) to the RC beam, can be computed as following:


  Y =  C 0  X +  C 1   



(22)




where   X =  L 4   β m   (  1 +  β p  − 1    )   ,   Y =   F  L 3     S   tr , max       (  E I  )   c     ,    β p  =      (  E I  )   p       (  E I  )   c     ,    β m  =    k m       (  E I  )   c     , and C0 and C1 are the two undetermined coefficients.



The regression line and the least square fitting of the variables Y against X are plotted in Figure 14 according to the parametric study, with the undetermined coefficients C0 = 0.03224, C1 = 281.369 and the coefficient of determination R2 = 0.95024. Thus a formulation can be proposed to compute the maximum transverse slip as following:


   S   tr , max    =   F  L 3       (  E I  )   c   [  0.03224  L 4   β m   (  1 +  β p  − 1    )  + 281.369  ]     



(23)




Finally, the plate tensile force (Tp) can be obtained by substituting Equation (23) into Equation (21).



In the previous subsection, the tensile force of longitudinal rebars (Pst) was computed based on the deformation compatibility between the bolted steel plates and the tensile rebars. However, in order to simplify the calculation and make the analytical model more consistent with the actual damage pattern of an RC beam, we can suppose that the tensile reinforcement will yield when the BSP beam is under its ultimate shear limit state. Thus, the following expressions can be achieved:


   P  st   =  A  st    f  yt    



(24)




where fyt is the yield strength of longitudinal tensile rebars.



Substituting Equations (5)–(7), (16), (21), and (23) into Equation (17) gives:


   P u  =    P  st    (   d 0  −  x 2   )  +  V d   (     d 0  − x   tan α    )  +  T v   (     d 0  − x   2 tan α    )     a 2  − (  x 2  sin α +  z 1  )  K a     



(25)






   K a  =    L 3       (  E I  )   c   [  0.03224  L 4   β m   (  1 +  β p   - 1     )  + 281.369  ]      ⋅     a  K b    4  S b  cos α    



(26)







The expressions of τc(x) and σc(x) can be computed by Equations (4) and (5). However, instead of Equations (8) and (12), Tp and Pst should be computed by Equations (21) and (24) respectively. Substituting τc(x) and σc(x) into Equation (14) and solving the equation then yields x, and finally substituting x into Equation (25) gives the shear capacity (Pu).



Compared to the theoretical model based on the deformation compatibility of the longitudinal rebars and the bolt steel plates in the shear span, the theoretical model based on a simplified transverse slip can provide an explicit expression for the shear capacity (Pu), thus simplifying the design procedure.




4.3. Validation of the Proposed Theoretical Models


The shear bearing capacities of four BSP beams, calculated by the two proposed analytical models, were compared with the experimental results, as tabulated in Table 2. The maximum errors of the results from the theoretical models based on deformation compatibility and simplified transverse slip are 3.9% and 8.3%, respectively, and the average absolute errors are 2.7% and 5.9%, respectively. Therefore, the proposed theoretical model shows a satisfactory result, thus the feasibility of the proposed model was validated. Furthermore, the analytical model based on deformation compatibility achieved a prediction with better accuracy, but the theoretical model based on simplified transverse slip was more convenient for use, since an explicit expression for the shear capacity was given.





5. Conclusions


This paper mainly reviewed the shear performance of BSP beams from previous research conducted by the authors. The factors such as concrete strength, the cross-sectional dimensions of steel plate, shear span ratio, longitudinal bolt space, and the rows number of bolts were investigated in detail. Two feasible theoretical models, based on deformation compatibility and simplified transverse slip, were also proposed to assess the shear performance of BSP beams. Finally, a comparison between the proposed two theoretical models and the experimental results was carried out and an agreement was achieved.



Although the BSP retrofitting technique has many advantages, there are still some shortcomings, due to costs of the maintenance, durability, and anti-corrosion of the steel plate, when compared with other strengthening methods, such as FRP bonding.
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Figure 1. Details of reinforcement and bolted side-plating (BSP) strengthening (dimensions in mm). 
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Figure 2. Schematic diagram of test set-up and the instruments. 
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Figure 3. Comparison of load–vertical displacement curves. 
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Figure 4. The relative slips in the shear span of specimen P3B2-stiff. 
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Figure 5. Simulation of bolt connection in BSP beams. 
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Figure 6. Comparison of the experimental and numerical failure modes. 
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Figure 7. Comparison of the experimental and numerical load-deflection curves. 
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Figure 8. Shear behavior of BSP beams with various plate depth (dp). 
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Figure 9. Shear responses of BSP beams repaired with various horizontal bolt spacing (Sb). 
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Figure 10. Forces and stress profile of the beam segment in the shear span. 
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Figure 11. Shear deformation of the shear segment. 
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Figure 12. The strengthening programming procedure based on trial and error technique. 






Figure 12. The strengthening programming procedure based on trial and error technique.



[image: Sustainability 10 04658 g012]







[image: Sustainability 10 04658 g013] 





Figure 13. General view of shear forces and transverse slips. 
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Figure 14. Data fitting of test and simulation result. 
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Table 1. Comparison of the shear capacity and ultimate displacement derived from the experimental and numerical studies.
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Specimen

	
Shear Capacity (kN)

	
Ultimate Displacements (mm)




	
Experimental

	
Numerical

	
Error

	
Experimental

	
Numerical

	
Error






	
Control

	
947

	
902.2

	
−5.8%

	
10.6

	
9.3

	
13.7%




	
P3B1

	
1409

	
1443.1

	
2.1%

	
22.6

	
20.3

	
10.0%




	
P3B2

	
1260

	
1282.6

	
1.7%

	
15.2

	
14.5

	
4.6%




	
P2B1

	
1174

	
1098.3

	
−6.7%

	
11.9

	
10.6

	
11.0%




	
P2B2

	
1090

	
1043.8

	
−4.3%

	
10.8

	
9.4

	
13.3%




	
Average absolute error:

	
4.2%

	
Average absolute error:

	
10.5%











 





Table 2. Comparison between the proposed analytical models and experimental results.
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Sample

	
Shear Capacity (kN)

	
Error




	
Experimental Pu,exp

	
Theoretical Model 1 Pu,the 1

	
Theoretical Model 2 Pu,the 2

	
      (  P   u , the   1    −  P   u , exp    )    P   u , exp         

	
      (  P   u , the   2    −  P   u , exp    )    P   u , exp         






	
P3B1

	
1409

	
1362

	
1513

	
−3.3%

	
7.4%




	
P3B2

	
1260

	
1218

	
1312

	
−3.3%

	
4.1%




	
P2B1

	
1174

	
1128

	
1076

	
−3.9%

	
−8.3%




	
P2B2

	
1090

	
1101

	
1051

	
−0.3%

	
−3.6%




	
Average absolute error:

	
2.7%

	
5.9%
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