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The use of sustainable industrial waste composites in reinforced concrete structural applications will be eco-friendly. The aim of the present study is to evaluate the regression-based flexural response of reinforced concrete beams by using ceramic electrical insulator waste as a substitute for cement and aggregate. The assessment of flexural behavior is presented in this study from bending stress, deflection, and crack width measurements. It details an experimental program suitably designed and tested to evaluate the responses of reinforced insulator concrete beams (flexure, shear and bond types) and generate the regression modeling. The results indicate that, in comparison to the reference beams (M1 F, M1 B, and M1 S), the bending stress of flexure- (M4 F), bond- (M4 B), and shear-reinforced (M4 S) insulator concrete beams increased by 17.41%, 13.52%, and 27.77%, respectively. The deflection values of flexure- (M4 F), bond- (M4 B), and shear-reinforced (M4 S) insulator concrete beams decreased by 10%, 8%, and 17%, respectively, compared to the reference beams. Similarly, the crack width of flexure- (M4 F), bond- (M4 B), and shear-reinforced (M4 S) insulator concrete beams decreased by 35%, 34.72%, and 35.07%, respectively, compared to the reference beams. The difference between regression and experimentally predicted results showed less than 4% error. The regression- predicted that R2 values were more than 97%. The regression correlation reveals that there exists a close relationship among bending stress, deflection, and crack width in the first crack stage, service stage, yield stage, and ultimate stage. The sustainability factors obtained, such as energy consumption (Ec = 3521.78 MJ/m3), CO2 emission reduction (CO2e = 781.37 kg/m3), and cost benefit of 24.41%, were benefits of the study. Overall, the experimental findings aligned well with regression prediction and also demonstrate that insulator waste can be utilized to produce sustainable and cost-effective reinforced concrete without compromising structural performance.
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1 INTRODUCTION
The regression analysis statistical technique can be used to model and examine the connection between one or more independent factors (such as material qualities, dimensions, and reinforcing details) and a dependent variable (such as load-bearing capability) in reinforced concrete beams. It aids in forecasting how reinforced concrete beams will behave in diverse scenarios and comprehending how numerous elements affect their functionality (Balakrishnan et al., 2023).
Umar et al. (2025b) studied the mechanical behavior of fiber-reinforced ECC engineered cementitious composite under monotonic and cyclic tensile loading with a constitutive model. Their results demonstrate that using sandblasted hooked fibers greatly increases strain capacity, reaching up to 15% while also improving tensile strength and crack healing. Notably, as compared to the control mix, hooked fibers showed a 40% increase in self-healing ability. The self-healing ability of linear fibers improved by 15%, whereas that of indented fibers improved by 30%. Similarly, Qian et al. (2024) studied the mechanical properties, self-healing capabilities, and hybrid composite fabrication of concrete made with shape memory alloys. They found that shape memory alloys improve the ductility of concrete, as seen by some hybrid compositions that show improvements in tensile and flexural strength of 27.5% and 40.18%, respectively. However, the modulus of elasticity and compression strength dropped by 5.61% and 3.31%, respectively. Compared to regular concrete, concrete containing shape memory alloys show better self-healing in addition to strength.
Ceramic electrical insulator waste has been used as binder material (Huseien et al., 2020; Ebrahimi et al., 2023) and filler materials (Senthamarai and Manoharan, 2005; Higashiyama et al., 2012) for manufacturing ordinary strength (Awoyera et al., 2016), high strength (Abou Rachied et al., 2023), and ultra-high performance (Xu et al., 2021) concrete by necessary mechanical and durability properties. Concrete with specified characteristic compressive strength of a cube at 28 days at 10–20 N/mm2, 25–55 N/mm2, and 60–80 N/mm2 is termed “ordinary strength”, “standard strength”, and “high-strength” concrete, respectively, as per IS 456:2000, 2000 (Plain and Reinforced Concrete–Code of Practice, 2000). Frattini experiments and scanning electron microscopy results showed that pastes made using ternary binder, which is composed of 50% cement and 20% insulator waste powder, had much less calcium silicate crystals. This is because synergistic interactions occurred, leading to the development of larger calcium silicate hydrate compounds (AlArab et al., 2020).
For structural purposes, Samadi et al. (2022) used recycled ceramic concrete. They used recycled tile ceramic in place of 40% and 100% of the cement and aggregates to create RC beams of 160 × 200 × 2200 mm. The ultimate flexural stiffness of the beams formed utilizing the waste materials and the control sample showed very slight difference. In comparison to the control specimen, a beam made entirely of ceramic aggregates demonstrated a 99% maximum load and a 43% reduction in deflection. Abou Rachied et al. (2023) made reinforced concrete beams of 200 mm × 300 mm × 2000 mm by replacing cement with a mixture of tile powder and furnace slag waste at 10% and 35%, respectively. Using ceramic powder, they investigated the flexural, shear, and bond characteristics of concrete beams and found nearly no difference from control concrete beams.
A beam containing porcelain powder and blast furnace slag demonstrated improved flexure, shear, and bond strength up to 13.15%, 10.25%, and 8.87% in ultimate load, respectively, compared to the control beam. Wang et al. (2023) investigated circular and rectangular steel tube stub columns filled with concrete mixed with ceramic coarse aggregate in a few axial compressive tests. The results of their investigation showed that when the confinement coefficient increased as much as 2.56, steel tube lateral confinement could greatly increase the ductility (>3) and strength (>0.001) indices. Reinforced concrete structural elements are unable to avoid shear stresses. Thus, it is essential to examine any potential interactions with other structural mechanisms such as flexure and torsion in addition to determining the impact of shear stress alone.
A statistical technique for comprehending and forecasting how different factors (independent variables) affect the behavior of a beam (dependent variable) in the context of reinforced concrete beams is regression analysis. Depending on the structure, loading conditions, and material characteristics, this might consist of predicting capacity, deflection, or other measures of performance. By quantifying the correlations between different characteristics, regression analysis assists engineers in designing structures that are safer and more efficient. Zhang et al. (2025) demonstrated that the ultimate load carrying capacity of structures can be determined by establishing a correlation between crack patterns and external loads. Interpretability is lacking in traditional regression-based approaches, which rely on costly trials.
The effectiveness of the approach was demonstrated by validation on RC beams subjected to four-point bending, which produced a mean absolute error of 20.68%. From experimental and numerical analyses on bond strength between concrete and steel reinforcement, it was concluded that bond strength is not only dependent on bar diameter but also specimen geometry (Miranda et al., 2021). There is no accepted mathematical definition for bond strength, which is a gauge of how concrete and steel grasp one another.
2 RESEARCH SIGNIFICANCE
Regression analysis and statistical validation are essential analyses that can accurately depict and validate the responses of structural elements. This study aims to ascertain the correlations between the independent and dependent variables of reinforced insulator concrete beams. Its objective is to formulate regression equations with statistical validation for predicting the performance features of M50-grade reinforced insulator concrete beams.
3 MATERIALS AND MIX PROPORTIONS
3.1 Insulator powder as cement replacement material and its properties
Ceramic electrical insulator waste was collected from a manufacturer (Saravana Global Energy Limited) located in Peddunaicken Kuppam, Cuddalore District in Tamil Nadu, India. In order to replace traditional concrete-making ingredients like granite aggregate and ordinary Portland cement 53 grade (OPC53), the insulator waste was crushed and ground using a jaw crusher and a ball mill to achieve the required size equivalent to conventional concrete ingredients by using the facility available at the government industrial estate for ceramics in Vridhachalam, Tamil Nadu, India. In accordance with IS 383:2016, (2016) (Specification for coarse and fine aggregates from natural sources for concrete, 2016), crushed granite was utilized as a reference coarse and fine aggregate. Cement was used in accordance with IS 12269:2013, (2013) (Specification for 53 Grade Ordinary Portland Cement, 2013). Figure 1 shows the prepared insulator aggregates: insulator powder from disposed waste. Sulfonated naphthalene-based superplasticizer was used to maintain workability.
[image: Insulators are shown at the top. Below are three materials labeled as insulator coarse aggregate, insulator fine aggregate, and insulator powder. The bottom row displays granite coarse aggregate, granite fine aggregate, and cement.]FIGURE 1 | Ingredients of insulator concrete and reference concrete.The properties of insulator powder and ordinary Portland cement are compared in Table 1. The specific gravities of cement and insulator powder were determined using a Le Chatelier flask according to IS 4031:1988 (Part-11), (1988) (Methods of physical tests for hydraulic cement: Determination of density, 1988). Compared to cement, insulator powder has a lower specific gravity, reducing the density of the concrete. Particle sizes were measured with a Litesizer 500 device in accordance with ISO 22412:2017, (2017) (Particle Size Analysis-Dynamic Light Scattering, 2017). The particle size of insulator powder is 52.73% smaller than that of cement. This implies that insulator powder has a greater role in the micro-filling of concrete. Brunauer–Emmett–Teller (BET) analysis was used to determine the specific surface area in accordance with ASTM C1274:2020 (Part-12) (2020) (Standard Test Method for Advanced Ceramic Specific Surface Area by Physical Adsorption, 2020). Since the difference between the specific surface area values of cement and insulator powder is lesser (6.25%), insulator powder can be used instead of cement to improve the pozzolanic reactions.
TABLE 1 | Properties of insulator powder and cement.	Property	Insulator powder	Cement	Test standards
	Hydrodynamic diameter (nm)	1,847.85	3,908.71	ISO22412
	Surface area (m2/g)	4.49	4.793	ASTM C1274 (Part-12)
	Pore volume (cc/g)	0.011	0.013
	Pore diameter (nm)	1.68	1.43
	Specific gravity	2.70	3.16	IS4031 (Part-11)
	Density (g/cm3)	2.64	2.84


X-ray fluorescence (XRF) analysis was used to determine the chemical composition of insulator powder and cement in accordance with ASTM E1621-(Part-22), (2022) (Standard Guide for Elemental Analysis by Wavelength Dispersive X-Ray Fluorescence Spectrometry, 2022). The chemical composition of insulator powder and cement is given in Table 2. The total pozzolanic oxides (ΣP = (SiO2+ Al2O3 + Fe2O3)) in any powdered material must be more than 70% in order to be used as cement substitutes, as specified by ASTM C618 (Part-3) (2003) (Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete, 2003). In the present study, ΣP is 95.46%, which enhances the pozzolanic activity of concrete in the fresh stage and improves the strength of concrete in the hardened stage. In accordance with Pereira et al. (2022), Jang and So (2015), and Higashiyama et al. (2014), the insulator powder’s total pozzolanic oxide content was 92.90%, 90.00%, and 92.71%, respectively. This is lower than the current study’s findings.
TABLE 2 | Chemical composition of insulator powder and cement.	Material	SiO2	Al2O3	Fe2O3	CaO	SO3	K2O	TiO2
	Insulator powder (%)	75.10	18.44	1.92	2.17	1.38	0.43	0.56
	Cement (%)	20.52	6.29	1.25	66.70	3.51	1.56	0.53


3.2 Insulator aggregate as granite aggregate replacement material and its properties
The insulator aggregate properties were evaluated and compared with granite aggregates. The properties of insulator and granite aggregates are compared in Table 3, where the size of insulator waste coarse and fine aggregates used in the study are 20 mm and 4.75 mm, respectively. The particle size and fineness modulus of insulator aggregate was compared with granite aggregates with reference to IS 2386:1963 (Part-1) (1963) (Methods of Test for Aggregates for Concrete: Particle Size and Shape, 1963). The fineness modulus of insulator coarse aggregate and fine aggregate were respectively 6.45% and 13.8% lesser than the granite coarse and fine aggregates. The variation in the fineness modulus of insulator aggregates greatly influences the workability and strength development of concrete. The fineness modulus of both insulator and granite fine aggregate conforms to grading zone-II as per IS 383:2016 (2016) (Specification for coarse and fine aggregates from natural sources for concrete, 2016). The size of coarse aggregate was chosen based on the geometry of concrete test specimens according to the guidelines given in IS 516:2004 (2004) (Methods of Tests for Strength of Concrete, 2004).
TABLE 3 | Properties of insulator and granite aggregate.	Property	Coarse aggregate	Fine aggregate	Test standards
	Insulator	Granite	Insulator	Granite
	Maximum size (mm)	20	20	4.75	4.75	IS2386 (Part-1)
	Fineness modulus	6.20	6.60	2.50	2.90
	Water absorption (24 h (%)	0.32	0.55	0.43	0.80	IS2386 (Part-3)
	Specific gravity	2.67	2.74	2.36	2.63
	Bulk density (kg/m3)	1455	1560	1495	1710
	Impact value (%)	15	18	-	-	IS2386 (Part-4)
	Crushing value (%)	22	27	-	-


The water absorption of insulator aggregate was compared with granite aggregate with reference to IS 2386:1963 (Part-1) (1963) (Methods of Test for Aggregates for Concrete: Particle Size and Shape, 1963). The insulator aggregate absorbs 70% less water than granite aggregate, which shows the poorer porosity of the former. The bulk densities of insulator aggregate were compared with granite aggregate with reference to IS 2386:1963 (Part-3) (1963) (Methods of test for aggregates for concrete: Specific gravity, density, voids, absorption and bulking, 1963). The difference in bulk densities between granite and insulator aggregate is 6.96%. The strength properties of insulator aggregate was compared with granite aggregates with reference to IS 2386:1963 (Part-4) (1963) (Methods of test for aggregates for concrete: Mechanical properties, 1963). The impact and crushing values of insulator aggregate are 16.66% and 18.51% lesser than granite aggregate, respectively. Based on the test results, insulator powder and aggregate properties are better than cement and granite aggregates.
3.3 Mix proportions
The mix proportion for M50-grade insulator concrete was designed in accordance with IS 10262:2019 (2019) (Concrete Mix Proportioning-Guidelines (Second Revision), 2019). To evaluate the performance of concrete using insulator waste as cement and aggregate replacement materials, four different types of concrete mix (M1, M2, M3, and M4) were prepared:
	M1: 100% cement and 100% crushed granite aggregate.
	M2: 30% insulator powder as substitute of cement.
	M3: 100% insulator aggregate as substitute for granite aggregate.
	M4: 30% insulator powder and 100% insulator aggregate as substitute for cement and granite aggregates, respectively.

The details of concrete mix proportions are given in Table 4. We previously used the same mix proportions to study the elevated temperature effect of concrete made with insulator powder and insulator aggregate as cement and aggregate replacement for standard strength concrete (Sekar et al., 2025). The quantity of insulator powder used was 30% as found by the pozzolanic activity test used to replace the cement. During the preliminary trials of concrete mixes, it was found that a minimum of 162 L/m3 of operating water was needed for a 20 mm maximum size of ceramic coarse aggregates in the presence of 2.925 L/m3 of superplasticizer to enhance the workability without further increasing water content. Therefore, the maximum size of coarse filler, quantity of water, and quantity of superplasticizer used was 20 mm, 162 L/m3, and 2.925 L/m3, respectively, for the four concrete mixes.
TABLE 4 | Mix design details of insulator concrete mixes.	Material	M1 mix	M2 mix	M3 mix	M4 mix
	Ordinary Portland cement (kg/m3)	450	315	450	315
	Insulator powder (kg/m3)	-	135	-	135
	Water (L/m3)	162	162	162	162
	Superplasticizer (L/m3)	2.925	2.925	2.925	2.925
	Water binder ratio	0.36	0.36	0.36	0.36
	Insulator coarse aggregate (kg/m3)	-	-	1213	1213
	Insulator fine aggregate (kg/m3)	-	-	592	592
	Granite coarse aggregate (kg/m3)	1213	1213	-	-
	Granite fine aggregate (kg/m3)	592	592	-	-
	Mix ratio (by weight)	1:1.32:2.70	1:1.32:2.70	1:1.32:2.70	1:1.32:2.70
	Slump (mm)	148	154	150	154


The volume of coarse and fine aggregates was kept the same for all mixes. Insulator concrete was more cohesive and workable than granite aggregate concrete due to the very minimal water absorption and smooth surface texture of insulator waste aggregate. The workability was examined by slump testing in compliance with IS 7320:1974 (Reaffirmed, 2008) (1974) (Specification for concrete slump test apparatus, 1974). The slump values of the M1, M2, M3, and M4 mixes were found to be 148 mm, 154 mm, 150 mm, and 158 mm, respectively. These slump values indicate that the smooth surface texture of insulator waste aggregate improves the workability of concrete at 1.35%, whereas the presence of insulator powder improves the workability of concrete by 4%. The combination of insulator powder and insulator aggregate improves the workability of concrete by 6.75%. This improvement in concrete workability is due to the presence of superplasticizer and insulator waste.
4 METHODOLOGY
4.1 Experimental details of preliminary test specimens
To determine the preliminary test specimen strength of concrete, such as compressive strength and modulus of elasticity, a cube specimen (100 mm × 100 mm × 100 mm) and cylinder specimen (150 mm in diameter, 300 mm in length) were cast and tested after 28 days of curing, on the same day as the beam testing. The experimental setup for the compressive strength and modulus of elasticity test is shown in Figure 2. According to IS 516:2004 (2004) (Methods of Tests for Strength of Concrete, 2004), the compressive strength of the cubes was tested using digital compression testing equipment with a maximum capacity of 2000 kN at a loading rate of 2.3 kN/s. The nominal maximum size of the cube specimen chosen as 100 mm3 in this study due to the 20 mm nominal maximum size of coarse aggregate utilized, as per Clause 2.8 of IS 516:2004 (2004) (Methods of Tests for Strength of Concrete, 2004). Senthamarai and Manoharan (2005) also used a 100 mm3 cube specimen in their study, corresponding to a coarse aggregate size of 20 mm. The hardened density of concrete was calculated for the cube specimen in wet conditions after wiping out the surface water after 28 days of water curing before strength testing, as illustrated in IS 516:2004 (2004) (Methods of Tests for Strength of Concrete, 2004).
[image: Testing setup for concrete involves a cube inside a compression testing machine and a cylindrical setup with extensometer and compressometer. Failure patterns of cubes and a cylinder depicted nearby.]FIGURE 2 | Test setup and failure patterns of insulator cube and cylinder specimens.The concrete cylinder specimen was used in measuring linear strain with a compressometer and lateral strain with an extensometer to determine the modulus of elasticity and Poisson’s ratio, respectively. As per IS 516:2004 (2004) (Methods of Tests for Strength of Concrete, 2004), the slope of the stress–strain graph was used to determine the modulus of elasticity and Poisson’s ratio. From the stress-strain graph using, Equations 1, 2 as given in ASTM C469 (Part-2) (2009), the modulus of elasticity and Poisson’s ratio were calculated:
E=S2−S1/ε2−ε1,(1)
where Es is static modulus in (GPa), S2 is stress corresponding to 40% of ultimate load in MPa, S1 is stress corresponding to linear strain (ε1) of 50 × 10−6, and ε2 is linear strain corresponding to S2. Poisson’s ratio was determined using Equation 2:
μ=εt2−εt1/ε2−ε1,(2)
where μ is Poisson’s ratio and εt2 and εt1 are lateral strains corresponding to stresses S2 and S1, respectively.
To determine how the microstructure of insulator waste concrete improves the strength characteristics and flexural performance of reinforced concrete beams, the samples used for testing were ground into a powder (passing through a 90 μm sieve) following the mechanical properties’ evaluation of the preliminary insulator concrete specimens. Using a Philips X’Pert PRO PANalytical diffractometer, the hydrated chemical compounds and crystal phases were examined in compliance with ASTM E3294 (Part-22) (2022) (Standard Guide for Forensic Analysis of Geological Materials by Powder X-Ray Diffraction, 2022). The system operated at a speed of 10°/min with an angle of scattering ranging 5–80° with a 30 mA/40 kV output. The analysis used an X-ray wavelength of 1.5406 Å, which is comparable to the X-ray energy (8.04 keV) of copper K-α (CuKa) radiation.
4.2 Design and reinforcement detailing of insulator concrete beams
To find the flexural behavior, 12 reinforced concrete beams 100 × 150 × 1000 mm in size were cast (four flexure-reinforced, four bond-reinforced, and four shear-reinforced beams). The reinforcement details of the flexure, bond, and shear types of reinforced insulator concrete beams are shown in Figure 3. The geometry of reinforced concrete beams was chosen with reference to Aksoylu et al. (2023). The beams were made from a combination of three different types of reinforcement detailing (F: flexure-type reinforcement; B: bond-type reinforcement; S: shear-type reinforcement) and four different types of insulator concrete mixes (M1, M2, M3, M4):
	M1 (F), M2 (F), M3 (F), and M4 (F): flexure-type reinforced
	M1 (B), M2 (B), M3 (B), and M4 (B): bond-type reinforced
	M1 (S), M2 (S), M3 (S), and M4 (S): shear-type reinforced

[image: Three diagrams of reinforced concrete beam sections labeled (a), (b), and (c). Each shows longitudinal and cross-sections. Section (a) and (b) illustrate beam spans of 900 millimeters with shear, main, and hanger bars. Section (b) includes a lap length of 192 millimeters. Section (c) has a 300-millimeter span central position with different hanger bar configurations. Measurements for the cross-sections indicate dimensions and bar specifications.]FIGURE 3 | Reinforcement details of insulator concrete beams. (a) Flexure type reinforced beams. (b) Bond type reinforced beams. (c) Shear type reinforced beams.All beams maintained consistent tension and compression zone reinforcement ratios of (Pt – 1.21%) and (Pc – 0.77%), respectively. The middle third span of the bond beams with staggered lap splicing for compression reinforcement was used to examine flexural behavior (Figure 2B). The stirrup spacing in each beam was maintained at 100 mm c/c. To guarantee that the flexure and bond types of reinforced beam would experience flexure failure at the service stage in compliance with IS 456:2000 (2000) (Plain and Reinforced Concrete–Code of Practice, 2000), a clear span of an effective depth ratio (L/d) of 6.92 was set. The remaining four shear-reinforced beams were constructed with stirrup spacing increased to 150 mm c/c and a shear span to an effective depth ratio (a/d) of 2.30 to ensure shear failure at the service stage in compliance with IS 456:2000 (2000) (Plain and Reinforced Concrete–Code of Practice, 2000).
When using reinforced beams of the flexure and bond type with staggered lap splicing of 192 mm (24 ϕ) at midspan, two numbers (#) of 10 mm diameter (ϕ) steel bar were used as tension reinforcement and two numbers (#) of 8 mm ϕ steel bar were used as compression reinforcement, as per IS 456:2000 (2000) (Plain and Reinforced Concrete–Code of Practice, 2000). Shear-reinforced beams were strengthened using two 10-mm-wide steel bars for tension and two 8-mm-wide steel bars for compression. The effective cover remained at 20 mm. For reinforcement in compression and tension zones, steel bars of Fe550-grade were used, while stirrups were made of Fe250-grade steel with a 6 mm diameter. The properties of the steel reinforcement are given in Table 5.
TABLE 5 | Properties of steel reinforcement.	Property	Value
	Yield strength, fy (MPa)	550
	Mass density, ρs (kg/m3)	7850
	Young’s modulus, Es (MPa)	200,000
	Poisson’s ratio, νs	0.30
	Spacing of stirrups, SS (mm)	100 (for flexure and bond beams) and 150 (for shear beam)


4.3 Experimental details of reinforced insulator concrete beams
The setup for testing the beams is shown in Figure 4. A loading frame (600 kN capacity) and displacement-controlled servo hydraulic actuator (500 kN capacity) was used for testing. A connected actuator system was used to measure the load. The linear variable displacement transducer (LVDT), situated at the bond beam’s bending zone, was used to detect the deflection of the beam. It was assembled with a data logger (Nic DAQ-9174) and displacement bridge NI-9205 with DSUB (32 Ch, ±10 V to ±120 mV, 16-Bit, 120 Ω analog input). TML (Tokyo Measuring Instruments Laboratory Co., Ltd., Japan) provided the PFL-10–11 type of strain gauges (gauge length: 10 mm; gauge factor: 2.11) which were mounted at the bond beam’s compression and tension zones. In order to obtain the strain values, the lead wires from the strain gauges were connected to the strain bridge (NI9235, 8 Ch, 24-Bit, 120 Ω quarter bridge analog input) and then to the data logger (Nic DAQ-9174) using the quarter-bridge technique. Crack widths were measured using a handheld microscope with 40× visual resolution and 0.01 mm sensitivity.
[image: A structural testing setup shows a horizontal spreader beam labeled "C-B30-F0-FB" supported by two metal stands. A loading jack is positioned above the beam. Strain gauges are attached to the beam's surface, and an inset shows a close-up of one. Two Linear Variable Differential Transformers (LVDT) are mounted below the beam to measure its displacement. The setup includes various wires and cables connected to the devices.]FIGURE 4 | Testing setup of insulator concrete beam.The beams were preloaded with a minimum force of 0.5 kN before testing in order to allow the LVDT and strain gauges to operate. Simple supported end conditions and a two-point load were used to test the beams. The center-to-center distance between the supports was 900 mm. The load was applied monotonically at a rate of 2 kN/mm in the constant moment zone. MTS-STEX Pro software was used to analyze the measured data in order to determine the strain and deflection values.
4.4 Statistical and regression analysis
In the first phase, statistical analysis was performed using ANOVA: quadratic model for mechanical properties of insulator concrete. The uniformity of the mechanical properties of concrete is better understood by statistical analyses such as:
	Standard deviation (SD)
	Coefficient of variation (CV)
	F-value
	P-value
	Regression coefficient (R2)

The SD and CV were found using Equations 3, 4, respectively:
SD=∑i=0nxi−x¯2n−1,(3)
CV=∑i=0nxi−x¯2n−1/x¯,(4)
where SD is standard deviation, CV is coefficient of variance, xi is individual specimen strength, x̄ is mean strength, and n is number of specimens. Six (n = 6) test specimens were used for mass density and compressive strength evaluation for each concrete mix, and the average test results of specimens were considered statistical analysis, whereas modulus of elasticity and Poisson’s ratio tests were conducted for each mix with one specimen (n = 1). Hence, mass density and compressive strength results alone were used for statistical validation using Senthamarai and Manoharan (2005) and Umar et al. (2024).
In the second phase, a regression model was used to establish the correlation between the independent and dependent variables of the flexural behavior of reinforced insulator concrete beams. The regression analysis of flexural behavior was performed using ANOVA: quadratic model. The methodology for the regression analysis was performed as per Rajasekaran et al. (2008), Sethuraman and Suguna (2016), Balakrishnan et al. (2023), and Umar et al. (2025a).
The following concrete and steel reinforcement properties were substituted as independent variables in the regression analysis.
	Characteristic compressive strength of concrete (fck)
	Yield strength of reinforcement (fy)
	Mass density of concrete (ρ)
	Young’s modulus of concrete (Ec)
	Poisson’s ratio of concrete (νc)
	Spacing of reinforcement stirrups (ss)

The following flexural responses were substituted as dependent variables in the regression analysis at first crack load, service load, yield load, and ultimate load.
	Bending stress (fb)
	Deflection (δ)
	Crack width (W)

The predicted regression equations for bending stress and the deflection and crack width of the beams at various stages of loading were validated by the following statistical analysis results:
	regression coefficient (R2)
	F-value
	P-value
	t-Stat

5 RESULTS AND DISCUSSION
5.1 Effect of using insulator waste in the mechanical and microstructure properties of concrete
The insulator powder and aggregate blended concrete mix (M4) achieved maximum strength in terms of compressive strength and modulus of elasticity compared with the remaining mixes: M4 was respectively 9.45% and 2.11% higher than the reference concrete mix (M1). M4 showed a notable increase in compressive strength compared to the other mixes. The properties of the insulator concrete mixtures are given in Table 6. M4 attained the highest compressive strength of 65.45 MPa. In contrast to cement and granite aggregate, this demonstrates that the link between insulator powder and aggregate is stronger when superplasticizer is present. Compared to M1, the average cube compressive strength increase of M2 and M4 was 9.13% and 9.92%, respectively. M3 (insulator aggregate concrete) and M1 (granite aggregate concrete) do not significantly differ in strength.
TABLE 6 | Properties of insulator concrete mixes.	Material	M1 mix	M2 mix	M3 mix	M4 mix
	Mass density of concrete, ρc (kg/m3)	2456	2450	2124	2120
	Characteristic compressive strength, fck (MPa)	59.60	65.10	59.52	65.50
	Young’s modulus of concrete, Ec (MPa)	43,636	45,281	44,617	47,266
	Poisson’s ratio of concrete, νc	0.23	0.22	0.20	0.21


The XRD graph of insulator concrete mixes is shown in Figure 5. It can be seen from the graph how the inclusion of insulator waste affects the microstructure or load transfer mechanism. The following mineral phases were identified: calcium aluminate silicate hydrate (C-A-S-H) gel, calcium silicate hydrate (C-S-H) gel, calcium hydroxide (portlandite C-H), and calcium aluminate sulfate hydrate (ettringite), AFt. In comparison to the M1 mix, M2 and M3 exhibited greater crystalline size, as seen by the increase in intensity observed at smaller angles (i.e., the amorphous state vanishes). All C-H intensity peaks of the mixes were determined as lower than M4 (Figure 5).
[image: X-ray diffraction patterns of four samples M1, M2, M3, and M4, shown in green, blue, red, and black, respectively. Peaks represent phases: Aft, C-A-S-H, C-S-H, and CH, with relative intensity on the y-axis and position (2θ) on the x-axis.]FIGURE 5 | XRD graph of insulator concrete mixes.Similarly, we have previously studied the microstructure and found that insulator powder substituted concrete mix increases its strength while simultaneously raising the density of the C-S-H gel (Sekar et al., 2025). The strengthened insulator concrete mixes (M2, M3, and M4) prevented in-depth core concrete damage at greater stress levels because of a better confinement effect than M1 concrete mix (Figure 6).
[image: Four concrete core samples labeled M1 to M4 on a table. M1 and M2 show excessive damage with red outlines highlighting deformations. M3 and M4 demonstrate resistance to damage with smoother sides. Yellow arrows indicate damage assessments, with M1 denoting excessive damage and M2, M3, M4 showing resistance.]FIGURE 6 | Tested insulator concrete cube specimens.In accordance with ASTM C469 (Part-2) (2009) (Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression, 2009), the lateral and linear strain of the concrete cylinder was determined at 40% of the ultimate load in order to determine the modulus of elasticity and Poisson’s ratio. Table 6 provides the insulator concrete’s assessed modulus of elasticity and Poisson’s ratio values. As seen in Figure 7, the insulator concrete resists higher stresses with respect to rate of strain than the reference concrete. Under uniaxial compression, M2’s maximum linear strain and equivalent lateral strain at failure were determined to be 0.00362 and 0.00086, respectively—14% less than that of reference mix M1. The insulator concrete lateral strain of 44.75% is higher than the permissible compressive strain of 0.002 as given in IS 456:2000 (2000) (Plain and Reinforced Concrete–Code of Practice, 2000).
[image: Line graph showing compressive stress (MPa) against linear strain. Four datasets (M1, M2, M3, M4) are represented by pink squares, red diamonds, green triangles, and purple circles respectively. Each dataset has a corresponding polynomial trendline. Stress values range from 0 to 70 MPa, with strain up to 0.005.]FIGURE 7 | Compressive stress and linear strain variation of insulator concrete mixes.As seen in Figure 7, the linear strain at failure was greater in the insulator concrete, resulting in a higher modulus than the reference concrete. Comparing M2 to M3, the average increase in modulus was 3.75%, 2.24%, and 8.31%, respectively. This is better than the modulus of elasticity of insulator aggregate concrete (Senthamarai and Manoharan, 2005). Likewise, using tile debris raises the modulus of elasticity of concrete by 26.9% (Anderson et al., 2016). It was determined that the M1, M2, M3, and M4 mixes had Poisson’s ratio values of 0.24, 0.22, 0.24, and 0.22, respectively. According to Naenudon et al. (2023), Poisson’s ratio of geopolymer concrete with insulator aggregates varies between 0.23 and 0.27. Based on these findings, insulator waste functions well to sustain stresses that are comparable to the reference materials.
The correlation amongst the mechanical properties of M50-grade insulator concrete was evaluated using statistical analysis. The calculated statistical analysis report of mass density and compressive strength is given in Table 7. The regression coefficient (R2) of the mass density and compressive strength results of the M4 mix were 0.997 and 0.994, respectively. The predicted coefficient of variation (CV) of <5%, standard deviation (SD) of <1, and R2 of >0.98 shows that the results are more acceptable for all the mixes. Based on the comparison of the CV and SD of the present study with Senthamarai and Manoharan (2005), our results were consistent. A more precise determination of the mean concrete strength was obtained when the sample size was significant (n = 6), reducing the standard error. The properties of concrete were successively attained by a greater sample size to obtain a comparable limit of variability and confidence level (>95%). Similarly Umar et al. (2024) studied the statistical analysis of mechanical properties of concrete with bentonite clay and quarry dust using ANOVA: quadratic model. According to their statistical research, concrete with exceptional strength that matches theoretical expectations was generated by combining 10.29% bentonite clay, 7.20% quarry dust in place of cement, and 8.19% fine aggregate. This ideal mixture offers a sustainable method of producing concrete by skillfully balancing resource use and performance.
TABLE 7 | Statistical validation of mass density and compressive strength using ANOVA.	Mix ID	Mass density	Compressive strength
	Mean (kg/m3)	Standard deviation	Coefficient of variance	F-value	P-value	R2	Mean (MPa)	Standard deviation	Coefficient of variance	F-value	P-value	R2
	M1	2456	0.59	1.02	3.21	0.00234	0.981	59.60	0.68	1.15	3.02	0.00176	0.994
	M2	2450	0.22	0.22	2.48	0.00412	0.975	65.10	0.19	0.29	2.75	0.00343	0.952
	M3	2124	0.32	0.53	3.11	0.00934	0.972	59.52	0.29	0.49	3.23	0.00654	0.978
	M4	2120	0.33	0.41	2.10	0.00423	0.997	65.50	0.25	0.38	2.21	0.00752	0.990


5.2 Effect of using insulator waste in the flexural response of reinforced concrete beams
Experimental predictions of bending stress at different stages of loading are given in Table 8. Compared to reference flexure-type reinforced beams (M1(F)), the bending moment of M2 (F), M3 (F), and M4 (F) beams were increased by 10.07%, 4.20%, and 17.41%, respectively, in the ultimate stage. Similarly, the improvement of the bending moment was observed for the flexure type of reinforced concrete beams as per the literature (Rajkumar et al., 2018; Karalar et al., 2022; Samadi et al., 2022; Abou Rachied et al., 2023; Aksoylu et al., 2023). Compared to the reference bond beams M1 (B), the bending moment capacity of the M2 (B), M3 (B), and M4 (B) beams were increased by 13.52%, 3.74%, and 10.82%, respectively, in the ultimate stage.
TABLE 8 | Experimental prediction of flexural responses at different stages of loading.	Mix ID of beams	Bending stress (MPa)	Deflection (mm)	Crack width (mm)
	ffcr	fs	fy	fu	δfcr	δs	δy	δu	Wfcr	Ws	Wy	Wu
	M1 (F)	6.04	24.14	32.83	36.21	0.64	1.27	1.55	5.15	0.17	0.24	0.46	0.85
	M2 (F)	6.66	26.62	37.19	39.94	0.47	1.22	1.40	5.05	0.14	0.21	0.32	0.64
	M3 (F)	6.30	25.20	33.15	37.81	0.59	1.30	1.68	5.35	0.15	0.22	0.38	0.70
	M4 (F)	7.10	28.40	37.72	42.60	0.55	1.22	1.34	4.99	0.12	0.19	0.27	0.55
	M1 (B)	5.81	23.25	30.76	34.88	0.98	3.13	3.28	4.37	0.19	0.28	0.54	0.72
	M2 (B)	6.48	25.91	34.28	38.87	0.53	2.66	3.22	4.30	0.17	0.26	0.41	0.54
	M3 (B)	6.04	24.14	31.93	36.21	0.82	2.96	3.41	4.54	0.18	0.27	0.45	0.60
	M4 (B)	6.66	26.62	35.22	39.94	0.68	2.82	3.18	4.24	0.15	0.26	0.35	0.47
	M1 (S)	3.99	12.77	15.71	19.16	1.13	2.96	3.32	3.45	0.29	0.30	0.36	0.57
	M2 (S)	4.38	14.66	18.03	21.99	1.23	2.80	3.14	3.39	0.25	0.28	0.29	0.43
	M3 (S)	3.73	13.72	16.88	20.58	1.05	2.77	3.10	3.58	0.23	0.26	0.31	0.47
	M4 (S)	4.85	16.33	20.08	24.49	1.37	2.22	2.49	3.34	0.21	0.23	0.26	0.37


* fb,fcr, bending stress at First crack load; fb,s, bending stress at service load; fb,y, bending stress at yield load; fb,u, bending stress at ultimate load; δfcr, deflection at first crack load; δs, deflection at service load; δy, deflection at yield load; δu, deflection at ultimate load; W fcr, crack width at first crack load; Ws, crack width at service load; Wy, crack width at yield load; Wu, crack width at ultimate load.
The enhancement of the bending moment was comparatively similar to earlier studies (Rajkumar et al., 2018; Karalar et al., 2022; Samadi et al., 2022; Abou Rachied et al., 2023; Aksoylu et al., 2023). In the shear types of reinforced concrete beams, the bending moment capacity of M2 (S), M3 (S), and M4 (S) were increased by 14.72%, 7.38%, and 27.77%, respectively, compared to M1 (S). Similarly, for the shear types of reinforced concrete beams, the bending moment was found, and it improved the behavior of the beams as per Ashour (2000) and Aksoylu et al. (2023). Because of greater initial stiffness, the M4 mix withstood bending well in the stages of loading. This implies that concrete that includes insulator waste enhances flexural strength. The bending moment versus deflection graph of tested beams is shown in Figure 8.
[image: Three graphs show the relationship between midspan deflection and bending moment in kilonewton-meters. Graph (a) displays four lines labeled M1 to M4 for the F category, graph (b) shows M1 to M4 for the B category, and graph (c) features M1 to M4 for the S category. The x-axis represents midspan deflection in millimeters, and the y-axis shows bending moment. Each line differs by color and marker type to distinguish between M1, M2, M3, and M4.]FIGURE 8 | Bending moment: deflection variation of insulator concrete beams. (a) Flexure-type reinforced beams. (b) Bond-type reinforced beams. (c) Shear-type reinforced beams.The percentage increase in the bending stress of insulator concrete beams compared to the reference beams at different stages is depicted in Figure 9. Similarly, high strength beams increased the bending stress to 132.26% (Balakrishnan et al., 2023). When insulator waste is added to reinforced concrete beams, it combines with the C-H gel generated during cement hydration to improve the microstructure and load transmission mechanism. The presence of SiO2 and Al2O3 in the fine insulator powder boosts the production of C-S-H gel, which raises the insulator concrete beams’ moment of resistance. Similarly, concrete members that employed ceramic powder and showed sufficient bond stress had similar outcomes (Abou Rachied et al., 2023). During the test, no horizontal fractures were seen at the insulator concrete beams’ reinforcement level, indicating that the link between the steel reinforcement and the surrounding concrete did not break.
[image: Three charts labeled (a), (b), and (c) show the percentage increase of stress at different bending stress stages: ffcr, fs, fy, and fu. Chart (a) indicates stress changes for M1 to M4 in female (F) groups, displaying peaks between 0 and 17.65 percent. Chart (b) shows variations for male (B) groups, with peaks from 0 to 14.5 percent. Chart (c) illustrates stress changes for S groups, with values peaking from 0 to 27.84 percent. Each chart uses blue, pink, and green colors to differentiate models M1 to M4.]FIGURE 9 | Bending stress variation of insulator concrete beams at different stages of loading. (a) Flexure-type reinforced beams. (b) Bond-type reinforced beams. (c) Shear-type reinforced beams.5.3 Effect of using insulator waste in the deflection control of reinforced concrete beams
The experimental prediction of deflection at different stages of loading is given in Table 8. The deflection of insulator concrete beams compared to reference beams at various phases is shown in Figure 10. In comparison to the M1 mix reference beam, all the M2, M3, and M4 insulator concrete beams showed less deflection. A maximum 10% reduction in deflection was observed in flexure-type reinforced M4 beams. In bond- and shear-type reinforced beams, deflection decreased by 8% and 17%, respectively. The percentage decrease of deflection was higher at yield/ultimate load (δy, δu) and lowest at cracking load (δfcr) for all types of reinforcement, indicating that the positioning of the reinforcement is more effective in reducing deformations at ultimate load.
[image: Three bar graphs show the percentage decrease of deflection across different stages labeled δfcr, δs, δy, and δu. Each graph compares models M1, M2, M3, and M4 using different colors:(a) M1 to M4 (F) ranges from 0 to 9.31%.(b) M1 to M4 (B) ranges from 0 to 7.97%.(c) M1 to M4 (S) ranges from 0 to 17.00%. Each model is represented by distinct colors: blue, yellow, green, and pink.]FIGURE 10 | Deflection variation of insulator concrete beams at different stages of loading. (a) Flexure-type reinforced beams. (b) Bond-type reinforced beams. (c) Shear-type reinforced beams.Similarly, high-strength beams enabled a maximum reduction in deformation of 95.16% (Balakrishnan et al., 2023). More lime was accessible for pozzolanic activity due to the hydration of CaO transformed as C-H, which improved concrete strength by controlling beam deflection. Similar results were observed for the ceramic powder reinforced concrete beam (Aksoylu et al., 2023). The reinforced insulator concrete beams performed in a ductile manner because of the higher strain rate of insulator concrete in the ultimate load.
5.4 Effect of using insulator waste in the crack control of reinforced concrete beams
The experimental prediction of crack width at different stages of loading is given in Table 8. The crack-width variation of insulator concrete beams was compared to reference beams (Figure 11). The percentage reduction in crack width improves the ultimate moment of resistance of beams. In the pure bending zone, the flexure, shear, and bond types of reinforced beams (M4 mix) reduce crack widths by 35%, 34.72%, and 35.07%, respectively. The greatest decrease in crack width is consistently demonstrated by M4 due to the addition of insulator powder and aggregates, which makes the beam more rigid.
[image: Three bar charts compare the percentage decrease of crack width at various stages (Wfcr, Ws, Wy, Wu) for different materials. Chart (a) displays values for M1 (17.14 to 31.30), M2 (11.76 to 20.83), M3 (29.41 to 31.90), and M4 (F) (20.43 to 35.29). Chart (b) shows M1 (18.52 to 27.41), M2 (15.26 to 24.07), M3 (13.57 to 31.05), and M4 (B) (21.14 to 34.72). Chart (c) presents M1 (13.79 to 23.33), M2 (20.68 to 33.33), M3 (16.66 to 19.44), and M4 (S) (27.58 to 35.07).]FIGURE 11 | Crack width variation of insulator concrete beams at different stages of loading. (a) Flexure-type reinforced beams. (b) Bond-type reinforced beams. (c) Shear-type reinforced beams.Similarly, the use of hybrid confinement in high-strength beams reduced the crack width to 60% (Balakrishnan et al., 2023). Comparing the insulator concrete mix (M4) with the reference concrete mix (M1), XRD analysis results show that the dispersed hydrated forms of C-S-H gel and C-A-S-H gel are more compatible and have a higher resistance to cracking. Insulator concrete is more compatible with steel, which improves the moment of resistance and minimizes crack width propagation at ultimate load.
5.5 Effect of using insulator waste in failure modes of reinforced concrete beams
Four distinct failure mechanisms of beams were identified during testing.
	• First crack stage
	• Service stage
	• Yield stage
	• Ultimate stage

Responses were calculated at the service stage using a factor of safety of 1.5, while the subsequent stage responses were assessed visually on the testing beam and on a computer linked to the data logger during testing. Figure 12 displays the failure pattern of the beams. The failure mode types that were found are explained as follows.
[image: Concrete beam samples labeled as (a), (b), and (c) show various types of cracks with their corresponding tensile strengths. Image (a) displays crushing and flexural tension cracks with strengths ranging from 36.21 to 42.60 MPa. Image (b) highlights flexural tension cracks and tensile strengths from 34.88 to 39.94 MPa. Image (c) presents shear and flexural tension cracks, with strengths from 19.16 to 24.49 MPa. Arrows point to specific cracks, annotated with descriptive labels.]FIGURE 12 | Failure patterns of insulator concrete beams. (a) Flexure-type reinforced beams. (b) Bond-type reinforced beams. (c) Shear-type reinforced beams.5.5.1 First crack stage
When the beams were 20% of their ultimate load, the first microcracks spread from the strained tension zone. The initial crack width of the flexure-reinforced insulator concrete beams ranged from 0.12 to 0.15 mm when subjected to loads of 13.33 and 11.83 kN, respectively. For bond-reinforced insulator concrete beams, it ranged from 0.15 mm to 0.18 mm when subjected to loads of 12.50 and 11.33 kN, respectively. However, for shear-reinforced beams, initial crack width ranged from 0.21 mm to 0.25 mm, which corresponded to 9.10 kN and 8.22 kN of load, respectively. A similar failure pattern was observed at the first crack stage for reinforced concrete beams made using sandstone aggregates by Kumar et al. (2007).
5.5.2 Service stage
The crack width of the insulator concrete at this stage (66% of the ultimate load: ultimate load divided by a factor of 1.5) varied 0.19–0.22 mm for flexure beams, 0.26–0.28 mm for bond beams, and 0.23–0.28 mm for shear beams. According to standards like IS 456:2000 (2000) (Plain and Reinforced Concrete–Code of Practice., 2000), EN 1992 (1-1) (Design of concrete structures: General rules and rules for buildings, 2004), and ACI 318 (Part-2) (Building-Code-for-Structural-Concrete, 2002), these crack widths were within acceptable bounds of 0.3 and 0.41 mm, respectively. Similarly, using ultimate load divided by a 1.5 load factor, Gunasekaran et al. (2013) discovered the failure profile for reinforced concrete beams made with coconut shell aggregate during the service stage.
5.5.3 Yield stage
Strain and deflection data were recorded in relation to the yield load—80% of the ultimate load—where reversible loading was observed. Similarly, the yield deflection of a reinforced concrete beam composed of ceramic tile powder was determined to be 85% of the ultimate load (0.85Pmax) by Aksoylu et al. (2023). At this time, the visible fracture widths in insulator concrete flexure beams range 0.27–0.38 mm, whereas in bond beams, they range 0.35–0.45 mm. However, for a shear beam, it falls between 0.26 mm and 0.31 mm.
5.5.4 Ultimate stage
The crack width rapidly expands from the soffit of the beams in flexural tension mode as the ultimate load gradually decreases. Until the loading has stopped and the cross-sectional area exceeds its original cross-sectional area, the flexural deformation increases outward. The ultimate stage crack widths of the flexure- and bond-reinforced beams vary 0.47–0.60 mm and 0.55–0.70 mm, respectively. However, for shear beams, it is 0.37–0.47 mm. The crack patterns of tested (a) flexure beams, (b) bond beams, and (c) shear beams under ultimate stress are displayed in Figure 12. Similarly, the failure pattern of a reinforced concrete beam built with powdered ceramic tile was demonstrated by Aksoylu et al. (2023).
5.6 Regression-based results of the flexural response of reinforced insulator concrete beams
The predicted regression equations with statistical analysis of reinforced concrete beams are given in Table 9. The effective statistical validation parameters such as R2, F-value, P-value, and t-Stat were predicted by the regression equations with considerable degrees of accuracy. The predictive correlation between experimental and regression results is reliable and robust, as evidenced by the regression model. At the ultimate stage of the loading, the R2 values of bending stress, deflection and crack width were 0.999, 0.998, and 0.997, respectively. Similarly, Umar et al. (2025a) studied the regression model (R2) for the flexural behavior of cementitious composites reinforced with fibers of a shape memory alloy. The correlation for the shape memory alloy specimen appeared to be more than 0.95 and, for the cementitious composites combined with shape memory alloy, it was over 0.97. The satisfying results of the data fit show that the Weibull probability model effectively captures the relationship between the damaged amount of cementitious composites and various shape memory alloys.
TABLE 9 | Regression equation and statistical prediction of flexural responses of insulator concrete beams using ANOVA.	Prediction	Stages of loading	Regression equation	Statistical validation parameter
	R2	F-value	P-value	t-Stat
	Bending stress (MPa)	At first crack load, σfcr	0.059fck−0.006fy+0.003ρ+10.10X10−5Ec−5.1966υc−0.044SS	0.999	3.80	0.0085	−13.92
	At service load, σs	0.351fck+0.062fy−0.010ρ+50.91X10−5Ec−23.499υc−0.226SS	0.999	2.28	0.0076	−30.89
	At yield load, σy	0.685fck+0.112fy−0.014ρ+19.52X10−5Ec−42.017υc−0.334SS	0.999	3.48	0.0087	−20.51
	At ultimate load, σu	0.528fck+0.094fy−0.015ρ+76.21X10−5Ec−35.177υc−0.339SS	0.999	2.54	0.0074	2.71
	Deflection (mm)	At first crack load, δfcr	−0.083fck−0.022fy+0.005ρ+4.64X10−5Ec+3.367υc+0.010SS	0.975	4.31	0.0014	3.39
	At service load, δs	−0.142fck−0.022fy+0.001ρ+21.22X10−5Ec+35.918υc+0.020SS	0.967	2.95	0.0368	2.67
	At yield load, δy	−0.077fck+0.006fy−0.008ρ+22.22X10−5Ec+42.7328υc+0.024SS	0.973	5.43	0.0198	3.14
	At ultimate load, δu	0.074fck+0.051fy−0.007ρ−12.01X10−5Ec−15.322υc−0.027SS	0.998	2.28	0.0045	−6.91
	Crack width (mm)	At first crack load, Wfcr	−0.005fck−0.001fy+47.31X10−5ρ−1X10−5Ec+0.806υc+0.001SS	0.998	3.15	0.0027	−11.44
	At service load, Ws	0.004fck+0.003fy−0.001ρ−4.4X10−6Ec+1.513υc+0.0008SS	0.993	1.62	0.0038	0.89
	At yield load, Wy	−0.029fck−0.004fy+0.002ρ−1.7X10−5Ec+1.412υc−0.0017SS	0.994	2.86	0.0032	2.79
	At ultimate load, Wu	−0.030fck−0.004fy+0.003ρ−6.6X10−5Ec−2.528υc−0.0044SS	0.997	2.37	0.0010	−5.89


*fck, characteristic compressive strength of concrete; fy, yield strength of steel reinforcement; ρ, density of concrete; Ec, modulus of elasticity of concrete; SS, spacing of stirrups.
According to the p-value, which is a probability that falls between 0.0010 and 0.0087, results are considered statistically significant when the value is less than a predetermined significance threshold value of 0.05. At the ultimate stage of loading, the P-values of bending stress, deflection, and crack width were 0.0074, 0.0045, and 0.0010, respectively. An even stronger effect was indicated by F-values significantly larger than 1, whereas an F-value >1 indicates a substantial difference between group averages. At the ultimate stage of loading, the F-value of bending stress, deflection, and crack width were 3.84, 2.28, and 2.37, respectively.
To determine the statistical significance of the ultimate bending stress (fb) of insulator concrete beams beyond the R2, F-value, and P-value, a paired t-test also was performed. The test result showed that the critical t-statistic was 4.303 (95% confidence interval) and the computed t-statistic was 3.239, which confirms a statistically significant finding. Because the null hypothesis is rejected, the findings are regarded as statistically significant.
The validation of bending stress results between actual and predicted values with percentage error are given in Table 10. The percentage of errors in bending stress validation falls within 4.02% in the yield stage, indicating that it satisfies the regression prediction successfully. The comparison of experimental bending stress with regression prediction is shown graphically in Figure 13. For the purpose of evaluating structural safety, the regression model accurately forecasts a maximum stress capability of beams as confirmed by the results that is close to the 45° coefficient of variables (R2) line. Compared to regression prediction graphs of deflection and crack width, the bending stress data aligns well. Similarly, regression analysis was performed for high-strength reinforced concrete beams made with fiber-reinforced bars; the findings revealed that the acceptable regression coefficient R2 varied from 0.853 to 0.969 (Balakrishnan et al., 2023).
TABLE 10 | Validation of bending stress results between actual and predicted values with percentage error.	Mix ID of beams	Experimental prediction	Regression prediction	Error (%)
	ffcr	fs	fy	fu	ffcr	fs	fy	fu	ffcr	fs	fy	fu
	M1 (F)	6.04	24.14	32.83	36.21	5.99	23.89	32.10	35.84	0.75	1.04	2.26	1.03
	M2 (F)	6.66	26.62	37.19	39.94	6.64	26.56	36.14	39.85	0.25	0.22	2.88	0.23
	M3 (F)	6.30	25.20	33.15	37.81	6.20	25.37	33.96	38.05	1.58	−0.66	−2.42	−0.64
	M4 (F)	7.10	28.40	37.72	42.60	6.97	27.87	37.12	41.80	1.88	1.89	1.60	1.88
	M1 (B)	5.81	23.25	30.76	34.88	6.00	23.76	31.87	35.65	−3.21	−2.19	−3.55	−2.19
	M2 (B)	6.48	25.91	34.28	38.87	6.50	25.73	34.65	38.60	−0.28	0.69	−1.07	0.69
	M3 (B)	6.04	24.14	31.93	36.21	5.96	24.07	31.63	36.11	1.34	0.30	0.94	0.29
	M4 (B)	6.66	26.62	35.22	39.94	6.83	27.04	35.63	40.56	−2.50	−1.56	−1.17	−1.54
	M1 (S)	3.99	12.77	15.71	19.16	3.78	12.34	14.94	18.51	1.60	3.44	4.02	3.47
	M2 (S)	4.38	14.66	18.03	21.99	4.43	15.01	18.98	22.52	−1.07	−2.35	−5.13	−2.36
	M3 (S)	3.73	13.72	16.88	20.58	3.99	13.81	16.80	20.72	−6.75	−0.68	0.45	−0.68
	M4 (S)	4.85	16.33	20.08	24.49	4.75	16.32	19.96	24.47	1.91	0.09	0.58	0.08


* fb,fcr, bending stress at first crack load; fb,s, bending stress at service load; fb,y, bending stress at yield load; fb,u, bending stress at ultimate load.
[image: Four scatter plots labeled (a) to (d) show regression analyses with high correlation coefficients. Each graph features data points in blue and a red trend line. The plots display regression against experimental values for different parameters: (a) \( f_{b, fcr} \), (b) \( f_s \), (c) \( f_y \), and (d) \( f_u \), with respective R² values of 0.9994, 0.9998, 0.9995, and 0.9998.]FIGURE 13 | Comparison of experimental bending stress with regression prediction. (a) First crack stage. (b) Service stage. (c) Yield stage. (d) Ultimate stage.The validation of deflection results between actual and predicted values with percentage error is given in Table 11. The percentage of errors in deflection validation falls within 4.22% in the service stage, indicating that it satisfies the regression prediction. The comparison of experimental deflection with regression prediction is shown graphically in Figure 14. The data points of regression prediction and the experimental results of deflection graphs are scattered from the R2 line compared with the bending stress R2 line.
TABLE 11 | Validation of deflection results between actual and predicted values with percentage error.	Mix ID of beams	Experimental prediction	Regression prediction	Error (%)
	δfcr	δs	δy	δu	δfcr	δs	δy	δu	δfcr	δs	δy	δu
	M1 (F)	0.64	1.27	1.55	5.15	0.71	2.16	2.42	4.84	1.03	1.86	3.78	2.18
	M2 (F)	0.47	1.22	1.40	5.05	0.47	1.41	1.69	4.98	−1.02	1.04	1.85	1.31
	M3 (F)	0.59	1.30	1.68	5.35	0.52	1.24	1.50	5.35	1.86	1.99	1.12	0.02
	M4 (F)	0.55	1.22	1.34	4.99	0.55	1.41	1.59	4.87	4.00	1.96	1.87	2.48
	M1 (B)	0.98	3.13	3.28	4.37	0.75	2.20	2.41	4.74	2.26	1.42	3.78	−2.09
	M2 (B)	0.53	2.66	3.22	4.30	0.62	2.53	2.96	4.42	1.78	1.98	3.43	−3.02
	M3 (B)	0.82	2.96	3.41	4.54	0.73	3.08	3.63	4.48	1.33	4.22	1.14	1.34
	M4 (B)	0.68	2.82	3.18	4.24	0.70	2.53	2.86	4.31	−2.79	1.70	1.77	1.76
	M1 (S)	1.13	2.96	3.32	3.45	1.34	3.29	3.63	3.27	1.83	1.66	1.91	1.39
	M2 (S)	1.23	2.80	3.14	3.39	1.10	2.54	2.90	3.41	1.71	1.62	1.88	−0.64
	M3 (S)	1.05	2.77	3.10	3.58	1.15	2.37	2.71	3.78	−2.99	1.16	2.29	−5.34
	M4 (S)	1.37	2.22	2.49	3.34	1.18	2.55	2.80	3.30	1.62	1.67	1.63	1.34


* δfcr, deflection at first crack load; δs, deflection at service load; δy, deflection at yield load; δu,x deflection at ultimate load.
[image: Four scatter plots compare experimental and regression data for different strain measurements. Each plot shows a linear trendline with the R-squared value indicating the fit quality: (a) \( R^2 = 0.9759 \), (b) \( R^2 = 0.9672 \), (c) \( R^2 = 0.9739 \), and (d) \( R^2 = 0.9985 \).]FIGURE 14 | Comparison of experimental deflection with regression prediction. (a) First crack stage. (b) Service stage. (c) Yield stage. (d) Ultimate stage.The validation of crack-width results between actual and predicted values with percentage error is given in Table 12. The percentage of errors in crack-width validation falls within 7.53% in the first cracking stage, indicating satisfaction with the regression prediction. The comparison of the experimental crack width of beams with regression prediction is shown as a scatter plot in Figure 15. Compared to the R2 line for bending stress, the data points from the experimental findings of crack width graphs and regression prediction are dispersed from it.
TABLE 12 | Validation of crack width results between actual and predicted values with percentage error.	Mix ID of beams	Experimental prediction	Regression prediction	Error (%)
	Wfcr	Ws	Wy	Wu	Wfcr	Ws	Wy	Wu	Wfcr	Ws	Wy	Wu
	M1 (F)	0.17	0.24	0.46	0.85	0.18	0.27	0.48	0.77	−7.73	1.62	−3.88	2.66
	M2 (F)	0.14	0.21	0.32	0.64	0.14	0.24	0.34	0.63	−3.32	3.05	−6.64	1.29
	M3 (F)	0.15	0.22	0.38	0.70	0.14	0.24	0.37	0.71	7.53	4.90	2.61	−0.72
	M4 (F)	0.12	0.19	0.27	0.55	0.12	0.21	0.30	0.55	0.99	−8.61	1.47	0.26
	M1 (B)	0.19	0.28	0.54	0.72	0.19	0.26	0.49	0.78	2.23	3.72	1.20	−4.05
	M2 (B)	0.17	0.26	0.41	0.54	0.17	0.28	0.39	0.56	−0.62	2.01	1.05	−4.46
	M3 (B)	0.18	0.27	0.45	0.60	0.18	0.31	0.45	0.59	−0.88	−6.36	−0.04	2.14
	M4 (B)	0.15	0.26	0.35	0.47	0.15	0.24	0.35	0.48	3.29	1.07	−1.30	−2.40
	M1 (S)	0.29	0.30	0.36	0.57	0.28	0.30	0.41	0.57	2.76	0.71	−2.99	0.48
	M2 (S)	0.25	0.28	0.29	0.43	0.24	0.27	0.27	0.43	2.78	1.54	5.76	0.61
	M3 (S)	0.23	0.26	0.31	0.47	0.24	0.27	0.30	0.50	−3.23	−3.57	2.61	−6.31
	M4 (S)	0.21	0.23	0.26	0.37	0.22	0.24	0.23	0.34	−3.39	−2.30	1.25	1.24


* Wfcr, crack width at first crack load; Ws, crack width at service load; Wy, crack width at yield load; Wu, crack width at ultimate load.
[image: Scatter plots showing regression analysis results for different experimental variables. (a) Plot of W_fcr with high correlation coefficient R² = 0.9987. (b) Plot of W_s, R² = 0.9936. (c) Plot of W_y, R² = 0.995. (d) Plot of W_u, R² = 0.997. Each plot features a red regression line and blue data points.]FIGURE 15 | Comparison of experimental crack width with regression prediction. (a) First crack stage. (b) Service stage. (c) Yield stage. (d) Ultimate stage.The predicted regression equations successfully match the experimental results, as seen by the low divergence from the regression line throughout several loading stages. The regression model is a useful tool for forecasting the flexural responses in reinforced concrete beams at different loading stages with high accuracy. Furthermore, the significant correlations suggest that experimental errors and material variability had little influence, supporting the reliability of the regression technique used and the consistency of the experimental results.
6 SUSTAINABILITY AND COST ANALYSIS
6.1 Energy conservation (Ec)
The sustainability index from the energy conservation (Ec) of each concrete mix was compared with the literature for Ec evaluations (Mithun and Narasimhan, 2016; Sharma and Khan, 2017; Siddique et al., 2019). Energy analysis of steel reinforcement was carried out from Mohsen and Akash (1998) as 4.7 MJ/kg of rebar (Table 13). In the present study, for each mix, four reinforced concrete beams were cast, and the weight of rebar used for each beam was approximately 15 kg. Hence, Ec by rebar for each concrete mix is calculated as 282 MJ/m3. A comparison of Ec parameters for insulator concrete mixtures is given in Table 13. The electrical energy consumption of the insulator powder blended cement calculated from Madlool et al. (2011) follows Equation 5, when n% of the cement is substituted with the insulator waste:
Et=Egri,c−Egri,c−Egri,ipx n%,(5)
where Et is total energy consumption of the blend cement, Egri, c is the grinding energy consumption of cement clinkers, and Egri, ip is the grinding energy consumption of insulator powder. To forecast the grinding energy requirement, Equation 6 was used from Tokyay (1999) as
Egri=8.1324 e0.4953 X SSA/100.(6)
TABLE 13 | Comparison of sustainability indices and cost–benefit analysis of reinforced insulator concrete.	Material	Materials data (per kg)	Energy consumed Ec (MJ/m3)	Carbon dioxide emission CO2e (kg/m3)	Economic benefit (INR/m3)
	Ec (MJ)	CO2e (kg)	Cost (INR)	M1 mix	M2 mix	M3 mix	M4 mix	M1 mix	M2 mix	M3 mix	M4 mix	M1 mix	M2 mix	M3 mix	M4 mix
	Cement	4.80	0.93	7	2160	1512	2160	1512	418.50	292.95	418.50	292.95	3150	2205	3150	2205
	Insulator powder	4.80	0.20	2	-	1512	-	1512	-	292.95	-	292.95	-	270	-	270
	Granite CA	0.083	0.0048	3	100.67	100.67	-	-	5.82	5.82	-	-	3639	3639	-	-
	Granite FA	0.083	0.0048	3	49.13	49.13	-	-	2.84	2.84	-	-	1776	1776	-	-
	Insulator CA	0.083	0.083	2	-	-	100.67	100.67	-	-	100.67	100.67	-	-	2426	2426
	Insulator FA	0.083	0.083	2	-	-	49.13	49.13	-	-	49.13	49.13	-	-	1184	1184
	Reinforcement	4.70	0.73	80	282	282	282	282	43.80	43.80	43.80	43.80	1000	1000	1000	1000
	Superplasticizer	11.50	0.60	200	33.58	33.58	33.58	33.58	1.75	1.75	1.75	1.75	584	584	584	584
	Water	0.20	0.0008	0.05	32.40	32.40	32.40	32.40	0.12	0.12	0.12	0.12	8	8	8	8
	Total	26.33	2.64	299.05	2657.78	3521.78	2657.78	3521.78	472.83	640.23	613.97	781.37	10,157	9482	8352	7677
	Economic benefit, Eb (%)	0	3.10	17.77	24.41
	Cost to compressive strength ratio (%)	170.419	145.65	140.32	117.20


*Ec, energy consumed; CO2e, CO2 emitted; INR, Indian rupee.
In India in 2050, the specific electrical energy consumption of cement production will be Ec = 70 kWh/t (Energy Benchmarking for the Indian Cement Industry, 2021). The specific surface area (SSA) of insulator powder determines how much energy it uses, and it solely comes from the grinding process. Substitution of the SSA values of insulator (SSA = 4.49 m2/g) and cement (SSA = 4.79 m2/g) powder by Equation 6 obtains Egri, ip = 8.315 kWh/t and Egri, c = 8.327 kWh/t. By substituting the obtained grinding energy of insulator powder and cement in Equation 5 with 30% cement replaced by insulator powder, the total electrical energy consumption is Et = 8%. Insulator concrete mix M4 produced an effective Ec of 1577.98 MJ/m3. Similarly, 15% waste marble and 20% ceramic powder replacement of cement had a total energy consumption of 1.05% and 6.62% from Singh et al. (2017) and Le et al. (2020), respectively, which is lower than the value obtained in present study. For both cement and insulator powder, the specific electrical energy grinding energy ratio is 12%. This is consistent with data presented in Madlool et al. (2011).
6.2 CO2 emission control (CO2e)
The sustainability index from CO2 emissions (CO2e) of each concrete mix was compared to the literature on CO2e (Mithun and Narasimhan, 2016; Sharma and Khan, 2017; Siddique et al., 2019). CO2e analysis of steel reinforcement was performed as per Lee and Lee (2023) as 0.73 kg/kg of rebar (Table 13). In the present study, four reinforced concrete beams were cast for each mix, and the weight of rebars used for each beam was approximately 15 kg. Hence, CO2e by rebar for each concrete mix is calculated as 43.80 kg/m3.
The comparison of CO2e for insulator concrete mixtures is given in Table 13. Insulator concrete mix M4 produced effective CO2e of 781.37 kg/m3. Every ton of cement produced a considerable amount of NOx, SOx, and nanoparticles (Horinko, 2003; Mohit and Sharifi, 2019) emitted together with approximately 0.9 tons of CO2. Utilizing industrial byproducts in the construction industry is one workable way of addressing these environmental issues (Horinko, 2003). Ceramic powder must be utilized beneficially to prevent landfill disposal because of its lack of biodegradability (Xu et al., 2021). In addition to providing major environmental advantages, adding up to 50% ceramic waste powder to mortar production can improve its compressive strength and durability (Kannan et al., 2017; Xu et al., 2021).
6.3 Economic benefit (Eb)
In India, insulator waste from the industrial sectors is freely accessible. However, the projected cost of treating insulator waste for this study was 2 rupees/kg. The cost analysis is based on current market prices at the local project location (cement: 350 rupees/bag; coarse and fine aggregates: 3 rupees/kg; and steel reinforcement: 80 rupees/kg).
The cost analysis comparison for four different insulator concrete mixes is given in Table 13. The M4 mix achieves an effective cost-to-compressive-strength ratio of 117.20%. For 1 m3 of M4, an economic benefit (Eb) of 7677 rupees/m3 (24.41%) is estimated. Similarly, Siddique et al. (2019) investigated the cost–benefit analysis of concrete that substituted fine bone China ceramic waste for all fine aggregate and discovered cost savings of 814.47 rupees/m3 (14.86%) for concrete, which is 39.12% less than the current study’s M4.
7 CONCLUSION
The findings of regression analysis of flexural behavior along with sustainability-cum-cost analysis led to the following conclusions.
Regarding the mechanical properties and statistical analysis prediction of insulator concrete, significantly higher mechanical properties were achieved by insulator concrete mix (M4) compared to the remaining mixes. The compressive strength of insulator concrete mixes M2 and M4 was increased by 9.13% and 9.92%, respectively, compared to reference concrete M1. There is no significant difference between the strength of M3 (insulator aggregate concrete) and M1 (granite aggregate concrete). The average increases in modulus of elasticity of M2, M3, and M4 were 3.75%, 2.24%, and 8.31%, respectively, compared to M1. The modulus of insulator concrete ranges from 45.28 GPa to 47.27 GPa, which is better than insulator aggregate concrete’s modulus of elasticity. For M4, the maximum modulus of elasticity of 47.27 GPa was attained. Similarly, the lateral strain of the insulator concrete was 44.75% higher than the maximum allowable concrete strain suggested by IS456. Poisson’s ratio of insulator concrete varied from 0.22 to 0.24. The statistical analysis demonstrated that the mechanical properties of insulator concrete were significantly impacted with R2 (>98%) and CV (>5%).
Pertaining to the flexural behavior and regression-cum-statistical analysis prediction of reinforced insulator concrete beams, the moment capacity of insulator concrete bond and shear-reinforced beams increased to 8.69% and 15.87%, respectively. The service deflections of bond and shear-reinforced beams were decreased to 9.61% and 25%, respectively, due to the significant resistance offered by the C-S-H and C-H development in insulator concrete. The service crack widths of bond and shear-reinforced beams were decreased to 7.14% and 23.33%, respectively, due to the higher ΣP-95.46% present in the insulator powder. According to IS456, the theoretical prediction of crack width was conservative compared to experimental values. Therefore, the formula given in IS456 applies for insulator concrete.
In relation to sustainability and cost analysis, the effective eco-friendliness of insulator concrete (M2 and M4 mixes) can balance the environmental protection by effective energy conservation (Ec) of 24.53% and reduce carbon dioxide emission (CO2e) by 39.48%. The cost analysis shows that M4 can benefit the economy 24.41% by lowering the overall cost of concrete production with an effective cost-to-compressive-strength ratio of 117.20%. These key results show that insulator concrete beams (flexure, bond, and shear types of reinforced) shows improved enhancement in bending stress resistance, controlled deflection, and crack width due to the combination of insulator waste powder and aggregates.
8 SIGNIFICANCE/PRACTICAL IMPLICATIONS
The material characteristics results indicate that the insulator aggregate and insulator powder properties are similar to those of granite aggregates and conventional Portland cement, respectively. The cost analysis outcomes of reinforced insulator concrete beams, flexural behavior, and mechanical characteristics of the material were all noticeably better than those of the reference concrete. The findings are valid for a range of insulator waste properties used in this study. Insulator waste may therefore be employed instead of being disposed of as industrial waste to create cost-effective, environmentally conscious, and sustainable building construction.
9 LIMITATIONS/RECOMMENDATIONS
Depending on the origin of the insulator waste obtained, the results achieved may not be the same as the behavior of concrete produced with insulator waste from different sources. The present study serves as a foundation for additional verification of findings about the flexural behavior of reinforced concrete beams using finite element modeling.
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