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This study delves into the efficacy of external strengthening methods in improving the shear behavior of defected reinforced concrete (RC) beams that lack shear stirrups, utilizing both experimental and numerical methodologies. Failure risk of such beams is a potential threat which is mitigated carefully to increase building safety and sustainability to avoid risk of construction failure. Ten RC beams underwent three-point experimental testing to assess the influence of the strengthening scheme and the presence of mechanical anchors. Two beams were designated as control specimens, while eight beams were strengthened with the application of additional strain-hardening cementitious composite (SHCC) layer in various configurations. These configurations encompassed single-sided, two-sided, and strip applications, with the inclusion of mechanical anchors. The study found that employing a single-sided SHCC, incorporating vertically bent bars into the RC beam, is recognized for its efficient alleviation of degradation in shear reinforcement. The incorporation of three SHCC strips to partially reinforce the compromised beams demonstrated a modest impact on the initial stiffness. Nevertheless, noteworthy enhancements of 46% and 42% were observed in both cracking and ultimate loads, respectively. Furthermore, increasing the number of the SHCC strips to four resulted in a more significant improvement in the load–deflection responses. Enhancing the compromised beams by applying four SHCC strips to the beams using bolts offers a feasible alternative to the configuration where SHCC was uniformly attached along the entire defected zone. Moreover, a numerical model was created to simulate the tested beams. The model effectively anticipated the progression of cracks, ultimate capacity, and deflection, indicating excellent agreement with the experimental observations.
Keywords: failure risk mitigation, strengthening, shear, strain-hardening cementitious composite, externally bonded, reinforced concrete beam, mechanical anchor, finite element modeling
1 INTRODUCTION
Reinforced concrete (RC) structures require rehabilitation throughout their lifetime. They may also exhibit some defects that need strengthening or capacity improvement. Defects of RC members can be attributed to either human or natural reasons (Elsamak and Fayed, 2020; Zheng et al., 2021; El-Mandouh et al., 2022; Elsamak et al., 2022; Hamoda et al., 2023f; Abdallah et al., 2024; Ghalla et al., 2024b). Shear related defects are one of the most important issues that must be considered for RC beams. This type of defects can result in the unpreferable brittle failure, due to shear reinforcement problems, that should be avoided through strengthening and rehabilitation of defected RC beams (Muttoni and Fernández Ruiz, 2008; Basha et al., 2019; Autrup and Joergensen, 2021; Emara et al., 2023; Ghalla et al., 2024a). Strengthening the defected RC beams can mitigate their associated risks of failure which should be considered and managed carefully to increase building safety and sustainability, avoiding the creation of secondary subsequent risks which can cause construction failure.
In recent decades, various methods for strengthening structures have arisen, such as the externally bonded (EB) method (Mansour et al., 2024). This technique requires attaching steel or fiber reinforced polymer (FRP) composites along the outer face of the element, for prolonging their life cycle (De Lorenzis and Teng, 2007; Guo et al., 2021). In the EB strengthening technique, employing FRP composites provides various advantages, including a notable strength-to-weight ratio, preservation of structural member sections, straightforward application, and corrosion resistance. However, their drawbacks lie in the epoxy resin that binds the fibers. This is attributed to their high cost, inapplicability on wet surfaces, and a decrease in performance when exposed to fire (Gao et al., 2018; Tahmouresi et al., 2022).
The utilization of high-performance concretes is increasingly prevalent in the external rehabilitation of the RC structures, extending its application to the restoration of both concrete members and masonry elements (Tetta et al., 2015; Koutas et al., 2019; Alharthi et al., 2021; Giese et al., 2021; Larrinaga et al., 2022; Emara et al., 2024a; Emara et al., 2024b). In addition, the integration of fibers into these concretes has resulted in strengthened RC members demonstrating heightened fire resistance and enhanced adaptability to environmental surroundings. While the technique does cause a substantial improvement in stiffness as well as shear capacity of RC beams, the increase in deformability remains minimal (Gao et al., 2018; Tran et al., 2021). Numerous studies in the existing literature have investigated factors influencing this technique, including the thickness of layers, application strategy, and use of anchors (Triantafillou and Papanicolaou, 2006; Liu and Thermou, 2023).
The substitution of epoxy resins with textile reinforced mortar or fiber-reinforced cementitious matrix has indicated their effectiveness in externally reinforcing concrete elements (Elsanadedy et al., 2019). Nowadays, strain-hardening cementitious composites (SHCCs) are gaining increased prominence as a promising material for strengthening, owing to their enhanced characteristics in comparison to traditional concrete (Li et al., 1994; Emara et al., 2021; Abd et al., 2023; Abed et al., 2024; Hou et al., 2024). SHCCs are beneficial for their use as strengthening materials due to their numerous advantages. These include increased ductility, durability, enhanced toughness, reduced crack widths, improved energy dissipation, ease of application, compatibility, and mitigation of fire risks better than utilizing polymer-based materials (Pan et al., 2022). The use of reinforced SHCC layers for shear strengthening has notably improved shear capacity; however, instances of observed debonding failure have been documented (Zheng et al., 2021; Liu and Thermou, 2023). Employing mechanical anchors could offer a viable solution to prevent the identified debonding issue (Aljazaeri and Myers, 2017).
Sakr et al. (2019) studied the behavior of shear critical RC beams that were strengthened using reinforced and unreinforced precast ultra-high performance fiber concrete (UHPFC) plates over the entire length of the beams on one side with or without shear anchors. It was found that by strengthening the control beam along its entire length using an unreinforced plate with a thickness of 60 mm and without shear anchors, the capacity of the beam increased by 34%, and when utilizing the same plates but by reinforcing them transversely with a reinforcement ratio of 0.6%, the ultimate capacity of the control beam increased by 120%. This strengthening technique did not succeed in changing the failure pattern as the strengthened beams failed by debonding of the plates. Hekal et al. (2023) found that shear strengthening utilizing UHPFC plates on both sides along the entire length of the beam changed the failure mode to that of ductile bending and gave a higher capacity when compared to shear span strengthening only, which failed by debonding.
Mohamed et al. (2020) reported the failure by debonding of some shallow-wide beams strengthened externally by SHCC side plates. Hassan et al. (2020) studied the behavior of RC beams defected with openings in the shear span zone, which were strengthened with precast SHCC side plates as an alternative to the concrete side cover. The variables of the study were the effect of the dimensions of openings for un-strengthened beams, and effect of strengthening these beams using non-reinforced SHCC and SHCC reinforced with galvanized steel wire mesh. It was found that there was no failure by debonding of these plates and that strengthening using SHCC reinforced plates increased the ultimate capacity of the defected beam by 86.1%.
Hassan et al. (2021) investigated the behavior of shear critical T-shaped RC beams, which were strengthened using a U-shaped SHCC jacket reinforced transversely with different ratios. The parameters included beam preloading levels and the effect of shear crack injection using epoxy before the strengthening process. The transverse reinforcement of the SHCC layer was implanted at the bottom of the slab to prevent debonding. It was resulted that for beams that had not been previously loaded and by utilizing a SHCC jacket reinforced transversely with a ratio of 1.08%, failure by debonding was avoided and the beam’s ultimate capacity and ductility increased by 104% and 67%, respectively.
Baraghith et al. (2022) evaluated the behavior of RC beams with weak shear capacity and strengthened with SHCC strips reinforced with layers of glass fiber textile mesh (GFTM). To resist debonding, the SHCC strips were placed inside grooves drilled on the external surface of the beams. The investigation focused on the effect of the number of layers of reinforcement inside the strips, spacing between the strips, orientation angle of the strips, configuration of strengthening (sided-U-full wrap), and location of the strips in relation to the location of the internal stirrups. It was concluded that the use of the strips of SHCC reinforced with six layers of GFTM and applied to the beams externally aligned with the internal stirrups within the groove at a 90° orientation angle to the beams’ axis increases the beam’s ultimate capacity and ductility by 142% and 127%, respectively.
Baraghith et al. (2023) assessed the behavior of dapped-end beams strengthened with external or internal precast SHCC plates. The study examined the impact of using vertical or diagonal external side plates in the concrete cover zone, as well as the effect of employing internal diagonal plates of varying thicknesses. It was found that failure by debonding was avoided for all the beams. The beam internally strengthened with a precast SHCC plate inclined at an orientation of 45° was able to increase the shear capacity and ductility by 91% and 81%, respectively.
Khalil et al. (2023) strengthened RC deep beams in shear utilizing precast SHCC plates bonded using epoxy adhesive within grooves in the concrete cover zone. The variables were the effect of spacing between the plates, width of the plates, reinforcement of the plates, and applying prestressing to the plates. Failure by debonding was avoided, and the technique of employing precast prestressed reinforced plates of SHCC was able to increase the shear capacity and ductility by 68.5% and 225%, respectively.
This research indicates a notable absence of studies on the behavior of shear-critical RC beams that are externally strengthened with reinforced cast-in-situ SHCC plates/strips, specifically when applied to the shear span only. This study hypothesizes that the use of reinforced cast-in-situ SHCC for strengthening RC beams will enhance the shear performance, with variations in the application method (e.g., complete plates versus disconnected strips, internal versus external shear connectors, and one-sided versus two-sided strengthening) yielding distinct outcomes. The objective of this research is to validate this hypothesis through experimental tests and numerical simulations, providing insights that could lead to more efficient and effective strengthening techniques.
2 EXPERIMENTAL PROGRAM
The research investigation was designed to assess the effectiveness of using external SHCC layers to enhance the shear performance of defected beams. The selection of the SHCC area and configuration were based on the hypothesis presented in Section 1. This hypothesis suggests that the method of the SHCC application whether through complete plates, disconnected strips, internal or external shear connectors, or one-sided versus two-sided strengthening could significantly influence the shear performance of RC beams. Consequently, the SHCC area was chosen to specifically target the shear-critical zones of the beams, ensuring that the tested configurations could effectively explore the anticipated variations in performance (Table 1). Figure 1 illustrates the analyzed normal concrete (NC) specimens featured a cross-section measuring 100 mm × 200 mm, a clear span of 1,300 mm, and an overall length of 1,500 mm. Each beam was reinforced with two steel reinforcement bars: 16 mm in diameter for tension and 10 mm in diameter for compression. The reference beam without defects (B0) was shear-reinforced with 8 mm stirrups space out at 100 mm intervals along its length, as depicted in Figure 1A. For the defected beam (DB) and strengthened beams, 8 mm stirrups were set apart every 100 mm along half of the beams, while the other half lacked shear reinforcements except for one central stirrup, utilized for aligning the longitudinal reinforcement (Figure 1B).
TABLE 1 | Specifications of tested beams.
[image: Table 1][image: Figure 1]FIGURE 1 | Characteristics of beams: (A) control specimen and (B) defected specimen. (Units: mm).
The experiment was organized into five sets, as detailed in Table 1. G1 comprised two RC beams, functioning as the control. The first beam (B0) served as the reference beam without any defects and was designed to collapse by flexure (Figure 1A), while the second beam (DB) represented a defected beam with shear zone weakness attributed to the absence of transverse stirrups, as shown in Figure 1B.
The subsequent groups (G2 to G5) consisted of two RC beams each and were designed to examine the influence of various strengthening configurations employing SHCC. G2 and G3 were strengthened with utilizing SHCC layer affixed to the defected beams throughout the entire length of the defected span (half of the beams). The primary distinction between the two groups lies in the application of the SHCC layers: G2 specimens were reinforced only on one side of the beams, as displayed in Figure 2. The need to strengthen the RC beams from one side appears when there is an obstacle in strengthening the other side of the beams, and this is evident in the beams adjacent to the neighbor’s buildings, while G3 specimens had SHCC layers applied to both sides of the beams, as demonstrated in Figure 3. Strengthening the bottom surface of the beams may be obstructed by architectural wall partitions, limiting strengthening to only the two sides of the beams. In the aforementioned two groups, the SHCC layers were strengthened by incorporating two horizontal 8 mm steel reinforcement bars, and in the vertical direction, 8 mm reinforcement bars were spaced at intervals of 100 mm. In one beam from each group, the vertical bars of SHCC were bent to secure them in the beam (Figures 2B, 3B). There were two purposes for bending these vertical bars inside the original beam. The first goal was to increase the bond of these bars within the SHCC layer by making their ends hooked instead of straight. The second goal was to strengthen the contact surface between the SHCC layer and the surface of the strengthened beams.
[image: Figure 2]FIGURE 2 | Strengthening details for G2: (A) SB-1S and (B) SB-1S-A. (Units: mm).
[image: Figure 3]FIGURE 3 | Strengthening details for G3: (A) SB-2S and (B) SB-2S-A. (Units: mm).
The last two groups, denoted as G4 and G5, involve the partial strengthening of the damaged zone through the incorporation of spaced SHCC layers, as indicated in Figures 4, 5. In each group, one beam underwent partial reinforcement on each side, employing three SHCC layers with a spacing of 325 mm, while the counterpart beam was partially strengthened on each side with four SHCC layers spaced at 217 mm intervals. The primary distinction between G4 and G5 lies in the utilization of anchor bolts in G5, connecting the SHCC layers to the beam, as depicted in Figure 5. This anchoring mechanism was not applied in G4, as illustrated in Figure 4. For partially strengthened RC beams, each SHCC layer was reinforced using two 8 mm vertical steel reinforcement bars. It is noteworthy to mention that the thickness of all SHCC layers was 25 mm.
[image: Figure 4]FIGURE 4 | Strengthening details for G4: (A) SB-2S-3 and (B) SB-2S-4. (Units: mm).
[image: Figure 5]FIGURE 5 | Strengthening details for G5: (A) SB-2S-3-B and (B) SB-2S-4-B. (Units: mm).
In the beams of G2 and G3, side plates were not only used in the shear span zone but also extended to the end of the beams. To ensure a fair comparison and considering the anticipated increase in the beams’ ultimate capacity due to the strengthening process, strengthening strips were placed at the center of each support for the beams of G4 and G5 in anticipation of local collapses there. Fayed et al. (2020), Jumaa and Yousif (2019), and Cavagnis et al. (2015) concentrated stirrups internally in the region of each support to avoid local failure resulting from stress concentration.
Table 1 outlines the identification of the beams as follows: the initial designation, SB, signifies the strengthened beams, the second element denotes the number of reinforced sides (1S or 2S), and the final element, if present, includes, the letter A indicating anchored steel bars, the numbers 3 or 4 displaying the quantity of partially applied SHCC layers, and the letter B designating the use of anchor steel bolts.
2.1 Mix composition and materials characteristics
The components mentioned by Abdallah et al. (2024) were relied upon to prepare SHCC. Table 2 provides the proportions required for formulating both NC and SHCC. The manufacturing process utilized Type I ordinary Portland cement, and 10 mm aggregate size. In the production of SHCC, polyvinyl alcohol (PVA) discrete fibers, characterized by an aspect ratio of approximately 1,000 (length = 12 mm and diameter = 0.012 mm), were employed. According to the datasheet, the PVA strength in tension is 400 MPa with an elongation of 80%. Standard cylinders (150 mm × 300 mm), of NC and SHCC, were prepared for 28-day compression testing. The average values of three tested cylinders were 31.8 MPa and 64.4 MPa, respectively, referring to the average compressive strength of NC and SHCC, as presented in Figure 6. Furthermore, dog-bone shaped specimens, depicted in Figure 6, were fabricated and subjected to testing to ascertain the concrete strength in tension. NC exhibited brittle behavior under direct tension, failing abruptly upon reaching its maximum tensile strength of 3.27 MPa. Cracks propagated quickly without significant resistance, leading to sudden failure. In contrast, SHCC demonstrated superior performance. With a maximum tensile stress of 4.67 MPa, SHCC underwent multiple stages of deflection. Upon initial cracking, fiber bridging mechanisms redistributed stress, delaying crack propagation (Zeng et al., 2023; Zeng et al., 2024). This resulted in enhanced ductility and strain-hardening behavior, allowing SHCC to carry loads beyond its ultimate tensile strength. The stress–strain curves under direct tension for NC and SHCC are illustrated in Figure 6B. These curves have been simplified to facilitate numerical modeling work. Additionally, to characterize the employed steel reinforcement bars, direct tensile testing was conducted. The stress–strain curves attained from steel testing along with the idealized counterparts are displayed in Figure 7.
TABLE 2 | Ingredients of concrete blends.
[image: Table 2][image: Figure 6]FIGURE 6 | Direct tensile tests of concrete and SHCC: (A) compression stress–strain curve, (B) tension stress–strain curve, (C) specimens’ dimensions (Units: mm), (D) NC testing, and (E) SHCC testing.
[image: Figure 7]FIGURE 7 | Experimental and idealized stress–strain curves for steel.
2.2 Strengthening configurations
Figures 2–5 show the strengthening arrangements employed in the present study. In general, for all configurations, the surface slated for strengthening underwent adaptation post-concrete hardening. Subsequently, reinforcement bars were strategically positioned, followed by casting of SHCC after spraying epoxy adhesive onto the beams’ concrete surface, which was left to harden. In Figure 2A, SHCC was cast into wooden formwork affixed to one side of the beam. In Figure 2B, holes were drilled into the beam, and vertical reinforcement bars were bent and inserted, anchoring them with epoxy. Similar procedures to those in Figures 2A,B were followed in Figures 3A,B, respectively. However, the key distinction lies in SHCC being cast on both sides of the beam. Strengthening configurations presented in Figures 4, 5 involved adapting wooden formworks to produce the strips illustrated in the figures, after which SHCC was cast. For specimens featuring anchor bolts, following casting of SHCC, holes were drilled into the SHCC layer, extending into the beams. Subsequently, chemical epoxy was poured into these holes to secure the bolts. Afterward, steel bolts were inserted into the holes, as depicted in Figure 5B.
2.3 Setup arrangement and instrumentation
Each beam was experimented using three-point loading technique, shown in Figure 8, employing a deflection control mechanism until failure. Throughout various loading phases, the entire load–deflection response was meticulously documented utilizing a calibrated cell and LVDT that was strategically positioned opposite the loading point.
[image: Figure 8]FIGURE 8 | Tests arrangement: (A) schematic setup of tests and (B) tested specimen. (Units: mm).
3 EXPERIMENTAL OUTCOMES
This section is concerned with presenting and analyzing experimental outputs, including Pcr, Δcr, Pu, ΔPu, K, E. The cracking load (Pcr) is the load corresponding to the occurrence of the first crack. If it occurs near the region of maximum moment, it is called flexural cracking load (Pcrf), and if it occurs in the region of maximum shear, it is called shear cracking load (Pcrs). It is worth noting that in the current study, the flexural crack load was always less than the shear crack load. Both load values are presented in Table 3. The cracking displacement (Δcr) is the vertical deflection corresponding to Pcr. The ultimate load capacity (Pu) is the maximum load that the beam can resist, after which the beam begins to enter the softening stage. The displacement at ultimate load (ΔPu) is the vertical deflection corresponding to Pu. The elastic stiffness (K) is the slope of the linear portion at the beginning of the load–deflection curve. The absorbed energy (E) is the area under the load–deflection curve. The load–deflection curve is the relationship between the total load acting on the beam and the deflection occurring at its middle below the load.
TABLE 3 | Experimental findings.
[image: Table 3]3.1 Cracks and failure inspection
In the case of the control beam, B0, the initial appearance of a flexural crack appeared at the midpoint at 26.38 kN, representing approximately 32% of its capacity. By increasing the load, additional flexural cracks emerged, extending vertically. With more loading, flexural-shear cracks initiated and propagated to the point of loading (Figure 9A). Ultimately, the beam experienced flexural failure at about 83.65 kN.
[image: Figure 9]FIGURE 9 | Cracks in G1: (A) control beam and (B) defected beam.
For the defected beam, DB, a major shear crack initiated in the defected zone near the support due to the absence of transverse shear stirrups, occurring at a shear cracking load (Pcrs) of approximately 27.20 kN. The flexural cracks occurred in the middle of the beam at a load of 13.12 kN. This value was roughly 50% lower than the cracking load observed in beam B0. With increasing load, additional cracks emerged within the defected region and progressed up to the point of the loading (Figure 9B). The observed failure was categorized as shear failure at an ultimate load of approximately 51.26 kN, marking a reduction of about 39% compared to the control beam. Notably, Figure 9B clearly demonstrated that if the cracks occurring in the zone containing stirrups are compared to those occurring in the defected zone (non-stirrup zone), the cracks are minor and are barely noticeable.
The crack patterns detected in G2, characterized by single-side strengthening, are displayed in Figure 10. A notable disparity in crack patterns was noted between the beams with and without anchoring. Beam SB-1S exhibited its initial crack at approximately 18.77 kN (43% greater than the defected beam DB). This crack originated in the SHCC layer along the shear region of the specimen, as indicated in Figure 10A. The crack extended, due to increased load, horizontally parallel to the reinforcement bars of the SHCC layer. With further loading, the crack inclined at a 45-degree angle upwards toward the loading point. Furthermore, flexural-shear cracks initiated at around 41 kN and propagated with continued loading. Additionally, at 67% of ultimate load (Pu), beam SB-1S experienced midspan flexural cracks that propagated vertically. However, despite the improvements in both Pcrf and Pu compared to beam DB, the beam had a brittle shear failure when reaching a load of approximately 75.62 kN.
[image: Figure 10]FIGURE 10 | Cracks in G2: (A) SB-1S and (B) SB-1S-A.
Conversely, beam SB-1S-A, sharing the same strengthening configuration as beam SB-1S, except for the modification that involved bending the vertical reinforcement bars of the SHCC layer to create anchors within the beam, demonstrated an improved distribution of cracks, as depicted in Figure 10B. The initial crack initiation occurred at approximately 27% of the ultimate load (22.23 kN). With progressive loading, a succession of cracks developed across the beam, ranging from flexural to flexural-shear cracks. Upon reaching Pu, the beam had a preferable flexural failure. In comparison to SB-1S, beam SB-1S-A displayed a superior crack pattern and increased values for Pcrf and Pu by approximately 18% and 8%, respectively. The application of a single-sided SHCC, with vertically bent bars incorporated into the strengthened beam, was observed to effectively compensate for deterioration in the shear reinforcement, thereby enhancing both the critical Pcrf and Pu, as well as influencing the pattern of cracks.
Figure 11 presents the crack patterns observed in the beams of G3, featuring SHCC on both sides of the defected zone. For beam SB-2S, the first crack appeared within the strengthened zone at approximately 20.01 kN. Subsequently, multiple cracks initiated and propagated in a shear manner. In particular, a single crack emerged within the middle of the beam body at around 55 kN, progressing vertically, as illustrated in Figure 11A.
[image: Figure 11]FIGURE 11 | Cracks in G3: (A) SB-2S and (B) SB-2S-A.
For beam SB-2S-A, cracks were observed in both the defected and undefected zones (Figure 11B). Within the defected zone, two primary cracks appeared, while flexural and shear cracks manifested in the undefected zone. The initial crack was detected at 25.22 kN, and failure occurred at 95.34 kN. The incorporation of vertical reinforcement bars as anchors in beam SB-2S-A resulted in a noticeable enhancement of both Pcrf and Pu by approximately 26% and 10%, respectively, when compared to beam SB-2S without anchors.
Beams SB-2S-3 and SB-2S-4 within G4 indicated their initial cracks at 19.15 kN and 23.58 kN, respectively. These cracks originated adjacent to the support of the defected zone and extended upwards in a shear manner, as depicted in Figure 12. As the load intensified, the cracks traversed the SHCC layers, and upon reaching the yielding stage, flexural cracks emerged in the center of the beam and propagated upwards. Beam SB-2S-4 (Figure 12B) exhibited a greater number of flexural cracks compared to SB-2S-3 (Figure 12A), attributed to its improved capacity resulting from the increased number of the SHCC strips. An almost similar trend was witnessed within G5 (Figure 13), wherein higher Pcrf values were recorded. Specifically, for SB-2S-3-B and SB-2S-4-B, Pcrf values were 28.26 kN and 30.11 kN, respectively.
[image: Figure 12]FIGURE 12 | Cracks in G4: (A) SB-2S-3 and (B) SB-2S-4.
[image: Figure 13]FIGURE 13 | Cracks in G5: (A) SB-2S-3-B and (B) SB-2S-4-B.
3.2 Load–deflection, stiffness, and energy absorption
Load–vertical midspan deflection responses are shown in Figure 14 for all the specimens subjected to testing, while Table 3 presents the critical loading values recorded along with their subsequent midspan deformations at both the cracking and ultimate loading phases. In Figure 14A, the absence of shear reinforcement in the defected beam (DB) resulted in a significant reduction in initial stiffness, cracking, and ultimate loads compared to beam B0. Upon entering the cracking stage, a considerable decrease of approximately 50% in the cracking load was observed, coming with an 87% rise in the corresponding deflection. As the load continued to increase, beam B0 demonstrated a hardening characteristic before reaching its ultimate load, a behavior that was not observed in beam DB. The latter failed in a brittle shear manner within the defected zone owing to the absence of transverse stirrups. The recorded Pu of specimen DB was 38.7% lower than that of beam B0, with an elastic stiffness approximately 73.4% lower. Moreover, it is noteworthy that beam B0 exhibited a higher capacity to withstand deformation through its ultimate stage.
[image: Figure 14]FIGURE 14 | Load–deflection characteristics of tested beams: (A) G1, (B) G2, (C) G3, (D) G4, and (E) G5.
The implementation of a single-side SHCC layer remarkably improved the overall performance of strengthened beams compared to the defected one (Figure 14B). At initial loading stage, both SB-1S (without anchors) and SB-1S-A (with anchors) displayed nearly identical load–deflection behaviors until cracking. The observed Pcrf values were 18.77 kN for SB-1S and 22.23 kN for SB-1S-A. In the post-cracking phase, a slight divergence was noted between the two specimens considering the load–deflection until failure. The beam SB-1S-A indicated a Pu of 7.6% higher than SB-1S. Despite the improved crack pattern provided by SB-1S-A, it is worth to mention that the anchored bars did not yield significant enhancement compared to the unanchored beam. The average elastic stiffness of the strengthened beams was 55% higher than that of the defected beam but 59% lower than the undefected one. In essence, the enhancement provided falls within the range between the defected and undefected beams. Cracking and ultimate loads demonstrated average increases of approximately 56% and 53%, respectively, with respect to DB.
The application of the SHCC layers on both sides of the defected zone (G3) led to a more remarkable improvement for the compromised beam. In this scenario, the anchorage in beam SB-2S-A contributed greater enhancement to the overall behavior compared to beam SB-2S, which lacked anchorage, as depicted in Figure 14C. The recorded values of Pu and Pcrf for beam SB-2S were 86.01 kN and 20.01 kN, respectively, surpassing those of the defected beam, showcasing a significant 97.4% enhancement in initial stiffness, as presented in Table 3. By utilizing vertical reinforcement bars within the SHCC layer as anchors, the reinforced beam effectively mitigated the degradation observed in the defected beam, aligning its behavior closely with that of B0. This resulted in 14% improvement in capacity and successfully prevented debonding of the SHCC layer. According to Table 3, introducing the SHCC strips on one side of the damaged beam led to a 17% rise in midspan deflection at Pu for beam SB-2S and a 19% increase for beam SB-2S-A, in comparison to the defected beam. These values were notably 33% and 32%, respectively lower than those observed in the undefected beam.
Within G4, the partial strengthening of the compromised beam with three SHCC strips (SB-2S-3) exhibited a modest impact on the initial stiffness. Nevertheless, there was a noteworthy 46% enhancement in Pcrf, as displayed in Figure 14D. Subsequent to the development of cracks, the load–deflection stiffness experienced a slight augmentation up to an ultimate load of approximately 72.93 kN, marking a 42.3% increase with respect to DB, as illustrated in Table 3. Increasing the number of the SHCC strips to four led to more pronounced improvement in the load–deflection response compared to both DB and the beam strengthened with three SHCC strips, although it still remained below that of the control non-defected beam, as depicted in Figure 14D. The recorded Pu and Pcrf for beam SB-2S-3 were 42% and 46%, respectively, surpassing those of the defected beam, demonstrating a 25% improvement in initial stiffness, as provided in Table 3. The incorporation of either three or four SHCC strips gave greater deflection allowance for the reinforced beams. Specifically, the observed midspan deflection at Pu for beam SB-2S-3 was 42% higher than that of the defected beam and 18% less than that of the master one. Similarly, the observed midspan deflection at Pu for beam SB-2S-4 was 54% higher than that of the defected beam and 11% lower than the beam B0.
Figure 14E displays the load–deflection characteristics observed in specimens of G5, where strengthening involved the application of the SHCC strips in conjunction with chemical anchor bolts. Both beams, whether reinforced with two or three layers, indicated enhanced performance regarding stiffness, load capacity, and deformability. The initial stiffness of specimens SB-2S-3-B and SB-2S-4-B increased by 60% and 101%, respectively, compared to DB. Furthermore, Pu and Pcrf increased by 91% and 115%, respectively, for beam SB-2S-3-B, and by 105% and 129%, respectively, for beam SB-2S-4-B.
Upon comparing all the aforementioned groups, it is evident that G5 consistently presented higher load–deflection values at all loading stages. Following closely were the beams strengthened with the SHCC layers on both sides along the entire length of the shear span, as seen in G3, which illustrated the highest initial stiffness. The introduction of anchors connecting the additional SHCC layer to the defected zone enhanced the behavior and mitigated the risk of debonding of the strengthening layer. Moreover, the use of chemical anchor bolts in G5 yielded superior results when compared to the implementation of vertical reinforcement bars as anchors in G3. In addition, strengthening of the defected zone by affixing four SHCC strips to the beam using bolts (SB-2S-4-B) could serve as a viable alternative to applying SHCC over the entire length of the defected zone (SB-2S-A). It should be noted that, the presence of additional flexural reinforcement in the strengthening layer also affected the shear capacity of the strengthened beams.
It is noteworthy that regardless of the identified failure mode, the strengthening configuration applied in G5 could effectively compensate for the deficiency in shear stirrups and provide a higher capacity compared to B0.
Figure 15 shows absorbed energy for each beam. The results revealed a significant improvement in absorbed energy when various strengthening configurations were applied, although all recorded values remained below that of beam B0. The most noticeable improvement was observed in beam SB-2S-4-B, utilizing four anchored SHCC strips, with a difference of only 7.5% compared to B0. Based on Table 3 and comparing to DB, the average increases in absorbed energy were 167%, 196%, 156%, and 257% for G2, G3, G4, and G5, respectively.
[image: Figure 15]FIGURE 15 | Absorbed energy of tested specimens (kN.mm).
4 NUMERICAL SIMULATION
Numerical modeling possesses a distinctive capability to economize the time, expenses, and manpower typically associated with experimental testing. This attribute not only facilitates comprehensive parametric explorations but also enables the anticipation of structural element responses. The widely acclaimed structural analysis software, Abaqus, relies on the finite element method, renowned for its efficiency in both static and dynamic, and linear and nonlinear analyses. In this section, a numerical investigation was conducted on the behavior of RC beams featuring defected shear zones, examining both their strengthened and un-strengthened conditions through finite element modeling (FEM) utilizing the Abaqus program.
4.1 FEM designation and interactions
In the modeling stage, the 8-node C3D8R element (Elsamak et al., 2023; Alharthai et al., 2024) was employed simulating the loading and support plates, SHCC layers, and beams, as depicted in Figure 16. Conversely, the 2-node T3D2 truss element was used to indicate the stirrups and longitudinal reinforcement bars (Elsamak and Fayed, 2021; El-Mandouh et al., 2023; El Zareef et al., 2024). A mesh sensitivity analysis was performed on the model of the beam SB-2S-4 using mesh sizes of 25 × 25 mm, 15 × 15 mm, and 10 × 10 mm. The results indicated that a mesh size of 15 × 15 mm was optimal, balancing the accuracy with the efficiency of the analysis time.
[image: Figure 16]FIGURE 16 | Setup of FEM for: (A) control specimen, (B) defected specimen, (C) G2, (D) G3, (E) G4, and (F) G5, and (G) bilinear traction–separation constitutive law.
The load was applied as a displacement to a reference point connected to the loading plate through the tie constraint. As displayed in Figure 16, the complete beam was modeled, with the left support being regarded as a roller and the other support as hinged. To simulate the behavior of the epoxy adhesive bonding SHCC to concrete, the cohesive-damaged interaction approach was utilized (Hamoda et al., 2023d; Abdallah et al., 2024; Salama et al., 2024a), which comprises three stages. Initially, it characterizes shear stiffness of this interaction. Then, it identifies the point where the maximum shear stress occurs on this surface, and finally, it describes the behavior of this interaction after reaching the maximum stress stage. The behavior of this interaction is presented in Figure 16G. According to Guo et al. (2005), the value of k0 can be estimated using the formula: k0 = 1/(ti/Gi + tc/Gc), where ti denotes the resin thickness, tc represents the concrete thickness, and Gi and Gc are the shear moduli of resin and concrete, respectively. A parametric analysis was performed to determine the optimal values for τmax and Gf (Figure 16G). Both numerical and experimental load–deflection curves, as well as collapse patterns, exhibited significant convergence when τmax was set to 1.5 MPa and Gf to 0.9 MPa. This finding is consistent with the result of Obaidat et al. (2010) and Hamoda et al. (2023b). Increasing the values of τmax and Gf resulted in a stronger interaction, leading to collapse patterns differing from those observed experimentally. The interaction between anchors or bolts and concrete surrounding them was modeled as a full bond–embedded region constraint. Conversely, the interaction between bolt head and SHCC involved a combination of hard contact, permitting separation behavior in the normal direction, and a penalty friction coefficient of 0.44 in the tangential direction. This approach has been widely adopted by numerous researchers (Shi et al., 2007; Shi et al., 2008; Wang et al., 2013; El-Khoriby et al., 2017; Hamoda et al., 2023c; Elsamak et al., 2024; Salama et al., 2024b). The connection between concrete and longitudinal bars and stirrups of reinforcement steel was upheld as an inclusive embedded restraint. In this configuration, steel constituted the embedded element, while concrete served as the host component. Additionally, a perfect bond was established between the beam and the support plates.
4.2 Simulation of materials
FEM employed the concrete damage plasticity (CDP) model to replicate the performance of NC and SHCC. The CDP model is adept at simulating the tensile and compressive concrete responses, crucial for assessing tensile cracking and compressive crushing (Emara and Hamoda, 2019; Hamoda et al., 2019; Hamoda et al., 2023a; Hamoda et al., 2023d; Hamoda et al., 2023e). The non-linear constitutive behavior of NC was defined based on Carreira and Chu (1985). Equation 1 delineates the stress–strain behavior under compression, while Equation 2 was used to predict the stress–strain response under tension.
[image: image]
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In this scenario, fc and εco represent the maximum stress and strain in compression, while σc and εc designate the concrete stress and strain, respectively. The factor β can be estimated utilizing Equation 3.
[image: image]
Highly different from traditional concrete, SHCC exhibits remarkable characteristics such as high strain capacity in tension and efficient control of cracks. Consequently, a specialized model becomes imperative for a more precise simulation of the stress–strain response in SHCC. In this research, the compressive stress–strain of SHCC was emulated utilizing the model advocated by Zhou et al. (2015) through Equation 4. Moreover, Equation 5 was employed to replicate the bilinear stress–strain of SHCC.
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Equation 4 defines σc and εc as the stress and strain, in compression, respectively. In addition, it includes εcp, which represents the compressive strain at the peak stress fc. The equation further introduces E0 as the elastic modulus. Equation 5 outlines σtc and εtc as the stress and strain, in tension, at crack initiation, while also incorporating σtu and εtu as the ultimate tensile stress and its consistent strain, respectively.
To optimize the factors of the CDP model, a sensitivity assessment was carried out, leading to determination of a dilation angle (ψ) set at 25° for NC and 30° for SHCC (Emara et al., 2022). The viscosity parameter (μ) plays a role in achieving convergence in Abaqus. μ = 0.00001 was selected, as values lower than this caused solution difficulties, while higher values produced load–deflection curves deviating from the desired behavior. The other parameters of the CDP model were chosen based on the default values recommended by Abaqus.
The elastic-plastic relationship was utilized to replicate the performance of steel encompassing both stirrups and reinforcement bars. This model was developed according to direct tensile testing results, as illustrated in Figure 7. The figure showcases the experimented and conceptualized stress–strain for steel components.
4.3 Finite element analysis outcomes
Validation of the FEM results was conducted by comparing them to the experimental observations, with a particular emphasis on the load–deflection relationship (Figure 17) and crack patterns (Figure 18). The results demonstrated the precision of FEM in predicting diverse aspects such as cracking, ultimate capacity, and deflection throughout all the stages.
[image: Figure 17]FIGURE 17 | Experimental and numerical (FE) results: (A) G1, (B) G2, (C) G3, (D) G4, and (E) G5.
[image: Figure 18]FIGURE 18 | FEM versus experimental cracks inspection: (A) master beam, (B) non-stirrup beam, (C) G2, (D) G3, (E) G4, and (F) G5.
Numerically, the critical internal shear strengthening strains in the control beams, B0 and DB, as well as reinforcements within the SHCC layer of the strengthened beams, were traced at the locations indicated in Figures 1–5, labeled as S1. It is worth noting that these locations were selected because of their proximity to a potential shear crack. Figure 19 depicts the relationship between the strain of these elements and the total load of the beams.
[image: Figure 19]FIGURE 19 | Relationship between load and strain for analyzed beams: (A) beams that did not reach yield stress level and (B) beams that exceeded yield stress level.
Figure 19A shows that the shear reinforcement strain did not reach the yield strain for some beams. This can be attributed to the avoidance of failure by shear, either due to flexural failure, as observed in beam B0, or collapse caused by debonding of the strengthening layer before the reinforcement within it reached the yield strain, as witnessed in beams SB-1S, SB-1S-A, SB-2S, SB-2S-3, and SB-2S-4. Figure 19B displays that the shear reinforcement in the remaining beams has indeed reached the yield strain. This confirms the occurrence of shear failure in beam DB and also validates the effectiveness of the strengthening method employed for beams SB-2S-A, SB-2S-3-B, and SB-2S-4-B. This is related to the non-debonding nature of the strengthening layer, confirming the occurrence of failure due to bending. Figure 20 illustrates the development of the cohesive shear stress with loading under the SHCC layer for beam SB-2S, confirming the occurrence of debonding of the SHCC layer.
[image: Figure 20]FIGURE 20 | Development of cohesive shear stress with loading under SHCC layer for SB-2S: (A) 0% P, (B) 33% P, (C) 67% P, and (D) 100% P.
To enhance the clarity, Table 4 provides an assessment of the FEM results pertaining to critical parameters, including cracking and ultimate load, along with their associated deflections, in comparison to the experimental findings. During the cracking phase, the average ratios for the FEM-predicted cracking load to the experimentally observed load, as well as their respective deflection ratios, were 1.04 and 0.96, respectively. The standard deviations (SD) for these ratios were 0.0114 and 0.0142, with corresponding coefficients of variation (CoV) values of 0.001 and 0.0013, respectively. At the ultimate phase, the average ratios of the load and deflection were 1.03 and 1.02, respectively. The SD values were recorded at 0.0073 and 0.022, with CoV standing at 0.00066 and 0.002, as detailed in Table 4.
TABLE 4 | FEM and experimental results.
[image: Table 4]Furthermore, Figure 18 demonstrates the effective simulation of different failure modes and crack propagation by FEM, aligning well with the experimentally detected outcomes. Figures 18A,B exhibit the flexural failure of the control non-defected beam and the brittle shear failure of the defected one, respectively. Moreover, FEM precisely captured the effect of the SHCC layers’ configuration on the failure of the strengthened specimens (Figure 18).
5 PARAMETRIC STUDY
A parametric study was conducted utilizing a validated numerical model, as confirmed in Section 4. This study aims to explore the behavior of shear-defected RC beams with varying concrete strengths. Four beams, similar to the beam DB used in the experimental program, with concrete strengths of 30, 35, 40, 45, and 50 MPa, were considered as reference beams. All these beams were strengthened in a manner like the previously mentioned beam SB-2S-3-B. Figure 21 illustrates the ultimate load capacity of these beams before and after strengthening, as well as the percentage increase in their ultimate load capacity due to the strengthening process. It is observed that as the concrete strength of the reference beams increases, the effectiveness of the strengthening process decreases. For instance, the beam with a concrete strength of 30 MPa exhibited an ultimate load capacity of 47.32 kN before strengthening and 78 kN after strengthening, representing a 65% increase in the capacity. This increase drops to 38% for the beam with a concrete strength of 50 MPa.
[image: Figure 21]FIGURE 21 | Ultimate load capacity of parametrically studied beams.
6 CONCLUSION
This article investigated, through both experimental and numerical approaches, the efficacy of employing the SHCC layers for external strengthening RC beams lacking shear reinforcement which contributed to mitigate the risk severity of these RC beams. Ten RC beams were subjected to experimentation, and the evaluation of the strengthening configurations’ impact was made. The obtained findings can be summarized as below:
• Single-sided SHCC with vertically bent bars: The integration of vertically bent bars within a single-sided SHCC layer effectively mitigated shear reinforcement degradation, leading to significant improvements in Pcrf and Pu and positively influencing the crack pattern.
• Double-sided SHCC strengthening across the entire shear span: The use of vertical reinforcement bars as anchors in the SHCC layer proved effective in restoring the performance of the compromised beam, closely aligning it with the control beam (B0). This approach resulted in an 86% increase in the load capacity compared to the defected control beam and successfully prevented debonding of the SHCC layer.
• Partial reinforcement employing three SHCC strips: Applying three SHCC strips for partial reinforcement of the compromised beam had a modest impact on the initial stiffness, but it resulted in a substantial 46% improvement in Pcrf. There was a slight enhancement in the load–deflection stiffness in post-cracking, culminating in an ultimate load of approximately 72.93 kN, representing a 42% improvement in the beam DB.
• Enhanced reinforcement with four SHCC strips: Increasing the number of the SHCC strips to four remarkably improved the load–deflection response compared to both the defected beam and the beam reinforced with 3 strips, although it still did not reach the performance of the non-defected control beam. The achieved flexural cracking load Pcrf and Pu were 23.58 kN and 83.45 kN, respectively, demonstrating an 81% improvement in the initial stiffness over the defected beam.
• Deflection capacity with three or four SHCC strips: The application of either three or four SHCC strips allowed for greater deflection in the strengthened beams. The midspan deflection at the ultimate load for the beam with 3 strips was 42% higher than that of the defected beam and 18% lower than that of the control beam. Similarly, for the beam with 4 strips, the midspan deflection at Pu was 54% greater than that of the defected beam and 11% lower than that of the control beam.
• Alternative strengthening method using bolted SHCC strips: Strengthening the defected zone by affixing four SHCC strips utilizing bolts emerged as a viable alternative to the full-length SHCC application across the defected zone, offering similar improvements in the beam performance.
• Validation of the finite element model and parametric study: The proposed finite element model accurately replicated the behavior of the tested beams, effectively predicting their failure modes and crack patterns. The parametric study revealed that as the concrete strength increases, the effectiveness of the strengthening process decreases, with a 65% capacity increase observed for beams with 30 MPa concrete strength, compared to a 38% increase for the beams with 50 MPa concrete strength.
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