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Abstract

:

Featured Application


A bolt-compression steel plate (BCSP) system is usually used for strengthening the flexural performance and improving the failure mode of over-reinforced beams and may easily be employed in normal design applications. This method is applicable for protecting sections against further deterioration and for strengthening. This method provides an economical solution for the retrofitting or rehabilitation of structures, regardless of their elements.




Abstract


This study presents an experimental investigation and finite element modelling (FEM) of the behavior of over-reinforced simply-supported beams developed under compression with a bolt-compression steel plate (BCSP) system. This study aims to avoid brittle failure in the compression zone by improving the strength, strain, and energy absorption (EA) of the over-reinforced beam. The experimental program consists of a control beam (CB) and three BCSP beams. With a fixed steel plate length of 1100 mm, the thicknesses of the steel plates vary at the top section. The adopted plate thicknesses were 6 mm, 10 mm, and 15 mm, denoted as BCSP-6, BCSP-10, and BCSP-15, respectively. The bolt arrangement was used to implement the bonding behavior between the concrete and the steel plate when casting. These plates were tested under flexural-static loading (four-point bending). The load-deflection and EA of the beams were determined experimentally. It was observed that the load capacity of the BCSP beams was improved by an increase in plate thickness. The increase in load capacity ranged from 73.7% to 149% of the load capacity of the control beam. The EA was improved up to about 247.5% in comparison with the control beam. There was also an improvement in the crack patterns and failure modes. It was concluded that the developed system has a great effect on the parameters studied. Moreover, the prediction of the concrete failure characteristics by the FE models, using the ABAQUS software package, was comparable with the values determined via the experimental procedures. Hence, the FE models were proven to accurately predict the concrete failure characteristics.
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1. Introduction


The use of an externally bolted/glued steel plate system has been proven to be an effective technique for strengthening/repairing reinforced concrete (RC) structures. This method of strengthening is low-cost and efficient for improving both flexural and shear strength. It is also known to have high stiffness. In general, the plates are bonded/glued to the beams and attached at the compression and tension zones of the RC beams to provide a locking mechanism that will increase the load-bearing capacity and ductility of the section in order to avoid brittle failure [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15].



In the past two decades, many attempts have been made to comprehensively understand and apply steel plate systems. Most of these studies have focused on the flexural performance of bolted steel plates (BSP) on the side faces of the beams. A study by Oehlers et al [5]. revealed that there is a partial interaction between the bolted steel plates and the RC beams. Analytical models were established for the flexural behavior of the BSP beams. It was found that there is a relationship between the longitudinal and transverse interactions of the steel plates. This relationship was derived using the identical curvatures of both steel plates [8]. Ignoring the effects of this partial interaction in theoretical computations can lead to an overestimation of the flexural performance enhancement achieved by BSP. This overestimation can be as much as 30%, as reported by Siu and Su [10]. Li et al. [11] proposed a simplified “two factor and three steps” design method for flexural strengthening. This method was based on the combined influence of the stiffness ratio and the shear stiffness of the anchor bolts on the relative slips. However, the strengthening/repair of structural RC beams with various techniques and materials has been widely studied in recent decades.



Brittle compression failure can be avoided by using proper confinement. Few studies have been done on the confinement of concrete at the compression zone in a beam. This is one of the most important methods to develop a flexural over-reinforced section by using one or two helical reinforcements with a medial span in the compression zone [16,17]. However, the confined compression zone in beams has been developed recently based on some studies conducted on the confinement of columns [18,19]. Based on this, further investigation is needed on the behavior of confined normal strength concrete (NSC), high strength concrete (HSC), and pre-stressed beams [20,21]. Also, few studies have reviewed and reported on the installation of short stirrup confinement in the compression zone [22,23]. Moreover, there are studies on the improvement of beam capacity using a system consisting of two or three layers, referred to as a hybrid system. This type of system depends on the use of different types of materials, which include HSC and light weight concrete (LWC) with steel fibres (SF) [24], and is also influenced by the strength of the materials, such as normal reinforcement (NR) and Fiber Reinforced Polymer (FRP) bars [25,26]. To enhance the strength, stiffness, and ductility properties of concrete, the use of proper confinement is necessary to restrain lateral expansion and avoid brittle failure [16,17,27].



In contrast, the design of the flexural beam in the case of the brittle failure of concrete is not permitted by several international codes of practice because the member has less ductility [28,29]. The reinforcement ratio of flexural RC beams is classified into three categories, namely, under, balance, and over, according to ACI 318–02 [28,29]. Therefore, the development of flexural over and under RC beams can be achieved by replacing existing materials with higher quality materials that have better performance or through the addition of a structurally enhanced section with additional load-bearing materials, such as adding helical reinforced, short stirrups and bolted steel plates to the sides of RC beams. The flexural over RC beam section, with additional load-bearing materials, is connected to the compression surface of the structural member, and, therefore, it enhances the ductility and strength of the section and reduces the crushing failure of the concrete section.



One of the main advantages of confinement is the possibility of using a steel ratio higher than the balance. This can be less expensive than conventional methods. This calls for more research in this area, in order to develop more techniques for concrete confinement and un-confinement. More work is also needed towards investigating the other critical practical dimensions of flexural failures in over-reinforced beams. Therefore, this study aims to investigate the behavior of simply-supported steel plates on over-reinforced beams under four-point loading, in comparison with the strength of an unconventional bolt-compression steel plate (BCSP) system adopting different thicknesses of steel plates. The failure modes, load-carrying capacities, energy absorption capacities, and strains of the tested specimens are presented and discussed in detail. Moreover, finite element (FE) models have been developed and analyzed using the ABAQUS software package [30].



BCSP beams with normal structures appear to be more cost-effective for high rise buildings. Projects like these are quite expensive, with a very high life expectancy. The economic advantage of using bolted steel plates in the compression zone of an over-reinforced concrete beam are derived from the use of a lesser amount of reinforcements. This offers a reduction of the reinforcement ratio of the beams when compared with traditional designs based on code requirements, while still achieving an increase in flexural strength and stiffness with acceptable ductility [28,29]. In addition, improving the mode of failure of the over-reinforced beams will further increase efficiency. These are very necessary developments for the critical zone in the beam section. For RC beams, improving the flexural and compressive strength of the beam, as well as achieving a ductile and inelastic mechanism with a suitable deformation capacity, will reduce crushing when using bolt-compression steel plate systems.




2. Experimental Work


2.1. Specimen Details and Testing Setup


Four-point bending was applied to four full scales of simply-supported over-beams, which were fabricated and tested in the laboratory. All of the specimens have the same geometrical dimensions, as shown in Table 1 and Figure 1. The lengths, widths, and depths of the RC beams were 2400, 200 and 300 mm, respectively. The length of the shear span was 700 mm, and the shear-effective depth ratio was about 2.7 (a/d > 2.5).



The specimens were over-reinforced with 5Ø20 tension bars. This represents a steel percentage of 3.27%. The provided shear reinforcement consisted of a transverse reinforcement of 17Ø6 and stirrups spaced center to center to the load points at the web shear at 50 mm, which was considered to be adequate for the avoidance of premature shear failure. The yield strength of the steel reinforcement that was adopted in [31]. To ensure that there was no further confinement provided by the stirrups, the middle zone between the load points was not provided with the stirrups. The longitudinal and transverse reinforcement was considered sufficient enough to ensure that the specimens would fail due to flexural compression in both undeveloped and developed cases. This is desirable for achieving the objective of this research, which is to investigate the over-reinforced responses of beams. Here, the control beam (CB) specimen was used to demonstrate the structural performance of an over-reinforced beam prior to development. Three developed specimens were fabricated. The bolt-plate arrangements of these specimens were carefully selected so that the behaviors of the beams remained identical. Thus, the BCSP-6, BCSP-10, and BCSP-15 beam series were developed with 6, 10, and 15 mm steel plates thicknesses, respectively. The tested steel plates were adopted in this study [32], using 24 bolts to bond the steel plates to the concrete. The size of the steel plate used was 1100 mm in length by 180 mm in width, and the bolt was 12 mm in diameter and 200 mm in length. The clearance of the holes on the plates was 12.5 mm [33], which was used for all of the beams, as shown in Table 1 and Figure 2 and Figure 3.



In the final casting, the steel formwork was used for all the beams, as shown in Figure 3. However, for the BCSP beams of the bolt-compression plates, two pieces of wood were placed under the plates in the process of concrete casting. After curing, the external plates were fixed to the cast-in sockets, with bolt clearance holes on the plates, which were provided to facilitate the location of tolerances. The bolts were then coasted to the beam in order to prevent any slippage within the clearance holes of the plates, and additionally to avoid the buckling of the steel plate.



Mixed design proportions of the concrete were used to acquire adequate compressive strength, which was 36.8 MPa. After curing for 28 days, as shown in Table 2, ten specimens were cast as concrete cubes (100 × 100) mm, and additionally a concrete cylinder (200 × 100) mm, for compressive and tensile strength testing, according to part 1 of B.S., 1997, and BS8110, 1986 [34,35].



All the simply-supported over-reinforced concrete beams were tested under four-point bending over a span of 800 mm. A constant shear span to an effective depth was adopted for all tests. A MTS universal testing machine with a 4000 kN capacity and a 50 mm stork length was used to apply the static load. The load was transferred from the actuator to the spreader beam using a stub column that was 2000 mm in height. Figure 4 shows the experimental testing setup for one of the beam specimens. The dimensions and equipment used are also presented in Figure 1 and Figure 2. Two electrical resistance strain gauges were attached at the top of the beams, directly underneath the position of the load cell, in order to measure the concrete strain. Additionally, the two strain gauges on top of the steel plate at the middle were used to measure the strain here. Two strain gauges were attached at the middle of the beam span in the longitudinal direction of the tensile bars on the bottom to measure the tensile strain. A linear variable displacement transducer (LVDT) was used to measure the displacement of the mid-span at a rate of 2 mm/min until failure. Based on visual inspection, the point of crack initiation was identified. The propagation of the cracks was also monitored and recorded. The loads that initiated the cracks were recorded. The data were recorded automatically by the data logger.




2.2. Test Results and Discussion


2.2.1. Effect of the Steel Plate’s Thickness on the Failure Modes


All the over-reinforced beams used in this study were designed to fail in compression. Table 3 and Table 4 display the test results. As shown in Figure 5, as the applied loads increased, the flexural cracks were initiated and slowly propagated from the mid-span of the beam. New vertical cracks were developed after the formation of flexural cracks around the mid-span, extending to the support of the beam. A further increase in load extended the existing flexural cracks at the web shear into flexural-shear cracks. Also, there was a noticeable increase in the dimensions of the widths and lengths of the cracks at the loading point after the formation of the flexural-shear cracks. Horizontal cracks also widened significantly under the loading points.



The concrete cover began to crack at higher loads, and the initial cracks were identified at the compression zone, causing the concrete cover to spall off in compression at the region of the maximum bending moment. This mode of failure is referred to as the crushing of concrete in the compression zone. This type of failure is illustrated in Figure 5a, which shows the brittle failure of the CB.



For the BCSP beams, it was observed that the majority of cracks continued to extend gradually as the applied load increased. Additional cracks were observed on the concrete cover of the BCSP-6 beam from the two sides of the points of load application. The beams exhibited a form of pseudo ductility, or reserve capacity, in being able to withstand additional loads. The concrete cover began to crack at higher loads, and the initial cracks were identified at the compression zones under the two loading points. The frequency of the formation of additional cracks then decreased. The beam remained ductile, with a slight decrease in load, until total failure occurred without crushing in compression at the middle zone. This prevented the brittle failure of the BCSP-6 beam, an event that was shared with the CB. Here, Figure 5b illustrates the failure mode.



A similar observation was made for the BCSP-10 beam, which had a steel plate with a thickness of 10 mm. As the applied load increased, the failure and spalling of the concrete cover began. The beams were also able to sustain and carry the additional load. The failure mode for the BCSP-10 beam is shown in Figure 5c. The load-carrying capacity of the beam was significantly larger. The BCSP-10 beam offered higher resistance to brittle failure than the CB, and also reduced cracking more than the BCSP-6 beam, which suggests that increasing the thickness of the steel plate can result in better crack resistance and mitigate brittle failures in beams.



Finally, the BCSP-15 beam, with a 15-mm-thick steel plate, was tested. The arrangement was exactly as the others. This beam showed a great increase in stiffness and strength. It was able to withstand and carry additional loads (a reserve capacity or “pseudo ductility”) and did not fail by crushing, but instead failed in a flexural mode, as the steel plate yielded. Figure 5d shows the failure mechanism of the BCSP-15 beam.



The steel plate of the BCSP beam also yielded (the design has adopted no buckling). The concrete on the surface was not damaged during the failure load for the BCSP beams, which is unlike the CB. Indeed, for the BCSP-10 and BCSP-15 beams, the cross section remained much more intact and was able to maintain a high load level after the peak load. Thus, the over-reinforced beams with normal strength concrete displayed three types of failure modes. The first was the crushing of the concrete cover with mid-span compression, as seen in the CB. The second was the initial spalling of the concrete cover and crushing underneath the loading points. Also, extension of the shear cracks and an increase of crack width within the span were observed in the BCSP-6 and BCSP-10 beams. The third mode, the most typical mode, was flexural failure, which was observed in the BCSP-15 beam.




2.2.2. Effect of Steel Plate Thickness on Concrete and Steel Strains


Figure 6 shows the strain development during the loading of the beams. The positioning of the strains is such that the concrete strains are on the top surfaces of the beams in the longitudinal direction, whereas the steel plate and longitudinal reinforcement strains are in the bottom rebar. After spalling, a very brittle response was exhibited by the CB at a normal strain, as shown in Figure 6a, however, the BCSP beams with bolted steel plates experienced a remarkable increase in bending capacity in the compression zone, even at large strains. Here, the steel plates contributed to the ductile behavior of the concrete. The large compressive strains led to an increase in material stiffness, and the lateral expansion of the beam was reduced. This resulted in an increase in the compressive ductility. The front elevation of each beam is presented in Figure 6, which illustrates the strain distributions in the cross section at both spalling and peak loads. Beyond Pspall loading, the concentration of the strain is introduced towards the middle of the span of the beam, due to the emergence of a plastic hinge region. This phenomenon can be observed in the BCSP-6 beam, since the strains in its compressive reinforcement increased more than the average strain on the top surface, from Pspall to Ppeak. The load-strain behavior for the concrete (εc.avg) beams is also shown in Figure 6a. The average concrete strain was found to be 0.0026, based on a linear regression analysis of the loading data until spalling (i.e., the crushing of the concrete cover). A full failure of the cross section was observed for the CB shortly after the spalling load was applied. This failure was very brittle in nature. Linear regression was not fit to determine the average concrete strain for the steel plate for the BCSP-6, BCSP-10, and BCSP-15 beams. The concrete strains at failure for these beams were found to be 0.003, 0.0035 and 0.0038, respectively. These values are consistent with the assumed maximum compressive strain values of 0.003 and 0.0035, according to the ACI and CSA [28,36], respectively. For these beams, the tension reinforcement strains from the tests at a spalling load exhibited elastic behavior without failure until the peak load was reached. After the crushing of the beam, the tension reinforcement yielded, as shown in Figure 6. At higher strains of the BCSP beams on the steel bars, the beams withstood more loading. This means that the beams can carry higher loads without failure at the same strain as the steel bar. At much higher applied loads, yielding of the steel plates occurred, which was localized under the flexural loading area. The steel plate exhibited plastic strain until the point of peak loading, and yielding of the steel plates was initiated before the crushing of the concrete progressed, as shown in Figure 6.




2.2.3. Effect of the Steel Plate’s Thickness on Flexural Strength and Energy Absorption


The load and mid-span displacement responses of the over-reinforced beams vary significantly depending on their steel plate thickness. The characteristic bending response of the beams was considered in an attempt to describe the response of the tested specimens. The loading reading was carried out in five stages, as illustrated in Figure 7. The peak load that produced the center point of deflection, Δspall, was identified as the load at which horizontal cracking occurred in the compression zone, denoted as Pspall. The peak load, Ppeak, with deflection, Δpeak, is the next highest load obtained after the spalling load. This second peak occurred due to the deformation-controlled testing system and the confinement effect.



Figure 7 shows five stages of the response curve for each specimen. The first stage is the stage before the concrete cracks, represented by points O to A in the curve. The second stage represents a linear response for an already cracked cross section from A to B in the curves. The third stage shows the non-linear response, which is the stage before the beams reach their compressive capacity. This stage is the strain limit of the beams when the spalling of the compression zone is initiated, as indicated by segments B to C on the curves. The fourth stage, C to D, was observed for the BCSP beams but not for the CB. The CB exhibited a more brittle failure that made it fail after stage four (shown as C to F). The BCSP beams were more ductile and they withstood a longer post-peak strain (shown from D to F). This last stage developed due to the existing steel plates. Which increased stiffness and strength. The ultimate loads and maximum strains increased with an increase of the steel plate thickness, which suggests that the greater the steel plate thickness, the more improvement is achieved. The BCSP-15 beam was the stiffest and strongest.



The CB failed immediately after reaching its maximum capacity. This shows its brittle nature (spalling at load). The responses for the beams show that the behaviors of the beams are greatly influenced by their different confinement configurations. The confinement configurations had no significant influence at the stages before the spalling load. However, the elastic bending stiffness increased when the confinements were introduced into the compression zone. At first cracking, the increase in the load capacity of the BCSP beams was 245.5%, 406.3% and 543.5% for BCSP-6, BCSP-10 and BCSP-15, respectively, in comparison with the CB. The increase in the spall loads was 46.3% and 78.4% for BCSP-6 and BCSP-10, respectively, whereas increases in the peak loads were 73.7%, 123% and 149% for BCSP-6, BCSP-10 and BCSP-15, respectively, in comparison with the CB, as shown in Table 4.



The energy absorption (EA) capacities of the beams were estimated by calculating the areas under the load-displacement curves, as demonstrated in Figure 7 [37,38,39]. The BCSP beams showed higher EA capacity values than the CB beam. They achieved higher load capacities and stiffness values than the control specimens. The CB beam had the lowest energy absorption capacity, at 4030 kN·mm. The BCSP beam specimens’ flexural capacity also, energy absorption increased with the steel plate thickness. The rates of increase were 247.5%, 317.5%, and 458.3% for the BCSP-6, BCSP-10, and BCSP-15 beams, respectively. The highest value of energy absorption recorded for the specimen had a BCSP with a steel plate thickness of 15 mm. Its energy absorption capacity was about 22,500 kN·mm.






3. Numerical Study


The ABAQUS software package [30] was used for finite element modeling and the analysis of the over-reinforced concrete beams with the BCSP system. Five full-scale specimens were analyzed (1 as the CB and 4 with steel plates as the BCSP beams). All beams were subjected to flexural loading. The objective of the FE analysis was to validate, by modeling, the experimental work in the study. All of FE models were comprised of two materials, namely, concrete and steel.



3.1. Material Properties of the Finite Element (FE) Models


3.1.1. Steel Reinforcement


Three types of steel were used in this study, namely, steel bars, steel plates, and bolts with nuts. The diameters of the main reinforcement bars under tension were 20 mm. Plain bars with a diameter of 6 mm were placed at the top sections of the beams in order to fix the 6 mm stirrups. The steel plates were 1100 mm in length, with a varying 6 mm, 10 mm, and 15 mm thickness, depending on the given specimen). Here, 24 bolts with nuts were used, which were 12 mm in diameter and 200 mm in length.



The values of the mass density, Young’s modulus, Poisson’s ratio, and isotropic behavior of the steel reinforcement, bolts, nuts, and steel plates were determined. The properties of the steel are shown in Table 5, Table 6 and Table 7. These values were taken from the manufacturing and coupon tests considered during the experimental tests adopted in previousstudies [40,41,42]. The elastic-isotropic option was used to model the steel materials. The yield strength and the plastic strain values were modeled using the plastic-isotropic option.




3.1.2. Concrete


In this study, the mechanical properties of concrete and its damaged plasticity parameters were considered when modelling the concrete. For modelling the concrete’s behavior under tension and compression, the damaged plasticity model is very effective [40,42]. A concrete damage grade of C40 was defined, along with the plasticity and failure criteria for the beams during the application of the load.



The CDP model was used in the finite element software ABAQUS [30]. This model is capable of carrying out static and dynamic analyses of RC members with embedded bars. This model considers the tensile and compressive failure modes of isotropic materials. This model can also analyse the reduction in stiffness and the permanent damage that occurs during the fracture process. Figure 8a,b show the response of the concrete to uniaxial tension and compression, respectively.



A compressive model was adopted. This model depends on two parameters. The first is the modulus of elasticity and the second is the compressive strength of the concrete. The compressive model explains the stress-strain behavior of concrete in relation to existing models [43,44]. Equation (1) shows the relationship between the concrete’s compressive strength and the modulus of elasticity in MPa [42].


  E c = 3320   f  ′  c + 6900  



(1)







The values of the dilation angle, eccentricity, fb0/fc0, K, and the viscosity parameter were chosen as the default for the CDP models, which were 35, 0.1, 1.16, 0.667, and 0.01, respectively [43,44,45] Table 8 offers a summary of the mechanical properties of the concrete. Other parameters that relate to the compressive and tensile strengths are shown in Figure 9.





3.2. Mesh Discretization and Boundary Conditions


To model the concrete elements, a 3-dimensional, 8-noded hexahedral element with 3 degrees of freedom in each node (C3D8R) was used. The reinforcements were modelled using a truss element (T3D2) with 3 degrees of freedom in each node. The model geometry was divided into several parts, with simple shapes and less complex geometry to create uniform meshes. Different mesh algorithms were used to try to improve the meshing. The medial axis algorithm was used to produce the swept mesh, as shown in Figure 10. This figure shows the assembly of all of the concrete beam models meshed with a 25 mm element and a 12.5 mm steel plate, bolt, and nut assembly.



Figure 10 shows the rebar and bolts that were embedded in the concrete in the interactive model while assigning the concrete as the host. Thus, the rotations and translations of the reinforcing bar and bolt elements were equal to those of the host elements surrounding them (i.e., a perfect bond) [46,47,48,49]. The bond between the steel plate and concrete surface was modelled using the two materials’ cohesive behavior. The node coupled method was used to model the bolts, whereas the nodes of the steel reinforcing bar and the steel plate were coupled (Figure 2 details this reinforcement). Figure 1 shows the boundary conditions of the simply-supported beam. All beams were subjected to flexural loading after the modelling was completed, and the results of the entire analysis were investigated.




3.3. Convergence Between Mesh Size and Cracking


Figure 11 shows a comparison between some FE models with different mesh sizes. The maximum load-carrying capacity of the FE model was compared to the maximum failure load observed in the experimental test. To verify the selected meshing size for the suggested FE models, a convergence study was conducted on the CB and BCSP beams using the FE model. The FE model, with a mesh size of 25, was adopted for this study. This model satisfied the failure load with a reasonable PPeak,Exp/PPeak,FE percentage value. Furthermore, its curve behavior was better than that of the experimental model. The crack patterns were observed with high clarity and accuracy, where the inclined crack formation in the beam under each damage level can be observed, as shown in Table 9.




3.4. Results and Discussion of Finite Element Modelling


3.4.1. Verification of the Numerical Model by Using Experimental Results


The experimental and numerical load-deflection curves for all the beam specimens are shown in Figure 12. As a result of other imperfections, such as gaps between the components of experimental specimens that cannot be fully simulated by the numerical models, an ascending segment of the load-displacement curves was observed in the numerical results. The comparison results show that the FE load-deflection curves are generally expected to be stiffer than in the experimental plots.



The stiffness of the FE models was even higher than that of the experimental beams after first cracking. Several factors may have contributed to this. The micro-cracks that exist in the concrete are the most important factor in this experimental design. These micro-cracks could be produced by drying shrinkage in the concrete and/or as a result of the handling of the beams, since the FE models do not include micro-cracks, which could reduce the stiffness of all experimental beams. Moreover, the FE load-displacement curves almost follow the same design trend as the experimental results. The load-deflection relationship of the FE models is in good agreement with the experimental results, prior to the failure load for all specimens.



The mean load ratios of the experimental to FE peak loads were 0.87%, 0.86%, 1.01% and 0.98%. Also, the average deflection ratios of the experimental to FE deflection at peak load were 1.09%, 0.79%, 0.69% and 1.2% for the CB, BCSP-6, BCSP-10, and BCSP-15 beam specimens, respectively, as shown in Table 10.



The design recommendations of the ACI-code and CSA [28,36], which depend on stress-strain diagrams, were used to calculate the nominal load capacities (Pn). The ratios of the normal load (Pn) to the spalling load of the experimental (PSpall,EXP) beam specimens were 0.99%, 0.98%, and 1%. Those equal to the ratio of the normal load to the spalling load of the FE (Pn/PSpall,FE) were 0.89%, 1.03%, and 1.06%. Those equal to the ratio of the spalling load of the experimental to the spalling load of the FE (Pspall,EXP/Pspall,FE) were 1.11%, 0.95%, and 0.94% for the CB, BCSP-6, and BCSP-10 beam specimens, respectively, while the BCSP-15 beam specimen experienced flexural failure, as shown in Table 11. The finite element analysis gave accurate values of Pspall for all of the beams. Both the experimental and predicted results were in very good agreement. Also, the load-deflection curve from the experiment was in agreement with the FE analysis. The results indicate that the constitutive models of this study can be used to accurately predict the behavior of over-reinforced concrete with steel plates without buckling failure.



Increasing the area of the steel plate induced a sharp increase in the ductility of the BCSP beams. Small displacements caused the failure of the beams when compared with the CB. The stress response of the over-RC beams for four different analyses is demonstrated in Figure 13. From this figure, it can be concluded that, with reference to the stress response, the difference of the stress for the four models can be presented. The steel plate of the BCSP beam yielded first. In the finite element analysis, yielding of the tie and steel bars in tension was observed without failure. Extensive cracking was observed for the compression-shear failure and flexural failure of the BCSP-6 and BCSP-10 beams. The yielding region expanded to the beam when the loading increased. The stress concentration increased at the two loading points during later loads, after which plastic strains developed in the entire section of the beam.



The von Mises stresses, which represent the inelastic behavior of the beam sections, are shown in Figure 13. It was observed that the maximum stress was concentrated at the bolts. For all the BCSP beams, the maximum von Mises stress was 756.6 MPa, located at the bolts under the two points of loading. This maximum principal stress of the BCSP beams could have led to the ductile failure of the BCSP beams via the spalling of concrete under the loading points. The minimum principal stress contour plots of the concrete under the finite element model’s stress states during peak load. A comparison was made between the FEA predicted and experimentally measured applied load-strain curves. Figure 6 includes comparisons of the experimentally measured applied load, including the average concrete strain, the longitudinal strain at tension, and the strain at the top of the steel plate. As shown, the analytical prediction compares very well with the experimental results. These comparisons are excellent at the global level (Figure 13), where the yielding of the bolts at the two load points, the steel plate, and the steel bars occur, respectively.



The energy absorption (EA) of the BCSP-6, BCSP-10, and BCSP-15 beams increased by about 300%, 327%, and 462% as compared to the CB, respectively. This result indicates that the BCSP beams developed increased stiffness and energy absorption with the increased thicknesses of their steel plates. The values for the test results and FE modelling of the EA for all the models are shown in Table 12 and Figure 14.




3.4.2. Crack Propagations and Failure Mechanisms


The crack progression was investigated in order to validate the capacity of the model with experimental results. The ABAQUS software package [30] was able to satisfactorily indicate the inclined crack propagations. The major cracks appeared to be vertical. This agrees with the results obtained by Hanif et al. [42]. Figure 15, Figure 16, Figure 17 and Figure 18 show the formation of cracks due to the flexural and compression damage in the model at maximum load. The vertical cracks are due to tension and the horizontal cracks are due to compression. The capability of the developed model for mixed-mode cracking was further confirmed by the fact that the onset of the vertical cracks inclined at the shear span. This can be separately studied by applying two-point loading. Therefore, the mixed-mode cracking was a combination of flexural, compression, and shear-flexural cracking. This represents a typical real-life case for the nature of the damage induced in the beam structures.



The tensile damage contours shown in Figure 15, Figure 16, Figure 17 and Figure 18 were obtained from the FE models and the experimental results at different levels for the CB and the BCSP beams. All beams failed under flexural loading. The tensile damage was initiated at the extreme tension fibres of the beam in the zones subjected to pure bending. The cracks were propagated towards the compression zone as the load levels increased. The failure mechanisms observed in the experiments are reported in Table 3. The bending failure mechanisms match the mode failures of the FE analysis. The CB beam failed suddenly at the compression zone. Figure 15, shows the compression failure of the CB beam. The BSCP-6 beam failed under shear compression. After the peak load, the loading decreased gradually, and the beam failed in a ductile manner. There was a wider spread of tensile damage between the loading points and the supports of the shear span. The tensile damage was more concentrated under the loading point. As the steel plate began to yield, the intensity of the tensile damage significantly increased. This was exhibited by more cracks appearing in the beam than the ones observed in the BCSP-10 and BCSP-15 beams at that stage, as shown in Figure 16. Thirdly, the type of failure observed in the BCSP-10 beam was characterized by the crushing of the concrete in the flexural compression zone. The resulting flexural compression failure occurred between the two loading plates, as shown in Figure 17. Finally, the BCSP-15 beam displayed more ductile behavior than the rest of the specimens. The BCSP-15 beam sustained the ultimate load for a longer time, with an increase in its deflection. The mid-span of the beam was its critical section. The maximum damage tension of the beam was concentrated in its mid-span. This is demonstrated by the micro-cracks displayed in the FE model, as shown in Figure 18.



Hence, the FE model has the ability to capture the locations and patterns of cracks, from the application of loading until the failure of a beam. The predictions made by the FE models were in line with the experimental observations.






4. Conclusions


The behavior of over-reinforced concrete beams strengthened with bolt-compression steel plates (BCSPs) was investigated in this study. Based on a comparison of the experimental tests and the numerical results, the following conclusions can be drawn:




	
From the results of the experimental test, the load-carrying capacity and EA of the BCSP beams increased with the increase of the steel plate thickness in comparison with the control beam. The peak load-capacity of the BCSP beams ranged from 73.7% to 149% that of the CB. It was also observed that the increase in EA was about 247.5%, 317.5%, and 458.3% for the beams with 6 mm, 10 mm, and 15 mm steel plate thicknesses, respectively.



	
Strengthening of over-reinforced concrete beams can be accomplished using steel plates. The BCSP system controls the spalling of the concrete cover at the compression section and increases the ductility, stiffness, and EA by improving the compressive strength. This implies that there is a change of failure mode, with steel yielding from the brittle failure of the CB to the ductile failure of the BCSP beams, which depend on the thicknesses of the steel plates.



	
Generally, there was a mild increase in the member stiffness of the BCSP beams over the CB after cracking. The plates exerted higher reactions against downward displacement, preventing the BCSP beam section from failing.



	
Applying bolts to the steel plates increased the confinement of the arrangement prior to bonding. The plate increased the compressive strength of the beam. These phenomena influenced the mode of failure of the beams, and, as a result, there was a significant reduction in the amount of horizontal cracking. Hence, failure occurred more readily on the surface than at the compression zone. The BCSP-15 beam, which had the greatest plate thickness, also experienced the best confinement effect on the development of its failure mode, resulting in a failure load increase.



	
The concrete failure characteristics were satisfactorily and accurately predicted using the damaged plasticity model. The load transfer between the steel plate and concrete were simulated using the cohesive behavior method model. This displayed very satisfactory results.



	
Based on comparisons between the experimental and FE analysis of the curves’ mid-span displacement under load, EA, and crack patterns with varying failure modes, it can be concluded that the proposed model is in accordance with the test results. Therefore, FE models used here can be used for further investigation.



	
The implication of these observations is that there is a potentially beneficial reduction of steel bars at the compression zone when using a bolt-compression steel plate for strengthening. This plate can yield a reduction in the cost of the overall materials used, as well as increase durability, since the same strength levels can be reached at a reduced area fraction when using the developed system.
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Nomenclature




	a
	Shear span length



	As
	Area of tensile longitudinal reinforcement, mm



	Ap
	Area of steel plate, mm



	b
	Width of the reinforced concrete cross section, mm



	h
	Height of the reinforced concrete cross section, mm



	d
	Effective depth of the reinforced concrete cross section, mm



	Lp
	Length of steel plate, mm



	tp
	Thickness of steel plate



	wp
	Width of steel plate



	Ec
	Modulus of elasticity for concrete, GPa



	Ep
	Modulus of elasticity of steel plate, GPa



	Es
	Modulus of elasticity of tensile longitudinal reinforcement, GPa



	fc’
	Concrete compressive strength, MPa



	ƒy
	Steel yielding strength, MPa



	Pspall
	Spall loading, kN



	Ppeak
	Peak loading, kN



	ΔPpeak
	Displacement at peak loading, mm



	Δspall
	Displacement at spall loading, mm



	Δcr
	Displacement at first crack, mm



	KPspall
	Stiffness at spall loading, kN·mm



	KPpeak
	Stiffness of peak loading, kN·mm



	K0.3Ppeak
	Stiffness of 0.3%peak loading, kN·mm



	SP
	Steel plate



	CB
	Control beam



	EA
	Energy absorption, kN·mm



	µ1
	Ductility = ΔPeak/Δspall



	µ2
	Ductility = Δ0.9 spall/Δspall



	εc Spall
	Strain of concrete at spall loading



	εs Spall
	Strain of steel reinforcement at spall loading



	εc Peak
	Strain of concrete at peak loading



	εs Peak
	Strain of steel reinforcement at peak loading



	FEA
	Finite Element Analysis



	Exp
	Expermental work



	CDP
	Damage Plasticity Model for Concrete



	CSA
	Canadian Standards Association



	ACI
	American Concrete Institute
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Figure 1. Dimension details of all the specimens: (a) The CB and (b) the BCSP-6, BCSP-10, & BCSP-15 beams (all dimensions are in mm). BCSP: Bolt-compression steel plate. CB: Control beam. 
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Figure 2. Details of the reinforcement of all the over-reinforced specimens. Over-RC: Over-reinforced concrete. 
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Figure 3. Reinforcement and location of the steel plate. 
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Figure 4. Over-reinforced concrete beam experiment test setup for all of the tested specimens. LVDT: Linear variable displacement transducer. 
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Figure 5. Modes of failure and crack patterns of all of the specimens: (a) CB; (b) BCSP-6; (c) BCSP-10 and (d) BCSP-15. 
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Figure 6. Load-strain relationships for all the beam specimens’ applied strains until failure. 
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Figure 7. Load-displacement plots for all of the over-reinforced concrete beam specimens. 
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Figure 8. The response of the concrete to uniaxial loading under (a) tension and (b) compression. 
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Figure 9. Uniaxial stress-strain and damage-strain relationships. 
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Figure 10. Mesh discretization for all the over-reinforced specimens. 
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Figure 11. Comparison between the mesh sizes for all FE models. 
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Figure 12. Comparison of the load-displacement curves derived from the experimental and numerical studies. 
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Figure 13. The von Mises stresses for all the beam specimens. 






Figure 13. The von Mises stresses for all the beam specimens.



[image: Applsci 10 00094 g013]







[image: Applsci 10 00094 g014 550] 





Figure 14. Comparison of the energy absorption between the experiment and FEM. 
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Figure 15. Comparison between (a) the experimental tests with the FE analysis of the (b) compressive and (c) tensile damage cracks in the CB at the point of failure. 






Figure 15. Comparison between (a) the experimental tests with the FE analysis of the (b) compressive and (c) tensile damage cracks in the CB at the point of failure.



[image: Applsci 10 00094 g015]







[image: Applsci 10 00094 g016 550] 





Figure 16. Comparison between (a) the experimental tests with the FE modelling of the (b) compressive and (c) tensile damage cracks in the BCSP-6 beam at the point of failure. 
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Figure 17. Comparison between (a) the experimental tests with the FE modelling of the (b) compressive and (c) tensile damage cracks in the BCSP-10 beam at the point of failure. 






Figure 17. Comparison between (a) the experimental tests with the FE modelling of the (b) compressive and (c) tensile damage cracks in the BCSP-10 beam at the point of failure.



[image: Applsci 10 00094 g017]







[image: Applsci 10 00094 g018 550] 





Figure 18. Comparison between (a) the experimental tests with the FE modelling of the (b) compressive and (c) tensile damage cracks in the BCSP-15 beam at the point of failure. 
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Table 1. Detailing of the over-reinforced concrete beam specimens.
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Specimen Designation

	
Reinforcement

	
Steel Plate (mm)

	
No. of Bolts

	
ρ%

	
ρb%

	
Shear Span Ratio (a/d)

	
Stirrup Spacing (mm) 6Ø (c/c)




	
Ten.

	
Com.

	
t

	
L






	
CB

	
5Ø20

	
2Ø6

	
-

	
-

	
-

	
3.27

	
2.856

	
2.7

	
50




	
BCSP-6

	
5Ø20

	
2Ø6

	
6

	
1100

	
24

	
3.27

	
2.856

	
2.7

	
50




	
BCSP-10

	
5Ø20

	
2Ø6

	
10

	
1100

	
24

	
3.27

	
2.856

	
2.7

	
50




	
BCSP-15

	
5Ø20

	
2Ø6

	
15

	
1100

	
24

	
3.27

	
2.856

	
2.7

	
50
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Table 2. Concrete mix proportions by weight (kg/m3).






Table 2. Concrete mix proportions by weight (kg/m3).





	Cement (kg)
	Fine Aggregate
	Coarse Aggregate
	Water (kg)
	W/C (%)





	375
	888
	933
	150
	0.4
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Table 3. Peak load capacity and mode failure for all of the over-reinforced concrete beam specimens.






Table 3. Peak load capacity and mode failure for all of the over-reinforced concrete beam specimens.





	Specimens Designation
	PPeak (kN)
	Failure Mode





	CB
	375.5
	Crushing, brittle failure



	BCSP-6
	652.3
	Spalling under two loading points (flexural compression shear) and yield of the steel plate.



	BCSP-10
	837.6
	Spalling under two loading points and yield of steel plate.



	BCSP-15
	935.3
	Flexural and yield of steel plate (no spalling of the concrete).
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Table 4. Measured values of the load types of all of the over-reinforced concrete beam specimens.
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	Specimens Designation
	Pcr (kN)
	Pcr % Increase
	Δ (mm)
	PSpall (kN)
	PSpall % Increase
	PYieldl (kN)
	Δspall (mm)
	ΔYield (mm)
	PPeak (kN)
	PPeak % Increase
	Δpeak (mm)





	CB
	71.5
	-
	1.87
	356
	-
	-
	8.33
	-
	375.5
	-
	10.8



	BCSP-6
	247
	245.5
	3.48
	521
	46.3
	-
	8.2
	-
	652.3
	73.7
	11.7



	BCSP-10
	362
	406.3
	3.73
	635
	78.4
	-
	6.9
	-
	837.6
	123
	12.5



	BCSP-15
	460
	543.5
	3.99
	-
	-
	935.3
	-
	10.2
	935.3
	149
	15.5
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Table 5. Material properties of the rebars used in the FEM.
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	Steel Bars
	Mass Density (kg/mm3)
	Young’s Modulus (MPa)
	Poisson Ratio
	Yield Stress (MPa)
	Plastic Strain





	Steel G6
	7.85 × 106
	200,000
	0.3
	275
	0.2



	Steel G20
	7.85 × 106
	200,000
	0.3
	460
	0.2
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Table 6. Material properties of the bolts and nuts used in the FEM.
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	Material Grade 10.9
	Mass Density (kg/mm3)
	Young’s Modulus (MPa)
	Poisson Ratio
	Yield Stress (MPa)
	Plastic Strain





	M12
	7.85 × 106
	200,000
	0.3
	740
	0.2
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Table 7. Material properties of steel plates used in the FEM.
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	Steel Plate
	Mass Density (kg/mm3)
	Young’s Modulus (MPa)
	Poisson Ratio
	Yield Stress (MPa)
	Plastic Strain





	6
	7.85 × 106
	208,000
	0.3
	243
	0.2



	10
	7.85 × 106
	201,000
	0.3
	255
	0.2



	15
	7.85 × 106
	203,000
	0.3
	237
	0.2
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Table 8. Material properties of the concrete used in the FEM.
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	Material Concrete
	Mass Density (kg/mm3)
	Young’s Modulus (MPa)
	Poisson Ratio
	ƒcu (MPa)
	ƒct (MPa)





	G40
	2.4 × 106
	26,541.48
	0.2
	36.08
	3.68
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Table 9. Comparative (compressive damage of the BCSP-10 beam) mesh size convergence study.
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	Mesh Size (mm)
	Ppeak (kN)
	Max Stress (S), Mises (MPa)
	FE Model (Compressive Damage)





	10
	614
	741.4
	 [image: Applsci 10 00094 i001]



	25
	813.2
	748.6
	 [image: Applsci 10 00094 i002]



	50
	985.01
	747.0
	 [image: Applsci 10 00094 i003]



	75
	1079.9
	742.5
	 [image: Applsci 10 00094 i004]



	100
	1082
	714.6
	 [image: Applsci 10 00094 i005]
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Table 10. Comparison between the results derived from the experiment and FEM.






Table 10. Comparison between the results derived from the experiment and FEM.





	Specimens

Designation
	Ppeak,Exp (kN)
	PPeak,FE (kN)
	PPeak, Exp/PPeak, FE (%)
	ΔExp (mm)
	ΔFE (mm)
	ΔExp/ΔFE (mm)





	CB
	375.5
	420
	0.89
	10.98
	11.5
	1.09



	BCSP-6
	652.3
	759.6
	0.86
	11.7
	17.34
	0.79



	BCSP-10
	837.6
	831.2
	1.01
	12.5
	18.2
	0.69



	BCSP-15
	935.3
	1000.4
	0.93
	15.5
	13.07
	1.2
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Table 11. Experimental, FEM, and nominal predictions of the spalling loads of the tested samples.






Table 11. Experimental, FEM, and nominal predictions of the spalling loads of the tested samples.





	Specimens Designation
	PSpall,Exp (kN)
	PYield,Exp (kN)
	Pn (kN)
	Pspall,FE (kN)
	Pn/PSpall,EXP (%)
	Pn/PSpall,FE (%)
	Pspall,EXP/Pspall,FE (%)





	CB
	356
	-
	354
	400
	0.99
	0.89
	1.11



	BCSP-6
	521
	-
	514
	498
	0.98
	1.03
	0.95



	BCSP-10
	635
	-
	637
	600
	1.00
	1.06
	0.94



	BCSP-15
	-
	935.5
	850
	-
	-
	-
	-
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Table 12. Energy absorption: The comparison between the experiment and FEM for all of the over-reinforced concrete specimens. EA: Energy absorption.






Table 12. Energy absorption: The comparison between the experiment and FEM for all of the over-reinforced concrete specimens. EA: Energy absorption.





	Specimens Designation
	EAEXP (kN·m)
	EAFE (kN·m)
	EAExp/EAFE (%)
	EAEXP (%) Increase
	EAFE (%) Increase
	EAExp/EAFE (%) Increase





	CB
	4.03
	4.3
	0.94
	-
	-
	-



	BCSP-6
	13.9
	17.2
	0.8
	247.5
	300
	0.83



	BCSP-10
	16.7
	18.4
	0.91
	317.5
	327
	0.97



	BCSP-15
	22.5
	24.2
	0.93
	458.3
	462
	0.99
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