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Abstract

:

Beam-column joints constructed in the pre-seismic building code do not provide transverse reinforcement and good reinforcement detailing within the region. These cause the occurrence of brittle shear failure, which is one of the factors affecting the number of reinforced concrete (RC) moment resistance building structures collapsing during an earthquake. Therefore, in this study a brittle beam-column joint with a non-seismic building code was designed and strengthened by a ferrocement. Four layers of wire mesh with a diameter of 1 mm and a mesh size of 25.4 mm were installed on both sides of the beam-column joint and cement mortar was cast on it. As a comparison, a ductile beam-column joint was also designed following the current building code, which considers seismic effects. The test results by applying reversed cyclic loading at the beam tip showed that strengthening using ferrocement prevents crack propagation, increasing the deformation capacity, ductility, stiffness, and energy dissipation of beam column joint which are higher than those of the beam-column joint which is designed following the current building code. However, the strengthening does not improve the load carrying capacity significantly.
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1. Introduction


Reinforced concrete (RC) buildings constructed in the 1970s and 1980s or earlier lacked transverse reinforcement installations in the beam-column joint region. Furthermore, they did not adhere to the requirements of a detailed reinforcement to withstand seismic loads because the building code at that time did not accommodate these effects on the beam-column joint structures. In Indonesia, the building code used to design certain structures during that period was NI-2 [1]. The absence of special provisions regarding reinforcement detailing and transversal reinforcement in beam-column joint region due to the ductile design philosophy has not been adopted yet, led to the failure of the beam-column joints. Globally, it is one of the causes of collapsed buildings during earthquakes [2,3,4,5,6,7,8,9,10,11,12,13,14]. During that era, many buildings were also designed without the strong column–weak beam design philosophy which results in the appearance of column hinges in their collapse pattern. However, the column hinges were also found although the structures are designed based on the strong column–weak beam criterion [15].



Generally, the beam-column joint experiences a brittle shear failure. Therefore, efforts are needed to strengthen the structures that were built in the 70s and 80s for their sustainability [16,17,18,19]. Several structural strengthening methods have been proposed to withstand seismic loads. These include the use of Fiber Reinforced Polymer (FRP) [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40], steel jacketing [20,41,42,43,44], pre-fabricated composite blocks [45], diagonal steel bars [46], steel haunch strengthening and confining joint reinforcement [44,47], injection of cracks with epoxy and concrete jacket [20,48,49], textile-reinforced engineered cementitious composites [50,51], installing reinforced concrete wing walls [52], and modified reinforcement technique [53]. However, those strengthening systems are expensive and need to be professionally installed.



Ferrocement is a type of thin reinforced concrete usually made of hydraulic cement mortar reinforced with a metallic mesh or similar materials [54] and has been used as a material for the strengthening of reinforced concrete structures. It possesses greater tensile strength and resistance to cracking than conventional reinforced concrete. Despite having similar durability, ferrocement is extremely elastic. In this study, ferrocement was used to strengthen the beam-column joint, because this method is cheap compared to the above-described methods, and its materials are always available, simple, and easy to install. Several studies have been carried out on its use as a beam strengthening material, and it was discovered to increase flexural capacity, stiffness, ductility, and energy dissipation [55,56,57,58,59,60,61]. Similarly, as a column strengthening material, it also significantly increases ductility and energy dissipation as well as load-bearing capacity and stiffness [62,63,64,65]. However, very limited studies have been carried out on beam-column joint strengthening using ferrocement [66,67,68].



This study was carried out with the aim to understand the deformation capacity of a beam-column joint designed with a non-seismic building code strengthened with ferrocement under reversed cyclic loading. The reversed cyclic loading was chosen to simulate the earthquake action in building structures since the strengthening method proposed in this study will be applied in building structures in a seismic prone area. The strengthened beam-column joint performance is then compared to the unreinforced one and used to ascertain the increase in its deformation capacity. Furthermore, it is also compared with the performance of beam-column joint designed with the current Indonesian building code [69], which considers the seismic loads effect to discern the strengthening efficiency to withstand such impacts. Therefore, it is expected that this study recommends an economical and practical structural strengthening method that is applicable when strengthening existing buildings. It is important to note that the behaviors of strengthened beam-column joint presented in this paper are only based on the experimental results. The numerical analysis with reliable models of such structure is considered for further study.




2. Experimental Program


2.1. Detail of Specimens


Three beam-column joint specimens were prepared as shown in Table 1. The beams and columns are designed to have similar cross-sectional width and longitudinal reinforcements. The beam cross-section is 300 mm × 400 mm with 8D14 mm longitudinal reinforcements. Furthermore, the transverse reinforcements is in the form of D10 mm stirrups, which are installed every 100 mm distance from the column face to as far as 200 mm in its front. In the other part of the beam, D10 mm stirrups are installed within a distance of 50 mm. The column cross-section is 300 mm × 300 mm with longitudinal reinforcements of 8D14 mm. Conversely, the transverse reinforcements in the form of D10 mm stirrups are installed every 100 mm distance from the beam face to as far as 200 mm in its front. In the other part of the column, D10 mm stirrups are installed within a distance of 50 mm. The installation of a tighter stirrup in those areas is to ensure that cracks do not occur in this area when a load is applied. This is due to the fact the beam-column joint is the only part observed in this study. The weak column–strong beam was selected to represent buildings constructed in the 70s and 80s. The mix proportion and the concrete compressive strength as well as reinforcing bar yield strength and Young’s modulus used for the beam-column joints are shown in Table 2 and Table 3. The concrete compressive strength presented in Table 2 is the average compressive strength tested on 20 cylinder specimens with diameter of 150 mm and height of 300 mm at the age of 28 days, while the yield strength and elastic modulus of steel bars presented in Table 3 were obtained from the test results on one specimen for each bar diameter.



BCJ1 is a beam-column joint specimen designed according to NI-2 [1] without using transverse reinforcement in the joint region. The beam longitudinal reinforcing bars are not continuously bent towards the upper and lower columns. Figure 1 shows details of specimen BCJ1. Specimen BCJ2 has a similar size and longitudinal reinforcement as BCJI. The difference is that specimen BCJ2 added stirrups in the joint region using bars with a diameter of 10 mm placed at a spacing of 100 mm according to the current Indonesian building code [69]. The beam longitudinal reinforcing bars are also bent towards the upper and lower column with a length of 500 mm therefore their functions as anchors. Comprehensive details of specimen BCJ2 are shown in Figure 2. The specimen BCJ3 was designed in a similar manner as BCJ1. However, it was strengthened using ferrocement on both sides of the beam-column joint, as shown in Figure 3. Subsequently, the strengthening was provided in the following way. The first step involves disassembling the concrete cover of the specimen in the joint area, up to 400 mm in front of the beam and column, with a thickness until the reinforcing bars of the specimen is visible with the thickness of 40 mm. Furthermore, a T-shaped wire mesh with 1 mm diameter and 25.4 mm mesh size, similar to the beam-column joint area was cut. Four layers of wire mesh were installed and mounted on both sides of the specimen with the orientation angle of 0° to beam and column longitudinal axis as shown in Figure 4. Afterward, the wire mesh was anchored to the specimen using 4 dynabolts. Finally, a cement mortar was re-cast (Figure 5). Cement and sand with a volume ratio of 1:4 and water to cement ratio of 0.5 was used for the mortar mixture. A polycarboxylate-based superplasticizer having a specific gravity of 1.06 with a content of 1% of cement weight was also added to the mixture thereby enabling it flows easily when filling the cavities of the wire mesh during casting. Furthermore, the strengthening of the beam-column joint with ferrocement was carried out on both sides of the specimen by strengthening it on one side first, and after the mortar has hardened, the same procedure was performed on the other side.




2.2. Loading Procedure


The specimen was first set on the loading frame, as shown in Figure 6. The column was placed horizontally above the loading frame by anchoring it at a distance of 200 mm from both ends using bolts. Furthermore, at both ends of the column, L shape steel is installed, welded to its longitudinal reinforcement, and anchored to the loading frame using bolts. The load is applied through an actuator driven by a hydraulic jack placed on the beam tip. A steel plate is installed on the beam surface to fasten the actuator and specimen, thereby providing a reversed cyclic loading under deformation control. Unloading and reloading were performed at the displacement of 0.75 mm, 1.5 mm, 3 mm, 6 mm, 12 mm, and 24 mm while two loading cycles were applied for each displacement as shown in Figure 7. After 12 cycles, the loading was continued with monotonic until the specimen failed.



Beam displacement was measured by installing 2 transducers on both sides at a distance of 600 mm from the column face, as shown in Figure 6. In the joint area, two π gages were mounted to measure the width of the crack that occurs. Furthermore, strain gages were installed at the longitudinal reinforcement as well as on the stirrups of the beam and column to measure the strains. Moreover, the applied load was measured with a load cell. All information acquired during loading was recorded with a data logger and entered into a computer. In addition, the crack pattern during the loading process was also observed and drawn until the failure of the specimen.





3. Results and Discussion


3.1. Crack Propagation and Failure Mode


Figure 8 clearly shows an image of the cracks that occurs at the BCJ1 specimen when the displacement was relatively 3 mm, 6 mm, 12 mm, and 24 mm. The crack did not occur until the displacement was approximately 1.5 mm. The first crack occurred at the beam-column joint corner in the longitudinal direction of the column towards the center of the beam in the direction of the push load. Furthermore, when the displacement was relatively 2.3 mm, the length of the first crack was increased to 300 mm. Another crack appeared at the same corner, however it was directed towards the center of the beam-column joint (inclined crack). When the displacement was approximately 3 mm, the crack that appeared first has turned towards the center of the column with a crack length of 100 mm and the inclined crack has reached the center of the beam-column joint as shown in Figure 8a. Figure 8b illustrates that when the displacement has reached 6 mm, 3 more cracks appeared, and with one starting at the corner of the beam-column joint in the longitudinal direction of the beam, it reached the other side of the column. Furthermore, another one started from the opposite side of the column in a slightly inclined direction, and the final crack appeared in the beam on the opposite side with the load applied and propagated to its center. Meanwhile, the first and second appeared cracks only increased in width. Consequently, when the displacement is relatively 12 mm, the second crack, which was an inclined crack, was propagated to the other side of the column until relatively 150 mm in front of the beam, as shown in Figure 8c. This inclined crack, as well as the horizontal one at the column face, increased in width with increasing in displacement. In addition, when the displacement was approximately 24 mm, another inclined crack appeared at another beam-column joint corner and propagated to the reverse side of the column until it was relatively 150 mm measured from the face of the beam. This crack formed an X shape together with the previously occurred inclined crack as shown in Figure 8d. Furthermore, lack of stirrups in the joint region led to a rapid increase in the width of the X crack and horizontal cracks that first appeared, thereby causing a decrease in load when the displacement reached 25.27 mm and structural failure in the subsequent cycle at 32.58 mm. The failure mode of the specimen BCJ1 is shown in Figure 9. This is a typical shear failure in the beam-column joints.



Crack propagation of specimen BCJ2 at a displacement of 3 mm, 6 mm, 12 mm, and 24 mm is shown in Figure 10. A crack occurred when a displacement exceeded 1.5 mm at the beam-column joint corner on the opposite side of the applied loading side. The crack propagated parallel to the longitudinal direction of the column. However, when the displacement was approximately 3 mm, the crack length was relatively 190 mm, as shown in Figure 10a. Another crack with a length of 30 mm simultaneously appeared on the side of the beam opposite the load. The application of a compressive load in the same cycle led to the formation of new cracks at an opposite corner which was also horizontal towards the previous one, thereby causing the two cracks to meet. At the time of applying the tensile load for the next cycle, a new crack with a length of 220 mm occurred, starting from the first one, which was located 50 mm from the face of the beam towards column’s longitudinal axis. Meanwhile, when the compressive load was applied in the same cycle, a similar incident where another crack occurred in the longitudinal axis direction of the beam leading to the inner joint, which started at the previous one with a length of 190 mm, as shown in Figure 10b. Besides, when the displacement was greater than 6 mm, inclined cracks started to occur at the joint. Furthermore, there were also cracks on the other side of the column and jointed with previous cracks in the column axis at the joint region when the displacement is relatively 12 mm, as shown in Figure 10c. In addition, when the crack in the beam propagated, its length was relatively 180 mm apart from the appearance of the other two cracks with similar lengths. Subsequently, when the displacement was approximately 24 mm, the cracks at the joint formed the X shape, as shown in Figure 10d. However, those X shape cracks did not increase in width when the displacement was greater than 24 mm, due to the stirrups provided in the joint region. This was different from specimen BCJ1, where the crack got wider and caused structural failure. In the BCJ2 case, the structure was still capable of deforming up to 52.39 mm and had only failed recently. Structural failure was also not caused by X-shaped cracks that occurred in the joints. However, it was caused by the widening of the cracks at the beam-column joint corner. The failure mode of specimen BCJ2 is shown in Figure 11.



Crack propagation of the specimen BCJ3 at displacement of relatively 3 mm, 6 mm, 12 mm, and 24 mm are shown in Figure 12. The first crack started immediately after the displacement exceeded 1.5 mm. Cracks also started from the beam-column joint corner on the loading side. In contrast to the BCJ1 and BCJ2 specimens, which the first crack was initially directed horizontally, in the BCJ3 specimen, the first crack had an inclined shape directed towards the center of the beam-column joint. Changes in the load direction led to the formation of a second crack on the other beam-column joint corner, which also had an inclined shape towards the beam-column joint center. In the next cycle a displacement of 3 mm was reached, and the 2 inclined cracks met at the middle of the column, in a vertical direction, away from the center of the beam-column joints. There was a cracked branch at a depth of approximately 1/3 of the column height in a horizontal direction towards its center as shown in Figure 12a. This crack failed to propagate and increase its width until the displacement was relatively 6 mm due to the presence of wire mesh. This was installed as a strengthening to prevent the propagation and widening of the crack as shown in Figure 12b. However, when the displacement was approximately 6 mm, another fine crack with a length of 5 mm appeared on the side of the column. As the displacement increased, the newly emerged inclined crack propagated towards the center of the beam-column joints. The initial crack also propagated towards the other side of the column. Furthermore, 2 other inclined cracks were formed, starting with the horizontal one that appeared first. Additionally, vertical and horizontal cracks appeared on the side of the column and beam respectively. There were also 2 vertical cracks in the beam ferrocement section. The shape of the crack when the displacement was relatively 12 mm is shown in Figure 12c. The crack pattern remained the same as shown in Figure 12d till the displacement was relatively 24 mm. There was an increase in the number of cracks on the beam and an additional vertical one on the side of the column. In the beam-column joint area, there was no increase in the length and width of the cracks. It was due to the presence of wire mesh installed on the beam-column joint as a strengthening way to prevent crack growth. This condition occurred in the next load cycle until the connection between the ferrocement and the old concrete surface was damaged at a displacement of 51.37 mm. This is almost similar to the maximum displacement of the BCJ2 specimen. The failure mode of the beam-column joints strengthened with ferrocement was delamination of the ferrocement from the old concrete as shown in Figure 13. Supposing the bond between the old concrete and ferrocement is made stronger, it is believed that the displacement achieved by this beam-column joint may increase, because at the time of failure the crack width in the joint area was less than 1 mm, thereby improves its deformation capacity and ductility.




3.2. Load and Displacement Relationship


The relationship between the load and displacement measured with transducers mounted on the beam for specimen BCJ1 is shown in Figure 14. The maximum load of this specimen is 73.95 kN at a displacement of 25.74 mm. When displacement was 24 mm, there was an extremely wide crack on the column face with a length has reached along the beam height. This also includes an X-shaped crack in the beam-column joint area, as shown in Figure 8d. Therefore, in the next cycle, the load only reached approximately 51.6 kN, and the specimen failed at the displacement of 32.58 mm. The absence of the anchorage of beam longitudinal reinforcement to column as well as no transverse reinforcement in beam-column joint region of this specimen led to the easy of crack propagation in this specimen, thereby leading to a small deformation capacity and ductility index. The first yield of beam’s longitudinal reinforcement of specimen BCJ1 occurred at a displacement of 12.07 mm.



The hysteretic load-deflection curve for specimen BCJ2 is shown in Figure 15. The displacement at the first yield of beam’s longitudinal reinforcement of specimen BCJ2 was 13.55 mm, which is similar to that of BCJ1. This is because both specimens have similar cross-sectional size and reinforcement. Due to the fact that specimen BCJ2 has a stirrup in the beam-column joint region, the maximum load is greater than that of the specimen BCJ1, which is 83.48 kN at a displacement of 23.15 mm. It is important to note that the presence of stirrups in the joint region and the anchorage of beam’s longitudinal reinforcement to relatively 560 mm into the column, causing delays in the widening and propagation of cracks, therefore the specimen was able to withstand any suddenly load drop as in the case of BCJ1. As a result, this specimen was able to sustain the maximum load in the next cycle. Furthermore, the specimen failure occurred at a displacement of 52.39 mm with a maximum load at failure of 77.89 kN, which was decreased by 6.7%. Therefore, the presence of transverse reinforcement in the beam-column joint region and the anchorage of beam’s longitudinal reinforcement in the column cause the deformation capacity to increase.



Figure 16 shows the hysteretic load-deflection curve for specimen BCJ3, which is a strengthening of the BCJ1 model using ferrocement. Similar to the cases of specimens BCJ1 and BCJ2, BCJ 3 experienced its first yield of longitudinal reinforcing bars at a deformation of 12.00 mm. Installation of wire mesh in the beam-column joint area had an insignificant effect on the maximum load, although it increased the deformation capacity of specimen BCJ3. The maximum load was similar to BCJ1, namely 75.64 kN at a displacement of 16 mm. In addition, this load remained constant until the displacement was 24 mm. There was no increase or decrease in load after a displacement of 16 mm because the specimen had significant number of cracks without any crack propagation and widening. The propagation and widening of cracks was prevented by wire mesh which was installed as a structural strengthening. As a result of the ferrocement strengthening, in the following cycle, the load did not decrease immediately as was the case of BCJ1, rather BCJ3 was able to undergo deformation even without increasing the load till a failure occurred at displacement of 52.04 mm with a load reduction of only 5%, which was equivalent to 71.86 kN. However, in the opposite direction, the maximum load of BCJ3 was 81.68 kN, which exceeded that of BCJ2 relatively 74.56 kN in the same loading direction. Therefore, the strengthening of beam-column joint designed with non-seismic building code using ferrocement improves the deformation capacity and ductility. The deformation capacity and ductility of strengthened beam-column joint even was higher than those of beam-column joint designed with current code. However, in this case, as previously reported, a failure occurred due to the delamination of the ferrocement from the old reinforced concrete beam-column joint. Furthermore, it is necessary to establish a good bond between the old concrete and the ferrocement, either by increasing the dynabolt anchor numbers or by providing a bonding adhesive between these old concrete and new mortar. Cases with a higher number of anchors and bonding adhesive between the old concrete and new mortar were not reviewed in this study and need to be further investigated.



The maximum loads, loads at first crack, loads at first yield of beam’s longitudinal reinforcing bars, and loads at failure together with their corresponding displacements of all specimens tested in this study are summarized in Table 4. Table 4 shows that the strengthening of beam-column joint with ferrocement did not improve the load carrying capacity, but enhanced the ability to deform after peak load. Therefore, the deformation capacity of strengthened beam-column joint was increased by 60%, which was almost similar to that was designed with current building code. To improve the load carrying capacity as well as the deformation capacity, it is recommended to use high strength heat-treated steel with fine grains for wire mesh in the future study since such steel has better performance in carrying static and dynamic loads [70,71]. This type of steel may be welded to reinforcing bars using welding heat input [72], so that the delamination of ferrocement that occurred in this study may be prevented.



The enveloped load-displacement curves of the 3 specimens tested in this study were compared as shown in Figure 17. It also shows that strengthening the beam-column joints designed with a non-seismic building code using ferrocement increases the deformation capacity. Therefore it is similar to a beam-column joint designed with a new building code that takes into account the effects of seismic.




3.3. Structural Ductility


Structural ductility is defined as the ability of a structure to undergo large inelastic deformation without experiencing significant loss of strength. In this study displacement ductility index was used for assessing the structural ductility. The displacement ductility index (μ) is defined as the ratio of ultimate displacement (Δu) to yield displacement (Δy) as follows [73]:


  μ =    Δ u     Δ y     



(1)







For specimen BCJ1, ultimate displacement is defined as displacement corresponding to 15% drop of maximum load [37,74,75,76,77]. Since the maximum load for specimens BCJ2 and BCJ3 at failure dropped only by 6.75 and 5%, respectively, then the ultimate displacement for those specimens is given as failure displacement.



The yield displacement was assessed by three different methods. For the first method, the yield displacement is defined as the displacement at the first yield of reinforcing bars as presented in Table 4. The second method is based on balance of energy. The detail description on how to calculate the yield displacement based on the balance of energy can be found in the references [68,74,75]. The third method is based on the general yielding. The detail description on how to calculate the yield displacement based on the general yielding can be found in the references [68,74]. Since the yield displacement obtained by those three different methods was almost similar, then the average value was used in calculating the displacement ductility index.



Table 5 presents the yield displacement, ultimate displacement, and displacement ductility index of all specimens tested in this study. The table shows that the structural ductility of the ferrocement-strengthened beam-column joint was improved by 91% which was higher than the ductility of beam-column joint designed with the new seismic building code. This significantly ductility improvement is due to the inhibition of the crack propagation by the resistance of the installed wire mesh. As a result, the failure of the beam-column joint, which was originally brittle, becomes more ductile. These results indicate that the structures constructed before the implementation of the seismic building code may be strengthened by using ferrocement. Therefore it is presumed to have a similar deformation capacity and ductility as building structures designed with the new seismic building code. This aids in preventing sudden collapse due to failure of the beam-column joint during an earthquake.




3.4. Stiffness Degradation


Stiffness is one of the parameter that can show the seismic performance of reinforced concrete members which is the ability to resist deformation [75,76]. In this study, the stiffness was calculated as secant modulus of envelope load-displacement curves in positive direction shown in Figure 17. Figure 18 shows the comparison of the stiffness of all beam-column joint specimens tested in this study. It further shows that the presence of wire-mesh in the beam-column joint strengthened with ferrocement tends to increase its initial stiffness due to the higher elastic modulus of wire-mesh compared to the elastic modulus of concrete. Since there was no crack and the linear load-displacement relationship at the initial stage of loading, the stiffness was constant until the displacement of around 1.5 mm. The presence of cracks that occurred due to loading leads to stiffness degradation along with an increase in beam displacement, as shown in the figure. The stiffness degradation of all tested specimens is similar and closely related to the existent crack propagation.




3.5. Energy Dissipation


The total energy given to a structure under loading is called the input energy. Some of the input energy given to a structure is absorbed (dissipated) by the structure. Energy dissipation is described as the ability of a structure to absorb energy through the yielding process in the plastic hinge region. It is used in designing an earthquake-resistant building structure that is ductile in the plastic hinge area. This, therefore, leads to plastic deformation that occurs before failure. The greater the energy dissipation of a structure, the greater it is able to withstand earthquake loads.



Energy dissipation at each cycle can be calculated from the enclosed area within load-displacement loop at this cycle. The cumulative energy dissipation is calculated by summating energy dissipated in previous cycles [68]. Figure 19 shows the cumulative energy dissipation of all beam-column joint specimens tested in this study as a function of displacement. Furthermore, when there was slight deformation, the energy dissipation of all the specimens was similar. As the displacement increased, the beam-column joint specimen strengthened with ferrocement provided greater cumulative energy dissipation than the unreinforced. The energy dissipation of ferrocement-reinforced specimens was almost similar to the specimens designed with the new seismic building code. Even at the displacement greater than 20 mm, the strengthened beam-column joint had a greater cumulative energy dissipation, which shows the effectiveness of beam-column joint strengthening using ferrocement in resisting earthquake loads.




3.6. Comparison with Previous Studies


Table 6 presents the comparison of improvement of maximum displacement, ductility, initial stiffness, and energy dissipation obtained from this study and the previous studies [66,68] with the difference in strengthening scheme. This table shows that the different strengthening scheme affects the improvement of deformation capacity. The number layer of wire mesh and its orientation angle affect the improvement of maximum displacement and ductility significantly. Meanwhile, the addition of diagonal reinforcement improves energy dissipation significantly.





4. Conclusions


In this research, the deformation capacity of the reinforced concrete beam-column joint designed with a non-seismic building code was investigated. In addition, structural strengthening was analyzed and compared with the deformation capacity of a similar structure designed with the new seismic building code. Strengthening was carried out using ferrocement provided on both sides of the beam-column joint using 4 layers of wire mesh with a diameter of 1 mm and mesh of 25.4 mm. The reversed cyclic loading test results show that the beam-column joint strengthened with ferrocement improved the deformation capacity and ductility. The beam-column joint, which initially experienced brittle shear failure after being strengthened, increased its ductility index from 2.23 to 4.26. This was greater than the ductility index of the beam-column joint designed with the new seismic building code, which was 3.84. The beam-column joint, which initially failed at a displacement of 32.58 mm after being strengthened with ferrocement, failed at a displacement of 52.04 mm and was almost the same as the displacement, which was designed with the new seismic building code. Moreover, the strengthening also significantly improved its stiffness and energy dissipation. Meanwhile the load carrying capacity of the strengthened beam-column joint was 75.64 kN, a slight higher than that of non-strengthened one which was 73.95 kN, but still lower than that was designed with new seismic building code which was 83.48 kN. The failure of the beam-column joint strengthened with ferrocement occurred due to the delamination of ferrocement from the old reinforced concrete beam-column joint.
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Figure 1. Detail specimen BCJ1. 






Figure 1. Detail specimen BCJ1.
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Figure 2. Detail specimen BCJ2. 
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Figure 3. Detail specimen BCJ3. 
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Figure 4. Wire mesh already installed on one side of the beam-column joint. 
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Figure 5. Re-casting the beam-column joint after installing the wire mesh. 
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Figure 6. Loading set up. 






Figure 6. Loading set up.
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Figure 7. Displacement controlled loading history. 
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Figure 8. Crack propagation of specimen BCJ1 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm; and (d) 24 mm. 
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Figure 9. The failure mode of specimen BCJ1. 
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Figure 10. Crack propagation of specimen BCJ2 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm; (d) 24 mm. 
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Figure 11. The failure mode of specimen BCJ2. 
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Figure 12. Crack propagation of specimen BCJ3 at displacement of: (a) 3 mm; (b) 6 mm; (c) 12 mm; (d) 24 mm. 
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Figure 13. The failure mode of specimen BCJ3. 
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Figure 14. The hysteretic load-displacement curve for specimen BCJ1. 
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Figure 15. The hysteretic load-displacement curve for specimen BCJ2. 
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Figure 16. The hysteretic load-displacement curve for specimen BCJ3. 
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Figure 17. Envelope load-displacement curves. 
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Figure 18. Degradation of stiffness. 
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Figure 19. Cumulative energy dissipation. 
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Table 1. Detail of specimens.






Table 1. Detail of specimens.





	Specimen
	Description





	BCJ1
	Beam column joint designed based on NI-2 [1]



	BCJ2
	Beam column joint designed based on SNI 2847:2020 [69]



	BCJ3
	Beam column joint designed based on NI-2 [1] and strengthened with ferrocement
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Table 2. Mix proportion of concrete.






Table 2. Mix proportion of concrete.





	Materials
	Quantity





	Cement (kg)
	317



	Water (kg)
	205



	Fine sand (kg)
	365



	Coarse sand (kg)
	729



	Split stone dmax 20 mm (kg)
	729



	w/c
	0.65



	Slump (mm)
	12



	Compressive strength (MPa)
	24.8
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Table 3. Yield strength and Young’s modulus of reinforcing bars.
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	Bar Diameter (mm)
	Yield Strength, fy (MPa)
	Young’s Modulus (GPa)





	14
	310
	200



	10
	375
	200
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Table 4. Maximum loads (Pmax), loads at first crack (Pcr), loads at first yield of reinforcing bars (Py) and loads at failure (Pfail) and their corresponding displacements (Δ).






Table 4. Maximum loads (Pmax), loads at first crack (Pcr), loads at first yield of reinforcing bars (Py) and loads at failure (Pfail) and their corresponding displacements (Δ).





	
Specimen

	
Load (kN) and Displacement (mm)

	
Ratio of Δfail to Δfail,BCJ1




	
At First Crack

	
At First Yield

	
Maximum

	
At Failure




	
Pcr

	
Δcr

	
Py

	
Δy1

	
Pmax

	
Δm

	
Pfail

	
Δfail






	
BCJ1

	
22.68

	
1.80

	
56.85

	
12.07

	
73.95

	
24.01

	
51.6

	
32.58

	
1.00




	
BCJ2

	
29.53

	
1.57

	
68.38

	
13.55

	
83.48

	
23.15

	
77.89

	
52.39

	
1.61




	
BCJ3

	
34.14

	
1.55

	
65.14

	
12.00

	
75.64

	
24.00

	
71.86

	
52.04

	
1.60
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Table 5. Displacement ductility index.






Table 5. Displacement ductility index.





	Specimen
	Δu (mm)
	First Yield, Δy1 (mm)
	Balance of Energy, Δy2 (mm)
	General Yielding, Δy3 (mm)
	Δy,avg (mm)
	μ
	Ratio of μ to μBCJ1





	BCJ1
	27.60
	12.07
	12.42
	12.65
	12.38
	2.23
	1.00



	BCJ2
	52.39
	13.55
	13.65
	13.78
	13.66
	3.84
	1.72



	BCJ3
	52.04
	12.00
	12.26
	12.43
	12.23
	4.26
	1.91
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Table 6. Comparison of improvement of maximum displacement, ductility, initial stiffness, and energy dissipation obtained from this study and the previous studies [66,68].






Table 6. Comparison of improvement of maximum displacement, ductility, initial stiffness, and energy dissipation obtained from this study and the previous studies [66,68].





	
Strengthening Scheme

	
Improvement in (%)




	
Orientation Angle

	
Number Layer of Wire Mesh

	
Maximum Displacement

	
Ductility

	
Initial Stiffness

	
Energy Dissipation






	
0° (Present study)

	
4

	
60

	
91

	
29

	
71




	
45° [66]

	
3

	
18

	
NA *

	
12

	
16




	
60° [66]

	
3

	
20

	
NA *

	
68

	
21




	
0° with addition of diagonal reinforcement [68]

	
2

	
22

	
17

	
19

	
154








NA * = not available.
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