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In this research, it is studied the crack and flexural behavior of reinforced concrete beams with various bottom ash ratios (BARs) considered as fine aggregate in an experimental and numerical investigation. For experimental purposes, different concrete series are considered varying aggregate sizes ranging from 0 to 25 mm. To supplement concrete, bottom ash is put to use in conjunction with material from 0–5 mm in size aggregate particles as replacement for fine aggregates with ratios of 25%, 50%, 75%, and 100%. Experiments were done to investigate the behavior of the beams and how flexural and fracture behaviors are represented. 75% BARs gave optimum results in terms of displacement capacity. Increasing BAR to 100% decrease deflection capacity of the beam. Also, ANSYS software is used to build 3D finite element models (FEMs) of beams to compare with experiment data. Experimental and 3D numerical tests show exceptionally tight flexural and fracture behaviors. Following this, a computer-generated structure is made by running SAP 2000, and the strength of the beams is then utilised in an RC structural model. Every stage of the building’s construction is thoroughly assessed utilizing multiple types of seismic testing, employing the SAP2000 program, with the resulting analysis providing significant findings on how the seismic force of 75% BAR affects horizontal displacement of each floor. The results showed that the weight of the structure dramatically decreases as the number of columns and RCBs are raised while also increasing the number of BARs. Moreover, the magnitude of earthquake and BAR have a significant effect on the horizontal displacement behavior of reinforced concrete structures. The strength of the concrete structure varies between close- and far-fault earthquakes, and for close-fault earthquakes, concrete strength is stronger than for far-fault earthquakes. This brings us to the second disadvantage of BAR which is the 75% strain produces a severe displacement of reinforced concrete structures. Besides, it was seen that the simulations and experiments yield tiny cracks with very identical configurations.
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1 INTRODUCTION
Building and engineering structures suffer extensive damage from loading, including bending and cracking, under reinforced concrete. In addition, concrete structures may have structural load-bearing deterioration and column collapse. In load-bearing elements such as reinforced concrete beams (RCBs), supports, columns and floors, that are responsible for the integrity of the whole structure, the most dangerous fractures seem. For this reason, a close examination of the load-bearing parts’ bending and cracking habits is necessary to estimate the longevity and security of reinforced concrete structures. Structural elements are judged on structural safety using numerical analysis and experimental methods. In the past, researchers have measured local deformation and used 3D models to examine RCB fracture and flexural behavior. Following are the outcomes of a study into the flexibility and cracking behaviour of RCBs. One of the experiments that Kim et al. conducted was on (2021). In this experiment, a total of 20 concrete containing bottom ash (CCBA) mixtures were examined. These mixtures were divided according to their water/cement (W/C) and bottom ash aggregate (BAA) mixing ratios, and their workability and mechanical qualities were tested. The experiment results indicated that the amount of coarse BAA or lack thereof was the predominant determinant in the concrete’s mechanical characteristics and that rates of mechanical property loss caused by replacing fine BAA with coarse BAA may be moderated by other design elements such as W/C (Kim et al., 2021). An investigation in cellular concrete reinforced with fibers made of bottom ash as aggregate has yielded results that differ in findings from those obtained in an earlier study. Bottom ash from the burning of coal could serve as a good building material that helps in compressive strength, but more importantly, it can provide relief from waste concerns, according to the study (Lee et al., 2010). In yet another research, Tuncbilek Thermal Power Plant in Turkey’s coal bottom ash (CBA) was evaluated as an aggregate in aerated concrete production (Kurama et al., 2009). In this experiment, the researchers saw a notable strength boost from the autoclaved aerated concrete. The benefit is particularly obvious with concrete that contains 25% and 50% BA (Kurama et al., 2009). A research done on concrete made using ground fly ash, bottom ash, and rice husk ash looks at how much chloride penetrated the concrete. The study investigated how compressive strength and chloride penetration resistance are affected by testing the impacts of mixing together the ground fly ash (GFA), ground bottom ash (GBA), and ground rice husk ash (GRHA) with cement as a partial substitute (Inthata and Cheerarot, 2014). An exhaustive investigation was conducted on the mechanical qualities of concrete, comparing various mixes with different proportions of waste bottom ash as natural aggregate. This research compiled an assessment and comparison of all major international code systems. In addition, new models for determining the mechanical properties of concrete containing base ash were proposed (Nikbin et al., 2016). Sintayehu and Dessalegn (Sintayehu and Mamaru, 2019) conducted another study. The weight of the cubes reduced as the proportion of corncob ash rose; concrete cubes weighed less than 15% after using corncob ash to replace. Additionally, another experiment was conducted to examine the unique properties of concrete that are mixed with both Rice Husk Ash (RHA) and Fly Ash (FA) as a substitute for cement (Andrade et al., 2007). The major purpose of this investigation is to examine the outcome of concrete during slump tests, together with indirect tensile and compressive strength. In comparison to the standard sample, the compressive strength was 16.14 percent higher, and the indirect tensile strength was 15.20 percent higher in the sample with 5 percent RHA+5 percent FA after 28 days (Andrade et al., 2007). The study by Mangi et al. (Mangi et al., 2019) aimed to investigate how using coal bottom ash for concrete works and what effects the particle fineness has on the material’s strength. Using ground CBA as a partial cement replacement in some samples, the material was varied from having zero to 30 percent of the cement’s weight replaced by CBA. Workability was reduced since more ground CBA has soaked up extra water, which makes it heavier and harder to utilize (Mangi et al., 2019). In a study, there is strong evidence showing that using CBA (up to 10 percent as a replacement material for Portland cement) will be beneficial to concrete. This can be advantageous to the concrete business, especially as it relates to its mechanical qualities (Kurama and Kaya, 2007). A research demonstrated that transverse crack widths were nearly unchanged by reinforcement corrosion, but transverse crack spacing varied only little from the effects of reinforcement corrosion (Zhang et al., 2018). The final study comes from Karalar. (2020). This investigation studied and modeled how experimental and 3D finite element analysis reflected the impacts of bottom ash on RCBs. It was found that the flexural and crack impacts on the RCBs were varied for each ash ratio in the concrete mixture based on the results of the experiment and the numerical simulation. Further, another report talked about rice husk ash serving as a substitute cement ingredient like 5%, 10%, and 15% (with 10%, 20%, 30%, and 40% of fine aggregates substituted with coal bottom ash) in concrete (Bheel et al., 2021). Workability and water absorption decreased with greater amounts of rice husk ash and coal bottom ash, as found in the study (Bheel et al., 2020). Additionally, Andrade et al. ran a second investigation (Andrade et al., 2007). In this investigation, a report on the use of thermoelectric power station waste, also known as bottom ash, as a substitute for natural sand in the manufacturing of concrete was presented. The study findings demonstrated that the bottom ash in concrete gets wetter, which correlates with worse moisture transfer (Andrade et al., 2007). Rafieizonooz et al. (2016) investigated the coal bottom ash and fly ash in concrete as replacement for sand and cement. It was seen that flexural and splitting tensile strengths of the experimental mix containing 75% bottom ash and 20% fly ash exceeded much more than the control sample. As can be seen from the previous studies, there are many studies on concrete performance using waste materials (Ghafoori and Bucholc, 1996; Topçu and Bilir, 2009; Topçu et al., 2009; Topçu and Bilir, 2010a; Bilir, 2012; Singh and Siddique, 2013; Bilir, 2016; Lee et al., 2019; Karalar et al., 2022; Çelik et al., 2022; Qaidi et al., 2022; Aksoylu et al., 2022a) and other materials such as composite (Alam and Hussein, 2017; Truonga et al., 2017; Araba and Ashour, 2018; Bicer et al., 2018; Deng et al., 2018; Mahmood et al., 2018; Xu et al., 2018; Marvila et al., 2019; Azevedo et al., 2020; Wang et al., 2020; Azevedo et al., 2021; Özkılıç et al., 2021; Akın et al., 2022; Al-Rousan and Al-Muhiedat, 2022; Aksoylu et al., 2022b; Gemi et al., 2022; Huang et al., 2022; Lu et al., 2022; Tran et al., 2022; Özkılıç et al., 2022) in the literature. Researchers have identified differences in the properties of concrete, but few have discussed how the trade-offs of using a fine natural aggregate in place of a typical Portland cement (PC) mix. Another problem is that investigations into the weight of the final concrete building built using a base ash ratio to replace fine aggregate are nearly non-existent. The study backs up numerous ideas in the literature.
2 AIM OF STUDY
The impact of BARs on the fracture and flexural behavior of RCBs is examined in depth in this work. Five different RCBs (300 × 400 × 2000 mm) are produced in the laboratory for this purpose, and five different BARs are employed in these RCBs. These BARs are used to replace 0–5 mm grain size aggregates in the following proportions: 0%, 25%, 50%, 75%, and 100%, respectively. The impact of various BARs on the consistency of fresh concrete is first investigated. Five separate slump tests are performed for these various BARs for this reason. Then, to make standard cube specimens, 15 distinct concrete specimens (CSs) for different BARs (3 CSs for each BAR) are formed into molds with dimensions of 150 × 150 × 150 mm. These cube specimens are kept in water for 28 days to cure. These RCBs’ mechanical properties are then determined (e.g., elasticity modulus). These samples are put through a compressive strength test to determine their compressive strength. One of the main goals of this research is to see how different bottom ash fine aggregate ratios affect the fracture and flexural behavior of RCBs. In the laboratory, the RCBs generated in this manner were subjected to bending and cracking tests. RCBs are subjected to a total of 20 tons of vertical loads during testing. With the use of experimental experiments, the bends and cracks in RCBs are researched and shown in depth. In addition, in this study, 3D numerical analyses are performed and verified by comparing experimental data. ANSYS is used to model 3D FEMs of RCBs for this purpose. Bending and cracking are determined in 3D models of RCBs using numerical analyses, and these cracks and bends are found to be very close to experimental fracture data. This study then evaluates the influence of bottom ash replacement ratio on the weight of reinforced concrete structures. The impacts of these BARs on the overall weight of a reinforced concrete structure are modeled using SAP2000 software, and the effects of these BARs on the total weight of the structure are evaluated in detail. Finally, the influence of 75% BAR (as an average ratio to provide acceptable concrete strength and unit weight) on the nonlinear seismic horizontal displacement behavior of a reinforced concrete structure is investigated, using three separate earthquakes as an example. The impacts of bottom ash fine aggregate replacement ratio on the seismic displacement behavior of concrete structures are clearly explained in detail based on seismic analysis results.
3 EXPERIMENTAL TEST SET-UP AND MATERIAL PROPERTIES
3.1 Tests for material properties
Bottom ash from coal must be recycled to safeguard the environment. In other words, the fly and coal bottom ash utilized in Zonguldak, Turkey, helps the country’s sustainability significantly. In addition, determining the current and future safety of structures that use reinforced concrete by examining the cracks and bends in the beams is crucial. Bottom ash with a variety of proportions is recycled depending on the ratio of bottom ash in each RCB. It will be necessary to learn about concrete’s mechanical properties by using laboratory tests. The results of the experiments, shown in Table 1, detail the specific concrete mixes that were made in the lab for various proportions kinds. Experimental test methods involve the use of multiple various BARS. These figures are 0%, 25%, 50%, 75%, and 100%. Bottom ash is used in concrete formulations to replace 0–5 mm particle size aggregates. The mixing ratios are explained thoroughly in Table 2.
TABLE 1 | CSs for different BARs.
[image: Table 1]TABLE 2 | Components in the CSs and weight per unit of components (Karalar, 2020; Karalar et al., 2020).
[image: Table 2]The table reveals that the reference concrete has no bottom ash fine fines, and the increase in the percentage of CSs (compressive strength) from 0% to 100%. The cube examples were produced with 15.0832 kg of concrete and a 100% yield for maximum strength. The two main elements of concrete cube examples are 9 kg cement and 4.77 kg water. Pozzolanic cement that uses CEM IV/B (P) 32.5 N/R is used in the concrete samples. Table 3 contains cement composition. In addition, local tap water is used in Zonguldak. Five concrete mixture series are created using aggregate weights of 5–15 mm and 15–25 mm. The actual weight of aggregates is approximately 12.732 kg (5–15 mm aggregate) and 21.990 kg (15–25 mm aggregate). Superplasticizer is used in concrete mixes to both reduce the amount of water necessary and increase the durability of concrete. The bottom ash utilized as fine material at the Çatalağzı Fossil Fuel Thermal Power Plant comes from Zonguldak. When looking at five samples of different concretes, the reference concrete’s maximum unit weight is 71.76 kg, and 100% base ash ratio has a minimum unit weight of 63.70 kg. The findings in this experiment show that the lower the base ash ratio in the concrete mixture, the lower the concrete’s unit weight will be. Next, slump tests are done for each concrete mixture. Figure 1 shows the results of the slump test for many CSs. Slump levels increased depending on bar placement. Concrete slump measurement values were obtained, and a reference value of 4.9 cm was observed.
TABLE 3 | Cement composition (Karalar, 2020; Karalar et al., 2020).
[image: Table 3][image: Figure 1]FIGURE 1 | Slump test results for different BARs in the concrete.
When 5.5 cm slump is acquired for 25% BAR, this has been shown to have an influence on concrete consistency. 50% of them think it gets 18.8 cm of the droop, and 25 cm is the most possible. There is a 75% drop in the price of BAR. But in this situation, it is rather evident that the slump value dropped, and 4.1 cm is the minimal slump in concrete for 100 percent BAR. This data clearly demonstrates that when the base ash ratio of the concrete mixture was increased from 0% to 75%, the concrete consistency increased significantly. Similarly, we’ve found in the concrete mix a rise in the proportion of material with higher consistency. These experimental results are employed in the 3D analysis of RCB cracks and flexures. To understand how much force is behind this concrete series, concrete blocks with a wide range of BARs are cast into a mold with dimensions of 150 mm × 150 mm x 150 mm. 15 distinct concrete strengths (CSs) are generated using standard cube specimens collected from five concrete series with varying levels of bottom ash replacement. They spent 28 days at temperatures of between 20 and 22°C. Then, the concrete samples are removed from the moulds, and their compressive strengths are examined. In order to analyze 3D cracks in RCBs, one needs to use compressive strength and concrete grades. The following load-carrying capacity-time graphics are shared for the different CSs. Additionally, you will see the compressive strength outcomes from each concrete in Table 4.
TABLE 4 | Compressive strength test results for concrete series.
[image: Table 4]TS EN 12390–3 standard was taken into consideration while performing pressure tests. According to this standard, while performing compressive tests, a fixed load is applied as 0.6 MPa/s (N/mm2.s). The load shall be applied to the sample at a constant speed until the maximum load is reached, without the effect of impact, so that the deviation from the selected speed does not exceed ±10%. The load-time graphic is included in Figure 2A for reference purposes. On average, we get 627.66 kN of load-carrying capability from the use of three distinct CSs. Specimen A’s compressive strength is 27.517 MPa. For comparison, both specimens are also thought to have similar compressive strengths: 29.219 MPa for Specimen B and 27.011 MPa for Specimen C. For context, here’s what we know about compressive strength: it's 27.915 MPa. It is apparent that the bearing load of the reference concrete is greater than the average max. bearing the load of the three concrete samples. Specimen B’s peak load is measured at 639 kN, whereas the total load carrying capacity of the three CSs at 25% is 612.3 kN. The compressive strength of this BAR is additionally 27.231 MPa. Figure 2C exhibits the compressive strength outcomes at 50% BAR. A big increase in the amount of steel in the concrete resulted in the maximum load-carrying capacity for concrete falling. For Specimen C, a maximum load of 473 kN is seen, while Specimen A exhibits a minimum load of 412 kN. 50% BAR compressive strength is at 20.010 MPa. According to Figure 2D, 386 kN max. load carrying capacity is observed for Specimen B and 381.66 kN average carrying load is found for three different CSs. Constant decreases in max. load bearing capacity is found when 0 percent, 25 percent, 50 percent, and 75 percent BARs are related to one other. Though the researchers noted that maximum weights were between 75% and 100% heavier for 3 CSs, they discovered that concrete with 100% BARs had a load of up to 562 kN.
[image: Figure 2]FIGURE 2 | Load-Time graphics for; (A) reference concrete, (B) 25% bottom ash, (C) 50% bottom ash, (D) 75% bottom ash, (E) 100% bottom ash.
3.2 Experimental set-up
The details of the experimental RCB set-up are described in this section. Figure 3 shows the test setup. Figure 3 and Figure 4A shows the RCB is supported by one pin and one roller. The LVDT utilized to detect displacement at the RCBs is ±250 mm long, as is illustrated in Figure 3. The load-cell, an instrument that can measure a ton’s worth of weight, is also utilized to test the strength of the RCBs. Moreover, the experimental fowchart is shown in Figure 4B. The vertical load exerted and displacements are measured by a TDG-Ai8b model data-logger and stored on a hard-disk connected to the device via computer (Karalar, 2020). Moreover, the Turkish Earthquake Code was taken into account while conducting the experiments.
[image: Figure 3]FIGURE 3 | Loading configuration for static testing (Karalar, 2020; Karalar et al., 2020).
[image: Figure 4]FIGURE 4 | (A) Static testing apparatus (Karalar, 2020), (B) experimental flowchart.
4 EXPERIMENTAL TEST RESULTS AND DISCUSSION
In this part, we can see how Bar has affected crack and flexure behavior in RCBs. The RCBs that are created in the lab are then tested for cracks and flexing. It’s noticed that the RCBs were cracked in several places, and after they examined each location closely, it’s been discovered that each fracture pattern was unique. Deflections were seen in each RCB’s results, and these might be attributed to the varying dimensions of the BARs used. Different RCBs are loaded differently, which is critical to analyzing the impact of BAR on the RCB’s cracking and flexural behavior. Table 5 illustrates that five separate RCBs have been confirmed as being authentic in this study.
TABLE 5 | RCBs for five different experimental test cases.
[image: Table 5]4.1 Case 1: Deflection behavior under static loading of reinforced concrete beams with cracks
A study found significant cracks around the vertical load of the reference RCB, as discovered via experiments. In this section, the results of the deflections in the reference RCB under vertical load are shown. These were measured with the LVDT device, and the results were reported. The 3.96 cm crack occurred in the RCB gap during the 85th second of the test. The results demonstrate the extent of the fracture clearance, which may be expected for vertical loading. This illustration shows an important crack could appear in RCBs when there is a heavy load and that dangerous flexural cracks are occurring. It is clear that vertical fissures are possible in the RCB, as these locations demonstrate. More importantly, the reference RCB has vertical cracks 150 mm apart. The locations of the max shear cracks are clear: the top of the RCB where the load was applied, then to the bottom of the beam. Reference RCB load-deflection curve Figure 5 displays. Based on the results in Figure 5, the maximum deflection of 3.89 cm was recorded when the beam had already become unable to hold any more weight. And therefore, the RCB can support 228.9 kN and exhibit a 3.89 cm deflection under vertical load. The results shown plainly include a wealth of information on the reference RCBs’ load-carrying capacity.
[image: Figure 5]FIGURE 5 | Load-Deflection behaviour of reference RCB under vertical loads.
4.2 Case 2: Crack and load of 25 percent bottom ash reinforced concrete beams deflection behavior
This portion contains a detailed evaluation of the effects of 25% BAR on the crack and flexural behavior of the RCBs. The RCB vertical loads bring the deflections to light. Looking at Figure 6, it is apparent that the recorded displacements are provided. It is necessary to examine the load-deflection behavior of an RCB having 25% bottom ash, which is what this graph helps us to accomplish. It was shown that, with a 3.81 cm deflection, the load-carrying capability of this RCB is 219.0 kN (Figure 6). Furthermore, a maximum deflection of 4.01 cm and a load of 153.0 kN is detected at the end of the test. Bottom ash is definitely visible in how it influenced the deflection-load behavior of the RCB. In contrast to 25% bottom ash reference RCB, critical cracks and deflection variations are seen. Reference RCB’s 25% bottom ash mixed concrete detects a greater number of deflections compared to mixing the same amount of bottom ash with the concrete.
[image: Figure 6]FIGURE 6 | Crack-Time behaviour of RCB with 25% bottom ash.
4.3 Case 3: Crack and load-deflection behaviour of 50% bottom ash reinforced concrete beams under static loading
This section investigates the influence of half a bar on the crack and deflection behavior of RCBs. There are noticeable cracks and deflections in the RCB because of 50% BAR. Figure 7 show the test findings. Flexural cracks are visible in the RCB, and the maximum number of flexural cracks was found to be located in the middle of the RCB. Also, the highest flexural crack was found where vertical loads were applied. When 25 percent and 50 percent RCBs are compared to each other, it was found that 50 percent BAR had the largest cracks. Based on the results, we can conclude that the performance of RCBs was affected by BAR. The maximum deflection in the RCB, according to Figure 7, is 4.24 cm. When the RCB hits its maximum cracks, the experiment is over, and the maximum load is 163.0 kN. Comparing reference RCB (which contains 25% and 50% bottom ash) with RCB- 25%, it is easy to see that the greater the percentage of bottom ash in the concrete, the more pronounced the movement (i.e., deflection) of the load will be.
[image: Figure 7]FIGURE 7 | Crack-Time behaviour of RCB with 50% bottom ash.
4.4 Case 4: Crack and load-deflection behaviour of 75% bottom ash reinforced concrete beams under static loading
This study tests the effects of 75% BAR on the cracking and bending behavior of RCBs. In Figure 8, the experimental test results for 75% BAR are provided. The maximum crack width of 4.03 cm was measured, and it occurs where the force is applied. It is clear observed this that 75 percent BAR is the worst of the bunch. In short, the percentage of bottom ash you mix in is proportionate to the cracks you get in your RCB. This finding illustrates how BAR changes crack behaviors in RCBs. In Figure 8, you will find a vertical load load-deflection graphic of RCB. The Max. load-carrying capability of RCB is found to be 238.0 kN, as seen in Figure 8. Furthermore, the RCB is known to have a max. deflection of 5.86 cm. This finding appears quite meaningful. The bottom ash with a higher ash content has the greatest deflection in comparison to the ash of 25 percent, 50 percent, and 75 percent. To sum it up, as vertical load goes up, so does the maximum deflection as long as the length of BAR grows.
[image: Figure 8]FIGURE 8 | Crack and flexure behaviour of RCB with 75% bottom ash.
4.5 Crack and load-deflection behaviour of 100% bottom ash reinforced concrete beams under static loading
The influence of a 100% BAR bar load on the crack and flexure behaviors of the RCB is studied in this section. Deflection in the RCB is tracked with the help of an LVDT, and the results are seen in Figure 9. Vertical cracks in the RCB are an important evaluation criterion for the safety of RCBs. It was discovered that the widest cracks in the structure occur where a vertical load is applied, similar to earlier RCB designs. The load-deflection curve for 100% bottom ash fine aggregate in RCB is shown in Figure 9. Deflection occurs when an RCB is carrying a load of 244.2 kN, and this measurement is taken (Figure 9). Deflection increases under vertical stress as the bottom ash replacement ratio rises with five RCB series under comparison. Deflection in the RCB increases when the BAR climbs from 0 percent to 75 percent. While deflection value falls for 75% and 100% BARs, this is not the case for the 25% and 75% BARs.
[image: Figure 9]FIGURE 9 | Crack and flexure behaviour of RCB with 100% bottom ash.
5 3D FINITE ELEMENT MODEL OF REINFORCED CONCRETE BEAMS
3D finite element modelling is a smart way to display cracks and flexures in RCBs. Therefore, experimental tests are definite by 3D finite element analyses and 3D model of RCB is made according to planned dimensions of beam. While building 3D models of RCBs, original beam specimens formed in the laboratory are taken into account. 3D FEMs of RCBs are displayed using ANSYS (ANSYS, 1998) software based on the FEM. For five different 3D FEMs, all compression reinforcements, tension reinforcements and stirrups are modelled considering original geometries of RCBs (Karalar, 2020; Karalar et al., 2020). Total two reinforcements are used for compression reinforcements at top section of the beam and three reinforcements are considered for tension reinforcements at bottom of the beam (Karalar, 2020; Karalar et al., 2020). 12 mm diameter reinforcements are used for compression and tension reinforcements. Moreover, 8 mm diameter reinforcements are taken into account for stirrups. In the numerical analyses, special element types and material models for concrete and reinforcement are used. SOLİD65 nonlinear element type is considered for concrete, and LINK80 element type is used for compression and tension reinforcements (Karalar, 2020; Karalar et al., 2020). This element types are not randomly considered in this study. In the ANSYS software, these special element types are created for concrete and reinforces and these element types are taken into account for concrete and reinforces (Karalar, 2020; Karalar et al., 2020). In addition, for concrete, nonlinear multilinear misses’ plasticity material model is used and nonlinear bilinear misses’ plasticity material model is used for compression and tension reinforcements (Karalar, 2020; Karalar et al., 2020). These material models are special models for concrete and reinforces in the ANSYS software (Karalar, 2020; Karalar et al., 2020). Planned reinforced concrete beam for 3D finite element model is presented in Figure 10. Moreover, stirrups, compression and tension reinforces in the concrete beam are shown in Figures 10, 11. Details of 3D model of RCB is reported in Figure 11.
[image: Figure 10]FIGURE 10 | View of stirrups, compression and tensile reinforcements in the 3D model of RCB (Karalar, 2020).
[image: Figure 11]FIGURE 11 | View of vertical loads and boundary conditions in the 3D model of RCB (Karalar, 2020).
6 3D FINITE ELEMENT ANALYSIS RESULTS
The section focuses on studying how different BARs influence 3D FEM outcomes with different RCBs. 3D evaluations are conducted for different BARs of RCBs with 5. Figure 12 demonstrates the flexure and crack studies for RCBs. Figure 13 includes 3D numerical findings for the reference RCB. The middle of the RCB had maximum deflection, whereas the sides of the reference RCB demonstrated minimum deflection. Max. RCB deflection is −3.88 cm. This finding shows how vertical load impacts the movement of RCBs. The maximum deflection of reference RCB (3.89 cm) and RCB’s 3D-model maximum deflection (3.88 cm) were identical. The RCB’s maximum deflection results are nearly identical. Reference RCB’s experimental results are obviously accurate based on the new 3D numerical analysis. Cracks in the RCB are influenced by vertical stress (as seen in Figures 13B,C). These cracks are near the experimental results’ results. The RCB has many large vertical and bending cracks. Place where there are vertical loads also cracked the most.
[image: Figure 12]FIGURE 12 | Numerical analysis algorithm for numerical analyses.
[image: Figure 13]FIGURE 13 | 3D finite element analysis results for reference concrete, consisting of a contour plot (A), an image of cracks in the RCB (B), and close-up images of cracks (C).
In Figures 14–17, contour plots display fracture and flexure characteristics for four different RCB series. These RCBs have noticeable variations in the size and shape of their structural cracks and flexures, as discovered in the 3D FEM modeling. Figure 14 shows how RCB with 25% BAR can be accomplished. At the midpoint of the RCB, it had the most degree of deflection, while at the ends, it had the least. The two extremes were found to be 0.89 cm and -4.02 cm. The result of the experimental test with an expected deflection of -4.01 can be confirmed by a 3D finite element analysis. A close-up view of fissures with 25% bottom ash (Figure 14B) is included as well. At the middle of the RCB, the greatest number of cracks were recorded, and at the top, the smallest number of cracks appeared. The 3D models and the experimental findings do not have a large variance between the cracks.
[image: Figure 14]FIGURE 14 | Bottom ash added to concrete causes cracks in the RCB. Bottom ash increases the width of the cracks. 3D finite element analysis results are displayed in (A) as a contour plot and (B) showing the cracks.
[image: Figure 15]FIGURE 15 | The 3D finite element analysis on concrete with 50% bottom ash shows results that may be seen on (A) contour plots, and (B) a view of the fractures in the RCB.
[image: Figure 16]FIGURE 16 | The 3D finite element analysis on concrete with 75% bottom ash shows results that may be seen on (A) contour plots, and (B) a view of the fractures in the RCB.
[image: Figure 17]FIGURE 17 | The 3D finite element analysis on concrete with 100% bottom ash shows results that may be seen on (A) contour plots, and (B) a view of the fractures in the RCB.
As discovered by RCB, using half of the bottom ash gives completely different fracture and flexure values than other numerical results (Figure 15). -4.27 cm at most as the RCB moves to the middle, it picks up some deflection, and only slight deviations appear at the sides of the RCB. Deflection for RCB is improved when using 50% of BAR, rather than 0% or 25% of BAR. Experimental and numerical results are extremely similar, as is typical for RCBs with a fine aggregate mix of 25% BAR. Experiments show +4.24 cm max. The centre of the RCB experienced deflection of -4.27 cm, as 3D numerical calculations revealed. Experimental findings are corroborated using 3D computer models. The RCB was found to have a multitude of significant cracks, which are right next to the experimental crack. More notably, vertical cracks and flexure cracks were discovered at the point where the load was applied and where vertical cracks had happened in the middle of the RCB.
Large cracks and deflections are seen in the RCB with 75% BAR, as seen in Figure 16. The midsection of the RCB recorded the most deflection (–5.88 cm). Bottom ash RCB results in 5.86 cm deflection for 75% of the experiments. And hence, the experimental and numerical results appear quite near to one another, as seen in Figure 16B.
Figure 17 represents the deflection and cracking behavior of RCB with 100% bottom ash. Max. The RCB deflected at about its midpoint, and the number is -4.71 cm. Besides, experimental max. deflection value of 100% bottom ash added RCB is measured as -4.73 cm. The cracks we’ve obtained are quite a bit farther along than expected and extend all the way to the edges of the door. In most numerical models, it is found that increasing the amount of bottom ash fine aggregate to up to 75% in concrete mixture yields the highest strength. When put into RCB, deflection values go up, as confirmed by the results of an experimental test. Additionally, when BAR goes from 75% to 100% in the RCB, compressive strength and deflection value fall.
7 FINITE ELEMENT STUDIES VS. EXPERIMENTAL RESULTS COMPARISONS
In this part, we see how the experimental crack and deflection data for the RCB compare to 3D FEA models. Table 6 shows both theoretical and actual values for maximum displacement in the RCB. Also displayed in Figure 18 is the comparison of the experimental and numerical studies. Based on Table 6, the deflection is -3.89 cm, and it was measured in the middle of the RCB. When numeric data is evaluated, the experimental data’s deflection values are practically the same as those found in the 3D numerical analysis results. Deflection calculations give -3.88 cm. Not only did the numerical analysis (Figure 18A) match experimental results, but it showed that significant load-deflection occurred, too. Furthermore, results from experimental and numerical tests on the RCB with 25% bottom ash (Case 2) are nearly identical:
TABLE 6 | Deflection data under vertical force, which were obtained by experiments and computer simulations.
[image: Table 6][image: Figure 18]FIGURE 18 | To better understand the differences between RCB structures with higher-level and traditional cement, comparative analyses of 3D numerical and experimental deflection findings for (B) 25 percent BAR, (C) 50 percent BAR, (D) 75 percent BAR, (E) 100 percent BAR.
−4.01 cm of deflection for the real test and −4.02 cm of deflection for the 3D numerical model. This verification tells us the accuracy of the experiments’ results. For Case 2, the experimental and numerical results had a variance of +/- 25% in numbers. Figures 18B, 19B (a visual representation of the load-deflection data) reveal that loads show deflection close to that expected for the experimental and analytical results in this set of experiments. In 3D numerical simulations, a maximum deflection of −4.27 cm occurred in the centre of the RCB, while -4.24 cm deflection was recorded for experimental tests.
[image: Figure 19]FIGURE 19 | Deflection effects were determined using RCB experimental tests and 3D numerical analysis, showing different results for reference tests (A–E).
For the experiment, deflection variance was at about 3 mm, which is well within expected parameters. Figure 18C also shows this. Deflection in the centre of the RCB for the experimental test is recorded at -5.86 cm, while finite element calculations obtain -5.88 cm deflection. This number looks spot-on after having it double-checked using experiments and 3D numerical analysis. A 34% difference between the two types of experimental findings was discovered for Case 4. Load-deflection graphs in Figure 18D show the deflection of Case 4, with relatively similar deflection lines in both test results. Finally, the maximal deflection of -4.73 cm is found in the RCB for experimental data, whereas the same value is obtained in numerical studies. As well, the difference between the practical and theoretical test results are nearly identical (Figure 18E). This study’s numerical analysis results, which were created using 3D data, are verified by experimental testing, according to these findings. Furthermore, it is noteworthy that, for experimental test results, it is reported that when the concrete mixture’s BAR content moves from 0% to 75%, the deflection value under vertical force in the RCB grows. Nevertheless, a rise in the percentage of compressive replacement strength diminishes when the percentage of replacement is set to 100 percent. There is the same behavior seen in all RCB series when it comes to 3D numerical analysis. Moreover, the testing and computational simulations identified the same vertical and flexure cracks. 3D numerical evaluations help to verify experimental tests of the flexural behavior of RCBs shown in Figure 19.
8 CASE STUDY
Next, it will show how to use SAP 2000 (SAP 2000, 2008) software to create RC structures and describe how various bottom ash replacement ratios affect the weight of the RC structure. The analysis also considers the effects of 75% of the original BAR (the most critical BAR for reinforced RCBs). Example concrete structures use various fine-aggregate contents with varying replacement ratios (as discussed in the prior sections). We’ve also established that this construction is an office building in Turkey. It has four storeys, each measuring 16 × 16 m. It also measures over 14.5 m in height. As you’re making this, you enter the building’s original proportions into the 3D model. The materials for all columns and RCBs were based on experimental testing performed on five different concrete cube series, each of which had different characteristics. Figure 20 provide the 2D versions of this structure.
[image: Figure 20]FIGURE 20 | Viewing two-dimensional model of concrete structure (Karalar, 2020).
After using SAP 2000 (SAP 2000, 2008) software to model the concrete structure, five material characteristics were given to the software, and the construction was collapsed under its own weight. Significant weight disparities have been discovered in several cases. Figure 21 showcases these significant findings.
[image: Figure 21]FIGURE 21 | Numerical analysis results of the concrete structure.
When the overall weight of the structure is taken into account, it is obvious that the maximum structure weight is gained for reference RC, with a numerical value of 18,107 kN. The results of a total of 17,722 kN structure weight for concrete with 25% BAR are found, and this finding is crucial to assessing the effect of BAR on the weights of RC structures. Structure weights are also obtained: 16,938 kN for concrete with 50% BARs and 17,333 kN for concrete with 75% BARs. It turns out the lightest structure results when 100% BAR is used. Because a heavier concrete structure is undesirable, the numbers demonstrate that BAR in the concrete mixture makes it less heavy. Bottom ash is less dense than natural sand, so it's utilized in concrete construction to reduce weight. It was also explored how 75% BAR, which is important for RCBs, affects the nonlinear seismic horizontal displacement behavior of RC structures. For the seismic analysis, three important earthquakes are utilized. As you can see from the table, the 1989 Loma Prieta earthquake was comprised of three parts: near-fault, middle-fault, and far-fault. Table 7.
TABLE 7 | Three different cases for the 1989 Loma Prieta earthquake (Karalar, 2020).
[image: Table 7]In addition, the far-fault earthquake is gaining 0.53865 m/s2 of speed. On the flip side, max of 2.2124 m/s2 and 6.1398 m/s2 are 2.2124 m/s2 and 6.1398 m/s2, respectively. Differences in the rate of the average middle-fault and near-fault earthquakes. Earthquake simulations utilize SAP2000 software, which provides a model for the RC structure. The earthquakes are then applied to the structure’s bottom. As reported by nonlinear seismic analysis, to find out how the horizontal displacement in RC structure would change, reference concrete series and the concrete series with 75% CTE are used to calculate the displacement behaviour of each level.
The results of the seismic analyses of three critical earthquakes are detailed in Figure 22. For the 1989 Loma Prieta earthquake, Figure 22A shows how displacement of each floor in the structure is influenced by the effects of bottom ash. The top level of the structure experienced a maximum horizontal displacement of 0.56 cm due to the earthquake. Moreover, for Case 1, up to 1.12 cm of horizontal displacement can be achieved with a 75% design basis earthquake (DBE). Although the bottom ash concrete series obtained greater horizontal displacements, as compared to Case 1 and 3, more horizontal displacement (84 cm) was seen for the bottom ash concrete series for Case 2. Finally, the structure exhibits a maximum displacement of 2.08 cm at the highest floor when considering only concrete (Figure 22B). Bottom ash significantly impacts reinforced concrete structures, causing them to be more sensitive to seismic vertical displacement. In Figure 22C, we see that seismic effects from the BAR contribute to the displacement behavior of the structure, and these effects are examined more closely below. The earthquake caused pure concrete to shift 8.02 cm to the side, whereas the additional concrete moved 11.87 cm.
[image: Figure 22]FIGURE 22 | Nonlinear seismic analysis results for; (A) Case 1, (B) Case 2, (C) Case 3.
9 CONCLUSION
To ensure the safety of structures, it is essential to analyze how cracks and other forms of concrete failure develop. In this study, physical tests and 3D numerical modeling were used to investigate how different RCBs are affected by their ability to bend under load and the way they break under this type of strain. Load-dependent deflection behaviors are analyzed and evaluated in-depth for these RCBs because of this. The following bottom ash fine aggregate ratios are used in the concrete compositions, where 0% and 100% are both represented, followed by 25%, 50%, and 75%. To study the crack and flexural behaviors of RCBs, tests and 3D numerical analyses are used. The following information is key:
➢According to experiment results, it is evident that BAR in the concrete mixture is more effective, with an increase in the maximum RCB deflection. Maximal deflection of the RCB occurs near the middle of the RCB, with 75% BAR. Yet, raising BAR from 75% to 100% will clearly reduce RCB deflection.
➢According to the experimental results, the amount of deflection occurring in beams containing 0% and 25% bottom ash is 3.89 cm and 4.01 cm, respectively. In addition, static deflection amounts took place in beams containing 50%, 75% and 100% bottom ash are respectively 4.24 cm, 5.86 cm and 4.73 cm.
➢The behavior of RCBs cracks is affected by the fine aggregate ratio of bottom ash. Large vertical and flexural cracks were found to be affected by BAR, depending on the RCB. Cracks in the RCBs grow when the BAR fluctuates from 0% to 75%, and the crack widths are influenced by the change in BAR.
➢The simulations and experiments yield tiny cracks with very identical configurations. This suggests that finite element simulation may be a superb substitute for damaging laboratory experiments that can produce variances in findings, as both types of testing have their advantages and disadvantages. Bottom ash fine aggregates can be evaluated by finite element simulation and can thus be effectively utilized to forecast the real behavior of RCBs.
➢The weight of a concrete structure has been analyzed in terms of its RCBs and columns. Multiple BARs are used within RCBs and columns, and the effect of these on the structure’s weight is thoroughly described. The weight of the structure dramatically decreases as the number of columns and RCBs are raised while also increasing the number of BARS. The total weights of the structure containing 0% and 25% bottom ash are 18,107 kN and 17,722 kN, respectively. Furthermore, the weights of structures with 50%, 75% and 100% bottom ash are 17,333 kN, 16,938 kN and 16,548 kN, respectively.
➢It is apparent from all of the results of seismic analyses that the magnitude of earthquake and BAR have a significant effect on the horizontal displacement behavior of RC structures. The strength of the concrete structure varies between close- and far-fault earthquakes, and for close-fault earthquakes, concrete strength is stronger than for far-fault earthquakes. This brings us to the second disadvantage of BAR: the 75% strain produces a severe displacement of reinforced concrete structures.
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