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Abstract

:

The high production of carbon dioxide from concrete cement manufacturing and the high utilization of natural resources in concrete has been a concern for research in recent decades. Eco-friendly concrete (Eco-Con) is a type of concrete that uses less energy in its production, utilizes waste materials, produces less carbon dioxide, and is durable. This study assesses the efficiency of the proposed lightweight Eco-Con mixes with 32 MPa compressive strength in repairing different types of concrete structures. Rubber and lightweight expanded clay aggregate (LECA) were used as lightweight materials in the Eco-Con mixes. One Portland cement concrete mix (CC) and three different Eco-Con mixes, namely geopolymer rubber concrete (GR), geopolymer LECA concrete (GL), and rubber-engineered cementitious composite (RECC), were produced and compared. The concrete mixes were utilized as simulated ‘repair’ materials in several types of concrete joints, namely reinforced slab–beam joints (400 × 300 mm L-shape, 500 mm width, and 100 mm thickness) subjected to bending, concrete joints in beams (100 × 100 × 350 mm) subjected to bending, and concrete joints in unconfined and fiber-reinforced polymer (FRP) confined columns (100 mm diameter and 200 mm height) subjected to axial compression. The reinforced slab–beam joint and FRP-confined column joint were tested with two joint angles of 0° and 45°. The results indicated that RECC is an efficient lightweight Eco-Con alternative to Portland cement concrete in repairing concrete structural elements, especially beams and FRP-confined columns, as it increased their strength capacities by 43% and 190%, respectively. At the tested joint angles (0° or 45°), the use of Eco-Con mixes showed relatively lower slab–beam joint strength capacity than that of the CC mix by up to 14%. A joint angle of 45° was better than 0°, as it showed up to 7% better slab–beam joint strength capacity. Using shear connectors in slab–beam joints had adverse effects on concrete cracking and deformability.
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1. Introduction


Portland cement concrete (PC) is a considerably non-environmentally friendly product due to its high rates of consumption of Portland cement and natural resources (aggregates) [1]. The manufacturing of Portland cement is well known for its high carbon dioxide footprint [2]. Carbon dioxide is an undesirable gas that is responsible for the Earth’s global warming and air pollution, which raises great concern regarding PC’s sustainability in the near future [3,4]. The current production of Portland cement is responsible for 5–7% of global carbon dioxide emissions [5]. The concrete usage rate has significantly increased in recent decades as a result of the worldwide population increase and corresponding demand for infrastructure, which has caused a great problem for the environment [4]. Therefore, the concrete industry is in urgent need of a greener type of concrete [6,7]. Eco-friendly concrete (Eco-Con) is a well-known type of concrete that is produced with eco-friendly ingredients and results in better performance and more durable structures than those composed of PC [6,8].



Geopolymer concrete (GC) and rubber-engineered cementitious composite (RECC) are types of Eco-Con that can serve as an alternative for PC [9]. In GC, the cement is fully replaced with pozzolanic industry waste materials [9]. Using GC instead of PC can significantly reduce the emissions of carbon dioxide and produce structures with high fire, freeze/thaw, chloride, and sulfate resistance; low creep and shrinkage; and notable fresh and hardened mechanical characteristics [3,10]. GC is an economical and greener alternative to PC, as it utilizes hazardous industry wastes [3,11,12,13,14].



Employing rubber from car tire waste as a lightweight aggregate in Eco-Con opens an additional pathway for recycling this unfavorable material. This could aid more in resolving the issue of disposing of accumulated end-of-life tires. It is well-known that approximately 1.5 billion vehicle tires are discarded annually, but only a small proportion are reused, and the rest are unaccounted for or disposed of in landfills [15]. Using rubber in Eco-Con produces a lightweight concrete that is of great interest, as it results in using less concrete in structures with reduced mass [16]. RECC is also well-known for its superior high ductility, high tensile strength, high durability, low embodied energy, and negative carbon footprint [17]. RECC has unique tensile strain-hardening and high resistance to steel corrosion, low permeability, small crack widths, and the capacity for self-healing of cracks [18,19,20]. It has the ability to self-compact, in which it can fill the formwork corners through its own weight. Pozzolanic industry wastes can be used in RECC as cement replacement materials for better sustainability and performance [21].



Limited research work has been published utilizing lightweight GC or RECC in repairing concrete structures to date. Geopolymer mortars composed of metakaolin were used to repair 300 × 200 × 50 mm slabs with the presence of carbon fiber-reinforced polymer (FRP) sheets [22]. Although the geopolymer mortars were cost-effective, with 7.5 times lower cost, they showed relatively low adhesion with concrete when compared with the corresponding conventional mortars. Fiber GC was used as a repair concrete material to reduce the corrosion of steel reinforcements in conventional concrete beams [23]. The depth of the reinforced beams was replaced with 12.5% and 25% GC measured from the tension side of the beams. The GC showed better performance in reducing the steel corrosion of the tested beams, with similar failure modes and relatively low levels of mass loss. Wang et al. [24] conducted a comprehensive investigation into the bond strength between geopolymer mortars (fly ash-only mortar, fly ash and slag mortar, and slag-only mortar) and cement mortar through a pull-off test, three-point bending test, and slant shear test. Compared with cement mortar, the fly ash geopolymer mortar showed much lower bond properties than the fly ash and slag geopolymer mortar and slag-only geopolymer mortar. The latter two types of geopolymer mortars showed better bond properties than the cement mortar, and the best were exhibited by the slag geopolymer mortar, with 37% higher pull-off tensile strength, 59% higher bending strength, and 2.3 times higher axial compressive strength according to the slant shear test. Akbar et al. [25] conducted an experimental study to investigate the sustainable use of rubber waste as a concrete sand partial replacement and both fly ash and silica fume as partial cement replacements. They concluded that the maximum compressive strength could be achieved when using 10% rubber, 15% fly ash, and 15% silica fume. Umar et al. [26] assessed the compressive strength of sustainable concrete containing coal bottom ash (CBA) and waste glass sludge (WGS). They reported that incorporating 10% CBA and WGS improved the porosity of concrete. In addition, the usage of 15% CBA and 10% WGS as a cementitious additive and cement replacement had the potential to increase the strength of concrete significantly. In recent years, using FRP as a repair/strengthening tool for concrete structures has become increasingly popular in the construction industry [27]. Using FRP in repairing/strengthening structures improves their mechanical properties, fatigue resistance, corrosion resistance, and ductility [28,29]. Nawaz et al. [30] mentioned that the flexural capacity of beams under bending can be improved by 28–102% when externally strengthened by carbon FRP. The seismic resistance of concrete columns can be significantly improved by the addition of FRP confinement due to its high tensile stiffness and strength [31]. Youssf et al. [32] improved the axial capacity of columns composed of rubber concrete by 3.4 times when externally confining them using carbon FRP.



As per the results of previous studies and to the best of the authors’ knowledge, regarding eco-friendly concrete, as a concrete repairing material, there are currently limited available experimental data and information. This study assesses the efficiency of proposed Eco-Con mixes with 32 MPa compressive strength in repairing different types of concrete structures. Rubber and lightweight expanded clay aggregate (LECA) were used as lightweight materials in the Eco-Con mixes. One Portland cement concrete mix (CC) and three different Eco-Con mixes, namely geopolymer rubber concrete (GR), geopolymer LECA concrete (GL), and rubber-engineered cementitious composite were produced and compared. The proposed mixes were utilized as simulated ‘repair’ materials in several types of concrete joints, namely reinforced slab–beam joints subjected to bending, concrete joints in beams subjected to bending, and concrete joints in unconfined and FRP-confined columns subjected to axial compression. The results of this experimental study will provide the necessary data and information to develop Eco-Con in structural elements that need repair and rehabilitation.




2. Experimental Program


2.1. Materials


The binder materials used in this experimental study were cement, class “F” fly ash (from Fly ash Australia Pty. Ltd.), and ground granulated blast furnace slag (from Independent Cement & Lime Pty. Ltd.). The cement, fly ash, and slag had specific gravities of 3.08, 2.57, and 2.83, respectively. The selection of fly ash and slag as the geopolymer concrete binder in this study was based on the recommendation of previous studies, in which combining these two binders in geopolymer concrete afforded good performance compared with other available binders [9,24]. Table 1 shows the chemical composition of the utilized geopolymer binders. River sand and 10 mm dolomite stone were the fine and coarse aggregates used. In some mixes, fine LECA (0.3–4.75 mm) and rubber (2.36–4.75 mm) partially/fully replaced sand, and coarse LECA (9.5–16.0 mm) partially replaced dolomite stone. Figure 1 shows the particle distribution of the aggregates used. The unit weight and specific gravity were 1420 kg/m3 and 2.61, respectively, for sand; 530 kg/m3 and 0.97, respectively, for rubber; 880 kg/m3 and 1.7, respectively, for fine LECA; 1590 kg/m3 and 2.71, respectively, for dolomite; and 400 kg/m3 and 8.05, respectively, for coarse LECA. Superplasticizer with 1.085 specific gravity was used in all concrete mixes. The GC was activated using sodium silicate and sodium hydroxide (12 M) solutions that were mixed together by weight of 1.7 to 1.0, respectively, and the whole activator mixture had a specific gravity of 1.28. To ensure that it had a temperature not exceeding room temperature, the activator was prepared a day before use in concrete mixing. Two lengths (45 mm and 19 mm) of polyproline (PP) fibers with 0.91 specific gravity were used in the RECC mix.



Unidirectional carbon FRP sheets with a nominal thickness of 0.13 mm and two-part epoxy resins were used to confine the specimens produced to test the concrete joints in columns subjected to axial compression. According to the manufacturer’s data, the ultimate strength, elastic modulus, and failure strain were 4900 MPa, 230 GPa, and 2.1%, respectively, for the carbon FRP sheets, and 30 MPa, 4.5 GPa, and 0.9%, respectively, for the epoxy resin. Five N8.6@100mm spacing bars were used as steel reinforcements for the specimens (L-shape) produced to test the slab–beam joints in concrete slabs under bending. N8 steel shear connectors were used in some L-shaped specimens. The reinforcement bars had a yield strength of 550 MPa, yield strain of 0.00275, and elastic modulus of 200 GPa.




2.2. Mix Designs and Mixing Procedure


Four concrete mixes were designed with similar axial strengths of 32 MPa, including CC, GR, GL, and RECC mixes. For the GR mix, 20% of its fine aggregate volume was rubber; for the GL mix, 100% of its fine aggregate volume was fine LECA and 5% of its coarse aggregate volume was coarse LECA; and for the RECC mix, 100% of its fine aggregate volume was rubber. The design of the four mixes is shown in Table 2. The concrete compressive strength reported in Table 2 was measured by testing two 100 × 200 mm cylinders taken from each mix.



The mixing procedure for all mixes started by mixing dry aggregates, adding water/activator, and mixing again before adding the remaining ingredients and mixing them all together for at least 2 min. In the RECC mix, the fiber was added gradually while mixing to ensure good fiber dispersion within the concrete matrix.




2.3. Specimen Preparation and Test Procedures


In this study, Eco-Con mixes with 32 MPa compressive strength were utilized as simulated ‘repair’ materials in several types of concrete joints, namely reinforced slab–beam joints (400 × 300 mm L-shaped, 500 mm width, and 100 mm thickness) subjected to bending, concrete joints in beams (100 × 100 × 350 mm) subjected to bending, and concrete joints in unconfined and FRP-confined columns (100 mm diameter and 200 mm height) subjected to axial compression. The reinforced slab–beam joint and FRP-confined column joint were tested with two joint angles of 0° and 45°. The mechanical properties of the proposed concrete mixes were also measured, such as unit weight, indirect tensile strength, bending strength, and shear strength.



2.3.1. Standard Test Specimens for Mechanical Properties


According to the Australian Standard (AS), two 100 × 200 mm cylinders and two 100 × 100 × 350 mm beams were prepared from each concrete mix for evaluating the indirect tensile strength and the 4-point bending strength, respectively, at 28 days of age. The concrete shear strength was measured by preparing two double-L specimens from each mix with external dimensions of 100 × 100 × 200 mm and testing them under axial compression at 28 days of age, as shown in Figure 2. The double-L specimens were prepared by casting full columns with 100 × 100 × 200 mm dimensions and creating reverse grooves 50 mm apart within the middle third of each specimen using a concrete saw (see Figure 2a). This resulted in a shearing area of 50 × 100 mm in each specimen. A loading rate of 0.8 kN/s was used in the indirect tensile strength test and the shear strength test, and a loading rate of 0.06 kN/s was used in the 4-point bending test.




2.3.2. Reinforced Slab–Beam Concrete Joint Subjected to Bending


Ten L-shaped specimens were prepared for testing the reinforced concrete slab–beam joint under bending. The L-shape had dimensions of 300 × 400 mm, 500 mm width, and 100 mm thickness. Each specimen was reinforced with 5N8.6 main bars (0.58% reinforcement ratio) in the direction of the applied bending moment. Table 3 and Figure 3 show the details, geometry, and reinforcement of the tested specimens that were designed according to AS 3600 [33]. Each L-shaped (300 × 400 mm) specimen was prepared in two steps; the 400 mm part (simulating the slab needing rehabilitation), then the 300 mm part (simulating the existing beam). The 400 mm part was cast first from Eco-Con and was cured in a wooden form for 48 h. The 300 mm part was then cast from CC mix and was cured in a wooden form for another 48 h before the whole specimen was demolded and cured for 28 days by soaking in a water bath. Before soaking the whole specimen in the water bath, the concrete of each part was cured by covering it using a plastic sheet and showering in water it twice a day. The reinforced concrete slab–beam joint was tested with two angles, 0° and 45°; two similar specimens were prepared from each concrete mix, one with 0° and another with 45°. This resulted in eight L-shaped specimens for the four concrete mixes. Another two specimens were prepared to join GL and CC mixes, but with steel shear connectors. The shear connectors were 4N8 bars with a length of 160 mm and embedded vertically in one specimen with a 0° joint angle and inclined in one specimen with a 45° joint angle. The shear connectors were aligned with the geometrical centerline of the joints and embedded symmetrically around the joint interface. The concrete joint angles (0° or 45°) were considered and prepared when casting the first part of each specimen, as shown in Figure 3. Using a 100 kN capacity hydraulic jack (stroke of 300 mm), the slab–beam joints were monotonically tested with a loading rate of 5 kN/min. The specimens were fixed to the strong floor from the beam side (300 mm) using a rigid beam, as shown in Figure 3. Each specimen was instrumented with one LVDT positioned at the end of the cantilever slab mid-span to measure its deflection. A load cell with 50 kN capacity was used to measure the load on the specimens during testing. LABVIEW 8.6 [34] and a data acquisition system were employed to control and record the testing and measurements of the specimens.




2.3.3. Concrete Joint in Beams Subjected to Bending


The performance of concrete joints in beams subjected to 4-point bending was measured by preparing two small-scale beams (100 × 100 × 350 mm beams per variable) with two halves of concrete (bottom and top). The bottom was made of Eco-Con mixes and was the simulated part of the beam needing repair. The top one was made of the CC mix and was used to simulate the existing part of the beam needing repair. While casting the concrete, the bottom half was poured first and cured for 48 h in the casting place (steel mold) by covering it using a plastic sheet and continuously showering it with tap water. The top half was then poured and cured in the mold for another 48 h before the whole specimen was demolded and cured for 28 days in a water bath. Table 3 and Figure 4 show the details, preparation, and testing of the concrete joints in the beams. A loading rate of 0.06 kN/s was used to carry out the 4-point bending test.




2.3.4. Concrete Joints in Columns Subjected to Axial Compression


For the concrete joints in columns, unconfined and FRP-confined concrete cylinders of 100 × 200 mm were prepared for testing under axial compression, as shown in Figure 5. A total of 20 cylindrical specimens were prepared for that test, including eight unconfined specimens with a 0° concrete joint angle, eight unconfined specimens with a 45° concrete joint angle, and four FRP-confined specimens with a 45° concrete joint angle, see Table 3. The 0° joint angle was selected to simulate the typical angle in columns with repaired segments, and the 45° joint angle was selected because it applies the highest shear stresses at the joint interface’s surface. Each specimen was cast in a steel mold in the form of two halves (bottom and top). The bottom halves (simulating the existing part of the column) were all prepared from CC mix, first as full concrete cylinders that were left for 48 h to cure; then, each cylinder was cut into two halves using a concrete saw to prepare half-cylinders with 0° cuts and half-cylinders with 45° cuts. The prepared concrete half-cylinders were then placed at the bottom of steel molds and then Eco-Con concrete mixes were poured to form the top half (simulating the repaired part of the column) of the specimens and cured for another 48 h before the whole specimens were demolded and cured in a water bath for 28 days. The ends of all cylinder specimens were ground according to AS 1012.9 [35]. All specimens were tested under axial compression with a constant loading rate of 20 MPa/min using a compression machine (1500 kN capacity).






3. Experimental Results and Discussion


In this research, Eco-Con’s performance was experimentally investigated in concrete joints with several structural elements. The indirect tensile strength, bending strength, and shear strength were measured to investigate the mechanical properties of the 32 MPa Eco-Con mixes. The tested concrete joints were reinforced slab-beam concrete joints subjected to bending, concrete joints in beams subjected to bending, and concrete joints in unconfined and FRP-confined columns subjected to axial compression. The following sections present the results of the measured mechanical properties and the structural performances.



3.1. Mechanical Properties


Table 4 shows the measured mechanical properties of the four 32 MPa Eco-Con mixes in this study. Compared with the CC mix, all Eco-Con mixes showed relatively less unit weight by 9%, 17%, and 21%, respectively, for the GR, GL, and RECC mixes, as shown in Figure 6a. This was due to the existence of high volumes of lightweight aggregates, like LECA and rubber, in these mixes.



The geopolymer Eco-Con mixes showed indirect tensile strengths less than those of the CC mix; however, the RECC Eco-Con mix showed relatively higher indirect tensile strength, as shown in Figure 6b. The GR mix showed an indirect tensile strength that was 39% lower than that of the CC mix. This can be attributed to the increase in the number of weak points when using rubber in the GC matrix that became pronounced because of the well-known poor adhesion of rubber to a binder; hence, this resulted in tensile crack formation under loading [36]. The indirect tensile strength of the GL mix was 38% less than that of the CC mix. This was due to the relative weakness of LECA particles compared with natural concrete aggregates, which caused the easy splitting of the aggregate under tensile stress, especially when using a high volume of LECA. Although the RECC mix had a high content of rubber, it showed an indirect tensile strength 35% higher than that of the CC mix. This was due to the presence of fibers in the RECC mix that resisted crack formation and development, which resulted in relatively higher tensile strength. For the same reason, the RECC mix showed an indirect tensile strength that was 2.2 times and 2.1 times the indirect tensile strength of the GR and GL mixes, respectively.



Similar to the indirect tensile strength, the bending strengths of the GR and GL mixes were 16% and 18% lower than that of the CC mix, as shown in Figure 6c. This was due to the strong correlation between the concrete’s tensile and bending strengths. Concrete’s bending strength is a function of its compressive strength (in the compression zone) and tensile strength (in the tension zone). The compressive strength of all mixes in this study was constant, at 32 MPa; therefore, the tensile behavior that depended on the concrete mix ingredients controlled the concrete’s bending behavior. Due to the high volume of fibers used in the RECC mix, it showed significantly better bending strength than the CC mix by 55%. For the same reason, the RECC mix showed 86% and 89% higher bending strength than the GR and GL mixes, respectively.



Figure 6d displays the measured direct shear strengths of all mixes determined using the double-L specimens. The geopolymer Eco-Con GR and GL mixes showed 14% and 21% lower shear strength than the CC mix, respectively. This was due to the rubber or LECA aggregates’ weakness in resisting direct shear forces compared with natural concrete sand. The RECC Eco-Con mix exhibited a direct shear strength that was 1.3 times that of the CC mix. This was attributed to the effectiveness of the PP fibers in increasing the shear resistance of concrete. For the same reason, the RECC mix showed a direct shear strength that was 1.5 times and 1.6 times the direct shear strengths of the GR and GL mixes, respectively.




3.2. Reinforced Slab–Beam Concrete Joint under Bending


3.2.1. Test Observations and Failure Mode


The failure mode, crack extension, and global damage of all slab–beam joints are shown in Figure 7. For the specimens made with slabs from the CC mix, at loads of 15 kN for specimen L1 and 14 kN for specimen L2, flexural cracks initiated in the slabs at a 100 mm strip from the shared zones (100 × 100 × 500 mm shared zones between the slabs and the beams). With continuous loading, the cracks propagated toward the shared zones until clear failure occurred at the joint interfaces (0° for specimen L1 and 45° for specimen L2). Similar behaviors were observed for the specimens produced with slabs from the GR or GL mixes. At loads of 9 kN for specimen L3, 13 kN for specimen L4, and 8 kN for both specimens L5 and L6, the flexural cracks initiated in the slabs. In specimen L3, the cracks initiated at 100 mm stripped out of the shared zone, and with continuing loading, the cracks propagated toward the shared zone until a typical failure occurred at the joint’s interface (0°). In specimens L4, L5, and L6, the cracks initiated close to the joints’ interfaces and extended through the shared zones, as well as the 100 mm strip in the slab side from the shared zone with continuing loading, until a typical failure occurred at the joints’ interfaces (0° for L5 and 45° for both L4 and L6). For specimens with slabs produced from the RECC mix, at a load of 10 kN for both specimens L7 and L8, minor flexural cracks were initiated in the slabs at the 100 mm strip from the shared zones. With continuous loading, tensile cracks initiated and propagated in the beams away from the joints’ interfaces, which was the mode of failure for both specimens L7 and L8. This mode of failure occurred due to the relatively high tensile and bending strengths of the RECC mix (slabs part) and the good bond between RECC and CC mixes at the joints’ interfaces. This caused tensile failure in the beams (CC mix), rather than tensile or bending failures close to the joints’ interfaces.



The inclusion of shear connectors in specimens L9 and L10 slightly changed the failure locations compared with the corresponding specimens L5 and L6, respectively. Similar to specimens L5 and L6, at a load of 8 kN, flexural cracks initiated in the slabs in a 200 mm strip from the shared zones at 200 mm specimen L9 and in a 100 mm strip for specimen L10. With continuous loading, the cracks propagated until complete failure occurred. In specimen L9, bending failure at 190 mm in the slab part from the shared zone with a high number of cracks was the mode of failure. In specimen L10, the main crack occurred at the shared zone close to the joint’s interface.




3.2.2. Main Characteristics


Table 5 shows the results of the bending test on reinforced slab–beam joints. Figure 8 shows the main characteristics of the tested slab–beam joints. In concrete mixes with 32 MPa axial strength, using different mix ingredients affected the performance of the tested concrete slab–beam joints. At any joint angle (0° or 45°), all specimens made with Eco-Con mixes showed relatively lower strength than the specimens made from the CC mix, as shown in Figure 8a,b). This might be attributed to the adhesion incompatibility between the CC (simulating the existing beam) and the geopolymer Eco-Con (simulating the new slab), which caused failure earlier. The RECC mix showed very good adhesion with the CC mix when tested in a slab–beam joint due to the fiber’s presence, as shown in its failure mode (Figure 7). However, it did not improve the joint’s strength capacity due to the tension failure that occurred in the beam side, rather than at the joint location. At a 0° joint angle, specimens L3 (GR), L5 (GL), and L7 (RECC) showed strength capacities of 17%, 11%, and 14% lower than that of specimen L1 (CC), respectively, as shown in Figure 8a. The strength reduction reported when using Eco-Con mixes in joints with a 45° joint angle was lower than that of joints with a 0° joint angle. This might be attributed to the larger contact area at the interface between the slab and the beam when applying a 45° joint angle (contact area of 141.4 × 500 = 70,700 mm2) than that when applying a 0° joint angle (contact area of 100 × 500 = 50,000 mm2), resulting in a 41% larger contact area. At a 45° joint angle, specimens L4 (GR), L6 (GL), and L8 (RECC) showed strength capacities of 5%, 7%, and 1% lower than that of specimen L2 (CC), respectively, as shown in Figure 8b.



The ultimate deflection performance of the slab–beam joints made with Eco-Con mixes was different from their corresponding strength performance. At a 0° joint angle, specimen L3 (GR) showed ultimate deflection that was 15% higher than that of specimen L1 (CC); however, specimens L5 (GL) and L7 (RECC) showed ultimate deflections that were 12% and 39% less than that of specimen L1 (CC), respectively, as shown in Figure 8a. At a 45° joint angle, all specimens made with Eco-Con mixes showed relatively higher ultimate deflections than that of the specimen made with CC. Specimens L4 (GR), L6 (GL), and L8 (RECC) showed ultimate deflections that were 33%, 46%, and 37% higher than that of specimen L2 (CC), respectively, as shown in Figure 8b. The effectiveness of Eco-Con in enhancing the ultimate deflection capacity of the slab–beam joints made with a 45° joint angle might be attributed again to the larger contact area at the old/new concrete interface that allowed these concrete types to better contribute to the joint performance.



The effect of using steel shear connectors in the slab–beam joints was measured in specimens L9 (0° joint angle) and L10 (45° joint angle) made of a GL concrete slab and CC concrete beam. Figure 8c shows the performance of these specimens compared with the performances of the corresponding specimens (L5 and L6) with no shear connectors. As shown in the figure, regardless of the value of the joint angle, using shear connectors did not have any significant effect on the specimen strength capacity, as the reported strength difference was ±4%. This was attributed to the failure mode of the specimens, which was more bending failure, rather than shear failure, which depended mainly on the specimens’ main reinforcement (see Figure 7). It should be noted that the shear connectors were aligned with the geometrical centerlines of the joints and did not contribute well to the tension capacity of the joint. On the other hand, the existence of the shear connectors over-reinforced the specimens at the joint locations which increased their stiffness; hence, relatively lower ultimate deflection capacities were observed. Specimens L9 and L10 showed ultimate deflections that were 28% and 34% lower than those of the corresponding specimens L5 and L6, respectively.



Table 5 and Figure 8d display the ratio of the ultimate displacement (du) to the displacement at peak strength (dp) of all slab–beam joints. As shown in the figure, the GC mixes showed similar du/dp ratios to those of the CC mixes at both 0° and 45° joint angles. However, the RECC mixes showed 35% (at 0° joint angle) and 14% (at 45° joint angle) lower du/dp ratios than those of the CC mixes. This indicates the similar ductility of GC in general. The apparent relatively lower ductility of RECC, although it contained a high content of fiber, was attributed to the failure mode of the tested specimens (L7 and L8), in which tension failure occurred in the beam part, rather than the joint interface, as shown in Figure 7. The use of shear connectors in that type of slab–beam joint resulted in the du/dp ratio decreasing by 33–37%, regardless of the joint angle value. This was attributed again to the over-reinforcement of the specimens due to the use of the shear connectors and their marginal contribution to the tension capacity of the joints, which increased their stiffness, rather than their ductility.



As per the above results, the RECC mix showed less cracking and damage among all applied mixes. Using shear connectors in slab–beam joints had an adverse effect on concrete cracking, strength, and deformability. A joint angle of 45° was better than an angle of 0° in benefiting from the deformability of the Eco-Con mixes tested in this study. However, no significant effect was observed on the joint strength when using Eco-Con mixes instead of CC.




3.2.3. Load-Deflection Behavior


Figure 9 plots the load versus deflection of the tested slab–beam joints. As shown in Figure 9a, at a 0° joint angle, the stiffness of the specimens composed of Eco-Con mixes was lower than that of the specimen composed of the CC mix due to their relatively earlier cracking time and high number of cracks formed while loading. Of specimens L3, L5, and L7, specimen L5 (composed of GL mix) showed relatively higher stiffness than the other specimens. The stiffness degradation in specimen L3 (composed of GR mix) was smoother than that in all other specimens tested at a 0° joint angle after reaching its peak load. As shown in Figure 9b, at a 45° joint angle, the stiffness of the specimens composed of Eco-Con mixes (except specimen L8) was lower than that of the specimen composed of the CC mix due to their relatively earlier cracking time and higher number of cracks formed while loading. Specimen L8 (composed of RECC mix) showed very similar stiffness to that of specimen L2 (composed of the CC mix) until they reached their peak loads. The stiffness degradation in specimens L4 and L6 was smoother than that in all other specimens tested at a 45° joint angle after reaching the peak load. The inclusion of shear connectors in specimens L9 and L10 did not affect the specimen stiffness under loading until they reached their peak load, compared with the corresponding specimens L5 and L6, respectively. However, the stiffness degradation in the specimens without shear connectors was much smoother than that in specimens with shear connectors after reaching the peak load, regardless of the joint angle value, as shown in Figure 9c,d.



At a 0° joint angle, specimens L1, L3, L5, and L7 resisted loads until crack formation occurred in the slabs at about 15 kN load and 1.4 mm deflection for L1, 9 kN load and 1.0 mm deflection for L3, 8 kN load and 0.5 mm deflection for L5, and 10 kN load and 0.9 mm deflection for L7. This was followed by a reduction in the specimens’ stiffness, and then they were able to resist more loads (the loads kept increasing) until the deflections approached about 15.8 mm at a peak load of 33.2 kN for L1, 19.6 mm at a peak load of 27.5 kN for L3, 13.9 mm at a peak load of 29.5 kN for L5, and 14.9 mm at a peak load of 28.7 kN for L7. The complete failure of the specimens occurred at 26.6 kN load and 29.9 mm deflection for L1, 22.0 kN load and 34.5 mm deflection for L3, 23.6 kN load and 26.3 mm deflection for L5, and 23.0 kN load and 18.3 mm deflection for L7. Compared with all specimens produced with a 0° joint angle and no shear connectors, specimen L7 showed relatively steep load degradation after reaching its peak load, as shown in Figure 9a.



At a 45° joint angle, specimens L2, L4, L6, and L8 resisted loads until crack formation occurred in the slabs at about 14 kN load and 3.0 mm deflection for L2, 13 kN load and 1.2 mm deflection for L4, 8 kN load and 0.5 mm deflection for L6, and 10 kN load and 0.8 mm deflection for L8. This was followed by a reduction in the specimens’ stiffness, and they resisted more loads until the deflections approached about 12.6 mm at a peak load of 28.3 kN for L2, 15.9 mm at a peak load of 26.9 kN for L4, 15.2 mm at a peak load of 26.3 kN for L6, and 20.2 mm at a peak load of 28.0 kN for L8. The complete failure of the specimens occurred at 22.6 kN load and 21.0 mm deflection for L2, 21.5 kN load and 27.9 mm deflection for L4, 21.1 kN load and 30.6 mm deflection for L6, and 22.4 kN load and 28.8 mm deflection for L8. Compared with all specimens produced with a 45° joint angle and no shear connectors, specimen L2 showed relatively steep load degradation after reaching its peak load, as shown in Figure 9b.



The inclusion of shear connectors in the specimens composed of GL slabs did not result in a significant change in the load-deflection behavior up to the specimens’ peak load compared with the corresponding specimens with no shear connectors. However, the shear connectors caused relatively steep load degradation for the specimens after reaching their peak loads, regardless of the joint angle value. Specimens L9 and L10 resisted loads until crack formation occurred in the slabs at about 8 kN load for both specimens and 0.4 mm and 0.6 mm deflections, respectively. This was followed by a reduction in the specimens’ stiffness, and they resisted more loads until the deflections approached about 15.8 mm at a peak load of 28.4 kN for L9 and 15.1 mm at a peak load of 27.3 kN for L10. The complete failure of the specimens occurred at 22.7 kN load and 19.0 mm deflection for L9 and 21.8 kN load and 20.2 mm deflection for L10.



As per the above measurements, Eco-Con exhibited similar load-deflection behavior to that of CC with similar or lower stiffness when tested in slab–beam joints. Eco-Con showed a smoother post-peak load than that of CC, especially with a 45° joint angle and with no shear connectors.




3.2.4. Toughness


The toughness of the tested specimens was determined as the area under the load-deflection curves. The toughness of each slab–beam joint specimen is presented in Table 5 and Figure 10. At 0° joint angle, using Eco-Con in slab–beam joints decreased their measured toughness; however, at 45° joint angle, their toughness increased when using Eco-Con compared with that of the corresponding CC. This was due to the larger contact area at the old/new concrete interface when using a 45° joint angle, which allowed the Eco-Con to better contribute to the joint load-deflection performance, and hence resulted in better toughness. At a 0° joint angle, specimens L3 (GR), L5 (GL), and L7 (RECC) showed toughnesses that were 6%, 23%, and 53% lower than that of specimen L1 (CC), respectively. At a 45° joint angle, specimens L4 (GR), L6 (GL), and L8 (RECC) showed toughnesses that were 34%, 43%, and 50% higher than that of specimen L2 (CC), respectively.



Figure 10 also shows the effect of using shear connectors in the slab–beam joints on joint toughness. As shown in the figure, regardless of the value of the joint angle, using shear connectors significantly decreased the joint toughness by about 35%. This was attributed to the early failure of specimens produced with shear connectors that resulted in significantly lower measured ultimate deflections and, hence, lower calculated toughness. As per the toughness measurements, the performance of Eco-Con was significantly better than that of CC when using a 45° joint angle in slab–beam joints. However, using a 0° joint angle and/or shear connectors adversely affected the joint toughness.





3.3. Concrete Joint in Beams under Bending


The performance of concrete joints in beams under four-point bending was measured using 100 × 100 × 350 mm beams produced with two halves of concrete (bottom and top). The bottom half was cast from an Eco-Con mix and the top half was cast from the CC mix, as shown in Figure 4. The failure mode of the tested concrete joints in beams using different Eco-Con mixes is shown in Figure 11. As shown, there was no evidence of failure or separation at the concrete joint interface in all tested specimens; however, they showed typical bending failure, with cracks initiated in the tension zone (bottom half) and extended to the compression zone (top half). All concrete joint specimens were broken into two separate pieces (right and left), except for the concrete joint produced with RECC mix as the bottom half and CC mix as the top half. This was due to the fibers used in the RECC mix that kept the concrete intact at the main crack location, even after failure occurred.



Table 6 and Figure 12 show the results of the tested concrete joints under bending. Similar to the bending strength behavior of Eco-Con mixes (see Figure 6c), the concrete joints produced with bottom halves of GR (specimens B3 and B4) and GL (specimens B5 and B6) mixes showed average bending strengths that were 14% and 36% lower than that of the concrete joints produced with the CC mix (specimens B1 and B2), respectively. Consequently, the concrete joints produced with RECC mix as the bottom half (specimens B7 and B7) showed an average bending strength that was 43% higher than that of concrete joints produced with the CC mix. This was due to the factors affecting the concrete bending strength, which is a function of its compressive strength (compression zone—top half) and tensile strength (tension zone—bottom half). As all concrete joints in beams were produced with the CC mix in the top half of the beam, the joint behavior depended mainly on the tensile/bending strength of the bottom half. The use of RECC mix in the concrete beam joint showed a joint average bending strength that was 1.67 and 2.24 times higher than those of the joints produced with GR and GL mixes, respectively. This indicated the superiority of RECC in repairing concrete beams subjected to bending load.




3.4. Concrete Joints in Columns Subjected to Axial Compression


The performances of concrete joints in columns under axial compression were measured on unconfined and FRP-confined concrete cylinders with dimensions of 100 × 200 mm and joint angles of 0° and 45°, as shown in Figure 5 and detailed in Table 3. Each specimen was produced with two halves; one consisting of the CC mix and the other consisting of an Eco-Con mix. The failure modes of the tested concrete joints in unconfined and FRP-confined columns composed of different Eco-Con mixes are shown in Figure 13, Figure 14 and Figure 15. As shown in Figure 13, there was no evidence of failure or separation at the concrete joint interface in all tested unconfined columns with a 0° joint angle; however, they showed typical compression failure with vertical cracks that initiated and propagated through both halves of each column. Similar failure modes were observed in all tested unconfined columns with a 45° joint angle, except for the column specimens produced with ↓GL-↑CC mixes (specimens C13 and C14), in which, at the ultimate column capacity, full separation occurred between the two halves of the column with concrete crashing at the joint interface tip, as shown in Figure 14. As the FRP fibers were oriented only in the hoop direction of the column specimens, the mode of failure of all FRP-confined columns with a 45° joint angle was the vertical rupture of the FRP tube at a height of 50–120 mm in the Eco-Con halves of the tested columns, as shown in Figure 15. Failure was also accompanied by a loud snapping sound. The largest ruptured height of the FRP tube was observed in the column specimen produced with ↓RECC-↑CC mixes, which indicated the ability of RECC to efficiently utilize the tensile capacity of the FRP (this is also confirmed by the axial capacity of specimen C20).



Table 7 and Figure 16 show the results of the tested concrete joints in columns under axial compression. As mixes in this study had 32 MPa axial strength, all tested joints in unconfined columns showed axial compression capacity similar to the concrete compressive strength (32 MPa), with slight differences ranging between −3 MPa and +1.3 MPa, regardless of the joint angle (0° and 45°) used. This reflected the ability of Eco-Con mixes to work efficiently in repairing unconfined concrete columns. The FRP confinement significantly enhanced the axial capacity of 45° column joints by 2.8, 2.7, 2.6, and 2.9 times for column joints C(3,4), C(8,9), C(13,14), and C(18,19), respectively (see the confinement effectiveness in Table 7). Compared with column specimens C(3,4), made of ↓CC-↑CC mixes, using GR and GL mixes in FRP-confined column joints decreased the column axial capacity by 11% and 14%, respectively; however, using RECC mix increased the column axial capacity by 2%. This might be due to the relatively low tensile strength of Eco-Con mixes GR and GL that caused the earlier crushing of concrete at the FRP/concrete interface, and hence, earlier rupture of the FRP-contained tubes. On the other hand, the RECC mix had relatively higher tensile strength than that of the CC mix, with delayed crack initiation due to the presence of rubber and fibers, which resulted in the utilization of the FRP tensile capacity with higher efficiency. For the same reason, specimen C20 showed an axial capacity that was 14% and 19% higher than those of specimens C10 and C15, respectively. The results of the tested column joints indicated the superiority of RECC in repairing concrete columns subjected to axial compression.





4. Conclusions and Recommendations


In this research, GC and RECC (having a similar compressive strength of 32 MPa) Eco-Con mixes were utilized as simulated repair materials in reinforced concrete joints in slabs subjected to bending, concrete joints in beams subjected to bending, and concrete joints in unconfined and FRP-confined columns subjected to axial compression. The mechanical properties were also measured for the proposed Eco-Con mixes, such as the unit weight, indirect tensile strength, bending strength, and shear strength. The main conclusions of this experimental study can be summarized in the following points:



	
Compared with the CC mix, the GC mixes showed lower indirect tensile strength, bending strength, and shear strength by up to 39%, 18%, and 21%, respectively; however, the RECC mix showed relatively higher corresponding strengths by 35%, 55%, and 30%, respectively. All Eco-Con mixes showed relatively lower unit weight by up to 21% compared with that of the CC mix. This indicated the lighter weight of the proposed Eco-Con mixes.



	
The Eco-Con mixes showed similar load-deflection behavior to that of the CC mix when tested in slab–beam joints. At the tested joint angles (0° or 45°), using Eco-Con mixes achieved a relatively lower slab–beam joint strength capacity than that when using the CC mix by up to 14%. The joint angle of 45° was better than that of 0° as it showed better slab–beam joint strength capacity by up to 7%. Using shear connectors in slab–beam joints had an adverse effect on concrete cracking and deformability; in addition, they did not have any significant effects on the joint strength capacity; therefore, they should be avoided.



	
Concrete joints in beams produced partially with GC mixes showed bending strengths lower than those of joints produced with the CC mix by up to 36%; however, the joints produced partially with RECC mix showed a relatively higher bending strength by 43%. This indicated the superiority of RECC in repairing concrete beams subjected to bending load.



	
All tested joints in unconfined columns showed axial compression capacities similar to the concrete compressive strength (32 MPa), regardless of the joint angle (0° or 45°). The FRP confinement significantly enhanced the axial capacity of the 45° column joints by up to 2.9 times. Using GC mixes in FRP-confined column joints decreased the column axial capacity by up to 14%; however, using RECC mix increased the column axial capacity by 2%. The results of tested column joints indicated the efficiency of using RECC instead of CC in repairing concrete columns subjected to axial compression.






Overall, the RECC mix showed a better ability to repair different structural elements than all Eco-Con mixes tested in this study, and it can be recommended as an Eco-Con alternative to Portland cement concrete. This indicates the applicability of this type of lightweight Eco-Con in structures subjected to bending or axial loads. GC would be the lightweight Eco-Con to recommend in this study for structures that do not need high strength, but have a higher demand for sustainability. The results of this experimental study can provide the necessary data and information to develop Eco-Con in structural elements that need repair and rehabilitation.



It is recommended to conduct a parametric study on the applied parameters and the different properties of materials in future studies. In addition, theoretical modeling of the testing conducted is recommended to verify the results’ accuracy. More comparisons of solutions by cost-effectiveness, building duration, environmental impact, and statistics are also recommended.
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Figure 1. Sieve analysis of the aggregates used. 
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Figure 2. Concrete shear strength test specimens. 
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Figure 3. Preparation and testing of reinforced concrete slab–beam joint subjected to bending. 
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Figure 4. Preparation and testing of concrete joints in beams subjected to bending. 
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Figure 5. Preparation of unconfined and FRP-confined concrete joints in columns subjected to axial compression. 
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Figure 6. Mechanical properties of the Eco-Con mixes: (a) unit weight, (b) indirect tensile strength, (c) bending strength, and (d) shear strength. 
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Figure 7. Failure mode, crack extension, and global damage of the slab–beam joints subjected to bending. 
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Figure 8. Measurements of the slab–beam joints subjected to bending: (a) specimens with 0° joint angle, (b) specimens with 45° joint angle, (c) specimens with shear connectors, and (d) du/dp ratios for all specimens. 
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Figure 9. Load-deflection behavior of the tested slab-beam joints under bending: (a) specimens with 0° joint angle and no SC, (b) specimens with 45° joint angle and no SC, (c) specimens with 0° joint angle and SC, and (d) specimens with 45° joint angle and SC. 
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Figure 10. Toughness of the tested slab–beam joints subjected to bending. 
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Figure 11. Failure mode of the tested concrete joints in beams subjected to bending: (a) CC/CC, (b) CC/GR, (c) CC/GL, and (d) CC/RECC. 
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Figure 12. Average bending strengths of the tested beam joints. 
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Figure 13. Failure mode of 0° concrete joint in unconfined columns subjected to axial compression. 
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Figure 14. Failure mode of 45° concrete joint in unconfined columns subjected to axial compression. 
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Figure 15. Failure mode of 45° concrete joint in FRP-confined columns subjected to axial compression. 
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Figure 16. Average axial strength of the tested unconfined and FRP-confined column joints. 
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Table 1. Chemical compositions of geopolymer binders.






Table 1. Chemical compositions of geopolymer binders.





	Geopolymer

Binder
	CaO

(%)
	SiO2

(%)
	Al2O3

(%)
	Fe2O3

(%)
	SO3

(%)
	MgO

(%)
	Na2O

(%)
	K2O

(%)
	SrO

(%)
	TiO2

(%)
	P2O5

(%)
	Mn2O3

(%)





	Fly ash
	5.8
	51.1
	18.1
	9.7
	1.0
	7.3
	3.94
	1.84
	0.1
	0.8
	0.2
	<0.1



	Slag
	43.1
	32.8
	13.4
	0.4
	1.9
	5.5
	0.4
	0.3
	0.8
	0.6
	<0.1
	0.1










 





Table 2. Concrete mix design (kg/m3).
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Mix

Code

	
Cement

	
Slag

	
Fly

Ash

	
Activator

	
Water

	
SP

	
Sand

	
Stone

	
Fine

LECA

	
Rubber

	
Coarse

LECA

	
L-PP

	
S-PP

	
Compressive Strength (MPa)






	
CC

	
284

	
--

	
--

	
--

	
205

	
2.5

	
882

	
992

	
--

	
--

	
--

	
--

	
--

	
32.4




	
GR

	
--

	
266

	
266

	
212

	
160

	
9.6

	
500

	
627

	
--

	
46

	
--

	
--

	
--

	
32.1




	
GL

	
--

	
243

	
243

	
208

	
193

	
9.3

	
--

	
578

	
396

	
--

	
10.9

	
--

	
--

	
33.1




	
RECC

	
597

	
358

	
358

	
--

	
341

	
3.6

	
--

	
--

	
--

	
163

	
--

	
12.9

	
12.9

	
31.8




	
SP Superplasticizer

	

	
L-PP Long polypropylene fiber

	
S-PP Short polypropylene fiber











 





Table 3. Details of all concrete joint specimens.
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Test Specimen

	
Specimen Code

	
Dimensions

(mm)

	
Concrete

Mix *

	
Shear

Connectors

	
FRP

Confinement

	
Joint

Angle






	
Reinforced concrete slab–beam joint subjected to bending

	
L1

	
L(300 × 400) × W500

	
↑CC→CC

	
--

	
--

	
0°




	
L2

	
L(300 × 400) × W500

	
↑CC→CC

	
--

	
--

	
45°




	
L3

	
L(300 × 400) × W500

	
↑GR→CC

	
--

	
--

	
0°




	
L4

	
L(300 × 400) × W500

	
↑GR→CC

	
--

	
--

	
45°




	
L5

	
L(300 × 400) × W500

	
↑GL→CC

	
--

	
--

	
0°




	
L6

	
L(300 × 400) × W500

	
↑GL→CC

	
--

	
--

	
45°




	
L7

	
L(300 × 400) × W500

	
↑RECC→CC

	
--

	
--

	
0°




	
L8

	
L(300 × 400) × W500

	
↑RECC→CC

	
--

	
--

	
45°




	
L9

	
L(300 × 400) × W500

	
↑GL→CC

	
4N8(ǀ)

	
--

	
0°




	
L10

	
L(300 × 400) × W500

	
↑GL→CC

	
4N8(/)

	
--

	
45°




	
Joints in beams subjected to bending

	
B1

	
100 × 100 × 350

	
↓CC-↑CC

	
--

	
--

	
0°




	
B2

	
100 × 100 × 350

	
↓CC-↑CC

	
--

	
--

	
0°




	
B3

	
100 × 100 × 350

	
↓GR-↑CC

	
--

	
--

	
0°




	
B4

	
100 × 100 × 350

	
↓GR-↑CC

	
--

	
--

	
0°




	
B5

	
100 × 100 × 350

	
↓GL-↑CC

	
--

	
--

	
0°




	
B6

	
100 × 100 × 350

	
↓GL-↑CC

	
--

	
--

	
0°




	
B7

	
100 × 100 × 350

	
↓RECC-↑CC

	
--

	
--

	
0°




	
B8

	
100 × 100 × 350

	
↓RECC-↑CC

	
--

	
--

	
0°




	
Joints in columns subjected to axial compression

	
C1

	
Cyl 100 × 200

	
↓CC-↑CC

	
--

	
--

	
0°




	
C2

	
Cyl 100 × 200

	
↓CC-↑CC

	
--

	
--

	
0°




	
C3

	
Cyl 100 × 200

	
↓CC-↑CC

	
--

	
--

	
45°




	
C4

	
Cyl 100 × 200

	
↓CC-↑CC

	
--

	
--

	
45°




	
C5

	
Cyl 100 × 200

	
↓CC-↑CC

	
--

	
2 layers

	
45°




	
C6

	
Cyl 100 × 200

	
↓CC-↑GR

	
--

	
--

	
0°




	
C7

	
Cyl 100 × 200

	
↓CC-↑GR

	
--

	
--

	
0°




	
C8

	
Cyl 100 × 200

	
↓CC-↑GR

	
--

	
--

	
45°




	
C9

	
Cyl 100 × 200

	
↓CC-↑GR

	
--

	
--

	
45°




	
C10

	
Cyl 100 × 200

	
↓CC-↑GR

	
--

	
2 layers

	
45°




	
C11

	
Cyl 100 × 200

	
↓CC-↑GL

	
--

	
--

	
0°




	
C12

	
Cyl 100 × 200

	
↓CC-↑GL

	
--

	
--

	
0°




	
C13

	
Cyl 100 × 200

	
↓CC-↑GL

	
--

	
--

	
45°




	
C14

	
Cyl 100 × 200

	
↓CC-↑GL

	
--

	
--

	
45°




	
C15

	
Cyl 100 × 200

	
↓CC-↑GL

	
--

	
2 layers

	
45°




	
C16

	
Cyl 100 × 200

	
↓CC-↑RECC

	
--

	
--

	
0°




	
C17

	
Cyl 100 × 200

	
↓CC-↑RECC

	
--

	
--

	
0°




	
C18

	
Cyl 100 × 200

	
↓CC-↑RECC

	
--

	
--

	
45°




	
C19

	
Cyl 100 × 200

	
↓CC-↑RECC

	
--

	
--

	
45°




	
C20

	
Cyl 100 × 200

	
↓CC-↑RECC

	
--

	
2 layers

	
45°








* The arrows show the locations of concrete mixes in the different structures.













 





Table 4. Measured mechanical properties of the concrete mixes.






Table 4. Measured mechanical properties of the concrete mixes.





	
Mix

Code

	
Unit

Weight

(kg/m3)

	
Compressive

Strength

(MPa)

	
Tensile

Strength

(MPa)

	
Bending

Strength

(MPa)

	
Shear

Strength

(MPa)




	
Ave.

	
SD

	
Ave.

	
SD

	
Ave.

	
SD

	
Ave.

	
SD

	
Ave.

	
SD






	
CC

	
2322

	
22

	
32.4

	
0.4

	
3.42

	
0.20

	
4.82

	
0.15

	
6.94

	
0.40




	
GR

	
2112

	
12

	
32.1

	
0.1

	
2.10

	
0.25

	
4.03

	
0.09

	
5.97

	
0.28




	
GL

	
1935

	
35

	
33.1

	
0.5

	
2.12

	
0.23

	
3.95

	
0.13

	
5.51

	
0.19




	
RECC

	
1839

	
19

	
31.8

	
0.7

	
4.60

	
0.42

	
7.48

	
0.33

	
9.01

	
0.30











 





Table 5. Results of reinforced slab–beam joint under bending.






Table 5. Results of reinforced slab–beam joint under bending.





	Specimen

Code
	Concrete

Mix *
	Joint

Angle
	Shear

Connectors
	Peak

Strength

(kN)
	Def. at Peak

Strength,

dp (mm)
	Ult. def.,

du (mm)
	(du/dp)
	Toughness

(kN.mm)





	L1
	↑CC→CC
	0°
	--
	33.2
	15.8
	29.9
	1.89
	826



	L2
	↑CC→CC
	45°
	--
	28.3
	12.6
	21.0
	1.67
	459



	L3
	↑GR→CC
	0°
	--
	27.5
	19.6
	34.5
	1.76
	775



	L4
	↑GR→CC
	45°
	--
	26.9
	15.9
	27.9
	1.75
	618



	L5
	↑GL→CC
	0°
	--
	29.5
	13.9
	26.3
	1.89
	632



	L6
	↑GL→CC
	45°
	--
	26.3
	15.2
	30.6
	2.01
	659



	L7
	↑RECC→CC
	0°
	--
	28.7
	14.9
	18.3
	1.23
	387



	L8
	↑RECC→CC
	45°
	--
	28.0
	20.2
	28.8
	1.43
	687



	L9
	↑GL→CC
	0°
	4N8(ǀ)
	28.4
	15.8
	19.0
	1.20
	420



	L10
	↑GL→CC
	45°
	4N8(/)
	27.3
	15.1
	20.2
	1.34
	432







* The arrows show the locations of concrete mixes in the slab-beam joint.













 





Table 6. Results of concrete joints in beams subjected to bending.






Table 6. Results of concrete joints in beams subjected to bending.





	
Specimen Code

	
Concrete

Mix *

	
Bending Strength (MPa)




	
Value

	
Ave.

	
SD






	
B1

	
↓CC-↑CC

	
4.58

	
4.73

	
0.15




	
B2

	
↓CC-↑CC

	
4.88




	
B3

	
↓GR-↑CC

	
4.07

	
4.06

	
0.01




	
B4

	
↓GR-↑CC

	
4.05




	
B5

	
↓GL-↑CC

	
3.02

	
3.03

	
0.01




	
B6

	
↓GL-↑CC

	
3.04




	
B7

	
↓RECC-↑CC

	
7.09

	
6.77

	
0.32




	
B8

	
↓RECC-↑CC

	
6.44








* The arrows show the locations of concrete mixes in the beam joint.













 





Table 7. Results for concrete joints in columns subjected to axial compression.






Table 7. Results for concrete joints in columns subjected to axial compression.





	
Specimen Code

	
Concrete

Mix *

	
FRP

Confinement

	
Joint

Angle

	
Axial Strength (MPa)

	
Confinement

Effectiveness




	
Value

	
Ave.

	
SD






	
C1

	
↓CC-↑CC

	
--

	
0°

	
33.86

	
33.3

	
0.56

	
--




	
C2

	
↓CC-↑CC

	
--

	
0°

	
32.75

	
--




	
C3

	
↓CC-↑CC

	
--

	
45°

	
32.70

	
31.8

	
0.87

	
--




	
C4

	
↓CC-↑CC

	
--

	
45°

	
30.97

	
--




	
C5

	
↓CC-↑CC

	
2 layers

	
45°

	
90.38

	
90.4

	
--

	
2.8




	
C6

	
↓CC-↑GR

	
--

	
0°

	
29.62

	
31.6

	
2.00

	
--




	
C7

	
↓CC-↑GR

	
--

	
0°

	
33.62

	
--




	
C8

	
↓CC-↑GR

	
--

	
45°

	
28.51

	
29.0

	
0.49

	
--




	
C9

	
↓CC-↑GR

	
--

	
45°

	
29.50

	
--




	
C10

	
↓CC-↑GR

	
2 layers

	
45°

	
80.07

	
80.1

	
--

	
2.7




	
C11

	
↓CC-↑GL

	
--

	
0°

	
33.78

	
33.2

	
0.59

	
--




	
C12

	
↓CC-↑GL

	
--

	
0°

	
32.59

	
--




	
C13

	
↓CC-↑GL

	
--

	
45°

	
31.31

	
30.2

	
1.08

	
--




	
C14

	
↓CC-↑GL

	
--

	
45°

	
29.15

	
--




	
C15

	
↓CC-↑GL

	
2 layers

	
45°

	
78.03

	
78.0

	

	
2.6




	
C16

	
↓CC-↑RECC

	
--

	
0°

	
30.27

	
31.3

	
1.01

	
--




	
C17

	
↓CC-↑RECC

	
--

	
0°

	
32.29

	
--




	
C18

	
↓CC-↑RECC

	
--

	
45°

	
31.14

	
32.1

	
0.91

	
--




	
C19

	
↓CC-↑RECC

	
--

	
45°

	
32.96

	
--




	
C20

	
↓CC-↑RECC

	
2 layers

	
45°

	
92.60

	
92.6

	
--

	
2.9








* The arrows show the locations of concrete mixes in the concrete joint in columns.
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