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Abstract

:

The need for openings in RC structures has increased, but their presence significantly affects the performance and strength of the structures. While small openings can be managed with additional reinforcement, dealing with large openings in reinforced or pre-stressed concrete members is challenging due to the lack of technical information and specific guidelines. This research provides an up-to-date overview of RC beam–column joints that incorporate web openings and evaluates appropriate strengthening methods. The research discusses the classification of openings in RC beams, considering factors such as size and shape. Additionally, it examines the failure modes of RC beams in relation to flexural and shear behavior when web openings are present. The research also provides a comprehensive review of various strengthening techniques, outlining their advantages and disadvantages. In conclusion, larger openings in beams result in reduced strength, while increasing loads lead to higher deflection, strain, and cracking until failure. Openings are classified as small or large based on their impact on beam behavior. Multiple smaller openings are preferred over a single large opening when size becomes excessive. Optimal placement is in the middle of the section to ensure adequate concrete coverage for the chords. Sufficient concrete and depth are essential for ultimate compression during bending and effective shear reinforcement.
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1. Introduction


The practice of using reinforced concrete beams with openings to accommodate utility pipes is a common construction method, as it facilitates the efficient routing of pipes through the structure. However, these openings can have a significant impact on the behavior of the structure, which makes it crucial to examine their effects on the behavior of the beam–column joints under cyclic loading. The presence of openings can reduce the effective cross-sectional area of the beam, leading to a decrease in its strength and stiffness. Moreover, openings can produce stress concentrations, which can cause the member to crack and potentially fail. Cyclic loading can significantly affect joint behavior causing damage to the structure.



Studies have been conducted on reinforced concrete beams with openings to understand the effects of opening size, shape, and mechanisms of crack initiation and propagation. For example, research on beams with different opening sizes showed that the presence of openings reduces the capacity of shear load and can lead to brittle failure. Most cracks occurred around the shear zone opening, in the direction of the compression zone. Other cracks appeared at the moment zone and increased in length as the load increased until the beam failed [1].



Another study found that the presence of an opening led to an increase in deflection of around 50% and a decrease in load capacity of approximately 50%. Circular openings were also investigated in previous research [2,3]. One study examined the impact of a small circular opening on the shear and flexural behavior, as well as the ultimate capacity, of beams made of normal and high-strength concrete [4,5]. The results indicated that increasing the diameter of the opening reduced the ultimate strength of the beam, while deflection, strain, and cracks increased with the load until failure. In the following sections of this literature review, the most significant outlines of previous studies carried out by researchers which are about the behavior of beams with openings are reported.




2. RC Beam Web Opening Classification


This section explores the categorization of reinforced concrete (RC) beams that have web openings, focusing on the size and placement of these openings. Openings in these beams can be sorted into two categories: small and large. The optimal location for an opening depends on its size. In practice, web openings come in a variety of shapes, such as circular, rectangular, diamond, triangular, trapezoidal, and irregular. Circular and rectangular shapes are most commonly employed.



Mansur and Tan mentioned in their research that the classification of an opening as small or large should be based on the structural response of the beam [6,7,8]. An opening is considered small if it allows the beam to continue behaving like a conventional beam. Conversely, if the beam’s typical behavior is disrupted due to an opening, that opening is categorized as large [9].



The discussion further includes the Vierendeel action concept and the development of a four-hinge mechanism as a precursor to failure. These hinges are presumed to develop in the truss chord members, specifically at a distance equal to half the overall depth of a chord member (h/2), measured from the vertical faces of the opening. This is illustrated in Figure 1, with the subscripts t and b denoting the top and bottom chords, respectively.



The definition of small and large openings depends on the length of the opening in relation to the larger of the two depths, ht and hb. When the length of the opening is less than or equal to hmax, it is considered a small opening, while an opening longer than hmax is considered a large opening. It is important to ensure that the members above and below the opening have adequate depth to accommodate the reinforcement scheme, and in the case of circular openings, an equivalent square should be used to determine hmax [6].



A. Ahmed et al. [10] referenced Mansur and Tan’s recommendations on the size and location of web openings in beams. For T-beams, they suggest that openings be level with the flange to facilitate construction. Rectangular beams usually should have openings at their mid-depth. The proximity of openings to supports or concentrated loads is also crucial; they should be situated no closer than half the beam’s depth to avoid shear failure. As for the depth of the openings, it should not exceed 50% of the beam’s total depth. Finally, considerations regarding the chord members’ stability—particularly the compression chord—and deflection limits influence the opening’s length. If a larger opening is required, it is advisable to choose multiple smaller openings that serve the same purpose rather than a single large one.



In the case of beams with rectangular openings, the typical Vierendeel action is often linked to the formation of a four-hinge plastic mechanism. However, B. Aykac et al. [11] observed a crucial deviation in beams with circular openings, where this Vierendeel action was notably absent. The lack of such a mechanism in beams with circular openings significantly underscores the impact that the shape of the opening has on the structural behavior and failure patterns of the beams.




3. Effect of Opening Location and Size on Behavior of the Beam


The positioning of web openings in concrete beams may have a significant impact on the overall structural behavior of beams, impacting aspects such as the load-carrying capacity, the amount of deflection, and the stress distribution [12,13]. Incorrect positioning or size of these openings may lead to a reduction in the beam’s overall efficiency. In order to maintain the necessary level of structural performance, it is thus vital for engineers to take into consideration the effects of web opening location which is shown in previous studies that greatly affect the behavior of beam–column joints [14,15].



Mohamed et al. conducted a study focusing on the analysis of reinforced concrete deep beams with web openings, using the damaged plasticity model in ABAQUS software version 6.7 [16]. Their investigation included a variety of beam configurations: simply supported deep beams subjected to both three-point and four-point bending, as well as continuous deep beams. These configurations were tested both with and without web openings. The study revealed that web openings intersecting anticipated compression struts could lead to a significant reduction, of 35%, in the beam’s load-bearing capacity and should thus be avoided. In contrast, web openings that did not intersect with these struts resulted in a more modest 6–8% reduction in capacity, dependent on the dimensions of the openings. The depth of the opening is the most critical factor for maintaining overall beam capacity, with the study recommending a maximum opening depth of 20% of the beam’s overall depth to prevent a reduction in capacity exceeding 10%. Additionally, the study found that reinforcement distribution could also impact the beam’s capacity. A reinforcement range between 0.1 and 0.2 times the overall depth (H) of simply supported deep beams was recommended to minimize capacity reductions between 0.3% and 12%.



Ahmed M. Sayed conducted a separate study using finite element (FE) modeling as a tool to predict the shear load capacity of reinforced concrete beams with vertical openings [17]. This research employed parametric analyses to evaluate how the location, number, and dimensions of the openings could affect the ultimate shear load capacity and failure modes of the beams. The FE model’s predictions were validated by comparing them to existing experimental data on similarly structured beams. The study concluded that the FE model was accurate in predicting both the failure modes and the ultimate load capacities. A key finding was that increasing the diameter of circular openings resulted in a reduction in both the maximum deflection at the failure load and the ultimate load capacity. The diameter of the opening was found to have a more noticeable effect than the number of openings in these parameters. Furthermore, the study demonstrated that the vertical opening diameter, when placed on the width of the beam section, had a more significant effect than the shear span length on the maximum deflection at failure load and ultimate load capacity.



In their study, D. N. Jabbar et al. [18] focused on understanding the shear behavior of reinforced concrete beams, conducting experiments on four beams subjected to three-point loading. The research comprehensively captured all material properties, leading to a detailed analysis of the ultimate loading capacity and deflection at the beams’ mid-span. An in-depth examination of the control failure mode was also presented. The study’s findings highlighted that beams with circular openings demonstrated superior performance. These beams, compared to those with different opening shapes, exhibited higher ultimate loading capacities and lower deflections, indicating their effectiveness in structural applications. The research also revealed that all the tested beams showed bi-linear load–deflection curves, a characteristic suggesting considerable ductility. This observation points to the necessity for further research, particularly in understanding how additional variables, like the reinforcement of openings with steel rebars and the eccentricity of openings, might influence the shear behavior of perforated RC beams.



In their study, A. El-Kareim et al. [19] explored the shear behavior of flanged deep beams with web openings, comparing them to traditional beams with a rectangular section. They found that beams with openings failed along two sets of diagonal cracks near the openings, in contrast to the diagonal failure of solid beams. The presence of openings not only reduced stiffness but also led to earlier crack formation. Flanges in the beams provided early warning signs of failure and enhanced shear distress. While strength degradation in rectangular beams was abrupt, it was more gradual in flanged beams. Additionally, flanged beams showed a higher reserve capacity than their rectangular counterparts, indicating their enhanced structural resilience.



W. Mansour’s [20] study, employing finite element modeling, explored the impact of web openings on the structural performance of continuous reinforced concrete (RC) beams, particularly when these beams were reinforced with fiber-reinforced polymer (FRP) layers. The research specifically examined the location of openings. In the study, continuous beams were classified into three zones based on internal straining actions. Zone I is characterized by upward shear forces and experiences less than the maximum sagging moment. Zone II faces both upward and downward shear forces, along with the maximum sagging moment. Zone III is subject to downward shear forces coupled with the maximum hogging moment, categorized into three zones, I, II, and III, and their size, ranging from 22,500 to 75,000 mm2, affected the beams’ ultimate load capacity and failure patterns. The study’s findings indicated a significant decrease in load capacity due to web openings. Beams with openings in zone II experienced the most substantial reduction, with load capacities decreasing by 7.3% to 66.1% compared to control beams. However, the study noted an improvement in load capacities when opening locations were altered. In beams with openings in zone I, the reduction in load capacities ranged from 5.3% to 26.3%, while in zone III, the reduction was between 13.6% and 52.7%. Notably, zone I was identified as the most optimal location for minimizing structural impact. Additionally, the study emphasized that the opening area was a critical factor influencing both the load capacity and stiffness of the beams. For instance, the specimen with the largest opening (75,000 mm2) showed a 26.3% reduction in load capacity compared to the solid beam, B-0-0. As the opening area decreased, there was a noticeable improvement in both load capacity and stiffness.



3.1. Configuration of Longitudinal and Shear Reinforcement and Design Method


From Figure 2,



Vt = shear force at the top chord;



Vb = shear force at the bottom chord;



Mt = moment at the top chord;



Mb = moment at the bottom chord;



Nt = normal force at the top chord;



Nb = normal force at the bottom chord.
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Figure 2. Detail of large opening section [6]. 






Figure 2. Detail of large opening section [6].
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Mm = Mt + Mb,



(1)




where Mm is the moment at the center of the opening.


Vm = Vt + Vb



(2)




where Vm is the shear force at the center of the opening.


Vt = (M2 + M1)/Lo = 2M2/Lo; Vb = (M4 + M3)/Lo = 2M4/Lo



(3)
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Ensuring the continuity of longitudinal reinforcement both at the bottom and the top of the section, especially adjacent to the web opening, is crucial. Engineers commonly use idealized column interaction diagrams along with the strain compatibility method to design the extra reinforcement needed for each chord member to withstand the combination of bending moment and axial force. A thorough evaluation of all the possible combinations of bending moments and axial forces within the relevant interaction diagram is necessary to confirm that the reinforcement is sufficient. This is especially true for the flexural capacity of the top chord, making it essential to design the reinforcement accordingly.



When it comes to shear forces, they can typically be calculated using Equation (3). While the design condition depends on known forces—usually comparable to those found in standard reinforced concrete beams and slabs—it is important to note that the ACI-318 [9] guidelines specify that the effects of axial forces in the chord members need to be integrated into the design process. This ensures that all structural considerations are adequately accounted for, leading to a more robust and reliable structure.




3.2. Deflection Design


While conventional methods for ensuring serviceability often involve limiting the effective span-to-depth ratio to control deflection, this approach is not entirely accurate when dealing with beams that have openings. Given this limitation, it becomes imperative to calculate the actual service load deflection for a more precise assessment. In such scenarios, analyzing the beam under its ultimate load becomes a useful strategy, particularly when the reinforcement detailing is clearly specified. This allows for a more accurate evaluation of the beam’s serviceability under real-world conditions, ensuring that it meets the necessary deflection requirements.





4. Strengthening of RC Beam with Web Opening Using FRP


This section will present research carried out in the past on enhancing the performance of RC beams with web opening by using FRP strengthening methods. Reinforcement is necessary around openings in concrete beams to maintain their strength and stiffness. However, it is impossible to achieve this reinforcement when openings are made after construction or through drilling. To counteract the loss of strength in beams with openings, researchers have employed various techniques, including the application of fiber-reinforced polymer (FRP) strengthening. This approach focuses on improving the confinement, flexural, and shear strength of the region surrounding the beam’s opening. The following paragraphs of this section present a selection of studies that have successfully employed FRP strengthening to reinforce beams with openings.



Research in the area of structural engineering has delved into the potential of fiber-reinforced polymers (FRPs) for strengthening various structural elements [4,20,21,22,23,24,25,26,27,28,29,30,31]. One innovative approach, studied by X. F. Nie et al. [25], was termed flexural weakening–shear strengthening. This involved creating a web opening in the beam to reduce its flexural capacity and then enhancing its shear strength through external FRP reinforcement. Known as the WOLSS technique, this method was tested on eight full-scale reinforced concrete beams. The proposed system involved wrapping the web chord fully with carbon fiber-reinforced polymer (CFRP) and adding two CFRP U-jackets to the beam’s web, properly anchored. The method significantly increased shear capacity and improved ductility during failure. In a related study, Karzad et al. [32] evaluated the externally bonded carbon fiber polymer (EB-CFRP) repair technique for improving the shear strength of deficient beams. Tests were carried out on two types of repaired specimens: those lacking stirrups and those with minimal steel stirrups. Through the combined use of EB-CFRP and epoxy injection, the repaired beams exhibited a nearly 95% increase in shear strength compared to their original capacities. Yet another experiment [33] focused on the efficacy of various reinforcement techniques for beams with openings. Internal reinforcements, such as diagonal bars and additional steel bars, were used around the openings before casting, while externally bonded CFRP sheets were applied post casting. The study concluded that the choice of strengthening technique varied depending on the location of the opening. Numerical analyses also supported the real-world experiments. These finite element method (FEM) studies investigated a range of strengthening techniques and opening locations in reinforced concrete beams [34]. The numerical results were found to align well with experimental findings, confirming that the applied strengthening approaches successfully enhanced various structural attributes like strength capacity, deflection, and failure modes. In a study conducted by W. Mansour in continuous RC beams with web openings in area where the beam is subject to downward shear forces coupled with the maximum hogging moment, applying FRP layers above and below the opening effectively restored their reduced load capacity. However, this method did not result in the steel reinforcement reaching yield stress; thus, no ductility index was observed. In contrast, this approach did enhance both stiffness and mid-span deflection at the ultimate load compared to beams without such strengthening. For beams with openings in the same area of the beam, when FRP layers were applied over the entire height of the beam, they recorded the highest ultimate loads among all specimens studied. This full-height strengthening technique also significantly increased the ductility of the beams.



Wan et al. [35] conducted a study to examine the impact of bond imperfections, such as existing cracks and poor workmanship, on the behavior of FRP-strengthened concrete members. The simulation involved inducing cracks on the concrete surface, which had a dual effect on bond behavior. For cracks with a width of 3 mm, both bond strength and fracture energy decreased due to the resulting material damage. However, for cracks with a width of 1 mm, the bond performance was improved due to stress redistribution caused by the presence of cracks.



El-sisi et al. [36] conducted a study on the effect of a drilled opening on the performance of reinforced concrete beams. To simplify the process, square holes were cut into the shear and tension zones of the reinforced concrete samples. The authors found that the presence of a tension-zone opening did not have a significant impact on the beam’s strength, with the maximum reduction in failure load being only 14% for the 360 × 120 mm2 opening in comparison to the undrilled control beam. Despite the small improvement in strength compared to the control beam, the strengthening beams exhibited a significant increase in strength ranging from 31% to 46%, indicating the effectiveness of the FRP strengthening method.




5. Beam–Column Joints with Opening under Cyclic Loading


For openings located near supports, failure occurs in the same way as in a solid beam, with the failure line always passing through the center of the opening. This is because the opening creates stress concentration, leading to the formation of diagonal tension cracks. As these cracks propagate, the beam eventually fails when the remaining concrete and reinforcement can no longer carry the applied load. To mitigate the negative effects of openings on beam–column joints, adequate reinforcement detailing around the openings is crucial, including the use of horizontal and vertical reinforcement bars to provide sufficient confinement and improve the structural integrity of the beam–column connection and the effect of unreinforced beam web openings on the behavior of concrete beam–column joints [37].



Experimental studies on RC beam–column joints with openings on the beam web have demonstrated the effectiveness of various reinforcement strategies in improving their cyclic performance. For example, researchers have found that the provision of supplementary transverse reinforcement around the openings can enhance the confinement of the concrete, thereby increasing the joint’s load-carrying capacity and energy dissipation under cyclic loading [38]. Moreover, extending longitudinal reinforcement through the openings and providing adequate anchorage can ensure better force transfer and maintain the structural integrity of the joint.



Amin et al. [21] developed a numerical model to predict the performance of beam–column connections (BCCs) with nearby web openings under cyclic loading. The model was validated using experimental results and other numerical models. The parametric study investigated the effects of reinforcements around the opening, reinforcement stirrups, opening proximity to support, and opening aspect ratio. Key findings include the significant impact of reinforcement around the opening in enhancing the failure load, particularly for wide rectangular openings near supports. Reinforcement in the connection core has a lesser impact on enhancing failure load compared to reinforcement around the opening and is more efficient with square openings near supports. Opening proximity to support significantly reduces the failure load compared to control BCC without openings, especially for wide rectangular openings without reinforcement. Additionally, failure load decreases by 37.78% and 27.04% for wide rectangular and square openings without reinforcement, respectively. With reinforcement, the decreases are 24.16% and 15.21%, respectively.




6. Conclusions


	
The presence of openings in beams notably alters their structural behavior and failure patterns. While solid beams tend to fail along a single diagonal crack, beams with openings exhibit failure through multiple diagonal cracks around the opening areas. This change in failure mode is a critical factor in assessing the structural integrity and safety of beams with openings.



	
Beams with circular openings generally demonstrate a higher load-bearing capacity and lower deflection compared to those with other shapes of openings. This finding suggests that the shape of the opening is a significant factor in determining the overall performance of the beam.



	
The stability of the chord parts, notably the compression chord, combined with deflection serviceability requirements, dictates the size of an opening. It is better to have multiple smaller openings rather than one large opening if the opening gets too big.



	
Openings are ideally located in the middle of the section and sized to ensure enough concrete coverage for the chords above and below. The aim is to have sufficient concrete for ultimate compression during bending and enough depth for efficient shear reinforcement.



	
To avoid a region vulnerable to shear failure, openings should not be nearer than half the beam depth (D) to the supports.



	
The length of the openings is limited by the stability of the chord elements, the compression chord, and serviceability deflection requirements.



	
The opening’s depth is vital, with a suggested cap of 20% of the total beam depth (0.2 d) to prevent over 10% capacity reduction. The spread of reinforcements affects the beam’s strength, recommending a span of 0.1–0.2 h for basic supported beams, limiting capacity losses to between 0.3% and 12%.



	
An increase in the diameter of circular openings led to decreased load capacity at failure. The diameter of the opening has a more noticeable effect than the number of openings.



	
Ensuring that longitudinal reinforcement continues through openings with proper anchorage guarantees better force distribution and preserves the joint’s structural integrity.



	
The presence of flanges in concrete beam and additional reinforcement, particularly around the openings, can enhance the structural performance of the beam. Flanges provide early warning signs of failure and contribute to improved load distribution, while additional reinforcement can mitigate the adverse effects of openings on the beam’s strength and stiffness.



	
The use of FRP strengthening methods has been shown to be effective in enhancing the performance of reinforced concrete beams with web openings. This technique is particularly beneficial in scenarios where traditional reinforcement methods are not feasible, such as when openings are created post construction or through drilling.



	
To mitigate the negative effects of openings on beam–column joints and enhance cyclic performance, adequate reinforcement detailing around the openings is essential. This includes the use of horizontal and vertical reinforcement bars to provide sufficient confinement and improve the structural integrity of the beam–column connection.
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