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Abstract

:

This paper presents a finite-element model of the structural behaviour of reinforced concrete (RC) beams with and without openings externally strengthened with bamboo-fibre-reinforced composite (BFRC) plates. The simulation was performed using ABAQUS Unified FEA 2021HF8 software. The stress–strain relationship of the RC was modelled using a model code for concrete structures, whereas the concrete-damaged plasticity model was used to simulate concrete damage. The predicted crack pattern of the beams was comparable to that from experimental observations. The ultimate load-bearing capacity of RC beams in flexure was predicted with an error of up to 1.50%, while the ultimate load-bearing capacity of RC beams with openings in shear was predicted with an error ranging from 1.89 to 13.43%. The most successful arrangement for strengthening a beam with openings in the shear zone was to place BFRC plates perpendicular to the crack on both sides of the beam’s surface, which increased the beam’s original load-bearing capacity by 110.06% compared to that of the control beam (CB). The most effective method for strengthening RC beams in flexure is to attach a BFRC plate to the entire bottom soffit of the RC beam. This maximises the ultimate load-bearing capacity at the expense of the beam’s ductility.
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1. Introduction


Web openings in reinforced concrete beams are commonly provided for the passage of utility pipes and ducts [1] in order to accommodate essential mechanical and electrical building services [2,3]. Openings are occasionally necessary on sites due to abrupt changes in the building’s purpose [4]. However, such web openings may dramatically reduce the beam’s capacity and affect its serviceability [1]. The provision of openings also changes the simple beam behaviour into complex [3].



There is a need to strengthen and retrofit deteriorated or damaged structures [5,6]. The deterioration of structures can be due to environmental influences, inadequate design and construction, structural upgrades, steel corrosion due to exposure to aggressive environments, accident events such as earthquakes, poor concrete quality, and excessive deflection. Therefore, strengthening structures is vital to address the aforementioned problems.



The external strengthening of beams is preferred over steel reinforcement to avoid hacking and drilling into existing beams, which could result in further damage [4]. In the early 1990s, fibre-reinforced polymer (FRP) composites were widely used as externally bonded reinforcements for strengthening existing RC structures [7] and retrofitting works [8]. FRP materials have outstanding properties such as corrosion resistance, light weight, fatigue resistance, and high tensile strength [9,10,11]. Due to their remarkable properties, FRPs are also considered an alternative to conventional steel [10].



FRPs are primarily developed from synthetic fibres such as carbon, aramid, and glass. However, the use of synthetic fibres is not environmentally friendly, it is nonbiodegradable and poorly recycled, and has high production costs [6,8,12]. The production of synthetic fibres requires a large amount of fossil fuels and is energy-intensive [13,14]. It is estimated that 300 GJ is required to produce 1 tonne of carbon fibres. Compared to hemp, this natural fibre only requires 5 GJ [13,15]. This energy consumption is equivalent to the amount of greenhouse gases emitted during fibre production. A tonne of carbon fibres produced around 29,500 kg CO2, and one tonne of glass fibres produced roughly 1700–2500 kg CO2. Natural fibres such as hemp, flax, jute, and kenaf produced approximately 410, 350, 550, and 420 kg CO2 per tonne of fibre, respectively [13,16]. The production of synthetic FRPs releases toxic byproducts that can be detrimental to human health depending on the level of exposure [7,13,17,18,19].



Due to the disadvantages of FRPs, researchers have turned to natural plant fibres as an alternative to synthetic types [20] because of their biorenewable properties and ecofriendly characteristics. Natural plant fibres include flax, hemp, jute, sisal, coir, kapok, and banana [21]. Natural fibres have numerous advantages over synthetic fibres, including low cost and density, comparable specific tensile properties, nonirritation to the skin, lower health risk, and recyclability and biodegradability [22,23]. Compared to other natural fibres such as sisal, kenaf, and jute, bamboo fibres possess good mechanical properties [23], such as lower density (608–780 kg/m3), higher tensile strength (140–800 MPa), and a lower modulus (11–46 GPa) [24,25,26].



Over the last few years, natural-plant-fibre-reinforced composites have gained increasing attention as a viable alternative to FRPs [27]. Natural-fibre-based composites have superior properties such as low cost, light weight, biodegradability, and high specific strength and stiffness [25]. In contrast to synthetic fibres, natural fibres can be incinerated at the end of their useful lives, with improved energy recovery and without adding to CO2 emissions, resulting in positive carbon credits and a lower global warming effect. Hence, the utilisation of natural-fibre-reinforced composite fibres is one of the key alternatives to solving environmental problems [28,29].



Many researchers consider bamboo processed into fibres, and then transform the fibre into reinforcing material in polymer matrices. Among other fibres, bamboo is selected as reinforcement due to its superior mechanical and thermal properties, rapid growth rate, local availability, low cost, environmentally friendly nature, and widespread global accessibility in tropical and subtropical regions [4,23,26,28,30]. On the basis of its excellent mechanical properties, bamboo fibre is considered a natural glass fibre [31,32]. Polymer matrices commonly used with natural fibre composites include epoxy, polyester, polypropylene (PP), and polyethylene (PE) [25]. Additionally, bamboo fibre composites produced with epoxy resin have many advantages, such as light weight, high strength, good fatigue resistance, good buffer performance, low cost, low energy consumption, and nontoxicity [31]. Epoxy resin is widely accepted in engineering fields due to its excellent mechanical properties, chemical resistance, and electrical insulation [23]. Bamboo-fibre-epoxy-based composites could replace glass fibre composites in the majority of applications [31,33].



Most earlier research experimented on structural strengthening, particularly with natural-fibre-reinforced polymers [4,6,34,35,36,37,38]. Most previous investigations utilised kenaf [35,36,38] and jute [36,37,39] fibres as composites for the external strengthening of solid RC beams. However, there are few studies on the utilisation of bamboo-fibre-reinforced composites as the external strengthening material of RC beams [4,34].



Nwanko and Ede [35] utilised a kenaf-fibre-reinforced polymer (KFRP) laminate to strengthen RC beams in flexure. The KFRP increased the ultimate load of the RC beam by 78%, and reduced beam deflection compared to the control beam.



Hafizah et al. [38] investigated the performance of kenaf fibre composites with various types of resins, including epoxy, polyester, and vinyl ester. Strengthening RC beams in flexure using kenaf fibre epoxy composite increases beam flexural strength and reduces deflection. Sen and Reddy [39] studied the flexural strengthening effect of RC beams using jute fibre (JFRP)-, carbon textile (CFRP)-, and glass textile (GFRP)-reinforced polymer composites. The strengthening configurations included U wrapping in a single layer along with the beam’s entire length with the full-wrapping and strip-wrapping techniques.



Alam and Al Riyami [36] studied the shear strengthening of RC beams using kenaf, jute, and jute-rope fibres in treated and untreated conditions. They found that natural fibre composite plates had higher ductility and higher failure loads compared to those of the control beams. A study using a jute-rope composite plate for the flexural strengthening of RC beams found 58% higher strength compared to that of the control beam [37].



Chin et al. [4] studied the behaviour of RC beams with openings strengthened using a bamboo-fibre-reinforced composite (BFRC) in the shear zone, and the strengthening of solid RC beams in flexure using BFRC. They studied various strengthening configurations using an epoxy-based BFRC. They reported that strengthening with a BFRC could regain the beam’s original capacity up to 98% of that of the control beam. Awoyera et al. [34] investigated the structural retrofitting of corroded reinforced concrete beams using a bamboo fibre laminate. A single laminate in the tensile region of the corroded beam increased the ultimate load capacity by up to 21% more than that of the corroded beam without retrofit.



The aforementioned literature showed that most previous experimental investigations primarily focused on the flexural strengthening of solid RC beams. Only a limited number of studies were performed on the shear strengthening of RC beams. Previous investigations mostly focused on solid RC beams rather than RC beams with openings. Natural-fibre-reinforced composites from previous work were produced mainly using kenaf and jute fibre composites. There are very few studies on the utilisation of bamboo-fibre-reinforced composite as the external strengthening material of RC beams.



There are only a few computational studies on BFRP in structural strengthening [40,41,42,43]. A numerical model of cantilever beams was produced using hemp, bamboo, and coir fibre composites to compare their performance with respect to their natural frequencies and damping values [40]. A nonlinear structural model for flexural bamboo beams was derived to analyse the nonlinear flexural behaviour of bamboo beams and predict the ultimate loads [41]. Hidayat et al. [42] performed the nonlinear finite element analysis of traditional flexural strengthening using betung bamboo (Dendrocalamus asper) on concrete beams. Sen and Reddy [43] conducted a nonlinear finite-element analysis to evaluate the performance of bamboo fibres in structural retrofitting. All previous investigations performing the finite-element analysis of bamboo composites mainly focused on the flexural strengthening of solid RC beams. However, no modelling studies have been conducted on the shear strengthening of RC beams with BFRC or RC beams with openings. Hence, this is the aim of the current work.



Computer simulations are vital to ensuring that a solution can be obtained faster with limited resources. Furthermore, various strengthening designs can be studied without the need to cast a beam and prepare a BFRP. There is limited research studying the effectiveness of BFRP in strengthening RC beams using finite-element analysis (FEA); hence, this is the aim of this work.



FEA was performed using ABAQUS Unified FEA version 2021HF8, and was validated with our experimental study [4]. Once validation had been successful, the model was used to predict the effect of various BFRP strengthening configurations on beam performance. The load–deflection behaviour, ultimate load-bearing capacity, and crack pattern of reinforced concrete beams with BFRP were investigated numerically. The ultimate aim of this work is to improve beam performance with opening with the external strengthening with BFRP beyond what was obtained from the experiment.




2. Methodology


2.1. Experimental Measurements


2.1.1. Preparation of RC Beams


Beam Groups A and B were used to assess the effects of shear and flexural strengthening [4]. The beams in Group A were controlled specimens (CB), unstrengthened beams with shear span openings (BUO), and beams with openings in the shear span strengthened with BFRP (BSO1). Group B’s beams were controlled specimens (CB), unstrengthened beams in the flexure zone (UB), and strengthened beams in the flexure zone (SB).



The two beam groups both had a width of 120 mm, a height of 300 mm, and a length beam of 1500 mm. All RC beams received longitudinal reinforcement in the form of two 10 mm diameter bars on the tension and compression sides, and shear reinforcement in the form of 6 mm diameter steel stirrups spaced 100 mm apart along the beam. The longitudinal reinforcement had a yield strength of 500 MPa and an elastic modulus of 200 GPa, while the stirrup had a yield strength of 250 MPa and an elastic modulus of 200 GPa. At 28 days, ready-mixed concrete was designed to have a compressive strength of 30 MPa. Two circular openings with a diameter of 120 mm were created at the shear spans of beams BUO and BSO1, and stirrups were not supplied around the openings in order to induce shear failure. UB and SB, on the other hand, did not include a stirrup in the flexure zone in order to encourage flexure failure.




2.1.2. BFRP Preparation


The BFRP plates used to strengthen the beams were hand-produced using a steel mould with dimensions of 120 × 8 × 450 mm. Each plate was composed of a base plate and a top plate. After the steel mould had been cleaned, a small layer of honey wax was added to facilitate the removal of the composite plate. The fibres were layered into the casting mould. Each layer was constructed with an equal fibre amount. The first layer of bamboo fibres was lain down systematically on the adhesive and gently pressed with a spatula to ensure that the fibres were completely saturated with resin. For interfacial bonding, the second layer of resin was poured on top of the first layer of bamboo fibres. Following that, another layer of bamboo fibres was manually positioned on top of the fresh resin layer. This procedure was continued until the mould was entirely filled. Lastly, pressure was applied to the top of the mould to dislodge any trapped air.




2.1.3. Strengthening Configuration


Two distinct surface strengthening strategies were used to strengthen RC beams in shear and flexural zones. To strengthen the shear spans of an RC beam with openings, BFRP plates were bonded onto both the top and bottom chords of the opening on each side of the beam surface. The BFRP were orientated in an alignment of 45° to the circular opening. Two BFRP plates with a horizontal alignment of 0° were installed next to each other at the bottom soffit of the beam’s middle span for beams with a deficient stress zone. The details of the reinforcement are depicted in Figure 1 and Figure 2.





2.2. RC Beam Modelling


The FEA in this work was performed using ABAQUS Unified FEA software, version 2021HF8. The elastic modulus, Poisson’s ratio, compressive and tensile strengths, and stress–strain relationship of concrete were all modelled using C3D8R. The experimental measurement [4] showed that compressive strength (fck) was 14.82 MPa. The elastic modulus (Ec) and tensile strength (fctm) of the material were determined using the mathematical relationships defined in Equations (1) and (2)m respectively [44]:


   E c  = 21,500 ×        f  c k   + 8   10        1 3     



(1)






   f  c t m   = 0.3 ×      f  c k        2 3     



(2)







Concrete had density of 2300 kg/m3 and a Poisson’s ratio of 0.2. The stress–strain relationship of concrete was modelled in accordance with Model Codes 1990 [44] and 2010 [45], which were chosen as the reference constitutive models for concrete in compression and tension, respectively, as shown in Table 1. In this study, the concrete-damaged plasticity (CDP) model was used to simulate concrete damage. To simulate the CDP model specified in Equations (3) and (4), inelastic strain (   ε  i n    ) and concrete damage parameter (dc/t) are defined as follows:


   ε  i n   =  ε c  −  ε  e l    



(3)






   d  c / t   = 1 −    σ c     f    c m   c t        



(4)




where    ε  e l     denotes the elastic strain, c and t are compression and tension, respectively, and cm and ctm are the peak compressive and tensile strengths, respectively.



In this study, the dilation angle ( φ ), for concrete plasticity was defined according to Malm’s work [46]. The default values of eccentricity ( ϵ ), yield surface factors      σ  b 0      σ  c 0       and    K c   , and viscosity parameter  μ  were assigned according to the design manual of ABAQUS [47] presented in Table 2.



The steel reinforcement was simulated using the T3D2 element to determine its elastic modulus, Poisson’s ratio, and yield stress. Table 3 shows the material parameters of the steel reinforcement. According to an experimental study [4], the rebars were assigned a 10 mm section, while the stirrups were assigned a 6 mm section.



The BFRP plate was modelled using the S4R element, and its orthotropic parameters were assigned. Due to the fact that the BFRP plate is a unidirectional fibre composite classified as an orthotropic material, its elastic properties are symmetrical in two orthogonal planes. Because the fibres were in the x direction, the BFRP plate was assumed to be transversely isotropic, which indicates that the material behaviour in the other two directions was substantially identical.



The elastic modulus, Poisson’s ratio, and shear modulus of the BFRP plates were determined using the rule of mixture (ROM), the inverse rule of mixture (IROM), and the Halpin–Tsai models [48]. The epoxy and bamboo fibre properties required to determine the mechanical properties of the BFRP plate are listed in Table 4. The material properties are expressed in Equations (5)–(11).



Longitudinal elastic modulus along the x direction   (  E x  )  :


   E x  =  E  f b    V  f b   +  E m   V m   



(5)







Transverse elastic modulus along the y direction (   E y  =  E z  )  :


   E y  =  E m      1 + ξ η  V  f b     1 − η  V  f b        



(6)






  n =        E  f b      E m      − 1        E  f b      E m      + ξ    



(7)







Poisson’s ratio corresponding to the xy plane (   v  x y   =  v  x z   )  :


   v  x y   =  v  f b    V  f b   +  v m   V m   



(8)







Poisson’s ratio corresponding to the yz plane (   v  y z    ):


   v  y z   =  v  x y        E y     E x       



(9)







Shear modulus corresponding to the xy plane (   G  x y   =  G  x z   )  :


   G  x y   =    E x    2   1 +  v  x y        



(10)







Shear modulus corresponding to the yz plane (   G  y z   )  :


   G  y z   =    E y    2   1 +  v  y z        



(11)




where   ξ = 2   for a fibre with a circular or square cross section;    v  f b   ,      v m  ,    E  f b   ,    E m  ,    V  f b      and    V m    are the fibre Poisson’s ratio, matrix Poisson’s ratio, fibre elastic modulus, matrix elastic modulus, fibre volume fraction, and matrix volume fraction, respectively. According to Tysmans et al. [51], material isotropy could be assumed, and used owing to the homogeneous spread of fibres in the composite material. Moreover, the authors simulated nonlinear tensile behaviour with different compressive responses. Obaidat et al. [52] studied the effect of isotropic and orthotropic model assumptions on concrete structures retrofitted with fiber-reinforced plastic using finite-element analysis. They concluded that there was no statistically significant difference between the elastic isotropic and orthotropic models for fiber-reinforced plastic. From the previous work by Tysmans et al. [51] and Obaidat et al. [52], the isotropic shear assumption was used in this work.



The interface between concrete and FRP was modelled using a cohesive-zone model. The interface was also modelled as a perfect bond for comparison. However, all the findings reported in this work for beams strengthened with BFRP. except those specifically mentioned, were obtained from the cohesive-zone model. The cohesive zone was modelled as a solid mesh layer between the FRP and the bonding surface of the concrete beam. This layer was then assigned as a cohesive element through element-type editing. A material model was then established to enable input for the cohesive element parameter. The cohesive material’s input parameter was set according to Obaidat et al. [52]. The Maxs damage approach was utilised for cohesive material models within damage for traction separation laws.




2.3. RC Beam Configurations


The load-acting point of the four-point bending test is described as a discrete rigid roller using the R3D4 element, while the line supports at both ends of the beam were defined as pins and rollers. Steel reinforcement was assembled within the concrete beam using perfect bond-slip behaviour. A tie constraint was used to provide a precise binding between the BFRP plate and the RC beam. By adding displacement loads at the load-acting point, a dynamic explicit solution was used to ease convergence. The BFRP plate was modelled with the following dimensions: 120 mm length, 8 mm thickness, and 450 mm width, following those of Chin et al. [4]. A total of 19 beams were modelled in this work, as shown in Table 5 and Table 6.



For Group A, a total of eight beams were simulated, three of which corresponded to the experimental measurement and were used to validate the simulation result. The control beam (CB), unstrengthened beam with openings in shear span (BUO), and beams with openings in shear spans enhanced with BFRP with orientation perpendicular to the crack (BSO1) were modelled for validation purposes. Once the model had been validated, several strengthening configurations were simulated to determine the most effective strengthening of the RC beam. The remaining five beams were used for parametric analysis by modifying the BFRP plate’s strengthening configuration (Table 5). Group B had a total of 11 beams modelled of which 3 were used to validate the experimental results: control beam (CB), unstrengthened beam (UB), and strengthened beam (SB). The remaining eight beams were employed for parametric analysis (Table 6).





3. Results and Discussion


3.1. Validation of Numerical Results


3.1.1. Load–Deflection and Crack Pattern of Shear-Strengthened RC Beam with Openings


Figure 3 shows a comparison of the load–deflection curves of the experimental and numerical data for validation. Both load–deflection curves for CB began in the elastic zone, and progressed through strain hardening and softening. The two BUO curves followed a similar trend, as they behaved elastically prior to the first crack and then demonstrated a dramatic load reduction after reaching the ultimate load. For BSO1, the FEA and experimental curves both climbed linearly until the ultimate load had been reached, at which point the load was abruptly reduced. However, all load–deflection curves generated using FEA had a greater slope in the linear–elastic stage than that in the experimental observations. According to Mansour [53], and Ogbolugogo et al. [54], the FEA curve’s steeper slope may have been due to the interaction between the BFRP plate and concrete. A comparison between the perfect bond and cohesive contact assumptions was also modelled in this work. The cohesive contact assumption improved the prediction accuracy, with an error reduction of up to 3.2%. Thus, the FEA in this work was performed using the cohesive contact assumption except for those cases without a strengthening or control beam. Ogbologugo et al. [54] further asserted that the steeper slope from FEA could have been a result of the machine’s stiffness, and the emergence of microcracks within the concrete as a result of drying shrinkage and handling. In conclusion, the FEA and experimental load–deflection curves for all beam models had comparable load–deflection trends and showed reasonable agreement, especially on the ultimate load value. Thus, the FEA model was fairly accurate and could be used further to evaluate various strengthening configurations.



The FEA’s ultimate load prediction and the experimental measurement for RC beams with openings in shear were compared according to Al-bared and Marto [55], and this is summarised in Table 7. The CB and BUO were both not strengthened and hence were not affected by the cohesive or perfect bond assumption. The error in this case was decreased from 16.7% under the perfect bond assumption to 13.43% under the cohesive element model. The rig used for experimental measurements by Chin et al. [4] had an average standard deviation of about 6%. Since the prediction was relatively comparable to the experimental measurement, the FEA RC beam models developed in this work had adequate reliability and precision for predicting external strengthening with BFRP [55].



Flexural cracks first developed in the tension zone of the CB’s midspan. With increasing stress, the flexural cracks vertically propagated upwards to the compression zone. As the load increased, the cracks continued to develop and propagate towards the roller supports. The CB failed as a result of the tension steel reinforcement yielding. On the basis of the fracture pattern, numerical and experimental CBs exhibited ductile flexural failure, as shown in Figure 4A. BUO failed the shear test, as shown in Figure 4B, with two diagonal cracks extending from the roller supports to the loading point. The diagonal crack began at the circular openings and continue to extend diagonally towards the beam’s tension and compression zones as the load was continuously increased. Simultaneously, flexural cracks were found in the beam’s tension zone. As the stress increased, the concrete was crushed at the loading point and roller support, indicating the beam’s ultimate failure. The brittle behaviour of BUO was due to the existence of shear openings that disrupted the beam’s natural load path, concentrating stress around the openings and producing diagonal cracks. BSO1 also exhibited shear failure at the openings and midspan, as shown in Figure 4C, with shear cracks and fine flexural cracks. BSO1 had a similar fracture pattern to that of BUO, but due to the ideal bond assumption for the contact between the BFRP plate and concrete in numerical BSO1, the debonding of the BFRP plate observed in the experimental BSO1 was not captured in the modelled BSO1. In conclusion, all experimental and FEA beams exhibited identical crack patterns. This result demonstrates that the numerical beam models were validated satisfactorily and could be further used to evaluate various strengthening configurations.




3.1.2. Load–Deflection and Crack Pattern of Flexural Strengthened RC Beam


Figure 5 shows the comparison of the load–deflection curve from experimental measurement and FEA. Numerical CB, UB, and SB results indicated a steeper slope during the elastic stage compared to the experimental measurement. This could be attributable to the model’s assumption of complete bonding between the concrete beam and the steel reinforcement. Moreover, the bond slip between the concrete beam and steel reinforcement could account for the slope’s steepness. Additionally, microcracks inside the cementitious material and machine stiffness [54] contributed to the discrepancy in steepness. After the elastic stage, the numerical curves reached the inelastic stage during which they exhibited ductile behaviour due to strain hardening. At that point, the curve exhibited a comparable inelastic gradient to that observed in the experimental measurements. After reaching their peak strength, the numerical and experimental curves exhibited identical strain-softening gradients that were characteristic of brittle behaviour. Generally, the FEA results are in fair agreement with the experimental results, especially regarding ultimate load-bearing capacity. Finite-element-modelled and experimentally observed load–deflection curves exhibited similar patterns.



Table 8 shows the comparison of the predicted and experimentally measured ultimate load-bearing capability of RC beams in flexure. The FEA accurately predicted the ultimate load-bearing capability of the specimen with an average error of about 1.13%. Therefore, the FEA RC beam models developed in this work are dependable and sufficiently accurate. The difference between the error of the predicted ultimate load-bearing capability for a reinforced beam in flexure between the perfect bond and cohesive contact assumptions was not significant. However, as mentioned earlier, the load–deflection curve prediction obtained from the cohesive contact assumption was closer to the experimental measurement than that obtained from the perfect bond model. Hence, a parametric study was performed using the cohesive contact model.



First, fine and short cracks were observed in the CB’s midspan. Vertical cracks first occurred approximately 500 mm from the beam’s edge as the load increased. As the additional incremental load was applied, diagonal cracks developed towards the loading points and supports. The two diagonal cracks propagated diagonally towards the supports and loading points. A few microcracks were formed along the beam’s midspan in both the FEA and the experiment. The experimental beam crack patterns and the ABAQUS-generated crack map of the control beam (CB) at beam failure are shown in Figure 6. Although UB cracks are similar to CB cracks in terms of growth and propagation, more fine cracks were seen at the beam’s midspan, along with slightly larger diagonal and vertical cracks, because the beam’s flexural zone was not reinforced with stirrups for UB. SB had fewer cracks along the beam’s midspan than those of UB because the strengthening of BFRP plates in SB mitigates crack formation and propagation. The majority of vertical cracks are deflected away from the strengthened zone, while diagonal cracks grow towards loading points and support, eventually resulting in the beam failing in shear. In terms of fracture propagation and failure mode, the crack patterns of the numerical findings were in fair agreement with the experimental observations for CB, UB, and SB0.9L, as shown in Figure 6. Major experimentally observed crack lines were also reproduced numerically.





3.2. Parametric Study


3.2.1. Strengthening Configuration of RC Beam with Openings in Shear with BFRP


Figure 7 shows the load–deflection curve for all beams with openings strengthened using a BFRP plate in various configurations. All beams except BSO6, with BFRP plates strengthened on both sides of the beam surface in a perpendicular direction to the crack, demonstrated brittle failure. BSO6 exhibited similar ductile properties to those of CB.



BSO1, BSO2, BSO3, BSO4, BSO5, and BSO6 exhibited comparable initial tangent stiffness at 59.74, 59.25, 59.04, 62.87, 61.81, and 60.32 kN, respectively. All the beams started to crack at a deflection from 0.5 to 0.7 mm. After the initial crack had been initiated, the load on BSO1, BSO2, BSO3, BSO4, and BSO5 continued to build until the ultimate load had been reached, at which point they failed abruptly with quick load reduction. According to the simulation results, BSO2 and BSO4 failed prior to the steel yielding. In the case of BSO6, the load continued to increase beyond the end of linear elastic behaviour until it had reached 130.38 kN at a deflection of 4.06 mm; then, the load steadily increased due to the strain hardening behaviour. It ultimately failed at 140 kN with a deflection of 27.16 mm. BSO6 indicated ductile behaviour.



The ultimate load for BSO6 was 140 kN, followed by 122.34 kN for BSO1, 105.65 kN for BSO3, 105.66 kN for BSO5, 94.60 kN for BSO4, and 67.55 kN for BSO2. This comparison demonstrates that the most effective strengthening configuration for a beam with openings at the shear zone is to place the BFRP plate perpendicular to the crack on both sides of the beam’s surface. In the case of BSO2, the effect of BFRP strengthening was insignificant because the BSO2 load was just 0.27% greater than the BUO load (unstrengthened beam with opening). Thus, aligning the BFRP plate parallel to the fracture did not contribute to strengthening the beam with shear openings.



Figure 8 shows the load–deflection curves of CB, BUO, and BSO6. CB and BSO6 exhibited ductile behaviour with a gradual increase in load preceding beam failure, whereas BUO exhibited brittle behaviour with a sudden fall in load before beam collapse. This demonstrates an improvement in the strengthening strategy compared to the prior study by Chin et al. [4], who successfully transformed the behaviour of the RC beam with openings in shear from brittle into ductile, which is more desirable in terms of structural member safety.



The cracking, yielding, and ultimate loads, and associated deflections for the three beams are summarised in Table 9. CB had the largest cracking load, followed by BSO6 and BUO. When the external strengthening of the BFRP plate was applied, a 7.94% increase in yielding load was observed. This demonstrates the benefit of using BSO6 in a strengthening configuration on a beam with openings in shear. BSO6 had the highest ultimate load, followed by CB and BUO. Additionally, the ultimate load-carrying capacity of BUO drastically dropped, by 47.14%, due to the reduction in the cross-sectional area of the beam caused by the openings. This conclusion is consistent with the findings in [4,56,57,58] that determined that, for a beam with large openings at 0.4 d, the load-carrying capacity of the beam is reduced by at least 26%. However, by employing BFRP plate strengthening in a similar configuration to that of BSO6, the beam could restore its original load-carrying capability of CB by 110.06%, which represents a 10.06% increase in load-carrying capacity compared to the control beam.



Figure 8 shows that the maximal deflection values for CB, BUO, and BSO6 dropped from 31.32 mm for BSO6 to 22.11 mm for CB, and 17.10 mm for BUO. According to El Ame et al. [1], a beam is ductile if it can undergo significant plastic deformation before failing. The reduction in maximal deflection due to the presence of openings in BUO was consistent with that previously reported by El Ame et al. [1]. BSO6 exhibited a greater maximal deflection than that of CB, implying that it was more ductile. Thus, the strengthening configuration of BSO6 was effective, as it not only restored ductility to the beam with openings in shear, but also enhanced its ductility compared to CB.




3.2.2. Strengthening Configuration of RC Beam with BFRP in Flexure


Length of BFRP Plate


To examine the effect of BFRP plate length on the flexure of an RC beam, a BFRP plate with three different lengths of 900, 1200, and 1500 mm was modelled. When UB was strengthened with a single BFRP plate that spanned the whole length and width of the beam (SB1.5L), it exhibited the stiffest elastic slope among the modelled beams. It attained its ultimate load-bearing capacity of 139.23 kN with a deflection of 4.29 mm, which corresponded to a 19.7% improvement compared to UB. This enhancement, however, came at a loss of beam ductility. SB1.5L had a significant decrease in ductility with a failure deflection of 8.18 mm. SB0.9L increased the ultimate load-bearing capacity of UB by 6.18%, which is 123.51 kN. However, increasing the length of the BFRP plate to 1200 mm resulted in a negligible increase in ultimate load-bearing capacity by SB1.2L, as shown in Figure 9. Generally, strengthening the entire bottom soffit of the beam with the BFRP plate resulted in the greatest increase in load-bearing capability.




BFRP Plate Width


The SB1.5L achieved the greatest increase in ultimate load-bearing capability. Thus, the 1500 mm long BFRP plate was used for the remainder of the parametric investigation. Plate widths ranging from 60 to 120 mm were investigated. Figure 10 shows that a BFRP plate with a width of 120 mm (SB120W) covering the entire width of the beam had the greatest increase in ultimate strength, up to 19.70%. SB60W, SB80W, and SB100W all provided a small improvement in ultimate strength when deflected by an average of 4.68 mm. The width of the BFRP plate had a minimal effect on the ultimate strength of the RC beam.




Thickness of BFRP Plate


A further parametric investigation was performed using BFRP plates with thicknesses of 5, 6, 7, and 8 mm to strengthen the UB. The SB8T (8 mm plate) attained the highest ultimate strength of 139.23 kN, while the SB5T (5 mm plate) only slightly improved the ultimate strength of UB, to 126.05 kN (Figure 11). Increases in plate thickness often improve the ultimate strength of RC beams, but at the expense of the beam’s ductility.







4. Conclusions


The FEA results agreed well with the experimental measurements. The beams’ load–deflection curves and crack patterns matched the experimental data. However, the beam was predicted to be somewhat stiffer during its elastic behaviour in FEA due to the interaction between the BFRP plate and concrete. In the experimental investigation, only a limited configuration was tested because of difficulties in casting the beams and preparing sufficient BFRPs for each test, which needed to be replicated thrice. However, in FEA, it was possible to cost-efficiently test various configurations without casting the actual beams. The most effective strengthening configuration for a beam with openings in shear was to place BFRP plates on both sides of the beam’s surface with a perpendicular orientation to the fracture (BSO6). BSO6 increased the beam’s original load-bearing capability by 10.06% compared to CB, and that of the unstrengthened beam with an opening (BUO) by 108.18%. The FEA enabled an effective beam-strengthening configuration with BFRP, which was not discovered during the experimental investigation when the tested configuration could only regain up to 98% of the original beam capacity. However, with FEA, it was possible to study more configurations, resulting in a greater load-bearing amount (140.25 kN) than that of the original beam (127.43 kN). Additionally, this strengthening method contributed to the transition of the beam with openings in shear from shear into flexural failure, thereby increasing structural safety. The most effective arrangement for strengthening the RC beam in flexure was to bond the BFRP plate to the RC beam’s entire bottom soffit. This resulted in the greatest increase in ultimate load, but at the expense of the beam’s ductility.
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Figure 1. Reinforcement detailing of RC beam with openings in shear. 
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Figure 2. Reinforcement detailing of RC beam without shear links in flexure. 
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Figure 3. Load–deflection plot of CB, BUO, and BSO1. Experimental data from Chin et al. [4]. 
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Figure 4. Comparison of the crack patterns of the FEA and the experiment [4] for (A) CB, (B) BUO, and (C) BSO1. 
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Figure 5. Load–deflection plot of CB, UB, and SB. The experimental data points were adopted from Chin et al. [4]. 
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Figure 6. Experimental [4] and ABAQUS-generated crack patterns for (A) CB, (B) UB, and (C) SB0.9L. 






Figure 6. Experimental [4] and ABAQUS-generated crack patterns for (A) CB, (B) UB, and (C) SB0.9L.



[image: Fibers 11 00036 g006]







[image: Fibers 11 00036 g007 550] 





Figure 7. Load–deflection curves for BSO Abaqus. 
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Figure 8. Comparison of the load–deflection curves for Abaqus CB, BUO, and BSO6. 
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Figure 9. Load–deflection behaviour of flexural strengthened RC beams with different BFRP plate lengths. 
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Figure 10. Load–deflection behaviour of flexural strengthened RC beams with different widths of BFRP plate. 
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Figure 11. Load–deflection behaviour of flexural strengthened RC beams with different BFRP plate thicknesses. 
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Table 1. Adopted constitutive model for concrete in compression and tension.






Table 1. Adopted constitutive model for concrete in compression and tension.





	Compression
	   0 <  ε c  <  ε  c , l i m     

    σ c  =  f  c k     k    ε c     ε  c 1     −        ε c     ε  c 1        2    /   1 +   k − 2      ε c     ε  c 1         

    ε c  >  ε  c , l i m     

    σ c  =  f  c k          1 e  ξ −  2   e 2             ε c     ε  c 1        2  +    4 e  − ξ      ε c     ε  c 1         − 1     
	where   k =  E c  /  E  c 1    

  e =  ε  c , l i m   /  ε  c 1    

  ξ = 4      e 2    k − 2   + 2 e − k         e   k − 2   + 1    2     

   ε  c , l i m   =  ε  c 1      1 2     k 2  + 1   +    1 4       k 2  + 1    2  −  1 2       



	Tension
	   w ≤  w 1    

    σ  c t   =  f  c t m     1.0 − 0.8  w   w 1        

    w 1  ≤ w ≤  w c    

    σ  c t   =  f  c t m     0.25 − 0.05  w   w 1        
	   G F  = 73 ×  f  c m      0.18    

   w 1  =    G F     f  c t m       in mm when    σ  c t   = 0.2 ×  f  c t m    

   w c  = 5 ×    G F     f  c t m       when    σ  c t   = 0  







Note:    E  c 1   =  f  c k   /  ε  c 1     represents the secant modulus from the origin to the peak compressive stress,    ε  c 1     represents the strain corresponding to the peak compressive stress,  w  represents the crack opening in mm,    G F    represents the fracture energy in N/mm.
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Table 2. Plasticity parameters defined in the concrete-damaged plasticity (CDP) model [46,47].
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Plastic Flow Potential

	
Yield Surface

	
Viscosity Parameter






	
  φ  

   40 °   

	
  ϵ  

   0.1   

	
    σ  b 0   /  σ  c 0     

   1.16   

	
    K c    

   2 / 3   

	
  μ  

  0  
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Table 3. Properties of steel reinforcement from Chin et al. [4].
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	Density
	Elastic Modulus
	Poisson’s Ratio
	Yield Stress





	Rebar
	7.85 g/cm3
	210 GPa
	0.3
	450 MPa



	Stirrup
	7.85 g/cm3
	210 Gpa
	0.3
	225 MPa
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Table 4. Properties of epoxy and bamboo fibres.
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	Density (g/cm3)
	Elastic Modulus, (GPa)
	Poisson’s Ratio
	Reference





	Epoxy
	1.16
	2.2
	0.36
	[49]



	Bamboo
	0.89
	27.93
	0.30
	[48,50]
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Table 5. Details of beams modelled in this research for Group A.
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	Beam
	Strengthening Configuration
	Analysis





	CB
	-
	Experiment and FEA



	BUO
	-
	Experiment and FEA



	BSO1
	BFRP perpendicular to the crack
	Experiment and FEA



	BSO2
	BFRP parallel to the crack
	FEA



	BSO3
	BFRP surrounding the openings
	FEA



	BSO4
	BFRP is located at the left and right of the openings
	FEA



	BSO5
	BFRP is located at the top and bottom of the openings
	FEA



	BSO6
	BFRP perpendicular to the crack at both sides surface
	FEA
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Table 6. Details of beams modelled in this work for Group B.
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	Beam
	Strengthening Configuration
	Analysis





	CB
	-
	Experiment and FEA



	UB
	-
	Experiment and FEA



	SB0.9L
	900 mm length of BFRP at the bottom soffit of the beam
	Experiment and FEA



	SB1.2L
	1200 mm length of BFRP at the bottom soffit of the beam
	FEA



	SBP1.5L
	1500 mm length of BFRP at the bottom soffit of the beam
	FEA



	SB60W
	60 mm width of BFRP at the bottom soffit of the beam
	FEA



	SB80W
	80 mm width of BFRP at the bottom soffit of the beam
	FEA



	SB100W
	100 mm width of BFRP at the bottom soffit of the beam
	FEA



	SB120W
	120 mm width of BFRP at the bottom soffit of the beam
	FEA



	SB5T
	5 mm thickness of BFRP at the bottom soffit of the beam
	FEA



	SB6T
	6 mm thickness of BFRP at the bottom soffit of the beam
	FEA



	SB7T
	7 mm thickness of BFRP at the bottom soffit of the beam
	FEA



	SB8T
	8 mm thickness of BFRP at the bottom soffit of the beam
	FEA
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Table 7. Comparison of the ultimate load-bearing capacity of RC beams with openings in shear FEA and the experiment.
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Beam Specimen

	
Assumption

	
Ultimate Load-Bearing Capacity (kN)

	
Error (%)




	
FEA

	
Experiment






	
CB

	
-

	
127.43

	
131.23

	
2.90




	
BUO

	
-

	
67.37

	
68.66

	
1.89




	
BSO1

	
Perfect bond

	
125.82

	
107.85

	
16.67




	
BSO1

	
Cohesive

	
122.34

	
107.85

	
13.43
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Table 8. Comparison of the FEA and experimental ultimate load-bearing capacity of RC beams in flexure [4].






Table 8. Comparison of the FEA and experimental ultimate load-bearing capacity of RC beams in flexure [4].





	
Beam Specimen

	
Ultimate Load-Bearing Capacity (kN)

	
Error (%)




	
Assumption

	
FEA

	
Experiment

	






	
CB

	
-

	
122.98

	
124.24

	
1.01




	
UB

	
-

	
116.32

	
115.11

	
1.05




	
SB0.9L

	
Perfect bond

	
122.89

	
121.70

	
0.98




	
SB0.9L

	
Cohesive

	
123.51

	
121.70

	
1.49
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Table 9. Predicted cracking, yielding, and ultimate loads of CB, BUO, and BSO6.






Table 9. Predicted cracking, yielding, and ultimate loads of CB, BUO, and BSO6.





	
Beam

	
Cracking

	
Yielding

	
Ultimate




	
Load (kN)

	
Deflection (mm)

	
Load (kN)

	
Deflection (mm)

	
Load (kN)

	
Deflection (mm)






	
CB

	
67.83

	
0.47

	
120.79

	
3.08

	
127.43

	
16.44




	
BUO

	
56.00

	
0.46

	
-

	
-

	
67.37

	
1.78




	
BSO6

	
60.32

	
0.48

	
130.38

	
4.06

	
140.25

	
27.16
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