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Editorial on the Research Topic 
Editorial: Structural applications of concrete with recycled solid wastes and alternatives for cement


Concrete, as the most widely utilized construction material, has long been central to discussions on sustainability due to its intensive consumption of natural resources and significant carbon footprint. In light of increasing environmental and economic challenges, there is a growing interest among researchers and engineers in developing sustainable alternatives by integrating recycled solid waste and alternative binders into concrete. This paradigm shift not only addresses issues of waste management and resource depletion but also supports the advancement of innovative, high-performance materials suitable for structural applications. This special issue compiles a diverse range of original research and review articles focused on recent advances in sustainable concrete. The contributions span material development, durability assessment, and emerging computational and experimental strategies for optimizing mix design and structural behavior. These works collectively highlight the transition toward environmentally responsible, high-performance construction solutions.
Chen et al. proposed a systemic approach for the reuse of construction waste from abandoned buildings by establishing a material flow analysis and an evaluation index system. Their study identifies critical opportunities and challenges in the recycling process and offers a valuable framework for advancing circular economy practices within the built environment.
As far as material development is concerned, Umar et al. investigated the incorporation of bentonite clay and quarry dust as supplementary cementitious materials. Their findings indicate enhancements in compressive strength and resistance to both hydrochloric and sulfuric acids, underscoring the potential of these materials as sustainable and cost-effective alternatives to traditional cement. He et al. employed machine learning, specifically support vector regression, to predict the mechanical behavior of cement-based materials filled with PVA-modified waste rubber. Their results affirm the utility of AI-driven tools in optimizing mix design and forecasting performance with high accuracy.
Bond behavior between concrete and steel reinforcement remains critical in structural applications. Shusen et al. explored the effect of a sludge-modified magnesium phosphate coating on bond performance. While bond strength improved for plain bars, a slight reduction was observed in ribbed bars, suggesting the need for differentiated strategies depending on reinforcement type.
Zhou et al. addressed long-term performance through enhanced creep modeling of green concrete. Utilizing the Weeks method of inverse Laplace transform, they obtained continuous retardation spectra with improved accuracy and computational efficiency. This advancement supports more reliable long-term structural analysis and deformation prediction.
Structural innovations were explored through advanced composite systems. Liu et al. introduced a novel multi-chamber concrete-filled steel tube (CFST) column with round-ended sections to enhance seismic performance. Static load testing confirmed increased ductility and energy dissipation. Jun et al. investigated CFST circular arches, analyzing the effects of geometric and material parameters. Their experimental and numerical studies revealed that arch foot slip and local buckling notably influence load-bearing capacity, offering practical insights for the design of underground support structures.
The reduction of CO2 emissions is another central theme. Wang et al. examined the role of dispersants in nanocarbon black-modified cement paste. Their findings show that improved dispersion enhances mechanical and electrical properties, accelerates snow-melting performance, and lowers energy use and carbon emissions based on life-cycle assessment (LCA). Similarly, Ning et al. developed permeable concrete using alkali-activated sintered sludge and slag. Their work demonstrates that increasing sludge content significantly decreases CO2 emissions while preserving adequate permeability, providing a viable solution for sustainable urban infrastructure.
Altogether, these contributions illustrate the breadth and depth of contemporary research on sustainable structural concrete. By integrating recycled materials and alternative binders and adopting advanced modeling and design techniques, researchers are paving the way toward environmentally responsible and economically feasible construction practices. The studies highlighted here demonstrate the value of interdisciplinary collaboration and innovation in achieving high-performance, sustainable infrastructure.
We extend our sincere appreciation to all authors for their contributions and to the editorial staff of Frontiers in Materials for facilitating this Research Topic.
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The bearing property and deformation failure law of the CFST circular arch were investigated in order to provide direction for the optimization of the concrete-filled steel tube (CFST) support. The flexural bearing capacity test of the 194 mm × 10 mm CFST was performed initially in this study. It was primarily explored how bearing capacity and deformation of circular arches were affected by the slip of the arch foot and anti-bending strengthening, and the neutral layer migration rule and anti-bending strengthening mechanism of circular arches were examined. The bearing performance of the circular arch under the condition of the concentrated load of the vault and the usual uniform load of the entire span is then simulated in an orthogonal test by numerical simulation in order to extend the experimental investigation. The effect of variables including the steel tube’s outer diameter, thickness, slip of the arch foot, and the ratio of the arch rise to span on the bearing capacity of the circular arch is examined. The study demonstrates that under focused stress on the arch top or full-span normal uniform loading, the arch foot slip is the most important element impacting the CFST support’s bearing capacity. In steel tubes with the same outer diameter and wall thickness, the vector span ratio has a bigger influence than anti-bending strengthening. When the span ratio is the same, the influence of the outer diameter and wall thickness are equal and outweigh the influence of bending strengthening. The circular arch with an outside diameter of 168 mm, a wall thickness of 10 mm, and a rise-span ratio of 0.207 has the best performance characteristics under the influence of concentrated load, and the ultimate failure mechanism is local waist drum deformation failure. Based on the aforementioned study findings, the circular CFST support’s buckling deformation and drum deformation are examined, and a composite support consisting of “anchor net spray + CFST support” is directed for the north three deep track downhill of Yangcheng Coal Mine. Two failure types expose the failure mechanism and provide a technique for optimization. The support had contributed to the circular CFST arc arch’s best bearing performance in the event of waist drum deformation and failure.
Keywords: concrete filled steel tube circular arch, arch foot slip, anti-bending strengthening, waist drum deformation, backwall filling
1 INTRODUCTION
The concrete-filled steel tube’s (CFST) circular arch may convert an external load into an axial force acting on the arch, maximizing the benefits of the material’s high axial bearing capacity and enabling CFST support with a circular arch. High carrying capacity is a benefit of the support (Gao et al., 2010; Li et al., 2017). It is being used frequently in deep roadway support and has produced positive supportive results (Li et al., 2013; He et al., 2015; Liu et al., 2018; Wang et al., 2020). However, there are still some issues with drum deformation failure or buckling deformation failure of steel tube supports that are filled with concrete in real-world engineering applications. Studying the causes of failure can help to direct and improve the support design of steel tube supports that are filled with concrete.
Relevant academics both domestically and internationally have conducted in-depth research on concrete filled steel tubular circular arches. Mark Andrew Bradfor and Yonglin Pi et al. (Bradford et al., 2011; Pi et al., 2011) studied the in-plane time-varying performance, buckling behavior, and various factors caused by shrinkage and creep of core concrete under radial uniform load through theoretical analysis and numerical simulation. Wang et al. (2011a,b) investigated the in-plane nonlinear stability carrying capacity of CFST circular arch under uniform load and the impact of core concrete shrinkage and creep, rise-span ratio, and arch stability outside of plane. The mechanical characteristics and stability of the CFST circular arch structure under concentrated load were examined and assessed by Luo et al. (2015). Through numerical simulation, Han et al. (2020) investigated the bearing behavior of the CFST circular arch’s structural performance during an in-plane instability failure. They also looked at the effects of concrete strength, rise-span ratio, and other variables. Through theoretical research, laboratory testing, and numerical simulation, Lu and Sun. (2020) established the stress model of CFST circular arch, which offers a theoretical foundation for the design of subterranean engineering support. Shan et al. (2018) studied the effects of the arc arch under six-point equivalent loading, such as the vector span ratio and steel fiber content, on the mechanical properties of the specimen and discovered the reasons for the local instability failure of the component through laboratory tests, numerical simulation, and theoretical analysis. Through laboratory testing and theoretical research, Zhang et al. (2017) identified the circular arch’s failure mode and came to the essential requirement for the circular arch’s overall instability. Through laboratory testing and numerical simulations, Liu et al. (2018) investigated the impact of rise-span ratio on the failure characteristics and ultimate bearing capacity of CFST circular arches and revealed the compression failure mechanism of steel tubes and core concrete. Yan et al. (2018) examined the creep and bearing capacity of a circular fly ash-filled CFST arch and the mechanism by which internal structural forces affect the height of the neutral layer. Through laboratory tests, Hu et al. (2020) investigated the in-plane stability of circular CFST arches with various rise-span ratios under a concentrated five-point symmetric load.
The bearing capabilities and stability of the circular arch of CFST were primarily examined in the aforementioned literature. However, there are few studies on the deformation and failure analysis of the circular arch waist, and the study on the compression-bending performance of the CFST circular arch under the circumstances of anti-bending strengthening or sliding of the arch foot is not sufficiently thorough. Based on the experimental study on the bearing capacity of circular arches, the experimental study is enlarged by numerical simulation with the goal of addressing the yield failure problem of CFST circular arches. Different loading forms, steel tube wall thickness, rise-span ratio, anti-bending strengthening of the arch, and slip of the arch foot were evaluated as effect variables. The bending failure mechanism of the CFST circular arch was discovered, and this information was used to direct the structural optimization of the CFST circular support in the deep highway support.
2 BEARING PERFORMANCE TEST OF CFST CIRCULAR ARCH
The CFST tube support, which is often split into four circular arch sections, is a frequent supporting structure in deep roadways (Figure 1). In order to conduct experimental study, the 1/4 circular arch was removed. The bearing performance of the structure under centralized loading and full-span uniform loading of the arch was then examined.
[image: Figure 1]FIGURE 1 | Extraction diagram of circular concrete-filled steel tube support test members.
2.1 Test group design
Made of seamless steel tubing of grade 20# measuring 194 mm by 10 mm, the circular arch is constructed. The two ends are flattened and treated perpendicular to the arch’s axis. Concrete that hardens quickly, type C40, is poured within the steel tube. According to the diameter of the anti-bending round steel, six specimens were created. Steel rounds with diameters between 40 and 60 were used to weld the circular arch. The dimensions are depicted in Figure 2, and the parameters are presented in Supplementary Table S1. As indicated in Figure 3, the arch foot slip is initially 0 mm at the start of the test and is adjusted to 30 mm as the test progresses. The slip of arch foot is divided according to the distance between supporting structure and surrounding rock in actual field.
[image: Figure 2]FIGURE 2 | Size diagram and section feature diagram of circular arch structure strengthened by anti-bending.
[image: Figure 3]FIGURE 3 | Design of slip quantity of support.
2.2 Loading method
The structural laboratory of the School of Civil Engineering at Shandong Jianzhu University is where the test was conducted using a big reaction frame test bench. As seen in Figure 4A, B, the 200t hydraulic jack (both sides) and 500t hydraulic jack (vault) were employed. The three jacks are operated by the same hydraulic control system to produce synchronous equal pressure output for the loading form, which then allows for the realization of top centralized loading (vault 3 point loading) and full span uniform loading (full span 11 point loading) via the primary and secondary distribution beams. At the same time, the paired support plates are employed to create lateral restraints to prevent the circular arch from becoming out-of-plane.
[image: Figure 4]FIGURE 4 | Design structure and picture of test bench.
3 ANALYSIS OF TEST RESULTS OF CFST CIRCULAR ARCH
The effect of support slip and anti-bending strengthening on the bearing performance of a circular arc arch was investigated, and the compression-bending deformation mechanism of a circular arc arch, which mostly contains neutral layer migration and anti-bending strengthening law, was developed.
3.1 Analysis of influence of support slip

(1) Test results under the constraint of full-span uniform distribution point loading + fixation
The CFST circular arch was tested, with the arch web welded with 45 mm bending round steel. There was no slide in the arch foot, and the full-span typical uniform point load was applied. When the jack load is 2000 kN, the vertical displacement of the specimen is approximately 10 mm; when the load is 3,000 kN, the vertical displacement of the specimen is approximately 18 mm. Continue to load until the hydraulic system’s pressure reaches the limit, at which point the test is terminated. The vertical residual distortion in the middle span after unloading is 8 mm, and the deformation is nearly imperceptible.
(2) Test results under concentrated loading + fixed constraints on vault
There is no slide at the arch foot and concentrated loading at the arch top in the case of the circular CFST arch that was welded with 45 mm bending round steel on the soffit. Test methodology: When the vault jack force reaches 2000 kN, the specimen’s mid-span displacement is 15 mm; when the jack load is increased to 3000 kN, the specimen’s mid-span displacement is 30 mm, but the structural deformation is still not immediately apparent. The hydraulic system is now overrun once more, and the test is terminated. The specimen is somewhat distorted after unloading with a 20 mm vertical residual distortion.
(3) Test results of arch crown concentrated loading + arch foot sliding
As shown in Figure 5A, the CFST circular arch with 45 mm bending round steel is chosen to carry out concentrated loading on the vault because the results of the previous two tests are not statistically significant. Additionally, the slip of the arch foot is reserved on both sides of the support for 30 mm.
[image: Figure 5]FIGURE 5 | Test results of circular arch under top concentrated loading + arch foot slide.
The supports at both ends progressively slide during the first loading stage, and the displacement in the middle of the span steadily grows. When the support’s slip is complete, the strain on the arch jack is 600 kN, and the specimen’s mid-span displacement is around 60 mm—almost equal to the total of the slip amounts of the two arch feet. The top of the arc arch plainly lowers and tends to be straight when the jack is loaded to 1950 kN. The specimen deforms visibly and displays waist drum deformation features on both sides of the mid-span when the jack is loaded to 2,390 kN (114 mm of mid-span displacement). In Figure 5B, the specimen’s total deformation is depicted. Other arc arch research made use of the same experimental setup. As shown in Figure 6, relationship curves between the top load and the circular arch’s mid-span displacement are created based on three testing conditions. When the support is fixed, the circular arch works well regardless of whether the load is uniformly distributed throughout the whole span or concentrated in the vault. When the support has arch foot slip, the carrying capacity of a circular arch increases gradually and linearly, which is compatible with the characteristics of a curved beam (Wang, 2014). After the support slips, the circular arch receives a horizontal push from the fixed end support, the curved beam effect is diminished, the circular arch’s axial compression effect is intensified, and the circular arch’s bearing capacity grows quickly until the component is destroyed.
[image: Figure 6]FIGURE 6 | Relation curve between top load and mid-span displacement of circular arch.
3.2 Analysis of the influence law of anti-bending strengthening
As illustrated in Figure 7, the relationship curve between vault load and mid-span displacement is drawn after the test results of the bending-reinforced circular arch are combined. The diagram shows that by welding the anti-bending round steel to the arch belly, the circular arch’s ultimate bearing capacity is significantly increased due to the increased tensile strength of the arch belly. Early on in the arch force, the difference gradually becomes noticeable, and by the time the arch foot slip has ended, it is extremely clear. Last but not least, the CFST circular arch with anti-bending round steel outperforms the circular arch without anti-bending round steel significantly in terms of bearing capacity, improving the ultimate bearing capacity by 430 kN and lowering the mid-span displacement by 37 mm. The diameter of the anti-bending round steel is closely associated with the bearing capacity of the circular arch. The ultimate bearing capacity of a circular arch increases with the diameter of the round steel under the same load, while the mid-span displacement decreases as the anti-bending strengthening increases. However, the anti-bending strengthening power rapidly declines as the diameter of the round steel grows.
[image: Figure 7]FIGURE 7 | Load-displacement curves of circular arch strengthened by anti-bending.
3.3 Analysis of bending deformation characteristics of circular arch
It is discovered that the deformation of the six circular arch specimens is essentially the same under concentrated load: the vault flattens and the entire structure becomes a “flat bow,” as seen in Figure 8. When the steel tube in the mid-span straight section of the arc arch without anti-bending reinforcement was opened, it was discovered that the concrete in the soffit section was clearly cracked, with the cracks primarily concentrated in the straight section of the arch and developing from the tension side to the compression side. After cutting the steel tube of the anti-bending reinforced circular arch, it was discovered that the concrete’s cracking mechanism is comparable. However, when the diameter of the anti-bending round steel increases, the fracture range and depth steadily diminish, demonstrating that the anti-bending round steel successfully resists concrete cracking by bearing a significant amount of tensile force and reducing the load applied to the concrete. The concrete at the waist drum of the unreinforced circular arch is crushed without developing cracks, which is compressive failure. Additionally, there is a wavy waist drum deformation from the arch shoulder to the inner arc side of the arch foot.
[image: Figure 8]FIGURE 8 | Concrete filled steel tubular circular arch compression and bending deformation diagram.
3.4 Analysis of neutral layer migration law of circular arch
On the circular arch’s mid-span portion, strain gauges have been glued. To track the variations in strain in the mid-span portion, a total of 28–30 strain gauges are glued at equal angles. The neutral layer was the surface on which the zero line of strain value was found. The mid-span displacement and the neutral layer offset relationship curve are produced using the horizontal plane, where the center of the steel tube is positioned as the zero point. According to Figure 9, the neutral layer of the circular arch rises higher during the arch foot slip stage, suggesting that the area of the tension zone of the section expands and the compression zone contracts. The circular arch creates the appearance of a curved beam, and the arch’s bending moment is large. When the arch foot no longer slipped, the neutral layer of the circular arch migrated lower, the area of the section compression zone expanded, the tension zone dropped, and the arc arch progressively manifested an axial compression effect while also strengthening its axial force effect.
[image: Figure 9]FIGURE 9 | Mid-span displacement-neutral layer offset distance curves of circular arch.
The neutral layer of the unbendingly strengthened circular arch is first positioned in the middle of the steel tube section, whereas the neutral layer of the antibendingly strengthened circular arch is initially positioned lower. The starting location of the neutral layer is lower the greater the diameter of the anti-bending round steel is on the ventral side of the circular arch. The tension zone of the circular arch is always smaller than the compression zone, which significantly increases the circular arch’s anti-bending resistance. All of the anti-bending, strengthened circular arch neutral layers are always located below the center of the steel tube section. The offset value of the neutral layer decreases by 52.8 mm at the ultimate bearing point of the circular arch and by 26.9 mm at the end of the arch foot slip as the diameter of the bending round steel increases from 0 to 40 mm, which is similar to the proportional antisymmetry of the increase in ultimate bearing capacity.
In order to find an appropriate method of CFST support optimization, other factors affecting the bearing capacity of circular arches should also be thoroughly studied during the test. Numerical simulation is used to supplement the analysis. The test primarily examines the influence of arch foot slip and anti-bending strengthening.
4 NUMERICAL SIMULATION ANALYSIS OF CFST CIRCULAR ARCH
Based on the test results, ABAQUS finite element software was used to model and analyze, and the orthogonal test analysis was carried out through numerical simulation to further study the compression-bending load-bearing characteristics of the CFST circular arch under the influence of other factors. The influence of various factors on the load-bearing performance of the circular arch was determined.
4.1 Modeling analysis
4.1.1 Modeling and boundary constraints
The effect parameters of the circular arch were preliminary optimized based on references (Wang. 2014) and typical support types in deep highway support, and a multi-factor orthogonal test table was created. As indicated in Supplementary Table S2, certain sample sites from the comprehensive test are chosen in accordance with the orthogonality to conduct the test, and the full-span normal uniform load and the vault focused load are applied accordingly. According to the actual stress area of the concrete-filled steel tube support in the surrounding rock, the actual stress state of the surrounding rock is realized through the pressure in the Load module of ABAQUS. In order to prevent out-of-plane instability, the arch foot adopts fixed limitations, and the entire construction cannot be offset. By specifying tangential friction and radial compression contact-adhesive sliding friction, the interaction between the steel tube and the core concrete contact surface is simulated.
4.1.2 Selection of constitutive parameters
For the steel tube, the isotropic elastic-plastic model (Xie et al., 2015) is used, which complies with the relevant flow criteria and the Von Mises yield criterion. The concrete constitutive parameters are displayed in Supplementary Table S3 for the C40 core concrete, which is constructed using a Concrete Damaged Plasticity model that is subject to the non-correlated flow criteria.
4.2 Analysis of influence law of CFST circular arch compression-bending of CFST circular arch
4.2.1 Analysis of the influence law of arch foot slip
The Analyzed is the circular arch model made of CFST measuring 194 mm by 10 mm without anti-bending strengthening. The circular arch fails in flat bow failure mode when there is concentrated weight on the vault and no arch foot slip, and waist drum failure mode manifests on both sides of the vault. The ‘waist drum’ characteristic on both sides of the vault eventually disappears as the arch foot slips more, and as illustrated in Figure 10, the stress concentration and ‘waist drum’ phenomena occur there instead. Under the condition of full-span normal uniform loading, with the increase of slip, the failure mode of circular arch gradually evolves from vault protrusion to ‘M' shape, and the arch foot also appears stress concentration and ' waist drum ' phenomenon, as shown in Figure 11.
[image: Figure 10]FIGURE 10 | Stress nephogram of concrete-filled steel tube circular arch with different arch foot slip (concentrated load on vault).
[image: Figure 11]FIGURE 11 | Stress nephogram of concrete filled steel tube circular arch with different arch foot slip (full span normal uniform load).
The mid-span load and mid-span displacement correlation curves are depicted. As shown in Figure 12A, the ultimate bearing capacity of the CFST circular arch is lowered by 40.8% cliff-like under the situation of concentrated stress on the vault when the fixed constraint of the arch foot is changed to the arch foot slip of 30 mm. The final bearing capacity is decreased by 25.9% and 48.1%, respectively, as the arch foot slip rises from 30 mm to 60 mm and 90 mm. The carrying capacity of the circular arch with a slip of 90 mm is reduced by 88.9% when compared to the circular arch with fixed limitations at the arch foot.
[image: Figure 12]FIGURE 12 | Mid-span load-displacement curves of concrete filled steel tube circular arch with different arch foot slip.
As can be observed from Figure 12B, when the arch foot slips, there is no correlation between the vertical displacement of the mid-span and the arch foot slip under the condition of full-span normal uniform loading. The ultimate carrying capacity of the CFST circular arch is lowered by 35% in a cliff-like manner when the fixed restriction of the arch foot is adjusted to 30 mm. The ultimate bearing capacity decreases by 29.4%, 53.2%, and 88.2%, respectively, when the arch foot slip is raised from 30 mm to 60 mm and 90 mm, respectively. The bearing capacity of the circular arch with 90 mm of slip decreases by 88.2%. The circular arch’s stability and safety are thus greatly endangered by the arch’s foot slip.
The research mentioned above demonstrates that when the slip of the arch foot increases, the bearing capacity of the circular arch quickly diminishes. When the arch foot slip reaches 90 mm under focused loads, the circular arch even loses its noticeable arch effect after the slip has ended, degrading immediately into a curved beam, and the structural benefits of CFST all but vanish. As the arch foot slip grows under the full-span normal uniform load, the plastic deformation section progressively rotates clockwise, suggesting that the plastic strengthening capacity gradually declines as a result of the arch foot slip.
4.2.2 Analysis of influence law of outer diameter of circular arch steel tube
The stress nephograph of the circular arch is extracted after simulating the arch with various outer diameters, a wall thickness of 10 mm, and no slide at the arch foot. This is depicted in Figure 13: Stress concentration occurs on both sides of the vault and arch foot under concentrated loading on the vault, and the more apparent the waist drum phenomenon on both sides of the vault, the more likely the “flat bow” failure mode of the specimen as a whole. The specimen was convex overall under the full-span uniform normal load, and the “waist drum” characteristic appeared close to the arch foot. The more pronounced the “waist drum” feature, the larger the outside diameter.
[image: Figure 13]FIGURE 13 | Stress nephogram of concrete filled steel tube circular arch with different outer diameters.
It is concluded that there is a correlation between mid-span load and mid-span displacement. According to Figure 14A, when the outer diameter of the steel tube filled with concrete is increased from 114 mm to 140, 168, and 194 mm progressively under concentrated loading of the vault, the cross-sectional area increases by 50.8%, 44.0%, and 33.3%. The CFST circular arch now has an enhanced ultimate bearing capacity of 53.6%, 50.2%, and 29.6%, respectively. The contribution degree of the new section is measured as the ratio between the growth rates of bearing capacity and CFST cross-sectional area, and the values are 1.05, 1.14, and 0.887, respectively. This ratio illustrates a trend of initially increasing and then dropping.
[image: Figure 14]FIGURE 14 | Mid-span load - displacement curves of concrete filled steel tube circular arch with different outer diameters.
The ultimate bearing capacity of CFST circular arches increases by 31.8%, 29.7%, and 11.6%, respectively, as the outer diameter is gradually raised from 114 mm to 194 mm under full-span normal uniform loads, as shown in Figure 14B. The contributions of the new section are 0.626, 0.675, and 0.348, respectively, which also exhibit a tendency of increase followed by decline, but the increase is modest and the decline is substantial.
4.2.3 Analysis of influence law of wall thickness of circular arch steel tube
The stress nephograph of circular arches is retrieved by performing numerical simulations on circular arches with various wall thicknesses, an outer diameter of 194 mm, and a non-slip arch foot. The circular arch’s failure mode and stress concentration phenomenon are consistent with the explanation in Section 4.2.2, which is no longer repeated, as illustrated in Figure 15.
[image: Figure 15]FIGURE 15 | Stress nephogram of concrete filled steel tube circular arch with different wall thickness.
According to Figure 16A, when the wall thickness of the steel tube is gradually increased from 6 to 12 mm, the cross-sectional area of the pure steel tube increases by 31.9%, 23.6%, and 18.7%, respectively, and the ultimate bearing capacity of the CFST circular arch increases by 20.3%, 21%, and 13.2%, respectively. This is because the correlation curve is drawn using the mid-span load and the mid-span displacement. The contribution of new steel tubes is measured as the ratio of the growth rate of bearing capacity to the growth rate of steel tube area. The contribution rates, which show a tendency to grow initially and then fall, are 0.636, 0.887, and 0.706, respectively.
[image: Figure 16]FIGURE 16 | Mid-span load-displacement curves of concrete filled steel tube circular arch with different wall thicknesses.
Figure 16B illustrates how, under the influence of full-span normal uniform loads, the ultimate bearing capacity of a CFST circular arch improves by 17.2%, 10.4%, and 12.3%, respectively, as the wall thickness of steel tube increases from 6mm to 12 mm. The relative contribution rates were 0.539, 0.440, and 0.658, with a pattern of first falling and then increasing.
In conjunction with the study in Section 4.2.2, the growth rate of the CFST circular arch’s bearing capacity gradually slows down as the outer diameter and wall thickness of the steel tube rise. In addition, there should be an ideal contribution for the concentrated loading condition of the vault, meaning that the outer diameter should be between 114 and 194 mm, or roughly 168 mm, and the wall thickness should be between 6 and 12 mm, or roughly 10 mm. However, the ideal combination of wall thickness and outer diameter has not been discovered under the full-span normal uniform stress situation.
4.2.4 Analysis of influence law of rise-span ratio of circular arch
With no slip at the arch foot and no anti-bending strengthening, a simulation study of various rise-span ratios of 194 mm 10 mm CFST circular arches is conducted. As seen in Figure 17, the stress nephogram is extracted. The overall failure mechanism of the vault under concentrated loading conditions is “flat bow,” and there is a clear “waist drum” occurrence on both sides of the vault. According to Figure 18, when full-span normal uniform loading is applied, the specimen’s vault is slightly convex, the arch foot is positioned in a way that resembles a “waist drum” and the stress concentration occurs on the arch foot’s bottom side.
[image: Figure 17]FIGURE 17 | Different rise-span ratio of concrete filled steel tube circular arch stress nephogram (concentrated load on vault).
[image: Figure 18]FIGURE 18 | Different rise-span ratios of concrete filled steel tube circular arch stress nephogram (full span normal uniform load).
By adding the mid-span load and the mid-span displacement, the correlation curve is created. As observed in Figure 19A, the rise-span ratio increasing from 0.154 to 0.30 enhances the ultimate bearing capacity of CFST circular arches by 21.2%, 7%, and 2%, respectively, under the situation of concentrated load on the vault. As observed in Figure 19B, the ultimate bearing capacity of the CFST circular arch improves by 35%, 9.9%, and 4.99%, respectively, when the rise-span ratio rises from 0.154 to 0.260 under the condition of a full-span uniform load. The contribution of the new rise-span ratio is measured as the ratio of the growth rate of ultimate bearing capacity to the growth rate of the rise-span ratio. The contributions are 0.616, 0.273, and 0.11 in the scenario of focused loading on the vault, respectively. The contributions under the full-span normal uniform load are 1.017, 0.387, and 0.201, respectively. As the rise-span ratio rises, it is evident that the contribution falls.
[image: Figure 19]FIGURE 19 | Mid-span load -displacement curves of circular concrete filled steel tube circular arch with different rise-span ratios.
The orthogonal test is designed, computed, and sorted out by Design-Expert software as indicated in Supplementary Table S4 and the aforementioned simulation results are sorted out. It is evident that as tube diameter, wall thickness, and rise-span ratio increase, so does the circular arch’s bearing capability. The circular arch’s bearing capacity declines as arch foot slip increases, and the arch effect progressively disappears.
According to statistical analysis, the slip of the arch foot is the most important component impacting the bearing performance of the circular arch of CFST under centralized arch loading or full-span normal uniform loading. The carrying capacity of a circular arch gradually declines and weakens into a curved beam as arch foot slip increases. The bearing capacity of a circular arch improves as steel tube diameter, wall thickness, rise-span ratio, and anti-bending strengthening increase. However, the rise-span ratio has a bigger impact than anti-bending strengthening when the outer diameter and wall thickness of a steel tube are the same. Under the same rise-span ratio, the influence of the steel tube’s outside diameter is marginally stronger than its wall thickness and stronger than its anti-bending strengthening. The outside diameter of the steel tube is 168 mm, the wall thickness is 10 mm, the rise-span ratio is 0.207, and the ultimate failure mechanism is local waist drum deformation failure. These specifications provide the circular arch’s bearing capacity under concentrated loads.
When there is no arch foot slip, the mid-span load and mid-span displacement curves of circular arches in supine are essentially the same. The circular arch failure is essentially the deformation and failure of the arch foot or spandle brought on by axial compression exceeding the limit, meaning that the CFST structure locally experiences the ultimate compression failure. The compression-bending failure mode of the circular arch and the load shape have weak correlations when there is an arch foot slide. It is mostly impacted by the arch of the foot sliding, and noticeable buckling deformation features gradually arise. As a result, the CFST’s bending moment exceeds the limit, which is consistent with the results of the orthogonal test.
When the arch foot slip reaches a particular point, the circular arch loses its arch effect forever. Therefore, it is impossible to avoid using the planned deformation space or construction gap between the support and the surrounding rock in the actual support. The displacement of the support from the filling space caused by an uncompacted filling is analogous to the circular arch experiment’s arch foot slip. The void behind the support wall or the excessive pressure space, as well as the construction gap, must be avoided in order to guarantee that the arch axial compression effect of the circular CFST support is considerable.
5 ENGINEERING APPLICATION AND OPTIMIZATION ANALYSIS
The integrated support of the roadway is created once many circular supports have been built, as shown in Supplementary Figure S1. The circular CFST support is made up of four circular arches. Studying the use of circular CFST supports in the Yangcheng Coal Mine’s North Third Deep Track, operated by Jining Mining Group.
5.1 CFST support design
The Yangcheng Coal Mine of the Jining Mining Group has several rock faults, a deep mining depth, and complex geological circumstances. The average downhill buried depth of the third deep track is close to 1000 m. Medium sandstone, siltstone, and mudstone make up the roadway’s excavation layer. Because of the surrounding rock’s high vertical stress, poor strength, and severely inadequate self-bearing capability, the side wall of the road may flex significantly, and there may be significant floor heave. The surrounding rock is in a high ground stress state before the opening of the roadway, and the tectonic stress field is complex. These are the features of the stress field of the roadway in the ultra-deep well. After the opening of the roadway, high concentrated stress and deviatoric stress appear in the surrounding rock, which results in a significant change in the surrounding rock’s deformation characteristics: the deformation of the surrounding rock shifts from brittleness to plasticity, and the rheology and dilatancy of the surrounding rock are prominent. The mine repeatedly tried to stabilize the roadway by using support techniques like “full-section hollow grouting anchor cable + bolt + floor pouring C40 concrete” and “anchor net spray + U29 steel,” but these efforts were unsuccessful. With the analysis of the deep support mechanics principle combined (Kong et al., 2015; Xie et al., 2015), the deep track downhill support adopts the composite support scheme of “anchor net spray + circular CFST support,” the roadway section is optimized to be circular, and the reserved space between the support and surrounding rock is filled with gangue bags. Supplementary Figure S2 displays the support layout.
The modeling and analysis were done using ABAQUS finite element software to confirm the viability of circular CFST support. The references (Shan et al., 2015; Xie et al., 2015) and the surrounding rock geology of the track downhill confirm the preliminary estimate of 1.15–1.45 MPa for the surrounding rock load acting on the support. A 3.0 MPa uniform load is applied to the support model in order to intuitively examine the support’s performance. In Supplementary Figure S3, the simulation results are displayed. The support has a strong overall bearing performance. The track downhill highway at Yangcheng Coal Mine can be made safe and stable by having a maximum side displacement of about 7 mm and a maximum vault displacement of about 4 mm.
The downward slope of the Beisan deep track has maintained long-term stability since the support plan was established in 2020. Real-scene images of the on-site support obtained at the end of 2022 show that the roof, floor, and two sides are all well regulated, with just 1%–2% of the support deforming (Supplementary Figure S4A). Under this support scheme, the roof and the upper part get a good control effect, and they are basically stable after 25d. The displacement change curve is shown in Figure 13. The roof displacement is 109 mm, the roof subsidence is small, the maximum subsidence is 50 mm, and the maximum floor heave is about 70 mm. As shown in Supplementary Figure S4B.
5.2 Deformation and optimization analysis of CFST support
The two primary kinds of CFST support deformation are the support’s overall buckling deformation failure and the failure of the support’s waist drum.
1. The overall buckling deformation failure and optimization analysis of the support
The top arc section or side section of the CFST support typically exhibits this type of damage, and as can be seen in Supplementary Figure S5, there is a clear distinction between the upper and bottom portions of the joint casing. These are the primary causes: 1) Installation clearance room (about 10 mm) is often reserved in the joint casing (e.g., Φ223 mm × 10 mm) to guarantee the primary steel tube of the support (e.g., Φ194 mm × 10 mm) is installed without difficulty. As a result, after applying restricting pressure at the joints of each segment (i.e., the arch foot), the support will slide and the CFST at the joints will progressively split, as illustrated in Supplementary Figure S6. 2) It is difficult to place gangue bags above the shoulder joint sleeve in engineering, and the filling behind the wall is frequently not dense. Gangue bags are filled behind the support wall below the shoulder joint sleeve. The joint casing will be shifted or deflected as the support is squeezed, which is analogous to “arch foot slip” and reduces the arch effect while improving the curved beam effect. The circular arch is vulnerable to yielding under bending moments.
Therefore, the arch effect of the support should be increased and the anti-flexural bearing capacity should be improved in order to assure the stability of the concrete-filled steel tube support. You can utilize the three optimization techniques listed below: 1) To stop the end face of the main steel tube from separating, reduce the slip in the joint casing, raise the limit steel bar in the casing, and create reinforced concrete at the junction after pouring concrete; 2) Develop filling equipment, lower labor intensity, and ensure filling quality; 3) Weld the anti-bending round steel on the inside and outside of the circular arch to increase the support’s bearing capacity for resistance to bending. This is done by optimizing the backfill of the support wall and filling the backfill of the full broken face with tightness.
2. Deformation failure and deformation analysis of support waist drum
The distortion of the CFST waist drum, as seen in Supplementary Figure S7, is the primary manifestation of this type of deformation and failure, which mostly manifests in the upper and lower regions of the joint casing or the side section. The general form of the support is currently steady and does not alter appreciably. The steel tube at the waist drum will crack and further break as the pressure from the surrounding rock increases, as shown in Figure 20, but it can still transmit axial pressure at this point, though the anti-bending resistance is almost completely lost. The primary cause is that the side wall portion of the support, which carries the weight of the roof and floor and has a tendency to bend when subjected to the surrounding rock, cannot be deformed by passive restraint from the rock, and there is high axial pressure in the arc arch. The axial compression effect gradually gets stronger, and the waist drum deforms under the impact of adjacent mining disturbances or the buildup of surrounding rock pressure. Steel tube breaking will result from increased waist drum deformation, which is brought on by the circular arch’s axial compression’s insufficient bearing capacity.
[image: Figure 20]FIGURE 20 | Circular concrete-filled steel tube support.
As a result, the absence of axial compression bearing capacity is the primary cause of waist drum deformation. However, at this point, the concrete-filled steel tube support has achieved its maximum bearing capacity, which makes it an optimal mode of failure. On the basis of addressing the filling behind the support wall, the support’s ability to withstand axial compression should be increased. There are three types of optimization: 1) raise the steel tube’s outer diameter, wall thickness, or concrete’s strength and enhance the circular arch’s axial compression bearing capacity, particularly the side portion of the support; 2) Under mining disturbance conditions, pressure relief behind the support wall should be performed on time to properly buffer the surrounding rock load of the circular arch of the side section; 3) Adopt high-strength active support technology or surrounding rock grouting modification technology to differentiate the surrounding rock load acting on the CFST support and achieve composite support stability.
6 CONCLUSION AND PROSPECT
The following results are established from the bearing test, numerical simulation, and engineering application study of the CFST circular arch:
1. In spite of centralized loading or full-span normal uniform loading, the circular arch of the CFST demonstrates greater bearing capacity when constrained by fixed arch feet. Under the situation of a full-span normal uniform load, the bearing capacity of a circular arc arch is superior to that of a concentrated load. The impact of the CFST’s circular arch curved beam is improved, the neutral layer is transmitted to the compression zone, and the arch’s bearing capacity gradually rises throughout the arch foot slip process. After the arch foot slips, the circular arch effect is reestablished, and the bearing capacity quickly increases. However, the circular arch immediately degrades into a curved beam without an arch effect when the slip of the arch foot exceeds 90 mm. When there is a concentrated load, the circular arch span’s vertical displacement is approximately equal to the total slip of the two arch feet.
2. The numerical simulation research demonstrates that, for steel tubes with the same outer diameter and wall thickness, the impact of the rise-span ratio is larger than that of anti-bending strengthening. The impact of the steel tube’s outer diameter is slightly greater than that of its wall thickness under the same rise-span ratio. The circular arch is defined by the distortion of the arch side or the vault’s “waist drum” when there is no or only a slight slip at the arch foot. The circular arch exhibits general buckling deformation failure characteristics when the arch foot has a significant slip or the rise-span ratio is too short; The optimal bearing performance parameters for a circular arch with an outside diameter of 168 mm, a wall thickness of 10, and a rise-span ratio of 0.207 are found under concentrated load, and local waist drum deformation is the failure mode.
3. The composite support scheme of “anchor net spraying + CFST support” is suggested for the real project, and it essentially resolves the support issue. Analysis was done on the support’s waist drum deformation and buckling deformation. It should be fair to minimize the installation clearance space of the joint casing or to reinforce the support wall since the buckling deformation of the support was brought on by insufficient anti-flexural capability. The CFST support’s inadequate axial compressive capability is shown by the waist drum’s deformation. The ultimate bearing condition of the material is reached at this point in the deformation. Improvements should be made to the steel tube’s outer diameter, wall thickness, or concrete strength, and the side pressure relief should be completed promptly.
The investigation for this project is ongoing and does not just focus on the mechanical characteristics of the passive support system. Further optimization of the control strategy and rock factors surrounding the road is required. It is vital to thoroughly examine the influencing variables of surrounding rock deformation and identify the deeper control mechanism in order to address the issue of surrounding rock deformation and failure in soft rock, high-stress roadways, or junctions in a kilometer-deep well. The next stage is to research the CFST support (passive support + active support + grouting modification + backfill pressure relief) combined support technique for surrounding rock control in order to achieve space-time synergy.
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Creep is an important physical property of concrete and can lead to additional displacement, stress redistribution, and even cracking in concrete structures, inducing prestress loss of large-scale prestressed concrete structures. When an exponential algorithm is used to calculate the long-term creep of concrete, it is usually necessary to apply the continuous retardation spectra of the material. In the improved approach proposed here, the continuous retardation spectra can be obtained by the Weeks inverse Laplace transform. The CEB MC90 creep model is taken as an example to analyze the computational process, efficiency, and error of the approach. The improved approach is further applied to the ACI 209R-92, JSCE, and GL2000 concrete creep models. Through comparison with other methods, the advantages of the improved approach are illustrated, and some useful conclusions are drawn.
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1 INTRODUCTION
Concrete creep is defined as the time-dependent deformation of a concrete specimen under sustained load. Its magnitude is closely related to the stress applied, time, cement type, mix proportion of concrete, and environmental conditions (ACI Committee 209, 2005). In practice, concrete creep can lead to additional displacements, stress redistribution, and even cracking in concrete structures during their service life (Hubert Rüsch and Hilsdorf, 1983; Bažant et al., 1997). As a result, a prestress loss is often observed in many large-scale prestressed concrete structures, such as long-span bridges and nuclear containments, which could significantly affect their safety and durability.
Under low stress, concrete can be considered an aging viscoelastic material, with concrete creep following the Boltzmann superposition principle. Thus, its strain rate can be expressed as (Bažant and Jirásek, 2018)
[image: image]
where [image: image] is the age of concrete, [image: image] is the time when the load is applied, [image: image] is the first derivative of the compliance function [image: image] with respect to [image: image], [image: image] is the instantaneous elastic modulus, and [image: image] and [image: image] are the strain and stress rates, respectively. Equation (1) can be solved by the finite difference method. However, this method has some limitations. First, the entire stress history is required to obtain the strain increment at the current time step. As a result, in the process of solving creep by the finite element method, the entire stress history needs to be stored for the integration points of each element. For a large-scale problem with many time steps, the evaluation of these history variables is quite time-consuming. Second, the effects of some variable factors, such as temperature, humidity, and concrete cracks, cannot be considered.
It should be noted that the calculation method of [image: image] comes from different creep models, reflecting the ratio of strain value to stress of the material at time [image: image] (loaded at [image: image]), which is usually related to conditions such as material mix ratio, specimen shape, and environmental factors.
To overcome the difficulties of the finite difference method, Eq. (1) can be transformed into a differential rate-type equation, and an efficient exponential algorithm can be employed to calculate the concrete creep which exhibits a quadratic convergence rate and is unconditionally stable. Zienkiewicz et al. (1968) first applied this method to nonaging viscoelastic materials, and Bažant extended it to aging viscoelastic materials. This method can effectively improve computational efficiency with fixed internal variables. When using the efficient exponential algorithm, it is crucial to select a proper rheological model, such as the Kelvin chain model, to describe the viscoelastic behavior of the material. From a mathematical point of view, the creep compliance function of such a viscoelastic material can be approximated by the Dirichlet series. This can be achieved by curve fitting—the so-called retardation spectrum method.
The curve fitting method is usually based on the least squares method to obtain the coefficients of the Dirichlet series from test data. However, this method lacks actual physical meanings and does not follow the second law of thermodynamics, which sometimes leads to negative coefficients when the test data is not statistically ideal (Schapery, 1962). Many efforts have been made to solve the issue (Baumgaertel and Winter 1989; Elster and Honerkamp, 1991; Kaschta and Schwarzl, 1994; Mead, 1994; Emri and Tschoegl, 1995; Ramkumar et al., 1997; Park and Kim, 2001). Furthermore, for aging viscoelastic materials such as concrete, the coefficients of the Dirichlet series are time-dependent, and the curve fitting method becomes inefficient as the computational process needs additional optimization techniques.
With the continuous retardation spectrum method, the coefficients of the Dirichlet series can be determined by discretizing the continuous retardation spectrum, avoiding the issues encountered in the curve fitting method. Bažant and Xi (1995) studied the continuous retardation spectrum for concrete solidification theory and used the Post–Widder method to approximate the spectrum. In practice, however, a high-order Post–Widder formula is often needed to meet the precision requirement, which significantly increases the analytical complexity. Fortunately, Jirásek and Havlásek (2014) solved this issue using a low-order Post–Widder formula with time adjustment factors of retardation times. A high convergence speed and good accuracy are demonstrated for various concrete creep models. However, the method is heuristically based on empirical analyses, and the determination of time adjustment factors is highly dependent on personal experience and numerical experiments for different creep models.
The purpose of this paper is to develop an improved approach for efficiently approximating the continuous retardation spectra of various concrete creep models. The continuous retardation spectrum is first introduced, then the process of calculating the continuous retardation spectrum by the Post–Widder method and its corresponding shortcomings are analyzed, and an improved approach for solving the continuous retardation spectra based on the Weeks inverse Laplace transform method is proposed. By taking the CEB MC90 creep model as an example, the numerical solution of the continuous retardation spectra solved by the improved approach is analyzed. The proposed approach is then applied to the ACI 209R-92, JSCE, and GL2000 concrete creep models. Finally, the numerical results are compared with the other methods and some conclusions are drawn.
2 GENERAL SOLUTION FOR THE CONTINUOUS RETARDATION SPECTRUM
To describe viscoelastic materials, their constitutive properties can be represented by the Kelvin chain model. In the Kelvin chain model, the deformation of a material can be characterized by a number of Kelvin units and an additional spring unit assembled in series (Figure 1). Each Kelvin unit is composed of a spring and a dashpot assembled in parallel. All these units bear the same stress, and the total strain [image: image] is equal to the sum of the deformations of each Kelvin unit and the spring unit.
[image: image]
[image: Figure 1]FIGURE 1 | Nonaging Kelvin chain model.
For the nonaging Kelvin unit [image: image] shown in Figure 2, the total stress is equal to the sum of the elastic stress and the viscous stress.
[image: image]
where both the spring elastic modulus [image: image] and the dashpot viscosity [image: image] do not change with age.
[image: Figure 2]FIGURE 2 | Nonaging Kelvin unit.
For aging viscoelastic materials such as concrete, the aging Kelvin chain model is needed. For the aging Kelvin unit [image: image], the stress–strain relationship can be expressed in rate form as
[image: image]
where the modified age-dependent modulus [image: image] is equal to
[image: image]
Since [image: image] is equal to zero for creep tests, the boundary condition of [image: image] is satisfied and the strain of the aging Kelvin unit [image: image] can be obtained as
[image: image]
where [image: image] is the retardation time of the Kelvin unit [image: image] and [image: image] is the time when the load is applied.
When the aging Kelvin chain model is subjected to a unit stress, the strains of all the Kelvin units ([image: image]) and the spring unit are superimposed; the compliance function is given by (Bažant, 1988)
[image: image]
which can be considered a finite Dirichlet series. In the practical application process, once the compliance function is constructed in the form of Eq. (7), the long-term creep value of materials can be numerically calculated by exponential algorithm. For a given time [image: image], when there are infinite number of Kelvin units in the chain and the retardation time distributes continuously, Eq. (7) can be converted into an integral form (Bažant and Xi, 1995):
[image: image]
where [image: image] is the continuous retardation spectrum. For a specific creep model, once the continuous retardation spectrum is given, the direct discrete method can be used to construct the compliance function in the form of finite Dirichlet series. For convenience sake, the compliance function [image: image] is rewritten as
[image: image]
where [image: image] is the loading duration, and [image: image] is defined as
[image: image]
By using the inverse Laplace transform method, Tschoegl (Nicholas, 1989) approximated [image: image] from the Post–Widder method as
[image: image]
where [image: image] is the [image: image]th order derivative of [image: image]. When [image: image], [image: image] converges to the exact solution:
[image: image]
In this method, a sufficiently smooth function [image: image] and a higher order [image: image] are required for an acceptable approximation of the continuous retardation spectrum. This method is straightforward and efficient for some problems with simple compliance functions. In practice, however, the computation of the high-order derivatives is usually quite complicated, and the process of solving them will become complicated. To improve this method, Jirásek and Havlásek (2014) analyzed the difference between the low-order Post–Widder method and the exact solution and proposed an approach for adjusting the retardation time by multiplying correction factor [image: image] to improve the accuracy of calculating continuous retardation spectrum. Thus, the continuous retardation spectrum is defined as
[image: image]
When the correction factor [image: image] is applied, the accuracy of the numerical solution of the compliance function is effectively improved, and the approximation order is well controlled within low ranges. In this method, however, the value of the correction factor is determined empirically and is different for different creep models.
In Section 3, in view of the shortcomings of the Post–Widder method, an improved method for solving continuous retardation spectra based on the Weeks inverse Laplace transform is proposed. Here, Eq. (10) is processed in advance.
The differentiation of Eq. (10) with respect to [image: image] yields
[image: image]
By setting [image: image], we have
[image: image]
It can be seen from Eq. (15) that [image: image] is the Laplace transform of [image: image]. Therefore, once the inverse Laplace transform of [image: image] is determined, [image: image] can be obtained.
3 WEEKS METHOD FOR THE CONTINUOUS RETARDATION SPECTRUM
In the method by Weeks (1966), the Laguerre polynomials are used to numerically calculate the inverse Laplace transform. The main advantage is that an explicit solution can be obtained. In applying this method, the following two conditions should be fulfilled: the Laplace space function is a smooth function with bounded exponential growth, and it can be expressed as a Laguerre series. The above two conditions are fulfilled for commonly used creep models, including the CEB MC90, ACI 209R-92, JSCE, and GL2000 models.
For Laplace space function [image: image], the analytical expression of the time-domain function [image: image] can be obtained by the Weeks method as
[image: image]
In Eq. (16), [image: image] and [image: image] are two parameters that fulfill the conditions of [image: image] and [image: image], where [image: image] is the Laplace convergence abscissa. [image: image] contains the information of the Laplace space function. It could be a scalar, vector, or matrix but does not change with time. With the Maclaurin series, the analytical expression of [image: image] is given by
[image: image]
where [image: image] is the radius of convergence of the Maclaurin series.
[image: image] in Eq. (16) is the Laguerre polynomial of degree [image: image] defined as
[image: image]
For practical numerical calculation, Eq. (16) can approximately be expressed as
[image: image]
where [image: image] is an integer. The exact solution of [image: image] can be obtained as [image: image] approaches infinity
[image: image]
By using the Bromwich integral and the fast Fourier transform, an approximate expression of [image: image] in Eq. (17) can be obtained as
[image: image]
where [image: image].
In the Laplace transform formula of Eq. (15), the Laplace space function is [image: image], the complex variable is [image: image], the time-domain function is [image: image], and the time-domain variable is [image: image]. From Eq. (19), [image: image] can be obtained through the inverse Laplace transform as
[image: image]
Substitution of [image: image] into Eq. (22) leads to
[image: image]
[image: image]
In applying the Weeks method, it is obvious that the truncation error can be reduced by using a larger value of [image: image]. In addition, a proper choice of [image: image] and [image: image] can lead to a higher convergence speed. Therefore, it is very important to choose the values of [image: image] and [image: image] reasonably. For Eq. (19), according to the method provided by Weeks (1966), when solving [image: image] in the range of [image: image], the value can be simply determined as
[image: image]
[image: image]
For Eq. (23), let [image: image], and, considering that for all creep models [image: image], then [image: image] and [image: image] can be taken as
[image: image]
Equation (27) is simple and suitable for all creep models and can directly improve the computational accuracy by increasing [image: image], which is recommended to take a value between 10 and 50. In order to fully improve the computational efficiency, [image: image] is taken as 10 in this paper, and, to further determine the values of [image: image] and [image: image] for different models, the analysis process is shown as follows.
To determine the parameters [image: image] and [image: image], Weideman (1999) proposed a method by minimizing the theoretical error [image: image]
[image: image]
where [image: image] is the machine round-off error.
Further analysis according to the method of Weideman (Weeks, 1966), taking the CEB MC90 creep model (CEB-FIP, 1993) as an example, the compliance function is
[image: image]
where [image: image] is the average elastic modulus of concrete at 28 days, [image: image] is the correction factor related to the loading time [image: image], [image: image] is the nominal creep coefficient related to the material strength, loading time, and the relative humidity of the environment, and the creep development coefficient [image: image] is equal to
[image: image]
with [image: image] being a coefficient related to the volume/surface ratio, the relative humidity, and the material strength, generally ranging from 250 to 1,500. By setting [image: image], the first-order derivative of [image: image] is given by
[image: image]
When [image: image], [image: image], and [image: image] are given, the error [image: image] as a function of [image: image] and [image: image] can be obtained by substituting Eqs (24) and (31) into Eq. (28). [image: image] should be selected by considering computational accuracy and efficiency. When a larger [image: image] is used, the choice of [image: image] and [image: image] is more flexible.
By setting [image: image] and [image: image], [image: image] is obtained as a function of [image: image] and [image: image] for different retardation times [image: image] (Figure 3). The figure shows that the error [image: image] can be significantly reduced by a proper choice of the two parameters. In some zones where [image: image] and [image: image] follow a certain relationship, the error [image: image] is kept within relatively low levels as the dark part shown in Figure 3.
[image: Figure 3]FIGURE 3 | Distributions of [image: image] (CEB MC90 model) for (A) [image: image]; (B) [image: image]; (C) [image: image].
Combine the three graphs in Figure 3 and represent the horizontal and vertical coordinates in exponential growth. Select several points with the smallest error [image: image] within different parameter ranges and use a few crosses to represent them, forming Figure 4.
[image: Figure 4]FIGURE 4 | Relationship between [image: image] and [image: image] (CEB MC90 model).
If the relationship between [image: image] and [image: image] can be determined under the condition of minimum error [image: image], the method of parameter selection can be further determined. It was found that the relationship is related to the poles and branch points of the Laplace function (Weideman, 1999). If [image: image] and [image: image] are two farthest points to the origin of the Laplace function on the complex plane, we have
[image: image]
Equation (31) has two branch points: [image: image] and [image: image]. By using Eq. (32), the relationship between [image: image] and [image: image] for the CEB MC90 model can be obtained as
[image: image]
By taking [image: image], Eq. (33) is plotted as the solid line shown in Figure 4. It is apparent from Figure 4 that the numerical results from error minimization are very close to Eq. (33) for the CEB MC90 model. Therefore, for the CEB MC90 creep model, Eq. (33) can be determined as the relationship between [image: image] and [image: image].
As seen from Eq. (23), the relationship between [image: image] (or [image: image]) and [image: image] is also required to perform the inverse Laplace transform and will be determined empirically through error analysis. Thus, a reference solution [image: image] is obtained by a combination of the Durbin inverse Laplace transformation (Durbin, 1974) and an adaptive numerical integration. It should be pointed out that, although the reference solution [image: image] has higher accuracy, it is very time-consuming and needs to be calculated by long-term iterative calculation and is thus not suitable for practical applications. The relative error [image: image] is defined as
[image: image]
When [image: image], [image: image], under the premise of using Eq. (33) for parameter values, the relative errors of the Weeks inverse Laplace transform for [image: image] are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Relative errors of the Weeks method (CEB MC90 model) for (A) [image: image]; (B) [image: image]; (C) [image: image]; (D) [image: image].
Figure 5 shows that, when [image: image] is smaller than 1, the relative error exhibits larger changes from 10−4 to 1 (Figures 5A,B). When [image: image] is larger than 100, the relative error is smaller than 10−1 and has a downward tendency as [image: image] increases (Figures 5C,D).
Based on the numerical results in Figure 5, an empirical value of [image: image] for the CEB MC90 model is suggested as follows:
[image: image]
For different values of [image: image], the relative error calculated from Eq. (35) is also obtained as the red cross shown in Figure 5. It is seen from Figure 5 that, when using Eq. (35), the relative error is smaller than 10−1. Particularly when [image: image] is equal to 100 or 1,000, the relative error is smaller than 10−3. Therefore, computational accuracy is guaranteed.
For [image: image] and different values of [image: image], the continuous retardation spectra obtained from different methods are compared in Table 1, where [image: image] is calculated from Eqs (33) and (35) while [image: image] is calculated from Eq. (27), [image: image] and [image: image] are the relative errors between the calculated results obtained by the two calculation methods and the reference solution [image: image], respectively. It is seen from Table 1 that, compared with the Weeks parameter value method—Eq. (27)—the relative errors of the continuous retardation spectra given by Eqs (33) and (35) are smaller in most cases, and the computational accuracy is obviously improved. For the Weeks method, however, the computational accuracy can also be improved by increasing the value of [image: image].
TABLE 1 | Comparison of [image: image] calculated from two different methods (CEB MC90 model).
[image: Table 1]4 APPLICATION OF THE WEEKS METHOD TO DIFFERENT CREEP MODELS
In this section, the Weeks method is applied to the CEB MC90, ACI 209R-92, JSCE, and GL2000 creep models. [image: image] is calculated and analyzed based on the aging Kelvin chain and different methods for the continuous retardation spectrum. [image: image] is used in all cases. The results obtained by a combination of the Durbin inverse Laplace transformation (Durbin, 1974) and an adaptive numerical integration are used as a reference solution.
4.1 CEB MC90 model
As discussed in the previous section, the continuous retardation spectrum of the CEB MC90 model can be obtained by the Weeks method. When [image: image], the continuous retardation spectra calculated by the Weeks method, the Post–Widder method with different orders, and the reference solution are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Continuous retardation spectra calculated by different methods (CEB MC90 model).
Once [image: image] is known, [image: image] can be obtained from Eq. (10). However, the integral involved should be approximated by the Dirichlet series for an aging material. Therefore, the discrete retardation times [image: image] are selected based on accuracy and efficiency. If [image: image] is assumed to be a geometric series with an initial value of [image: image] and a base of 10, that is,
[image: image]
then Eq. (10) is changed to
[image: image]
When [image: image], [image: image] is close to unity, and the first term in Eq. (37) can be assumed to be [image: image], which is not affected by the duration [image: image]. When [image: image], [image: image] is close to zero, and the third term in Eq. (37) tends to be zero. Thus, Eq. (37) reduces to
[image: image]
The integral in Eq. (38) can be approximated by the two-point Gaussian quadrature rule:
[image: image]
The following definitions are used:
[image: image]
Equation (39) then becomes
[image: image]
If [image: image] is set to be [image: image], [image: image] of the aging Kelvin chain model is changed to
[image: image]
Equation (42) is consistent with the form of Eq. (7), where the number of Kelvin units is set to [image: image]. [image: image] can be obtained by numerical integration algorithms (Jirásek and Havlásek, 2014), but this will cause some errors. In this paper, in order to reduce the effect of numerical integration at low retardation times, [image: image] is solved by subtracting the difference between the numerical solution and the exact solution of [image: image], which is [image: image] in Eq. (30) for the CEB MC90 model:
[image: image]
where [image: image] is the loading duration when [image: image] reaches the maximum value ([image: image] for the CEB MC90 model). The analysis process is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Analysis process of [image: image].
By taking [image: image] as 500, 800, and 1,200, the values of [image: image] are obtained by the Weeks and Post–Widder methods with different orders (Figure 8).
[image: Figure 8]FIGURE 8 | [image: image] calculated by different methods (CEB MC90 model) for (A) [image: image]; (B) [image: image]; (C) [image: image].
The error is defined as [image: image] for the CEB MC90 model. Thus, the errors of different methods are shown in Figure 9. At the same time, the errors obtained from the method of Jirásek and Havlásek (2014) are also compared in Figure 9.
[image: Figure 9]FIGURE 9 | Errors of [image: image] calculated by different methods (CEB MC90 model) for (A) [image: image]; (B) [image: image]; (C) [image: image].
Equation (42) shows that [image: image] is related to [image: image]. For the two-point Gaussian quadrature rule, [image: image] corresponding to different [image: image] is able to describe the retardation spectrum curve as accurately as possible. If [image: image] at two adjacent points [image: image] are connected by line segments, the approximation of [image: image] to the retardation spectrum curve can be observed more intuitively. As shown in Figure 10, the retardation spectrum curve can be described well when [image: image] takes values from Eq. (40).
[image: Figure 10]FIGURE 10 | Approximation of [image: image] to the retardation spectrum (CEB MC90 model and [image: image]).
In Eq. (42), the number of Kelvin units is taken as 20. If higher computational accuracy is required, the number of Kelvin units can be increased: [image: image]). Thus, Eq. (42) becomes
[image: image]
where
[image: image]
[image: image]
[image: image]
[image: image]
It should be noted that, for most concrete creep models (CEB MC90, ACI 209R-92, and GL2000), the retardation spectra are relatively smooth, and taking [image: image] in Eq. (45) usually satisfies the precision requirement. However, if the retardation spectrum changes sharply in terms of retardation time, it is necessary to increase the value of [image: image], which will be discussed in Section 4.3.
4.2 ACI 209R-92 model
The creep compliance function of the ACI 209R-92 model (ACI committee 209, 2008) is
[image: image]
where [image: image] is defined as
[image: image]
In Eq. (50), [image: image] is the ultimate creep coefficient related to the curing conditions, slump, and ambient humidity of concrete structures and [image: image] and [image: image] are two parameters—usually taken as 0.6 and 10 according to the recommendations in ACI 209R-92, respectively.
To simplify the analysis process, [image: image] is defined as
[image: image]
Derivation of Eq. (51) with respect to [image: image] gives
[image: image]
Since Eq. (52) has a branch point of [image: image], Eq. (32) cannot be directly used. For the ACI 209R-92 model, when [image: image], the computational accuracy of the creep compliance function obtained from Eq. (27) is not very satisfactory (Figure 13). With reference to the analysis of the CEB MC90 model, Eq. (28) is used to calculate [image: image] and analyze the relationship between [image: image] and [image: image]. Thus [image: image] is given by
[image: image]
When [image: image], the empirical expression of [image: image] is expressed as
[image: image]
The continuous retardation spectra calculated by the Weeks method and the Post–Widder method with different orders are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Continuous retardation spectra calculated by different methods (ACI 209R-92 model).
From Eq. (42), the values of [image: image] of the ACI 209R-92 model for different durations [image: image] are obtained as shown in Figure 12; the errors are shown in Figure 13. For comparison, the errors of [image: image] calculated from Eq. (27) are also shown in Figure 13 for [image: image] and [image: image]. Figure 13 shows that, when Eq. (53) and (54) are adopted, the computational accuracy is obviously improved under the same [image: image] value.
[image: Figure 12]FIGURE 12 | [image: image] calculated by different methods (ACI 209R-92 model).
[image: Figure 13]FIGURE 13 | Errors of [image: image] calculated by different methods (ACI 209R-92 model).
4.3 JSCE model
The creep compliance function of the JSCE model (Uomoto et al., 2008) is defined as
[image: image]
where [image: image] is the ultimate creep strain under unit stress and related to the ambient relative humidity, temperature, and the volume/surface ratio. [image: image] is defined as
[image: image]
Derivation of [image: image] with respect to [image: image] gives
[image: image]
Since Eq. (57) has only a branch point [image: image], Eq. (32) cannot be directly used to evaluate the values of [image: image] and [image: image]. Instead, Eq. (27) is adopted to determine the values of the two parameters. For [image: image], the continuous spectra calculated by the Weeks and Post–Widder methods with different orders are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Continuous retardation spectra calculated by different methods (JSCE model).
It is seen from Figure 14 that, compared with the CEB MC90 and ACI 209R-92 models, the continuous retardation spectra calculated by the Weeks method are steeper at the peak. The continuous retardation spectra of the CEB and ACI models show significant changes in the range from [image: image] to [image: image], while that of the JSCE model mainly shows changes in the range from [image: image] to [image: image]. If [image: image] is set in Eq. (45), [image: image] cannot effectively describe the retardation spectrum curve. As shown in Figure 15A, the curve around [image: image] is not well reproduced. Therefore, it is necessary to increase the value of [image: image]. By setting the number of Kelvin units to [image: image]— [image: image] in Eq. (45)—it is seen from Figure 15B that the computational accuracy is greatly improved. Therefore, for the JSCE model, it is necessary to adopt this retardation time value method. The numerical results and the errors for different methods are shown in Figures 16, 17, respectively.
[image: Figure 15]FIGURE 15 | Approximation of [image: image] to the retardation spectrum (JSCE model) for (A) [image: image]; (B) [image: image].
[image: Figure 16]FIGURE 16 | [image: image] calculated by different methods (JSCE model).
[image: Figure 17]FIGURE 17 | Errors of [image: image] calculated by different methods (JSCE model).
4.4 GL2000 model
The creep compliance function of the GL2000 model (Gardner and Lockman, 2002) is defined as
[image: image]
where [image: image] is the elastic modulus at loading time and [image: image] is the creep coefficient at 28 days. The expression of [image: image] is
[image: image]
In Eq. (59), [image: image] is the correction term for the drying effect before loading, [image: image] is the relative humidity, and [image: image] is the volume/surface ratio of specimens. To simplify the calculation, [image: image] is expressed as
[image: image]
If [image: image] and [image: image] are defined as
[image: image]
the derivation of [image: image] with respect to [image: image] yields
[image: image]
Because the function form of [image: image] is similar to Eq. (30), and the function form of [image: image] is similar to Eq. (51), the parameter value forms of the CEB MC90 and ACI 209R-92 models can be referred to respectively. For [image: image], the values of [image: image] and [image: image] recommended for [image: image] and [image: image] are
[image: image]
[image: image]
Two cases are considered, and the parameters are listed in Table 2. The continuous retardation spectra calculated by the Weeks and Post–Widder methods for different orders are shown in Figure 18.
TABLE 2 | Parameters for the two cases.
[image: Table 2][image: Figure 18]FIGURE 18 | Continuous retardation spectra calculated by different methods (GL2000 model) for (A) case 1; (B) case 2.
It is apparent from Figure 18 that the continuous retardation spectra begin to grow significantly from [image: image] and decrease gradually at a long retardation time. Therefore, more Kelvin units are needed to cover the range of the continuous retardation spectra. Consequently, [image: image] is set to [image: image], the maximum value of [image: image] in Eq. (36) is taken as 18, [image: image] for this model, and the number of Kelvin units in Eq. (42) changes from 20 to 36. The values of [image: image] of the GL2000 model for different duration [image: image] are obtained as per Figure 19, and the errors are shown in Figure 20. Since the GL2000 model was not discussed by Jirásek and Havlásek (2014), the error obtained from their method is not compared in Figure 20.
[image: Figure 19]FIGURE 19 | [image: image] calculated by different methods (GL2000 model) for (A) case 1; (B) case 2.
[image: Figure 20]FIGURE 20 | Errors of [image: image] calculated by different methods (GL2000 model) for (A) case 1; (B) case 2.
4.5 Discussion
For all the concrete creep models discussed in this section, the proposed approach based on the Weeks method improves the computational accuracy and efficiency of the continuous retardation spectra and the creep compliance. It should be noted that, for the case of long duration, the errors of [image: image] decrease with the increase of [image: image] and approach zero. There are two main reasons for this phenomenon. First, the creep compliances used have negligible variation for a long duration and have a clear upper limit. Thus, the approximation through the Dirichlet series will maintain the same characteristics as long as the retardation time range selected is wide enough. Second, by calculating [image: image] based on the most accurate compliance value—Eq. (43)—the effect of numerical integration for a short duration on the final results is reduced.
For the creep models considered, when [image: image], the absolute error of [image: image] given by the improved approach (using the Weeks method) is smallest and maintains a lower level (usually smaller than 0.01). For the ACI 209R-92 and JSCE models, the results from the proposed approach achieve higher accuracy than the Post–Widder method. When calculated by the improved approach, [image: image] of the ACI 209R-92 model is closest to the reference solution, while [image: image] of the JSCE model exhibits the most significant improvement on the Post–Widder method.
The errors of [image: image] obtained from the improved approach and the Jirásek–Havlásek method are both controlled at a relatively low level. For the CEB MC90 model, the results obtained from Jirásek–Havlásek are more accurate for low retardation times, while those obtained from Weeks are more accurate for high retardation times. As shown in Figure 9, the errors corresponding to the Weeks method are smaller compared to the Jirásek–Havlásek method when [image: image]. For the ACI 209R-9 and JSCE models, the results obtained from Weeks are more accurate and the errors of [image: image] are smaller.
For the other creep models which are not discussed in this paper, the proposed approach is still applicable when they fulfill the requirement of the Weeks inverse transform. In general, a large value of [image: image] can be used to achieve the required computational accuracy and a proper choice of [image: image] and [image: image] can significantly improve computational efficiency. In general, Eq. (27) can be used to determine the parameters, and [image: image] is recommended. The larger the value of [image: image], the more accurate the calculation results, but computational efficiency will be reduced. If [image: image] has two or more poles and branch points, Eq. (32) can also be used to determine the parameters, and precision requirements are usually satisfied when [image: image].
5 COMPARISON WITH EXPERIMENTAL RESULTS
To further verify the validity of the improved approach, the finite element method is used to compute the long-term creep of concrete by combining the retardation spectrum obtained by the Weeks method with the second-order exponential algorithm (Bažant and Jirásek, 2018). For this purpose, two sets of experimental data, OPC and SF10, were selected from Mazloom et al. (2004). They had different mix proportions, and a pressure of 10 MPa was applied on the OPC and SF10 cylinders on the 28th and 7th days, respectively. Two UMAT user subroutines for material behavior—ACI UMAT and CEB UMAT—of the commercial finite element software ABAQUS were coded. The concrete strain was calculated using the CEB MC90 and ACI 209R-92 creep models. The results are shown in Figure 21, which shows that the finite element results are in good agreement with the experimental results. For the OPC group, the ACI 209R-92 model has higher accuracy, while, for the SF10 group, the CEB MC90 has higher accuracy.
[image: Figure 21]FIGURE 21 | Comparison between experimental results and numerical results for (A) OPC; (B) SF10.
It is noted that one of the purposes of this paper is to ensure that the numerical results agree well with the corresponding expressions of [image: image]. As a result, the accuracy of the final numerical results is mainly dependent on whether the analytical expression of [image: image] given by design codes is close to the practical situation. Therefore, before the concrete creep is calculated, it is necessary to select a reasonable model according to the practical situation, including the mix proportion, the component shape, loading, and environmental conditions, to ensure the computational accuracy of the numerical results. It should also be noted that, since this paper is mainly concerned with improving on the continuous retardation method, finding a viable, stable strategy to identify the optimal dimension of the approximation in the presence of an error (uncertainty) on data is not addressed. This limitation is expected to be removed in our future work.
6 CONCLUSION
Based on the Weeks method, an efficient approximation approach has been developed for the continuous retardation spectra of aging viscoelastic materials. Compared with the existing methods, the approach has several advantages.
(1) It can calculate the continuous retardation spectrum more accurately by only using the first-order derivative of the creep compliance function. The difficulty of calculating the high-order derivatives in the Post–Widder method is avoided.
(2) Unlike the method proposed by Jirásek and Havlásek (2014), in which the correction factor is empirically determined for each concrete creep model at a given derivative order, the proposed approach is based on a solid theoretical foundation and can be conveniently applied to various concrete creep models.
(3) Better computational accuracy can be achieved for a long loading duration. As illustrated by different concrete creep models, the error of the creep compliance function obtained by the proposed approach is controlled within 0.02 for a loading duration of [image: image]. Therefore, the approach is applicable to long-term creep analyses of aging viscoelastic materials, such as concrete.
It should be noted that the proposed approach is only applicable to concrete creep models when the first-order derivative of the compliance function fulfills the requirement of the Weeks method. For concrete creep models with logarithmic compliance functions, such as the fib model (CEB-FIP, 2010), the inversion formula of the Laplace transform has an analytical solution and does not require the Weeks method for the continuous retardation spectrum. In this research, to achieve high computational efficiency and accuracy, the values of [image: image] and [image: image] for the CEB MC90, ACI 209R-92, and GL2000 models are determined empirically for [image: image]. As for the JSCE model, a good precision requirement can be achieved when the parameters are taken directly through Eq. (27) for [image: image]. If the proposed approach is applied to other creep models, the parameters can be determined by referring to the analytical process of this paper or directly by increasing the value of [image: image] to meet the precision requirements.
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Reinforced concrete bridge piers with round-ended sections are susceptible to bending, bending–shear, and shear failure after earthquakes in high-intensity areas, thus necessitating improved seismic performance. This study introduced a novel design for a concrete-filled steel tube (CFST) column, featuring a multi-chambered, round-ended cross-section. The use of longitudinal and transverse stiffeners divided the column section into distinct chambers, thereby enhancing the seismic performance of the columns. A total of 12 groups of static tests were performed to examine the effect of chamber layout, axial compression ratio, and aspect ratio on columns’ hysteresis behavior, and the hysteresis curves, skeleton curves, failure modes, stiffness degradation, ductility, and energy dissipation capacity were obtained. Results demonstrated the favorable seismic performance of composite columns. Additionally, an increase in chambers led to a full hysteresis curve, enhancing bearing and energy dissipation capacities. The displacement ductility coefficient (μ) ranged between 3.88 and 7.45, and the design parameters have minimal influence on the stiffness degradation of the composite beam. Based on the results, the long and short sides of the CFST columns with a large length–width ratio should be arranged to be relatively close in length.
Keywords: concrete-filled steel tubular column, round-ended section, hysteretic behavior, multichamber restraint, ductility, stiffness degradation
1 INTRODUCTION
Reinforced concrete (RC) bridge piers with round-ended sections are widely used as substructures in heavy-haul railway and long-span bridges. Over time, RC bridge piers in high-intensity areas generally experience post-earthquake bending, flexural shear, or shear failure; consequently, the seismic performance of these piers must be improved (Wang, 2015). Utilizing a concrete-filled steel tube (CFST) structure is an ideal choice to improve the seismic performance of RC bridge piers (Fei et al., 2020). During loading, the steel tube can provide effective restraints to the core concrete and retard the longitudinal cracking of the concrete under pressure; meanwhile, the internal concrete delays the local buckling of the steel tube. This synergy between those materials maximizes their benefits of mechanical properties, thereby leading to an increased static bearing capacity, ductility, and seismic performance of the bridge piers while promoting construction efficiency and cost effectiveness (Zhou et al., 2019; Hu et al., 2022a; Hu et al., 2022b; Zhou et al., 2022; Zhou et al., 2023).
Many bridges in earthquake-prone areas, such as the Houhu Bridge and Xinglin Bridge, have implemented CFST piers (Shen et al., 2020; Wang and Shen, 2023). A previous research conducted by the authors (Ding et al., 2016) demonstrated that when the section aspect ratio of a round-ended CFST column was greater than 5.0, the constraints to the core concrete by a single-cavity steel tube became negligible. Therefore, given the distinctive features of the large section length–width ratio of columns with circular sections in practical engineering, proposing a CFST column with a multichamber round-ended section in the current study is logical. The round-ended section is partitioned into multiple chambers by employing vertical and horizontal stiffening ribs. This design amplifies the restraining effect of the steel tubes on the core concrete through multicavity constraints, thereby bolstering the seismic performance of the column.
In recent years, some researchers have conducted experimental and numerical studies on the restraint mechanism of CFST columns with round-ended sections. Shen et al. (Shen et al., 2020) conducted an experimental study on axially loaded welded tubular joints with round-ended oval hollow sections (ROHS). They introduced a method for predicting the axial compression resistance of the ROHS tubular joint. Hassanein and Patel (Hassanein and Patel, 2018) completed a finite element analysis (FEA) on round-ended rectangular CFST short columns under axial compression, and on the basis of the results of FEA, a design model was established to estimate the reasonable strength of the columns under different loadings. Zhang et al. (Zhang and FuXu, 2020) established a fiber beam–column model to analyze the nonlinear behavior of round-ended CFSTs, and their model accurately described the nonlinear behavior of these round-ended CFSTs. Ren et al. (Ren et al., 2022) proposed a “central angle” concept to extend the cross-section design of round-ended rectangular CFST columns, and a reliable analytical model for predicting the axial ultimate bearing capacity of CFST was developed and validated. Shen et al. (Shen et al., 2022) investigated the performance of cold-formed round-ended CFST columns under cyclic loading using experimental and numerical approaches. Their research provided insightful revelations about the failure modes, hysteretic curves, ductility ratio, energy dissipation, stiffness, and strength degradation of these columns.
As for CFST columns with multiple cavities, Wu et al. (Wu et al., 2017) conducted tests on six columns under cyclic uniaxial compressive load, scrutinizing the effects of cavity construction, reinforcement arrangement, and concrete strength on failure characteristics, load-bearing capacity, stiffness, and residual deformation; moreover, a reasonable calculation method by dividing concrete into active and inactive confined regions was proposed. Qiao et al. (Qiao et al., 2018) executed a quasistatic test on four 1/30-scale uniquely shaped concrete-filled tube (CFT) columns with multiple cavities and investigated the seismic behavior of the CFT columns with multiple cavities under axial tension or axial compression. Wu et al. (Wu et al., 2016) studied the uniaxial compressive constitutive relationship of concrete confined by a special-shaped steel tube coupled with multiple cavities and proposed a method that predicts the associated complete stress–strain curves. Chen et al. (Chen et al., 2021) completed a comprehensive experimental study on the seismic behavior of prefabricated L-shaped CFST columns with rectangular multichamber columns under different lateral loading directions. The results indicated that multichamber, special-shaped steel tubes had a considerable restraining effect on the core concrete. Yin et al. (Yin et al., 2020) conducted experimental and analytical studies on the seismic behavior of special-shaped multichamber composite CFST columns. They proposed a theoretical method to predict the seismic behavior of the columns, and the calculation results showed good consistency with the test ones. Alatshan et al. (Alatshan et al., 2020) conducted a comprehensive study on the compressive performance of CFST columns with various reinforcement, partition, and tie rods. On the basis of the test results, the effects of these parameters on the mechanical properties of the composite columns were uncovered.
The foregoing literature review reveals that substantial research has been conducted on CFST columns with multiple chambers, but studies on CFST columns with multichamber round-ended cross-sections are few (Wu et al., 2016; Wu et al., 2017; Qiao et al., 2018; Alatshan et al., 2020; Yin et al., 2020; Chen et al., 2021). However, research on seismic properties is relatively limited, which restricts the application of this type of structure in high seismic-risk areas. Therefore, this study investigates the seismic performance of a CFST column with a multichamber round-ended cross-section. The main objectives of this study are as follows: (i) investigate the seismic performance of 12 CFST columns with a multichamber round-ended cross-section through a quasistatic experimental study and analyze the observed phenomena and failure patterns; (ii) analyze the effects of chamber layout, axial compression ratio, and section width–thickness ratio on the seismic performance, including hysteresis curve, skeleton curve, stiffness degradation, ductility and bearing capacity, and energy dissipation of columns; (iii) recommend reasonable structural measures for CFSTs.
2 EXPERIMENTAL PROGRAM
2.1 Specimen design
In accordance with the specification for seismic test of buildings (JGJ101-2015) (GJ101-2015, 2015), a total of 12 CFST columns with a multichamber round-ended cross-section were tested in the current study. The test parameters for the composite columns are presented in Table 1. B is the width of the section, D is the height of the section, H is the height of the column, n is the axial compression ratio of the column, fcu is the cubic compressive strength, fs is the yield strength of steel tube, and ρs is the steel content of the section. Figures 1, 2 show the layouts and cross-section of the specimens, respectively.
TABLE 1 | The test parameters of composite columns.
[image: Table 1][image: Figure 1]FIGURE 1 | Layouts of the specimens. (A) Vertical view. (B) Actual photo. (C) Specimen base.
[image: Figure 2]FIGURE 2 | Cross-section of specimens.
During manufacturing, smooth, undistorted cross-sections at both ends of the steel tube must be ensured. A 20 mm-thick steel plate was welded to the bottom of the formed steel tube. Subsequently, concrete was poured and compacted by vibration after being pumped into the tube from the top. After 28 days of curing, the concrete had hardened completely and achieved its compressive strength. Then, the cover plate was welded to the top of the steel tube. For convenience of observation and recording of failure mode, red paint was sprayed on the external surface of the steel tube, and 50 mm × 50 mm white grids were plotted on the surface.
Commercial concrete (grade C40) was adopted for all the specimens, and the 28-day compressive strength obtained from nine standard concrete cubes with a dimension of 150 mm × 150 mm × 150 mm was measured as 45.2 MPa. The measured yield strength of the steel tube was 359 MPa, as listed in Table 1.
2.2 Instrumentation and loading scheme
In this test, a pseudostatic test loading scheme was employed. The composite column test loading device is shown in Figure 3, and the loading process is shown in Figure 4. Specifics are outlined below:
(1) Before the test, approximately 30% of the axial force was applied to verify the stability of the connections among the jack, distribution beam, and specimen. The chuck of the specimen and the specimen itself must be properly secured. The designed axial compression load was applied to the specimen, maintaining a constant axial force value throughout the loading period.
(2) After the trial began, the control loads were 0.2 and 0.4 Pu; Pu represents the limit value of the horizontal load. Load control is employed until the specimen reaches the yield load, after which control is switched to deformation-based loading. Increments of 1Δy, 2Δy, 3Δy, 4Δy, 5Δy, 6Δy, 7Δy, 8Δy, and 9Δy were used for loading, where Δy = Pu/Ksec, Δy is the yield displacement of the specimen. Ksec is the secant stiffness of the load–displacement curve when the load reaches 0.4Pu.
[image: Figure 3]FIGURE 3 | Experimental setup.
[image: Figure 4]FIGURE 4 | Loading protocol.
2.3 Measuring point arrangement
The measurements taken in this test primarily included horizontal load, vertical load, horizontal displacement at the top of the specimen, and strain on the steel tube’s surface. The main measurement points are arranged as follows:
2.3.1 Displacement measurement
Vertical load was applied to the specimen using a hydraulic jack. Three displacement meters are positioned along the column, and four displacement meters were placed on the concrete base. Figure 5 displays the displacement observations of the specimen.
[image: Figure 5]FIGURE 5 | Layout of strain measurement.
2.3.2 Strain measurement
Eight strain gauges were affixed 100 mm above the stiffener to measure the longitudinal and transverse strains on the surface of the steel tube during low-cycle loading, and data were collected by the DH3818. The locations of the strain measuring points on the steel tube section are illustrated in Figure 5.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Failure pattern
The test results indicate that the failure modes of the specimens are essentially the same, characterized by bending failure. To illustrate the failure process of the specimen, we use CFST-C3 as an example, as depicted in Figure 6. 𝛥 represents the maximum displacement at various loading cycles.
[image: Figure 6]FIGURE 6 | Failure process of specimen.
Before 𝛥 = 24 mm, no local buckling of the steel tube was observed on the surface of the steel tube. When the load exceeded the yield point, local buckling began to occur within 70 mm of the stiffener’s upper end at the specimen’s bottom. As the load increased, bulging appeared in the bottom part of the member, and surface deformation of the steel tube rapidly intensified as the specimen approached failure. The sound of the steel tube tearing and the crushing sound of the core concrete (e.g., at 𝛥 = 24 mm) were audible, indicating that the strain in the steel tube had reached its ultimate limit, and its tensile strength had been fully utilized.
The end of the CFST-C1–CFST-C12 test is shown in Figure 7. The fewer the chambers, the more severe the damage to the core concrete. In the case of single-cavity arranged steel tube concrete columns, the failure surface penetrates the entire concrete cross-section, while the presence of multicavity steel tubes constrains the failure of the core concrete in other specimens within their respective steel tube areas. Multicavity constraints can effectively delay and even prevent the occurrence of local buckling in steel tubes and concrete damage.
[image: Figure 7]FIGURE 7 | Failure modes.
3.2 Complete curve analysis
The hysteresis curve provides a comprehensive reflection of the seismic performance of structures, indicating deformation characteristics, stiffness degradation, and energy dissipation capacity under pseudostatic loading. The test results reveal that the columns exhibit the same failure mode, characterized by bending failure. As the load surpasses the yield point, local buckling initiates within 100 mm of the upper end of the stiffener ribs at the bottom of the specimens. Therefore, the entire loading process can be divided into three stages: the elastic stage, the elastic–plastic stage, and the failure stage. To illustrate the complete loading procedure, we use CFST-C1 as an example, as shown in Figure 8.
(1) Elastic Stage (OA): In the initial loading stage, all the columns were in the elastic stage, as evidenced by the fact that the load–deflection curves closely followed a linear trend. The residual deformation was nearly zero after unloading. The flexural stiffness of the specimens remained relatively constant during this stage, indicating that the load increased rapidly while the horizontal deflection and strain increase were limited. Subsequently, as the horizontal deflection increased, the steel tube began to yield at point A.
(2) Elastic–Plastic Stage (AB): As the imposed load reached approximately 60% of the ultimate load or when the steel tube began to yield at point A, the load–deflection curves of all the columns began to deviate considerably from their initial linearity, exhibiting elastic–plastic behavior. In this phase, visible local buckling of the steel tube initially occurred above the stiffening ribs. Subsequently, the extent and severity of local buckling increased. At this point, a slight residual displacement became evident, and the stiffness of the specimens gradually degraded. The chamber arrangement and number considerably affected the hysteretic behavior of the columns. The greater the number of chambers, the later and less pronounced the local buckling of the steel tube becomes.
(3) Failure Stage (BC): Once the ultimate bearing capacity was reached (at point B), the maximum capacity at different loading cycles continuously decreased as the loading cycles increased. The flexural stiffness noticeably decreased, and the residual displacement increased rapidly. During this stage, the local buckling of the steel tube gradually spread to both sides, eventually forming a plastic hinge region as the loading cycles increased. Theoretically, the test was terminated when the load dropped below 85% of the peak load because of the accumulated damage to the core concrete and the increased local deformation of the steel tube.
[image: Figure 8]FIGURE 8 | Typical skeleton curve of CFST-C1 columns under hysteretic loading.
3.3 Effects of parameters on seismic property
3.3.1 Indexes for evaluating seismic performance
Horizontal ultimate bearing capacity (𝑃u), displacement ductility index (DI), stiffness degradation (𝐾𝑖), and energy absorption (E) are primarily analyzed in this study. The ultimate bearing capacity (𝑃u) is an important index for investigating the seismic behavior of the columns, as established in extensive previous research. This value can be directly obtained from the experimental results, as shown in Figure 9. All other indices are calculated from the lateral load (P)-deflection (𝛥?) hysteresis and skeleton curves, which will be discussed in detail.
[image: Figure 9]FIGURE 9 | GMM method for searching the approximate yield point.
The displacement ductility index (DI) is also a critical parameter for understanding the hysteretic behavior of the columns. Therefore, it must be thoroughly investigated. DI is defined as the ratio of failure displacement (𝛥𝑢) to yield displacement (𝛥𝑦), as shown in Eq. 1:
[image: image]
The general yield moment method proposed in Ref (Ding et al., 2018). Is adopted to determine the yield displacement (Δy) or load (Py) for hysteretic curve envelopes without apparent yield point, as shown in Figure 9. In particular, the tangent lines of the curves at origin O and peak point D intersect at point B. A vertical line through point B intersected with a curve at point A. The line through points O and A intersected with the curve’s tangent through peak point D at point C. The vertical line through point C intersected with the curve at point E, the approximate yield point. Δu is the ultimate displacement corresponding to the load of 0.85Pmax in the postultimate stage.
Stiffness degradation refers to the phenomenon in which component stiffness decreases continuously with the increase in cycle times and displacement. Parameters such as chamber arrangement, axial compression ratio, and section width–thickness ratio affect the stiffness degradation rule of specimens. The ring stiffness of the specimen can be obtained through Eq. 2.
[image: image]
where Ki is the ring stiffness, Pij is the peak load for the ith loading cycle at the jth displacement ductility ratio, Δij is the corresponding peak displacement for the ith loading cycle at the jth displacement ductility ratio, and n is the cycle number.
The energy dissipation performance reflects the absorptive capacity of a structure under seismic load, which is usually measured by the area surrounded by the load–displacement hysteresis curve in the test. With the deformation conditions unchanged, the larger the area contained by the hysteresis curve, the better the energy dissipation performance of the specimen. Figure 10 shows the calculation figure of an equivalent viscous damping index. Many indexes can be used to measure energy dissipation capacity (e.g., energy dissipation coefficient and equivalent viscous damping coefficient). The energy dissipation factor E can be measured by the hysteretic energy dissipation in a single week, as defined in Eq. 3:
[image: image]
[image: Figure 10]FIGURE 10 | Experimental setup.
3.3.2 Effect of chamber arrangement
Figure 11 shows the effect of chamber arrangement on seismic properties. Figure 12 illustrates comparisons of capacity, ductility, and energy dissipation index.
(1) The hysteretic curves of all specimens are relatively full, with no pinching phenomenon, indicating good seismic performance. The chamber layout considerably influences the hysteresis curve. The more chambers there are, the fuller the hysteresis curve becomes, and the better the seismic energy dissipation. The displacement ductility coefficient ranges from 3.88 to 7.45.
(2) Compared with the bending bearing capacity of single-cavity columns, three-cavity, and four-cavity columns increased by 14.7%, and 25.2%, respectively, while that of the two-cavity columns decreased by 3.1% because the intermediate steel plate in the two-chamber arrangement is located near the neutral axis in the bending area, which has minimal influence on the section’s bending bearing capacity. The higher the axial compression ratio, the greater the bearing capacity.
(3) More chambers in the arrangement lead to greater elastic stiffness. The flexural stiffness could be obtained from the load–deflection curves under monotonic loading, while under dynamic cyclic loading, the flexural stiffness could be attained as the secant stiffness at 0.6 times the ultimate load using the skeletal curve. Compared with the single-cavity column, two-cavity, three-cavity, and four-cavity columns were larger by 3.1%, 11.0%, and 14.1%, respectively, because the elastic modulus of steel is much greater than that of concrete, and the increase in steel content can remarkably increase the flexural stiffness of the member. As displacement increases, the specimen’s stiffness gradually decreases.
(4) The more chambers the specimen has, the greater the energy dissipation. This relationship reflects the influence of chamber layout on structural energy dissipation. Compared with the single-cavity column, the energy dissipation of the three-cavity, and four-cavity columns were larger by, 5.9%, and 11.6%, respectively. However, the energy dissipation of two-cavity columns decreased by 1.0%
(5) The midpoint of the arc is selected to minimize the influence of welding on the strain measurement points. The axial stress–strain curves of the steel tube at each point of the model exhibit certain hysteresis under different chamber conditions.
[image: Figure 11]FIGURE 11 | Effect of chamber arrangement on seismic property. (A) Hysteresis curve. (B) Skeletal curve. (C) Stiffness degradation. (D) Energy absorption. (E) Hoop strain.
[image: Figure 12]FIGURE 12 | Comparisons of capacity, ductility, and energy dissipation. (A) Capacity. (B) Ductility index. (C) Energy dissipation.
3.3.3 Effect of axial compression ratio
Figure 13 shows the effect of axial compression ratio on seismic property.
(1) The hysteresis curves of specimens with axial compression ratio n = 0.3 are fuller than those with axial compression ratio n = 0.1. The higher the axial compression ratio, the larger the bearing capacity of the specimen. The average bearing capacity of CFST-C5–CFST-C8 is 5.2% larger than that of CFST-C1–CFST-C4. A high axial compression ratio of the specimen corresponds to high stiffness.
(2) The axial compression ratio considerably influences the plastic energy dissipation of specimens. CFST-C5–CFST-C8 is 18.2% larger than CFST-C1–CFST-C4, which aligns with the full hysteresis curve. Increasing the axial compression ratio of specimens can enhance their seismic energy dissipation performance.
(3) The relation curve between axial compression ratio load and circumferential strain of the steel tube is displayed. In the cases of CFST-C3 and CFST-C7, under the two axial compression ratios, the axial stress–strain curves of the steel tube at each point of the model exhibit some hysteresis. The strain at the midpoint of the straight edge of the specimen is smaller than that at the corner and the midpoint of the arc of the round-ended steel tube. This finding confirms that the constraints at the arc of the steel pipe are stronger than those at the straight edge. Under low-cycle reciprocating load, the surface transverse deformation coefficient of CFST-C3 steel tube is smaller than that of CFST-C7, indicating that an appropriate increase in axial compression ratio helps improve the lateral constraint effect of the steel tube, which is consistent with the trend of increasing the bearing capacity of the specimen.
[image: Figure 13]FIGURE 13 | Effect of axial compression ratio on seismic property. (A) Hysteresis curve. (B) Skeletal curve. (C) Stiffness degradation. (D) Energy absorption. (E) Hoop strain.
3.3.4 Effect of width–thickness ratio
The width–thickness ratios of specimens CFST-C1–CFST-C4 and CFST-C9–CFST-C12 are 2:1 and 3:1, respectively. Given the inconsistency in the height of specimens, the bending moment at the bottom of specimens is compared. Figure 14 shows the effect of the width–thickness ratio on the ultimate bending moment. The bearing capacity of CFST-C9–CFST-C12 is 75.9%, 75.4%, 79.9%, and 83.8% higher than that of CFST-C1–CFST-C4, respectively. The section width–thickness ratio considerably affects the bearing capacity of the specimen.
[image: Figure 14]FIGURE 14 | Comparisons of ultimate bending moment.
Figure 15 shows the effect of the width–thickness ratio on hoop strain. The results show that under low cyclic load, the surface transverse deformation coefficient of model CFST-C1 steel tube in the midpoint of the straight edge is greater than that of model CFST-C9, indicating that the larger the aspect ratio, the weaker the constraining effect of steel tube on concrete. Under different aspect ratios, the load–circumferential strain curves of steel tubes at each point of the model show certain hysteresis.
[image: Figure 15]FIGURE 15 | Effect of width-thickness ratio on hoop strain.
4 CONCLUSION
This study investigates the seismic behavior of a CFST column with a multichamber round-ended cross-section. A total of 12 composite columns were included in the experiments, and the investigated parameters included chamber layout, axial compression ratio, and section width–thickness ratio. From this study, the following conclusions can be drawn:
(1) The CFST columns with a multichamber round-ended cross-section exhibit excellent seismic performance under pseudostatic load, and the skeleton curves remain horizontal or show a weak decline section in the late loading period. The specimen showed bending shear failure, and no pinch phenomenon was observed.
(2) The more chambers arranged, the fuller the hysteresis curve and the higher the horizontal bearing capacity. The stiffness degradation trend of all specimens decreases with an increase in the number of cycles. The displacement ductility coefficient of all specimens ranges from 3.88 to 7.44, which meets the seismic design requirements.
(3) The more chambers the specimen has, the greater the energy dissipation. This relationship reflects the influence of chamber layout on structural energy dissipation. Compared with the single-cavity column, the energy dissipation of the three-cavity, and four-cavity columns were larger by 5.9%, and 11.6%, respectively. The higher the axial compression ratio, the larger the energy dissipation. The energy dissipation of CFST-C5–CFST-C8 is 18.2% larger than that of CFST-C1–CFST-C4.
(4) Based on the test results, for multicavity confined circular CFST columns with a large length–width ratio, the chamber arrangement should bring the long and short sides closer together.
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Introduction: In the continuous advancement of urbanization, abandoned buildings are a huge challenge in achieving sustainable development goals. If these legacy buildings are not properly handled, they will cause a huge burden on society, economy, and the environment. Based on the material flow analysis method, an evaluation index system was constructed for legacy building resources, and a systematic study was conducted on the reuse pathways of their waste.
Methods: This study focuses on the material flow, reuse pathways, and resource utilization strategies of legacy construction waste, aiming to improve the reuse efficiency of waste building materials and promote the achievement of sustainable development goals. In the study, indicator design was used to quantify the obstacles to the reuse of legacy construction waste, and social and economic costs were analyzed to ensure the comprehensiveness and scientificity of the research.
Results: The experimental results show that the waste recycling rate under the implementation of this strategy reached 82.7%, and the resource utilization rate increased by 50.1%. For the obstacles to the reuse of construction waste, the network density reaches 0.052, and the overall network structure shows a lack of concentration, indicating that the current management methods for construction waste reuse have further optimization space.
Discussion: The study effectively promotes the sustainable utilization of legacy buildings in cities, which is of great significance for improving the quality of urban space and promoting sustainable social development.
Keywords: sustainable development, material flow, reuse pathways, abandoned buildings, indicator design
1 INTRODUCTION
Abandoned buildings not only solidify historical moments, but also have strong reuse value in modern urban development (Zou and Wang, 2021). In the global wave of sustainable development, the reuse strategy of abandoned buildings has become particularly important. The effective reuse of construction waste, as a byproduct of urban development, is directly related to the substantive progress of sustainable development and the closed-loop of resource recycling (McAtackney, 2022; Xu et al., 2024). Research on the material flow of construction waste can reveal its resource potential and environmental impact. The refined management of these material flows is a prerequisite for achieving the reduction and resource utilization of construction waste (Glatt et al., 2021). The reuse approach of abandoned buildings involves specific methods of converting waste into building materials or other functional products, with the significance of endowing abandoned buildings with new vitality (Dixit et al., 2022; Shooshtarian et al., 2022). The resource utilization strategy for abandoned buildings is a macro concept that encompasses the entire process from policy formulation to technological application, aiming to optimize the reuse efficiency of abandoned buildings, reduce environmental loads, and promote coordinated development of the economy, society, and environment. Under the background of the rapid development of urbanization, the management practice of construction and demolition waste faces many challenges, among which how to efficiently reuse the remaining construction waste, reduce the impact on the environment, and achieve resource conservation and sustainable development has become a key issue to be solved. In response to this problem, the study aims to explore and solve the following research questions: 1) What deficiencies exist in current management practices of legacy construction waste, resulting in inefficient resource recovery and reuse? 2) How to identify and quantify the obstacle factors in the recycling process of legacy construction waste through a systematic method? 3) Based on material flow analysis, how to construct an effective recycling strategy for legacy construction waste to improve recycling efficiency? In order to solve the research problems, the objectives set by the research are as follows: 1) To establish a comprehensive evaluation index system to evaluate the recycling potential of the construction waste. 2) Systematically analyze the generation, collection, transportation and treatment process of construction waste through material flow analysis method. 3) Identify and quantify the main obstacles affecting the reuse of legacy construction waste, and propose targeted improvement measures.
The study is divided into four parts. The first part provides a brief overview of sustainable development strategies and the reuse of abandoned buildings. The second part elaborates on the utilization strategies of construction waste under sustainable development, including material flow analysis of construction waste, analysis of reuse barriers, and construction of waste resource utilization strategy. The third part validates the research method, including material flow analysis, networked analysis of obstacles to the reuse of abandoned buildings, and the effectiveness of the reuse strategy model. The fourth part is a summary, and outlook of the research content. The research technology roadmap is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Technology roadmap.
2 RELATED WORKS
In the construction industry of modern urban development, sustainable development strategy requires a certain level of environmentally friendly materials, energy saving and emission reduction technologies and renewable energy. These methods can mainly reduce the life cycle cost and ecological footprint of buildings, thus promoting environmental protection and efficient use of resources. Some scholars have conducted relevant research on the construction engineering under the sustainable development strategy. Q. Li provided guidance on the direction of green building design based on climate friendly ideas for sustainable architectural design. Green Finance refers to financial activities that support environmental objectives such as environmental improvement, climate change mitigation and resource efficiency. It proved the effectiveness of green finance in supporting climate change adaptive design (Li, 2023). Feng et al. (2021) proposed a bi-directional green promotion framework for the application of 6G and AI technologies in green development. Two-way green promotion framework refers to the mutual promotion and common development of technologies through the integration of green technologies and emerging technologies such as 6G and artificial intelligence in the process of technology development and application. Studies have shown that this framework effectively promotes the promotion of sustainable development strategies (Feng et al., 2021). Hammond et al. (2021) proposed a multi-perspective integration theoretical model to address the low adoption rate of green buildings. The multi-perspective fusion theoretical model is a systematic analysis method that combines perspectives and theories from different disciplines to comprehensively analyze the low adoption rate of green buildings. The systematic analysis of its promotion obstacles was achieved, providing direction guidance for sustainable development (Hammond et al., 2021). Pham et al. (2023) investigated the impact of transformational leadership on sustainable development needs in the construction supply chain and developed a sustainable development supply chain framework based on transformational leadership, achieving a sustainable development strategy in the supply chain. The study demonstrated the effectiveness of the improved framework (Pham et al., 2023). Chakravarthy et al. (2022) conducted a study on management barriers and practices in sustainable development of construction projects. The sustainable development management process of construction projects was optimized, achieving a comprehensive analysis of obstacles and best practices in construction project management. The study identified obstacles and promoted the further application of sustainable development strategies in construction projects (Chakravarthy et al., 2022). Wang et al. (2024) analyzed resources for sustainable development in the construction industry. A new resource utilization framework based on competitive relationships was proposed, achieving a deep understanding of the competitive relationships in resource utilization that supported green and low-carbon transformation. Its importance in promoting sustainable development and transformation in the industry was verified (Wang et al., 2024).
In the process of urban construction and renewal, there are a large number of legacy buildings, which have various materials and Spaces that can be reused. Efficient reuse of legacy buildings can reduce environmental damage and waste of resources, thereby supporting sustainable development. Some scholars have also conducted relevant research on architectural reuse. M. A. T. Alsheyab analyzed the impact of construction waste recycling from the perspective of construction and demolition waste recycling, evaluated its impact on climate change and sustainable development, and proved that recycling activities have A positive effect on reducing environmental deterioration (Alsheyab, 2022). Umar et al. (2021) evaluated the effectiveness of implementing construction and demolition waste management practices in Malaysia, targeting the reuse management practices of abandoned buildings in Malaysia. It proved the contribution of these practices to improving resource utilization and environmental protection (Umar et al., 2021). Whittaker et al. (2021) conducted in-depth research on the methods and uses of building reuse and demolition waste to improve the efficiency of abandoned building reuse. A comprehensive solution was proposed, effectively improving its reuse efficiency. The research demonstrated the effectiveness of this innovative treatment method in promoting the reuse and recycling of abandoned buildings (Whittaker et al., 2021). J. Liu proposed a policy support policy based on tax incentives to address the lack of economic benefits for enterprises in the reuse of abandoned buildings. It realized the economic benefit analysis of abandoned building reuse projects under tax incentives. Tax incentives could significantly enhance the economic benefits of recycling and reusing abandoned buildings (Liu et al., 2022). Lamba et al. (2022) studied the recycling of plastic waste in abandoned buildings based on sustainable development principles. The impact of plastic waste on the sustainable development and utilization of building materials was evaluted. This recycling and reuse had a positive impact on environmental and social sustainability (Lamba et al., 2022). Marinho et al. (2022) conducted a comprehensive analysis of the reuse and recycling practices of construction and demolition waste in Portugal. The current situation of the management practices for the reuse of abandoned buildings in the country was thoroughly evaluated, providing reference and technical support for specific practices in the reuse of abandoned buildings (Marinho et al., 2022). In order to improve the reliability of reuse of legacy buildings, J. Duan et al. (2021) proposed an ICA-XGBoost model to achieve accurate prediction of compressive strength of recycled aggregate concrete, which has been proved to be of great value in improving the use efficiency of recycled materials (Duan et al., 2021).
Some scholars have conducted relevant research on construction waste management. Liu et al. (2021), aiming at the circular economy problem in construction waste management, proposed a method combining social network analysis. In the process, the management mechanism and effect of chemical recycling were analyzed with Guangzhou as the main research area. This study provides theoretical guidance for the transformation of the construction industry from recycling to energy conservation (Liu et al., 2021). Liu J and his research team proposed a combined sorting model for the management and control of urban construction waste. In the process, the relationship between unused construction waste and carbon emissions is explored, and the carbon emission effects of different policies are collected. The experimental results provide technical support for the government to introduce construction waste management models and policies (Liu et al., 2023). Aiming at the sustainable development of the construction industry, Wang Z and other scholars put forward a method using the environmental Kuznets curve. In the process, carbon emissions of 30 provinces in China were extracted and the relationship between them and economic growth was analyzed. The experimental results provide data support for construction waste management (Wang et al., 2023).
Although existing studies have extensively explored multiple aspects of reuse of legacy buildings, including resource utilization, environmental impact assessment, and economic incentive policies, most studies focus on single-dimensional analysis, lacking systematic consideration of the whole life cycle of legacy buildings. In addition, the research on the strategy of recycling construction waste in the existing literature mainly focuses on the technical and policy aspects, while the comprehensive analysis of market mechanism and social and cultural factors is insufficient. Therefore, the paper proposes an efficient reuse strategy for legacy buildings based on sustainable development goals. Through in-depth analysis of the entire life cycle of buildings from construction to demolition, combined with existing policies and regulations, the paper analyzes the reuse obstacles of legacy buildings, and proposes targeted reuse strategies for legacy buildings. Through the implementation of these strategies, it is expected to open up new ways for the use of legacy buildings, improve their economic and environmental benefits, and contribute to the sustainable development of the city, so as to achieve multi-win social, economic and environmental benefits.
3 REUSE STRATEGIES FOR ABANDONED BUILDINGS UNDER SUSTAINABLE DEVELOPMENT
To effectively combine sustainable development goals with the reuse of abandoned buildings, a comprehensive three-step strategy is adopted in the study. Firstly, regarding the entire lifecycle of abandoned buildings, the waste material flow is analyzed. Identifying the resource consumption and generated waste in these processes can reveal potential opportunities for resource conservation and waste reduction. Then, based on existing regulations and policies, the obstacles to the reuse of abandoned buildings are analyzed. These obstacles have been systematically analyzed, aiming to find breakthroughs and develop targeted strategies for the reuse of abandoned buildings. Finally, the resource utilization strategy model for abandoned buildings is constructed. Based on the analysis results of the first two steps, a systematic reuse strategy and measures are designed to maximize the reuse of abandoned buildings, thereby implementing the circular economy.
3.1 Material flow analysis of abandoned construction waste
The waste generated during the demolition and renovation process of abandoned buildings may include recyclable materials and substances that pose potential hazards to the environment. To achieve efficient utilization of abandoned building resources and sustainable environmental development, based on the entire lifecycle of abandoned buildings, a material flow analysis of abandoned building waste is conducted, including the construction and demolition stages of the buildings. During the construction phase, the utilization efficiency of raw materials and the proportion of waste generated during construction are analyzed. In the demolition stage, the focus is on analyzing the waste material flow generated during the dismantling of the building structures and non-structural parts. Based on the data of new construction projects in a certain region from 2022 to 2023, data collection and model calculation are used to estimate the proportion of waste in different life cycle stages. The proportion of waste generated during building demolition and construction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of the proportion of construction and demolition waste. (A) The proportion of construction waste (B) The proportion of building demolition waste.
Figure 2 shows the proportion of various components of waste generated during construction and demolition of buildings. During the construction phase, the proportion of waste varies from high to low, including cement, waste bamboo and wood, asphalt, steel bars, mortar, and bricks. This is because cement is one of the most commonly used materials in the construction, which is used in the production of concrete, masonry and other processes. Waste bamboo and wood come in second place, mainly from temporary facilities such as templates and scaffolding. The proportion of asphalt, steel reinforcement, mortar, and bricks is relatively low, but they are also indispensable materials in the construction process. In the stage of building demolition, the proportion increases from high to low, and the waste is concrete, bricks, mortar, metal, plastic, crushed stone, etc. In the stage of building demolition, the proportion of waste from high to low is concrete, bricks, mortar, metal, plastic, crushed stone, etc. The proportion of concrete is the highest, because concrete is the main constituent material of modern buildings. A large amount of concrete waste is generated during the demolition process of buildings. The proportion of waste bricks and mortar is also relatively high, which is related to the construction of the building (Oh, 2023). The materials such as metals, plastics, and crushed stones are relatively low, but they are also common materials in buildings (Ma et al., 2023). After analyzing the composition of construction waste, it can be found that there are various types and huge quantities of waste generated during the construction and demolition. If these wastes are not properly handled, they will cause serious pollution to the environment. Therefore, this study further conducts material flow analysis on the reuse of abandoned construction waste. Based on the different types of materials, they are classified into inorganic non-metallic materials, organic non-metallic materials, and metal materials. Then a framework for the material flow of abandoned building resource utilization is constructed. For inorganic non-metallic materials, physical methods such as crushing, screening, and cleaning can usually be used for pretreatment, and then converted into secondary materials suitable for new construction projects according to specific technical requirements (Shao et al., 2022). The reuse process of waste metal materials is relatively complex. For example, bamboo and wood, after being crushed and sliced, are used to make artificial boards or as biomass fuel. Plastic can be processed into new plastic products through thermoplastic processing (Lu et al., 2022). Figure 3 shows the constructed material flow framework for the resource utilization of abandoned buildings, as well as an example of the reuse of waste concrete.
[image: Figure 3]FIGURE 3 | Schematic diagram of recycling process of recycled material flow frame and waste concrete for abandoned buildings.
Figure 3 shows the constructed material flow framework for the resource utilization of abandoned buildings, as well as an example process for the reuse of waste concrete. Among them, waste concrete is first crushed and screened to obtain recycled aggregates, then added with cementitious materials and water, and mixed and stirred in proportion to form. After passing the test, recycled concrete with useable value can be obtained (Nagalli et al., 2021; Usman and Abdullah, 2023). To refine the material flow analysis of abandoned buildings and further calculate their main indicators in detail, the specific calculation formulas and explanations are shown in Table 1.
TABLE 1 | Explanation of material flow analysis and calculation formula of abandoned buildings.
[image: Table 1]In Table 1, all variables correspond to Figure 3. Among them, [image: image] represents the corresponding waste. [image: image] represents recycled products. [image: image] represents loss. [image: image] represents backfilling, In material flow analysis, backfilling refers to the process of reusing construction waste, where a portion of the material may not be directly used for new construction projects or other purposes due to various reasons, but instead be used to backfill the land, which usually occurs at construction sites or other places (Gao et al., 2021). By calculating the backfill rate, it is possible to understand the proportion of materials in the reuse system that are not effectively utilized but are treated as waste. [image: image] represents the total value generated by the waste recycling system. [image: image] represents direct utilization. [image: image] represents indirect utilization. [image: image] represents the sum of the masses of 13 types of waste. [image: image] represents the sum of the quality of the three recycled products. Material flow analysis of abandoned buildings can comprehensively understand the types, quantities, and potential value of materials contained within them. The results of material flow analysis can provide important basis for the reuse plan of abandoned buildings. Mastering information on the types, quantities, and quality of recyclable materials can develop targeted recycling plans, and select appropriate recycling pathways and processing techniques. Then, to further improve the efficiency and effectiveness of the reuse of abandoned buildings, an analysis is conducted on the obstacles that may be encountered during the reuse process.
3.2 Analysis of obstacles to the reuse of abandoned buildings
To fully evaluate the obstacles to the reuse of abandoned buildings, this study conducts a semi-structured analysis based on current literature, starting from stakeholders. Firstly, through a systematic review of existing literature, it is possible to comprehensively understand the research status and progress of the reuse of abandoned buildings, thereby identifying the key influencing factors in the process of reuse of abandoned buildings (Gao et al., 2023). Analyzing the content and implementation effects of these policies can identify the advantages and disadvantages of existing policies, and propose targeted improvement suggestions. Once again, the industrial structure and market environment involved in the reuse of abandoned buildings also need to be considered. Understanding the characteristics and interrelationships of each link in the industrial chain can identify the opportunities and challenges faced by the reuse of abandoned buildings, evaluate their commercial feasibility and promotion prospects. This analysis specifically includes government, design units, material suppliers, construction units, transportation units, demolition units, resource reuse enterprises, waste landfills, research institutes, and the public. The specific obstacles to the reuse of abandoned buildings are shown in Table 2.
TABLE 2 | Details of barriers to reuse of abandoned buildings.
[image: Table 2]A comprehensive and systematic analysis of the obstacles to the reuse of abandoned buildings can identify specific problems at multiple levels, including regulations, economy, technology, and socio-culture. Then, to effectively promote the resource utilization of abandoned buildings and fully tap into their social, cultural, and economic potential, this study further constructs a strategy model for the resource utilization of abandoned buildings.
3.3 Construction of resource utilization strategy model for abandoned buildings
To promote the efficient reuse of abandoned building resources, considering the increasingly severe global problems such as resource depletion and environmental pollution, combined with the analysis of material flow and reuse obstacles of abandoned buildings, a strategy model for the resource utilization of abandoned buildings is constructed. Based on the principles of resource conservation and environmental friendliness, the fundamental difference between traditional linear economy (“take-make-use-waste” model) and circular economy (emphasizing resource regeneration and recycling) is considered. To promote sustainable development, a strategy model for resource utilization of abandoned buildings based on circular economy is constructed. Figure 4 shows the process of traditional linear economy and circular economy.
[image: Figure 4]FIGURE 4 | Schematic diagram of traditional linear economy and circular economy process.
Figure 4 shows the process of traditional linear economy and circular economy. The main difference between traditional linear economy and circular economy lies in the utilization and processing mode of resources. In the traditional linear economic model, the resource follows a unidirectional order of “extraction-manufacturing-use-disposal”. This model has led to the consumption and waste of a large number of resources, environmental pollution and permanent loss of resources. In the circular economy, the principle of “reduction-reuse-recovery-regeneration” is mainly followed. It breaks through the traditional linear economic model, emphasizing the maximization of resource utilization and circular reuse throughout the entire industrial chain. The effective recycling and reuse of resources are considered in the product design stage. After the end of the product’s service life, resources can be reused through remanufacturing, repair, or recycling, forming a closed-loop system to minimize resource loss and environmental impact. Therefore, the study combines circular economy to construct a business model for the resource utilization of abandoned buildings, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of the business model of recycling of abandoned buildings.
As shown in Figure 5, in order to promote the resource utilization of construction waste in the circular economy system, overcome obstacles such as logistics, costs, and regulations, an innovative business model has been proposed. Enterprises should establish cooperation with all parties in the supply chain, including transportation, equipment supply, scientific research and construction units, to ensure raw material supply, reduce costs, promote technological innovation, and sell recycled products. At the same time, by creating interdisciplinary R&D departments and combining academic, industrial, and government resources, we promote knowledge transfer and technological progress. Promote prefabricated buildings to achieve rapid material recycling and closed-loop utilization. Utilize information platforms such as BIM to achieve data sharing and quantitative management of the entire industry chain. Provide cost-effective products for different market segments while creating social value, including land conservation, environmental protection, environmental awareness enhancement, and promoting industrial development. Adopt customized cooperation and marketing strategies, such as strategic alliances, public-private partnerships, and point discounts, to maintain customer relationships. To ensure the effective reuse of abandoned buildings and achieve maximum resource utilization, promote sustainable environmental development, and respond to the concept of circular economy, promote a win-win situation between economic benefits and environmental protection, the reuse and promotion strategy of abandoned buildings has been deeply analyzed. Therefore, starting from the three main subjects, the study analyzes the promotion strategies for the reuse of abandoned buildings, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Analysis diagram of the reuse and promotion strategy of abandoned buildings based on the three main bodies.
Based on the analysis of the reuse of abandoned buildings, to effectively promote the recycling of resources, improve environmental quality, stimulate economic vitality, and ensure the protection and inheritance of cultural heritage, this study combines the perspective of the government to construct a phased strategy model for the reuse of abandoned buildings. It is specifically divided into production stage, recycling stage, reuse stage, and promotion and use stage. The specific reuse strategy model for the constructed abandoned buildings is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Schematic diagram of reuse strategy model for abandoned buildings.
Figure 7 shows a strategy model for the reuse of abandoned buildings. The goal of the strategic model is to achieve efficient recycling and reuse of construction waste, reduce the impact of waste on the environment, and transform it into valuable resources. Firstly, in the production stage, the main sources of waste are construction, demolition, and decoration. After on-site classification and sorting, it enters the recycling stage and arrives at the landfill and resource utilization enterprises through transportation enterprises. In the recycling stage, with the support of equipment manufacturers, research institutes, and testing institutions, renewable resource products are produced. Finally, it is transported to the construction unit, and the public. The reuse of residual construction waste is completed.
4 VERIFICATION OF THE RESOURCE UTILIZATION STRATEGY MODEL FOR CONSTRUCTION WASTE
4.1 Material flow analysis of abandoned construction waste
To better understand the potential of the flow and recycling of leftover construction waste, considering the limited resources and environmental protection needs, this study conducts material flow analysis of leftover construction waste based on the principles of circular economy. To obtain the data, statistical data and official reports published by government agencies and construction industry associations were collected. Through on-site research, first-hand data were obtained directly from construction sites, waste treatment centers and recycling enterprises, including the types, quantities and disposal methods of waste. Through literature review, academic studies, case studies and theoretical models related to construction and demolition waste management are collected, which provide theoretical basis and empirical data from previous studies. The collected data will be integrated and cross-verified to ensure the consistency and accuracy of the data, and then the statistical analysis method is used to conduct in-depth analysis of the data. The professional SubStance Flow Analysis software is used to analyze the flow in construction waste systems. Based on the constructed classification system above, statistical analysis is conducted on the flow of waste at different treatment stages. A detailed analysis of the material flow of construction waste is shown in Figure 8. From Figure 8, there was significant room for optimization in the current reuse pathways of construction waste. Based on the above analysis, it is possible to conduct a thorough analysis of the material flow of construction waste. On this basis, effective management strategies are formulated to improve resource recycling and minimize environmental impact.
[image: Figure 8]FIGURE 8 | Schematic diagram of material flow analysis of construction waste.
4.2 Network analysis of recycling barriers for abandoned construction waste
This study further delves into the problems and potential improvement opportunities in the recycling network of construction waste. Considering the complex relationships and interactions among participants in the network, Ucinet6 software is used to conduct a detailed quantitative analysis for the network indicators of obstacles to the recycling of construction waste, and to visualize the network relationships. The first step in conducting centrality analysis on Ucinet6 is to ensure that network data is correctly imported into Ucinet6, and necessary cleaning and formatting have been carried out. Secondly, select appropriate centrality indicators based on the research objectives. Then, select the corresponding command or tool in Ucinet6 to perform centrality analysis. At the same time, analyze the results of centrality indicators and identify key obstacles in the network. Finally, use Ucinet6’s visualization tools to display the analysis results, helping to intuitively understand the network structure and the role of obstacles.
Ucinet6 quantifies the importance and influence of various obstacles in the network by calculating indicators such as degree centrality, proximity centrality, and betweenness centrality. Degree centrality determines the influence of nodes based on their number of connections, and is applicable to both undirected and directed graphs; Proximity centrality measures the average distance between a node and all other nodes in the network, reflecting the speed of information dissemination; Quantify the intermediate frequency of nodes in the shortest path of the network based on betweenness centrality, and identify the role of bridges; PageRank is based on the random walk algorithm, considering the link relationships and importance transfer between nodes. As shown in Table 3.
TABLE 3 | Centrality analysis data.
[image: Table 3]Table 3 shows the degree centrality, proximity centrality, betweenness centrality, and PageRank values of obstacles, all presented to two decimal places. The cost issue scored 0.41 on degree centrality, indicating a significant direct connection with other obstacles in the network. The betweenness centrality of regulatory restrictions is 0.52, indicating its pivotal role in information flow. The PageRank value for the cost issue is 0.52, confirming its importance in the network. Although the market acceptance score is 0.24 in terms of degree centrality, its PageRank value of 0.32 indicates that its influence cannot be ignored. In Figure 9, the network analysis of the obstacles to the recycling of construction waste is presented. From Figure 8, the five obstacles with high centrality are O5, C1, R1, T1, and O4, respectively, from high to low. Among them, O5 indicates a lack of reuse awareness in construction organization. C1 refers to the lack of direct reuse by the construction unit. R1 indicates a shortage of raw materials in the recycling industry. T1 is the direct landfill behavior of transportation enterprises. O4 indicates a lack of classification in construction organization.
[image: Figure 9]FIGURE 9 | Network analysis of barriers to recycling of abandoned construction waste.
Then, to further identify and understand the key obstacles and their interactions that affect the recycling process of construction waste resources, the centrality values of each obstacle factor are tested and analyzed. Centrality analysis is an important social network analysis indicator that can be used to evaluate the importance of a node in a network. A high centrality indicates that it can have a greater impact on the overall information flow of the network. The test results are shown in Figure 10. From Figure 10, the center value of O8 was the highest, far greater than the second ranked node. C1 and O2 were second. In practice, the focus should be on analyzing O8, which is the lack of reuse behavior in construction organization.
[image: Figure 10]FIGURE 10 | Centrality analysis of barriers to reuse of abandoned buildings.
To effectively solve the problems in the recycling process of construction waste resources and optimize the efficiency of the entire system, based on the obtained data, the correlation between obstacle factors is calculated. Obstacle factors are subjected to network clustering. Network clustering can help identify groups of obstacle factors with similar features or strong correlations, thereby providing strategic basis for the structural optimization and obstacle removal of the entire resource recovery network. The study conducted correlation analysis on 54 obstacles to the resource utilization of construction waste using the CONCOR program of Ucinet software, and then implemented clustering processing. This process divides obstacle factors into eight different groups based on the similarity of network structure. The equivalence of the positions of obstacle factors within each group in the network indicates that they are structurally similar. The specific clustering of obstacle factor networks is shown in Table 4.
TABLE 4 | Network node partition of barriers to reuse of abandoned buildings.
[image: Table 4]To further understand the distribution and overall impact of obstacle factors in the recycling of construction waste resources, based on the completed network clustering, Ucinet 6 software is used to analyze the density matrix of obstacle factors. The density matrix of obstacle factors is shown in Table 4. From Table 4, the correlation between Zone B and Zone C was the highest, followed by Zone B and Zone D. Meanwhile, the network density was 0.052, but the concentration was insufficient. The Ucinet software automatically calculates key indicators such as network density, and users only need to input network data. In this study, the software determined a network density value of 0.052, indicating that the actual number of edges is much lower than the potential maximum value, indicating that the network structure needs to be optimized and may lack centralized coordination. To gain a deeper understanding of this value, it should be compared to the density values of other networks in the literature: a high-density value close to 1 indicates a concentrated network, while a low-density value indicates loose network connections. The low density value of this study reflects that although there are connections between nodes, the overall connectivity is insufficient, which may weaken the information flow and coordination efficiency of building waste resource utilization. The density matrix of specific obstacle factors is detailed in Table 5. The density matrix of obstacle factors is shown in Table 5.
TABLE 5 | Network node density matrix of barriers to reuse of abandoned buildings.
[image: Table 5]To comprehensively evaluate and solve the obstacles in the recycling leftover construction waste, as well as their relative positions and roles in the overall network, the image matrix of the obstacle factor network is further analyzed. The image matrix analysis of obstacle factors is shown in Figure 11. From Figure 11, zones A, B, and E were the core locations, which had a significant impact on the obstacle factor network.
[image: Figure 11]FIGURE 11 | Network image matrix of barriers to reuse of abandoned buildings.
4.3 Analysis of the recycling rate of residual construction waste
To verify the actual effectiveness of the optimization scheme for the recycling of construction waste resources proposed in the research, a quantitative analysis is conducted on the recycling rate based on current data to measure the effectiveness of the optimization measures. The analysis results are shown in Figure 12. From Figure 12, after implementing the optimization scheme, the recovery rate reached 82.7%, indicating that the scheme has substantially improved the resource recovery efficiency of construction waste. In addition, the growth rate of recycling rate also showed a rapid improvement, reflecting the positive driving force of optimization measures in promoting resource recovery. Compared with traditional schemes, the increase in recovery rate reached 67.4%. This significant improvement demonstrates the enormous potential and practical benefits of the optimization scheme.
[image: Figure 12]FIGURE 12 | Recovery rate test of construction waste.
4.4 Analysis of resource utilization rate of construction waste
To comprehensively evaluate the effectiveness of the optimization scheme in improving the resource utilization of construction waste, a quantitative analysis is further conducted on the resource utilization rate. The analysis results are shown in Figure 13. After implementing the optimization scheme, the resource utilization rate significantly increased to 92.7%, indicating that the plan efficiently converted waste into useful resources. Compared with traditional solutions, it has increased by 50.1%, demonstrating the enormous potential of the optimization scheme in optimizing resource circulation and enhancing environmental sustainability.
[image: Figure 13]FIGURE 13 | Resource utilization test of residual construction waste.
4.5 Discussion
The research is supported by the theory of circular economy, which holds that by reducing resource consumption and waste generation, and promoting resource reuse and recycling, economic activities can be sustainable. Through the material flow analysis and the construction of the resource strategy model, the theory of circular economy provides the theoretical basis for the analysis of the construction and demolition waste management practice, and guides the construction of the resource strategy model. The research results show that by optimizing the sorting, collection and treatment of building construction and demolition waste, the maximum utilization of resources and the minimization of environmental impact are achieved, which echoes the multi-perspective fusion theoretical model proposed by Hammond et al. (2021), which comprehensively analyzes the low adoption rate of green buildings through a systematic analysis method. The study also draws on other scholars’ research on the obstacles to the reuse of construction waste. For example, Pham et al. (2023) explored the impact of transformative leadership in the construction supply chain and developed a sustainable supply chain framework based on transformative leadership. Through empirical analysis, this study verified that improving stakeholder awareness and participation, as well as developing targeted policies and incentives, can significantly improve the reuse rate of building construction and demolition waste, which is consistent with the research results of Pham et al. (2023) To sum up, this study not only compares and analyzes different viewpoints on building construction and demolition waste management, but also clarifies the supporting role of circular economy theory and change management theory in this study, and verifies these theories through empirical research results. It provides theoretical basis and practical guidance for effective management of construction and demolition waste and sustainable development of construction industry.
5 CONCLUSION
In the development of urbanization, the reuse of abandoned buildings has a positive significance for resource conservation and sustainable development. To overcome the difficulties of reuse and optimize the existing strategies for the reuse of abandoned buildings, the material flow and obstacle analysis of abandoned building waste were carried out, aiming to further improve the resource recovery and utilization rate. The theoretical contribution of the research is that through in-depth analysis of the management practice of building construction and demolition waste, combined with the theory of circular economy, a set of systematic resource strategy model is proposed, which not only enriches the existing theoretical system of building construction and demolition waste management, but also provides a theoretical basis for realizing the efficient recycling and reuse of construction waste. On this basis, network clustering and density analysis were carried out to carry out targeted optimization strategies. The network analysis results showed that the network density reached 0.052, indicating that there was significant optimization space in the current reuse network. Further testing was conducted on the effectiveness of the optimization strategy. The test results showed that the waste recovery rate of the improved strategy reached 82.7%. Compared with the traditional scheme, the recovery rate increased rapidly, with an increase of 67.4%. In addition, the resource utilization rate increased by 50.1% compared with traditional schemes. The practical guiding significance of the research is that the resource strategy model provides specific operational framework and implementation steps for the management of construction and demolition waste, and provides clear action guidelines for the construction industry practitioners, policy makers and relevant stakeholders to help them make more effective decisions in the actual operation. It indicates that the optimization scheme has effectively promoted sustainable resource utilization. Although this strategy has achieved significant results in improving recovery rates and resource utilization, the lack of centralized network structure still needs to be further addressed. Future work will focus on optimizing the network structure, enhancing the connectivity and role of core nodes, thereby stimulating the potential of the entire recycling network and further promoting the sustainable development. Through continuous research and practice, it is expected to provide a more solid theoretical foundation and practical guidance for maximizing the utilization of abandoned building resources and sustainable urban ecological construction.
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As demand for sustainable building materials rises, the use of waste rubber in civil engineering is gaining attention. This study proposes a method to modify waste rubber using polyvinyl alcohol (PVA) to enhance its material properties and expand its applications. A dataset was created focusing on the mechanical strength of cementitious materials incorporating PVA-modified waste rubber, and multiple machine learning methods were used to develop regression prediction models, particularly evaluating the support vector regression (SVR) model. Results show that the SVR model outperforms others, achieving mean squared errors of 1.21 and 0.33, and mean absolute errors of 2.06 and 0.15. Analysis indicates a negative correlation between waste rubber content and the water-to-cohesive ratio (w/c) with strength indexes, while a positive correlation exists between curing age and PVA. Notably, waste rubber content significantly affects strength. The mechanical strength of cementitious materials was notably enhanced by PVA-modified waste rubber, likely due to PVA's dispersion and bridging effects. This study presents a novel approach to sustainably recycle waste rubber, highlighting its potential in construction materials.
Keywords: waste rubber, PVA, mechanical strength, machine learning, robustness
1 INTRODUCTION
The rapid economic development in our country has resulted in it becoming the world’s largest consumer and producer of rubber and rubber products, leading to a significant increase in the generation of waste rubber (Xiao et al., 2009; Ossola and Wojcik, 2014; Thomas and Gupta, 2015; Chen et al., 2019). In the construction field, waste rubber has been proven to be an effective additive for preparing construction materials with specific applications (Lisi et al., 2004; Sukontasukkul, 2009; Richardson et al., 2011). However, the incorporation of waste rubber can impair the mechanical properties of cement-based materials (Eldin and Senouci, 1993; Mendis et al., 2017; Li et al., 2020; Steyn et al., 2021; Mhaya et al., 2021). Recent research has focused on improving rubberized concrete by surface treatments of waste rubber. Dong et al. applied silane coupling agents to enhance performance of rubber (Dong et al., 2013). Kumar et al. found sulfuric acid treatment improved the bonding of rubber with cement paste (Kumar and Dev, 2021), while He et al. validated urea, sulfonation, and NaOH modifications for better bonding (He et al., 2021). Notably, studies have shown that PVA, widely used as a construction adhesive in the building industry, not only adsorbed rubber molecules effectively but was also non-toxic and environmentally friendly (Fan et al., 2019; Yu et al., 2020). Therefore, to further enhance the application of PVA-modified waste rubber in the construction industry, it is crucial to conduct research aimed at improving its mechanical properties.
Additionally, to better guide engineering practices, many researchers are now using machine learning models to develop and analyze regression prediction models (Tu et al., 2022). In the field of civil engineering, the in-depth application of machine learning has greatly advanced the discipline (Papazek et al., 2020; Zhou, 2022). The most frequent research involving machine learning focuses on establishing regression models for the mechanical properties of concrete, such as compressive strength and flexural strength (Konstantopoulos et al., 2020; Cook et al., 2021; Zhang et al., 2021). (Li et al., 2024) used ultra-high performance concrete (UHPC) as the target object and identified cement, silica fume, steel fibers, mineral powder, water-reducing agents, defoamers, and water as the feature factors, then developed a nonlinear regression model to predict the 28-day compressive strength of UHPC. They employed Random Forest Regression (RF), Support Vector Machine Regression (SVR), and Multi-Layer Perceptron Regression (MLP) models, and found that the SVR and MLP models outperformed the RF model, with predictions falling within a 5% confidence interval. Asteris et al. (2021) established a large database considering the age of mortar, water-cement ratio, particle size distribution, plasticizers, and cement grade, and discussed the applicability of SVR, RF, Decision Tree (DT), AdaBoost, and k-Nearest Neighbors (KNN) models in predicting the compressive strength behavior of cement mortar, concluding that RF and AdaBoost models demonstrated the best regression prediction capabilities. Huang et al. (2021) were the first to use machine learning methods to predict the mechanical properties of carbon nanotube (CNT)-reinforced cement-based composites, and they extensively tuned the model parameters to achieve optimal prediction results. Sensitivity analysis using the Jacobian matrix indicated that the length of CNTs had the most significant effect on the compressive strength of the composites, while curing time had the greatest impact on the flexural strength, providing a solid basis for future experimental mix optimization and condition design. Guan et al. (2022) proposed a machine learning framework to predict the hardness, transverse rupture strength, and fracture toughness of WC-Co alloys, analyzing the prediction accuracy of KNN, MLP, RF, SVR, and Stacking Regressor (STK) models. Their report showed that the MLP model outperformed other models in predicting fracture performance. The results reaffirm the remarkable significance of machine learning in guiding the design of new materials (Lunt, 2015).
Therefore, this paper proposed a method utilizing PVA-modified waste rubber to establish a strength index database for cement-based materials filled with PVA-modified waste rubber and used various machine learning methods to develop regression prediction models. It analyzed the robustness of different feature factors on strength, thereby providing theoretical guidance for engineering practice. This research not only achieved the harmless disposal of waste tire rubber but also expanded the application range of waste rubber in civil engineering, carrying substantial practical significance.
2 MATERIALS AND METHODOLOGY
2.1 Materials
2.1.1 Ordinary portland cement (OPC)
The cement used in this study is P.O 42.5 cement produced by Tianjin Jidong Cement Co., Ltd., which conformed to the national standard GB175-2007. The cement exhibited a deep gray granular appearance. The chemical composition was provided in Table 1, and the XRD analysis results were presented in Figure 1.
TABLE 1 | Chemical and mineral composition of OPC.
[image: Table 1][image: Figure 1]FIGURE 1 | XRD analysis results of OPC.
2.1.2 Waste rubber particles
The waste rubber particles used in this study were produced by Tianjin Kewei Rubber Factory, with an apparent density of 1,050 kg/m3. The maximum particle size of the waste rubber was 2.5 mm, with over 80% of the particles having a size between 1 and 2 mm. Additionally, the chemical composition of the waste rubber particles was detailed in Table 2, and their morphology was shown in Figure 2.
TABLE 2 | Chemical and mineral composition of the waste rubber particles.
[image: Table 2][image: Figure 2]FIGURE 2 | The morphology of the waste rubber particles.
2.1.3 Polyvinyl alcohol (PVA) powder
The PVA used in this study was produced by Shandong Yousuo Chemical Technology Co., Ltd. and was characterized by low water solubility. The macroscopic appearance of the PVA was a white powder with a mesh size of 160, while the microscopic morphology exhibited a particulate structure, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | The morphology of PVA: (A) macro-morphology; (B) micro-morphology, ×2000.
2.1.4 Other chemical reagents
The chemical reagent used in this study was primarily isopropanol, employed to terminate the cement hydration process. Detailed information was provided in Table 3.
TABLE 3 | Detailed information of the isopropanol.
[image: Table 3]2.2 Macro-experimental methodology
2.2.1 Preparation of PVA solution
The modifier used in this study was a PVA solution with a mass fraction of 0.1%. However, PVA was not readily soluble in water at room temperature. Therefore, the preparation of the PVA solution was carried out using a constant-temperature magnetic stirrer, with the temperature set at 75°C, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | The constant-temperature magnetic stirrer.
2.2.2 Tests for mechanical properties
The fundamental performance of cement-based materials was the mechanical properties. In this study, the mechanical properties of the specimens were tested using a YAW-300C fully automatic compression testing machine produced by Jinan Shidai Test Machine Co., Ltd. The strength indicators obtained from the experiments (compressive strength and flexural strength) were used as the dataset for the machine learning models.
2.3 Machine learning models
2.3.1 Least-squares linear regression
Linear regression (LR) is one of the most basic and straightforward regression models, which considers a linear relationship between the objective function and various influencing factors. The schematic representation of LR regression was shown in Figure 5 (Lunt, 2015; Cai et al., 2020). In the LR algorithm, a series of coefficient values corresponding to different influencing factors were provided to represent the feature values through a linear combination. The mathematical expression is given below:
[image: image]
[image: Figure 5]FIGURE 5 | Schematic diagram of LR calculation.
Where, ŷ represents the predicted value, ω0, ω1, ., ωp represent the weight coefficients of different eigenvalues, and x1, ., xp represent the eigenvectors corresponding to different eigenvalues.
In LR algorithms, the least squares method is one of the most common and fundamental approaches. It addresses the following mathematical problem by minimizing the sum of the squared residuals between the observed targets from experimental data and the predicted targets obtained through linear regression:
[image: image]
[image: image]
Where, ω represents the weight coefficients, X represents the eigenvectors and y represents the true values.
2.3.2 Support vector machine regression
Support Vector Machine Regression (SVR) is a supervised learning algorithm that constructs a hyperplane or a set of hyperplanes in a high-dimensional or infinite-dimensional space to perform regression and outlier detection on experimental data (Moguerza and Muñoz, 2006). For a given set of regression data, its computational form was illustrated in Figure 6 (Yu et al., 2018; Biswas et al., 2023). It was generally believed that good separation was achieved by maximizing the margin between the hyperplane and the nearest training data points (known as the functional margin) in any class. Typically, a larger margin resulted in lower generalization error of the classifier.
[image: Figure 6]FIGURE 6 | Schematic diagram of SVR calculation.
For a specific set of feature vectors (consisting of experimental data in this study), SVR can solve the following mathematical form of the problem:
[image: image]
With certain restrictions:
[image: image]
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Where, ω represents the weight coefficient of the eigenvalues, b represents the deviation coefficient, C represents the penalty factor, ε is the given interval, ξi and ξi*, represents the introduction of slack variables.
In the SVR regression calculation process, the core component is the use of a kernel function for analytical computation. A kernel function is a type of function that takes vectors from the original space as input and returns the dot product of vectors in the feature space (where the transformed data space may be high-dimensional). The choice of kernel function significantly affects the final computation results and prediction accuracy in SVR. Common kernel functions include the Linear kernel function, Polynomial kernel function, Gaussian Radial Basis Function (RBF), and Sigmoid function. Their functional expressions are as follows.
(1) Linear kernel function:
[image: image]

(2) Polynomial function:
[image: image]
Where, γ is the tuning parameter of the polynomial function, r is an optional constant, and d is the highest order term of the polynomial function.
(3) Gaussian radial basis function:
[image: image]
Where, γ is the tuning parameter.
(4) Sigmoid function:
[image: image]
Where, γ is the tuning parameter, r is an optional constant.
2.3.3 Random forest regression
Random Forest Regression (RF) is an averaging algorithm based on random decision trees (Lund et al., 2011; Liu K. et al., 2023). Unlike random decision trees, RF is not determined by specific feature values or combinations, thereby enhancing randomness and achieving better ensemble performance, resulting in lower variance and further mitigating overfitting issues during the fitting process (as shown in Figure 7) (Cook et al., 2021; Surehali et al., 2024). In a random forest, each tree is constructed from samples drawn with replacement (i.e., bootstrap samples) from the training set. When splitting each node, the best split is found from a randomly selected subset of all input features or their sizes. This approach enables RF to handle nonlinear data effectively and provides faster processing speeds. Additionally, RF can assess the interactions between feature factors during training and further analyze the importance of different feature factors, thus offering better guidance for engineering practice.
[image: Figure 7]FIGURE 7 | Fitting problems of machine learning models.
2.3.4 Integrated algorithmic regression
The implementation of Ensemble Regression involves combining multiple individual models to enhance machine learning performance, often resulting in better predictive outcomes compared to single models (Nilsen et al., 2019; Yang et al., 2024). In this study, the ensemble method employed involves simultaneously training the aforementioned SVR and RF models using the same training data. The final regression analysis decision is made based on a voting mechanism, where the principle of majority rule is applied to determine the outcome. This approach is used to evaluate the accuracy and effectiveness of the machine learning models under the ensemble regression framework (Han et al., 2020; Lapeyre et al., 2021).
2.3.5 Multilayer prceptron-artificial neural network regression
Artificial Neural Networks (ANNs) represent a category of machine learning models based on the neural synaptic networks of animals, used for distributed parallel information processing algorithms (Zhang, 2016; Kumar et al., 2024). The constructed neural network relies on the complexity of the system and adjusts the connections between internal data to achieve the intended information processing goals (Murthy et al., 2024; Liu et al., 2024).
The Multilayer Perceptron (MLP) is a fundamental type of artificial neural network. As a feedforward neural network, it consists of multiple layers of neurons and is commonly used for solving classification and regression problems. As shown in Figure 8, the most basic structure of an MLP comprises a single input layer, a single hidden layer, and a single output layer, with each layer consisting of one or more neurons. Each neuron performs a weighted sum of input values and produces an output through an activation function. During this process, MLP utilizes a backpropagation algorithm to recalculate the weights and biases between neurons, aiming to minimize the error between the predicted and actual outputs to achieve higher accuracy. During training, the gradient of the loss with respect to the weights is expressed as follows:
[image: image]
[image: Figure 8]FIGURE 8 | Basic structure of MLP-ANN.
2.4 Machine learning models
The evaluation of different machine learning models can be carried out through various evaluation metrics, including having mean absolute error (MAE), mean square error (MSE), root mean square error (RMSE), and correlation coefficient R2, which are mathematically expressed as follows:
[image: image]
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Where, yi represents the true value, ŷi represents the predicted value, ӯi represents the mean of the true value, and n represents the number of samples.
3 MODELS ESTABLISHMENT
3.1 Establishment of data sets
The data used in this study was derived from the compressive strength and flexural strength of cement-based materials filled with PVA-modified waste rubber. The influencing factors, or input features, include rubber content, water-to-cement (w/c) ratio, age, and the presence of PVA. Compressive strength and flexural strength were considered as the output variables. The rubber content values are 0%, 5%, 10%, 15%, 20%, and 25%; the w/c ratio were 0.3, 0.35, and 0.4; the ages were 3, 7, 14, and 28 days; and the presence of PVA was denoted by one and 2, representing 0% PVA and 0.1% PVA, respectively. Table 4 presented the characteristics of the collected data, including units, maximum values, minimum values, and averages. Figures 9, 10 illustrated the distribution of data in the compressive strength and flexural strength datasets, respectively.
TABLE 4 | Descriptive statistics of dataset characteristics.
[image: Table 4][image: Figure 9]FIGURE 9 | Distribution of data in the compressive strength dataset.
[image: Figure 10]FIGURE 10 | Distribution of data in the flexural strength dataset.
The accuracy of machine learning models is influenced by the input features; thus, it is necessary to conduct a correlation analysis of the influencing factors for both compressive strength and flexural strength models to verify their validity (Serban et al., 2024). In this study, Pearson correlation coefficients were used to analyze the correlations between the influencing factors (input features), with results presented in Figures 11, 12. The Pearson correlation analysis showed that, for both compressive strength and flexural strength models, the correlation coefficients between different influencing factors were close to 0, indicating that there was no significant correlation between the factors and that each factor was necessary and non-negligible (Janiesch et al., 2021).
[image: Figure 11]FIGURE 11 | Analysis of Pearson’s correlation coefficient in compressive strength modeling.
[image: Figure 12]FIGURE 12 | Analysis of Pearson’s correlation coefficient in flexural strength modeling.
For both compressive strength and flexural strength, the rubber content was identified as the most influential factor, with correlation coefficients of −0.76 and −0.81, respectively. In contrast, the effect of PVA on compressive strength and flexural strength was relatively minor, with correlation coefficients of 0.13 and 0.17, respectively. Among the four influencing factors, rubber content and w/c ratio were negatively correlated with both compressive strength and flexural strength, while age and PVA exhibited a positive correlation with these properties. Specifically, an increase in rubber content and w/c ratio decreased the mechanical properties of PVA-modified waste rubber-filled cement-based materials, whereas an increase in age and the presence of PVA enhanced the mechanical properties of cement-based materials, consistent with the experimental results discussed earlier.
3.2 Development and tuning of machine learning models
In this study, the model was developed with a ratio of 1:3 between the test set and the training set, using 25% of the compressive strength and flexural strength dataset to evaluate the model’s accuracy and generalization ability.
Furthermore, considering the substantial mean differences among various influencing factors (as shown in Table 4), it was essential to standardize the dataset before training to ensure the effectiveness and accuracy of the machine learning models. The formula for data standardization was as follows:
[image: image]
Where, μ represents the mean of the feature data and σ represents the standard deviation of the feature data.
In each model, some hyperparameters needed to be adjusted to achieve superior predictive performance. In this study, hyperparameters were optimized using learning curves and grid search, considering cross-validation while exploring the given parameter combinations. Ten-fold cross-validation was employed in this study to iteratively adjust the hyperparameters of each model, improving the accuracy of the predictions to meet our requirements.
Figure 13 illustrated the principle of cross-validation. The 10-fold cross-validation used in this study involved randomly dividing the sample dataset into 10 subsets, using one subset as the test set while the remaining subsets were used as the training set. The mean squared error (MSE) of each iteration was averaged to evaluate the parameter adjustments and assess the accuracy of the model under the current hyperparameters, ultimately determining the optimal combination of hyperparameters.
[image: Figure 13]FIGURE 13 | Schematic of 10-fold cross-validation.
In summary, the steps of a complete machine learning model implementation were shown in Table 5.
TABLE 5 | Steps in machine learning model establishment.
[image: Table 5]4 RESULTS AND DISCUSSION
4.1 Model hyper-parameterization
Based on the results of 10-fold cross-validation, the final model parameters for this study, after multiple adjustments, were summarized in Table 6. The hyperparameters listed in Table 6 were determined using learning curves and grid search, while the hyperparameters for other models and those not listed were set to the default values. Notably, during the hyperparameter tuning of the SVR model, we observed that the gamma value for the compressive strength model was lower than that for the flexural strength model, whereas the C value was higher. This suggested that the SVR model was more prone to overfitting when predicting compressive strength, which adversely affected the prediction accuracy. Indeed, during model validation, overfitting was more prevalent in the predictions of compressive strength compared to flexural strength. Nevertheless, the issue was effectively addressed by 10-fold cross-validation.
TABLE 6 | Machine learning model hyper-parameterization.
[image: Table 6]4.2 Comparison of actual and predicted values
The actual values from the test set were compared with the predicted values generated by each model to visually assess the accuracy of the machine learning models’ predictions. Figures 14, 15 showed that, whether in the compressive strength regression prediction model or the flexural strength regression prediction model, all machine learning models exhibited excellent regression prediction capabilities. Specifically, all predicted values in the test set fall within ±20% of the actual values, with no outliers detected, indicating that the machine learning models demonstrated excellent regression prediction performance and were suitable for application and promotion in engineering practice.
[image: Figure 14]FIGURE 14 | Comparison of actual and predicted values in the regression prediction model of compressive strength: (A) LR; (B) SVR; (C) RF; (D) Ensemble; (E) MLP-ANN.
[image: Figure 15]FIGURE 15 | Comparison of actual and predicted values in the regression prediction model of flexural strength: (A) LR; (B) SVR; (C) RF; (D) Ensemble; (E) MLP-ANN.
4.3 Evaluation metrics analysis
Table 7 summarized the final evaluation metrics for the compressive strength and flexural strength regression prediction models to clearly analyze the regression prediction capabilities of different models.
TABLE 7 | Summary of machine learning model evaluation metrics.
[image: Table 7]For the compressive strength regression prediction model, the SVR, Ensemble, and MLP-ANN models exhibited high R2 values of 0.98 on the test set, indicating excellent accuracy and generalization ability in predicting compressive strength. Among these, SVR and MLP-ANN models performed the best, with the smallest MAE, MSE, and RMSE, and the highest R2. Specifically, the evaluation metrics for the SVR model were 1.21, 2.06, 1.43, and 0.98, respectively, while those for the MLP-ANN model were 1.05, 2.14, 1.46, and 0.98, showing clear superiority over other models.
In the flexural strength regression prediction model, the SVR, Ensemble, and MLP-ANN models also stood out, with R2 values exceeding 0.95 in the flexural strength test set. The SVR model performed the best, with the smallest MAE, MSE, and RMSE, and the highest R2 values of 0.33, 0.15, 0.39, and 0.96, respectively, which indicated that the SVR model achieved the highest prediction accuracy and generalization ability in the flexural strength regression model.
Conversely, the LR model performed the worst in both the compressive strength and flexural strength regression prediction models. This may be due to the dataset exhibiting more non-linearity, making simple linear fitting less effective in capturing the relationships between influencing factors and output features. Nevertheless, the LR model’s R2 values were still greater than 0.90, reflecting its reasonably good regression prediction capability in an absolute sense. Therefore, the LR calculation results were retained in this study and used for the robustness analysis of the influencing factors in subsequent sections.
4.4 Characteristic importance analysis
Feature importance analysis in machine learning models can effectively assess the impact of different influencing factors (input features) on the dependent variable (output feature). In the LR model, a series of fitting coefficients for the influencing factors were provided, where the magnitude of these coefficients’ absolute values could directly reflect the level of influence of each factor. In the RF model, feature importance was evaluated based on how frequently different influencing factors were used in the tree model or their importance in splitting decisions. Figure 16 presented the normalized importance values of these factors. In both the compressive strength and flexural strength regression prediction models, the feature importance rankings given by the LR and RF models were consistent. The importance rankings for the influencing factors were as follows: rubber content > age > w/c ratio > PVA. The results indicated that rubber content and age were the two most significant variables affecting the compressive and flexural strengths of PVA-modified waste rubber-filled cement-based materials, while the w/c ratio and PVA have relatively smaller effects. The predictions aligned with the findings of Zvonarić et al. (2024) and Liu L. et al. (2023). This served to validate the reliability of the model.
[image: Figure 16]FIGURE 16 | Characteristic importance analysis based on line model (LR) and tree model (RF): (A) compressive strength; (B) flexural strength.
However, not all machine learning models provided self-ranking of features like LR and RF models. Therefore, it was necessary to introduce a special calculation method applicable to any model. In this study, SHAP values were used for additional feature importance analysis. SHAP, which stood for SHapley Additive exPlanations, originated from cooperative game theory (Wang et al., 2024). For each sample to be predicted, the model generated a prediction value, and SHAP values represented the contribution of each feature to this prediction for each sample. The key advantage of SHAP was its ability to reflect the degree of influence of each feature on every sample and to indicate the direction of the feature’s effect (positive or negative).
Figure 17 presented the SHAP value analysis for the compressive strength and flexural strength regression models, respectively. For PVA-modified waste rubber-filled cement-based materials, rubber content and age were identified as the two most significant factors, consistent with the feature importance results from the LR and RF models. Additionally, the SHAP values for rubber content and w/c ratio were negative, while age and PVA had positive impacts on the output features. The results suggested that increasing rubber content and w/c ratio negatively affected the mechanical properties of PVA-modified waste rubber-filled cement-based materials, whereas increasing age and adding PVA significantly positively influence the mechanical properties of the materials. The positive effects of PVA were encouraging. Lotfy et al. (2024) observed that the enhancement in mechanical properties may be attributed to the function of the modified material as a dispersant, which improved the wettability of cement-based materials and accelerated the hydration rate. Conclusions similar to those presented here were reached by Zhu et al. (2024). These findings indicated that the application of PVA represents a novel approach for the modification of rubber-cement-based materials. Indeed, prior research conducted by Niu and colleagues demonstrated that PVA can enhance the toughness of rubber-cement-based materials through a “bridging effect,” as substantiated by digital image correlation (DIC) technology (Zhang et al., 2023).
[image: Figure 17]FIGURE 17 | Summary charts for SHAP interpretation: (A) Compressive strength; (B) Flexural strength.
5 CONCLUSION
Based on experimental data, this study investigated the compressive and flexural strength of cement-based materials filled with PVA-modified waste rubber. The following main conclusions were drawn from the construction and evaluation of various machine learning regression prediction models.
(1) All employed machine learning models demonstrated good performance in predicting the compressive and flexural strength of cement-based materials modified with waste rubber and PVA. Specifically, the Support Vector Regression (SVR) model exhibited superior performance with a mean squared error (MSE) of 1.21 and 0.33, and a mean absolute error (MAE) of 2.06 and 0.15 on the test set. The prediction errors for this model were consistently within 20%. Overall evaluation metrics indicated that the SVR model achieved the best prediction accuracy and generalization ability compared to other models.
(2) The use of PVA-modified waste rubber significantly enhanced the mechanical strength of cement-based materials. This modification approach provides a means to enhance material performance in practical engineering applications, while also effectively utilizing waste rubber resources, thereby reducing environmental impact. Economically, the application of modified waste rubber can lower material costs and improve the overall performance of the materials.
(3) Analysis using model-internal evaluation metrics and SHAP values revealed that rubber content and water-to-cement ratio negatively correlated with both compressive and flexural strength, while curing age and PVA showed positive correlations with these strength indicators. Among all influencing factors, rubber content had the most significant impact. Our study indicates that the application of PVA-modified waste rubber in cement-based materials has significant engineering implications and practical value. The SVR model excelled in predicting these effects but attention should be given to the model’s sensitivity to certain conditions.
It is worth noting that the model presented in this study may have certain limitations, such as potential overfitting and biases due to hyperparameter tuning, a dataset that may not be sufficiently large due to computational constraints, and a more comprehensive sensitivity analysis of hyperparameters. These limitations will be addressed in future work.
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The synergistic interaction inreinforced concrete systems originates from the strong bond between steel reinforcement and concrete, enabling them to collaborateunder load and optimize structural performance. This study applied various sludge-modified magnesium phosphate cement mixtures to the surfaces of plain round steel bars and ribbed steel bars to prepare steel-reinforced concrete specimens. The characterization of the bond performance of the sludge-modified magnesium phosphate cement reinforcement coating for steel bars and concrete was achieved through analyzing the failure modes, bond strength, and slip values of different groups. Microscopic analysis was performed using a scanning electron microscope. The results revealed that the primary failure mode of the steel-reinforced concrete specimens was steel bar pull-out, with some specimens exhibiting concrete splitting failure. Coating application on plain round steel bars increased bond strength, while on ribbed steel bars, it decreased bond strength. The application of the coating slightly reduced slip values to some extent.
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1 INTRODUCTION
The reinforced concrete system can form a good working system cooperation work because there is a good bond between the steel bar and the concrete. The steel bar and concrete can work together when the force is loaded, and the best structural performance of the system can be observed. Good adhesive properties guarantee the most basic safety, shock resistance, durability, maintenance, and operating costs of reinforced concrete structures and quality control during construction. There is a good bond stress between the reinforcement and concrete, which is generally provided by the following aspects (Zhao and Jin, 2002; Yang et al., 2013; Haque and Chen, 2019; Nobre et al., 2020).
In reinforced concrete structures, bonding stress between the concrete and steel reinforcement is primarily facilitated by chemical adhesion, mechanical bite force, and friction. Chemical adhesion results from the hydration reaction of cement with steel surfaces, forming a solid interface. Mechanical bite force, especially crucial for ribbed steel bars, relies on surface properties and internal pressure to enhance the bond strength. Friction force, generated when concrete envelops steel bars and resists relative movement, is influenced by extrusion pressure, surface roughness, and concrete shrinkage. Chemical bonding is typically minimal, with round bars relying more on friction and ribbed bars on mechanical bite force for effective bonding (Jiang and Qiu, 2012; Yang, 2018; Szewczak et al., 2020).
Magnesium phosphate cement (MPC) differs from traditional Portland cement, possessing unique hydration and hardening characteristics (Bodong et al., 2023; Xiangrui et al., 2023; Xin et al., 2022). Due to its ceramic-like properties, MPC is also referred to as chemically bonded magnesium phosphate ceramics. MPC is typically produced through an acid–base neutralization reaction between calcined magnesium oxide and water-soluble acid phosphate. It offers several advantages, including rapid setting and hardening, high early strength, good volumetric stability, strong bond strength, and excellent resistance to chloride and sulfate ions. These properties make MPC widely applicable in structural repair and reinforcement, bioceramics, radioactive and hazardous waste containment, manufacturing embedded mold materials, and protective coatings. MPC is particularly favored for use in protective coatings due to its unique combination of fast hardening, strong adhesion, and superior fire and corrosion resistance. Recent studies have further demonstrated that MPC exhibits a high degree of similarity with ordinary Portland cement in terms of the thermal expansion coefficient and volume compatibility. As a result, MPC is well-suited for producing anti-corrosion coatings to protect reinforced concrete from degradation (Wang et al., 2021; Jun et al., 2019; Kytinou et al., 2020; Xiaoming et al., 2023; Zhang et al., 2023).
Yang Haiyan applied a magnesium phosphate cement coating with a thickness of approximately 500 μm on the surface of Q235 steel (Yang, 2018). Through electrochemical tests and salt spray tests, it was proven that the magnesium phosphate cement coating has a good anti-corrosion protection effect on Q235 steel, and the magnesium phosphate cement coating with the combination of silica ash and Al2O3 is better in corrosion resistance. Li studied the sulfate attack resistance of concrete coated with coating, magnesium phosphate cement coating, and epoxy coating, and the results indicated that the structure and composition of the MPC coating changed under the sulfate attack environment. The MPC coating made concrete bonds more tightly, and the structure was more compact than in other environments, which significantly corroded the sulfate protection effect of concrete. The MPC coating can significantly improve the sulfate resistance of concrete than epoxy coating (Jun et al., 2019). Tang studied the protective effect of magnesium phosphate cement on steel corrosion in the restoration of reinforced concrete structures, and the results indicated that MPC has a good protective effect on steel corrosion, which might be due to the newly formed protective film on the steel surface. In addition, the related reactions between phosphate and Fe2+ ions may play an important role in the formation of the protective film and effectively reduce the corrosion rate (Tang et al., 2020). Yang Quan Bing studied the ability of magnesium phosphate cement mortar, ordinary Portland cement, and slag cement to prevent corrosion of steel bars. The results indicated that after six dry–wet cycles, the corrosion rate of magnesium phosphate cement mortar was only 0.18%, which was only 22.8% of that of ordinary Portland cement and 48.6% of that of slag cement (Yang et al., 2000). Xiangdong made a reinforced concrete specimen coated with epoxy coating. By controlling the steel bar diameter and effective bond length, the influence on the bond performance of the specimen was analyzed, and the relevant bond strength calculation formula was proposed (Yang, 2018). Jones analyzed and studied the influence of various factors on the bond strength between epoxy-coated steel bars and high-performance concrete. Based on the analysis of these data, he put forward relevant suggestions for modifying the current formula (Jones and Ramirez, 2016). Zhang conducted a pull-out test on the bond performance of FRP bars and concrete and analyzed the bond slip constitutive model of ribbed FRP bars and plain bars. The failure forms of the specimens are sliding and pulling out of FRP bars and breaking of FRP bars. With the decrease in the surface reinforcement and anchorage length of FRP bars and the increase in concrete strength, the average bond strength between FRP bars and concrete increases (Yongkang and Xiaoming, 2012).
Sludge, as an inert admixture, can be used to modify magnesium phosphate cement, effectively extending its setting time and enhancing its early mechanical properties. Additionally, sludge can be applied directly as an anti-corrosion coating on the surface of steel bars, providing significant protection and improving their corrosion resistance. However, there is limited research on the adhesive properties between sludge-modified magnesium phosphate cement coatings and concrete. Therefore, this study employs pull-out tests as the core experimental framework to evaluate and analyze the adhesive properties of modified magnesium phosphate cement coatings with varying sludge contents by preparing pull-out test specimens (Ryu et al., 2024; Guan et al., 2024; Furong et al., 2024; Pavlíková et al., 2020).
2 MATERIALS AND METHODS
2.1 Experimental material
The re-fired magnesia produced by Jinan Ludong Refractory Material Co., Ltd. is calcined and ground into magnesia powder at 1700°C for the preparation of magnesia phosphate cement. The powder is brownish yellow. Potassium dihydrogen phosphate (KH2PO4) produced by Sinophosphate Chemical Reagent Co., LTD. is a white powder, easily soluble in water at room temperature. Prior to experimentation, the sludge obtained from the desiccation project at Yuecheng Reservoir in Cixian County, Handan City, Hebei Province, requires activation. The activation process involves drying the sludge in a drying box, followed by ball milling to produce a brown and yellow powder. Subsequently, the powder undergoes calcination in a high-temperature furnace before being subjected to ball milling again. The chemical composition of the resulting material is detailed in the table below. The chemical composition of the material is shown in Tables 1, 2 (Lv et al., 2024a; Lv et al., 2024b; Lv et al., 2024c).
P.O.42.5 ordinary Portland cement, produced by the Tangshan Yanshan Cement Factory, was selected for the concrete preparation. Crushed stone and river sand were used as aggregates, with the stone having a uniform particle size range of 5–25 mm and the river sand featuring continuous grading with a maximum particle size of 5 mm. The chemical composition of the cement is presented in Table 3 below.
TABLE 1 | Chemical composition of MgO (%).
[image: Table 1]TABLE 2 | Chemical composition of sludge (%).
[image: Table 2]TABLE 3 | Chemical composition of cement (%).
[image: Table 3]2.2 Mix ratio design
Due to the small particle size of the sludge, even a small amount can significantly affect the flow behavior of the MPC system. Therefore, in this study, while varying the sludge content in different groups, the flowability of each group was kept consistent. The MG-P molar ratio of the magnesium phosphate cement in the sludge-free group was maintained at 8.5, and the combined mass of the sludge and MgO in the sludge-containing groups was controlled to 2.5, ensuring uniform fluidity across all groups. The specific proportions of MPC with varying sludge contents used in the experiment are presented in Table 4. Additionally, uncoated steel bars (Group C) were prepared as a control group.
TABLE 4 | Design of the mixing ratio of sludge-modified magnesium phosphate cement.
[image: Table 4]The concrete design strength of the drawing specimen is C40 concrete, and the mix ratio per cubic meter of concrete is calculated according to JG55-2011“Ordinary Concrete Mix ratio Design Regulations”, as shown in Table 5 below.
TABLE 5 | Concrete mix design (kg/m3).
[image: Table 5]2.3 Specimen preparation
Production of magnesium phosphate cement: Magnesium phosphate cement is prepared according to the modified mix ratio detailed in Table 4. Initially, the required amounts of magnesium oxide, phosphate, and sludge are weighed according to the ratios specified. These materials are then placed into a cement slurry mixer and mixed at a slow speed for 60 s to ensure thorough and uniform blending of the dry components. Next, water, measured according to the mix ratio, is added to the mixer and stirred at a slow speed for another 60 s. The mixing is paused, and any remaining material adhering to the blade and walls of the pot is scraped down into the mixer by using a shovel. The mixture is then stirred for an additional 60 s to achieve uniform consistency. After mixing, the modified magnesium phosphate cement is ready for use.
Coating steel bar production: Given the rapid setting and hardening characteristics of magnesium phosphate cement, the coating process must be executed promptly. First, the prepared magnesium phosphate cement is introduced into a semi-circular PVC pipe. The steel bar is then rotated within the PVC pipe to ensure a complete and even coating of the magnesium phosphate cement on its surface. Finally, the mixing pot and PVC pipe are thoroughly cleaned to remove any residual material.
Coating of steel bars: Due to the rapid setting and hardening of MPC, the coating process should be performed swiftly, with the entire operation completed within 5 min. First, the prepared MPC is placed into a semi-circular PVC pipe, and the steel bar is rotated within the PVC pipe to ensure that the surface is uniformly coated with MPC. The consistent flowability of the slurry ensures a uniform coating thickness of approximately 1 mm. The coated steel bars are then cured under indoor air conditions (25°C ± 2°C, RH 70% ± 5%). Finally, the mixing bowl and PVC pipe are thoroughly cleaned.
Drawing test piece production: For the preparation of drawing test pieces for reinforced concrete, use steel bars with a diameter of 10 mm and a length of 500 mm, and pour concrete into molds to create cubes measuring 150 mm × 150 mm × 150 mm. Insert one end of the steel bar into the mold to a depth of 100 mm, with the other end extending 250 mm, and set the protective layer thickness to 75 mm. To minimize experimental errors, place a PVC pipe of 50 mm length at each end of the steel bar. The effective bonding length between the steel bar and concrete is set to 5 d (where d is the diameter of the steel bar; thus, 5 d equals 50 mm). The specific mold is depicted in Figure 1. First, apply a release agent to the inside of the plastic mold. Next, accurately weigh the required amounts of cement, aggregate, and sand according to the mix ratio, and combine them in the concrete mixing pot. Perform a dry mix for 90 s to ensure uniform distribution of the dry materials. Add the measured water, and mix until the concrete achieves the desired flow and consistency. Pour the mixed concrete into the pre-oiled plastic mold, position the mold in the center of a shaking table, and use a scraper to remove excess concrete while vibrating the mold to ensure proper compaction.
[image: Figure 1]FIGURE 1 | Specimen mold.
2.4 Experimental method
The central drawing test device used a WAW-1000A microcomputer controlled electro-hydraulic servo universal testing machine to load the specimen and customized the drawing fixture with matching size according to the specifications of the loading device. Before loading, the specimen was passed through the drawing fixture, the upper end of the loading test machine tightened the fixture, and the lower end of the clamping steel bar loading device is shown in Figure 2 below. The loading mode was set as displacement loading, and a dial gage was fixed at the free end of the reinforced concrete specimen to test the relative slip between the reinforcement and concrete. During the experiment, when the free slip end exceeds the specified value, the concrete cracks or the steel bar is pulled apart, the loading is stopped and the load and the dial indicator are recorded at this time, and then the loading of the next specimen is continued.
[image: Figure 2]FIGURE 2 | Experimental loading.
Scanning electron microscopy (SEM) was used to analyze the magnesium phosphate cement modified with different amounts of sludge and to explain the influence on the adhesive properties at the microscopic level. The EDS point spraying method was used to analyze the chemical element composition of the modified magnesium phosphate cement and to explain the effect of the modified magnesium phosphate cement with different amounts of sludge.
3 RESULTS AND DISCUSSION
3.1 Failure mode
During the experimental loading, all 24 pull-out specimens of circular steel bars exhibited central pull-out failure, as illustrated in Figure 3. This indicates that there was a slip between the steel bars and the concrete, and the PVC pipes at both ends of the steel bars also experienced some degree of slip. This failure mode suggests that the friction force between the steel bars and the concrete was insufficient to overcome the applied tensile stress, leading to the direct pull-out of the steel bars due to low bond strength. For the 24 ribbed steel bar pull-out specimens, those with a coating on the surface also displayed central pull-out failure. However, the specimens with uncoated surfaces exhibited splitting failure, primarily due to the high mechanical bite force between the ribs of the ribbed steel bars and the concrete. This high bond strength between the steel bars and concrete is maintained until the tensile stress of the concrete exceeds its tensile and cracking strength, resulting in splitting failure. When the surface of the ribbed steel bars is coated, the mechanical bite force between the ribs and the steel bars is disrupted. In all groups, there was no evidence of peeling or detachment between the magnesium phosphate cement coating and the steel bars, indicating that the bond strength between the magnesium phosphate cement and the steel bars is robust. This suggests that the coating adheres well to the steel bar surface, providing effective protection (Yang et al., 2002; Li et al., 2021).
[image: Figure 3]FIGURE 3 | Center pull-out failure.
3.2 Bond strength
Since the central drawing test was used for test loading in all experiments and the length of the bonding section between reinforcement and concrete was small, the bonding stress between the reinforcement and concrete was approximately regarded as uniformly distributed, and the following Formula 1–1 was used to calculate the bonding stress. The labels MS-0, MS-5, MS-10, MS-15, MS-20, MS-25, and MS-30 represent the sludge contents of 0, 5%, 10%, 15%, 20%, 25%, and 30%, respectively.
[image: image]
In the above formula, [image: image] represents the calculated bond stress, and the unit is MPa. 
 P represents the measured drawing force, and the unit is N. 
 d represents the diameter of the coated steel bar, expressed in mm. 
l is the length of the effective bonding section, expressed in mm.
The bond strength of modified magnesium phosphate cement with varying sludge contents, applied to smooth round steel bars, is illustrated in Figure 4. Without the magnesium phosphate cement coating, the bond strength of the smooth round steel bar is the lowest, at 2.53 MPa. With the addition of sludge at 0%, 5%, 10%, 15%, 20%, 25%, and 30%, the bond strengths increased to 3.13 MPa, 3.56 MPa, 3.71 MPa, 3.81 MPa, 3.73 MPa, 3.76 MPa, and 3.52 MPa, respectively. The corresponding bond strength increases were 23.7%, 40.7%, 46.6%, 50.6%, 47.4%, 48.6%, and 39.1%, respectively. These data indicate that the inclusion of sludge significantly enhances the bond strength between the modified magnesium phosphate cement-coated steel bars and concrete, with the optimal bond performance achieved at a sludge content of 15%. However, further increases in sludge content have a diminishing effect on bond performance. The observed improvement in bond strength with the magnesium phosphate cement coating is primarily due to the increased friction force between the smooth steel bars and the concrete, which is related to the roughness of the contact surface. The coating introduces surface irregularities and pores, which enhance bond strength. Additionally, research by Tang Hao supports these findings, highlighting that magnesium phosphate cement exhibits strong adhesive properties with steel bars and forms a dense bonding layer on the steel surface, further contributing to the increased bond strength observed with the coating (Tang et al., 2020).
[image: Figure 4]FIGURE 4 | Bond strength of the round steel bar.
The bond strength of modified magnesium phosphate cement applied to ribbed steel bars with varying sludge contents is depicted in Figure 5. The data clearly show that the bond strength behavior of ribbed steel bars is opposite to that of smooth round steel bars. For ribbed steel bars without coating, the bond strength is the highest at 21.83 MPa. As sludge is added, the bond strength of the ribbed steel bars gradually decreases. Specifically, with sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and 30%, the bond strengths are 17.35 MPa, 16.17 MPa, 16.09 MPa, 14.88 MPa, 13.37 MPa, 12.96 MPa, and 11.78 MPa, respectively. The reductions in bond strength are 20.5%, 25.9%, 26.3%, 31.8%, 38.8%, 40.6%, and 46.0%, respectively. The significant reduction in the bond strength of coated ribbed steel bars is attributed to the disruption of the mechanical biting force between the ribs and the concrete. In uncoated ribbed steel bars, the bond strength is primarily supported by this mechanical biting force. However, when the modified magnesium phosphate cement coating is applied, it interferes with the biting force, leading to a reliance on friction force and the diminished mechanical bite force, ultimately reducing the overall bond strength (Mathern and Yang, 2021; Chen et al., 2023).
[image: Figure 5]FIGURE 5 | Bond strength of the ribbed steel bar.
Comparing the two types of steel bars reveals that the adhesive properties of smooth round steel bars improve with the application of modified magnesium phosphate cement coating. Conversely, the adhesive properties of ribbed steel bars decrease with the same coating. This difference is primarily related to the nature of the bond between each type of steel bar and the concrete. While coating ribbed steel bars in engineering applications can enhance their corrosion protection, it may also lead to a reduction in bond strength. Therefore, a careful evaluation and analysis are necessary to balance the benefits of improved corrosion resistance with the potential decrease in bond strength during application.
3.3 Slippage
Figure 6 illustrates the slippage of smooth round steel bars coated with modified magnesium phosphate cement containing varying sludge contents. For smooth round steel bars, the bond stress between the steel bar and the concrete is primarily provided by friction force. The data show that the slip amount for uncoated steel bars is the largest, reaching 0.54 mm. When modified magnesium phosphate cement is applied, the slip amount decreases significantly. Specifically, for sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and 30%, the slip amounts are 0.27 mm, 0.28 mm, 0.31 mm, 0.26 mm, 0.29 mm, 0.33 mm, and 0.32 mm, respectively. Analysis of the different sludge contents indicates that there is minimal variation in the slip amount across the different groups, suggesting that the sludge content has little impact on the slip of the modified magnesium phosphate cement-coated round steel bars. During the test loading process, there is no significant slip observed in the initial stages; however, as loading progresses, the uncoated group experiences substantial slip due to inadequate bonding force between the steel bar and the concrete. Coating the steel bar surface improves the roughness of the contact surface, thereby reducing slip when the maximum load is reached. Overall, applying a modified magnesium phosphate cement coating to the surface of smooth round steel bars effectively enhances the bond strength between the steel bar and concrete, reducing relative slip. This treatment not only improves the corrosion resistance of the steel bars but also increases the bond strength with the concrete (Xiang and Yang, 2023; He and Lu, 2024a).
[image: Figure 6]FIGURE 6 | Slip of the round steel bar.
Figure 7 illustrates the slippage of ribbed steel bars coated with modified magnesium phosphate cement containing various sludge contents. For ribbed steel bars, the bond stress is primarily provided by the mechanical biting force between the ribs and the concrete. The slip amount for the uncoated group is 1.74 mm. With the application of modified magnesium phosphate cement coating, the slip amount decreases to some extent. Specifically, with sludge contents of 0%, 5%, 10%, 15%, 20%, 25%, and 30%, the slip amounts are 0.91 mm, 1.06 mm, 0.89 mm, 0.88 mm, 0.96 mm, 1.01 mm, and 0.97 mm, respectively. The sludge content has a minimal effect on the slippage of ribbed steel bars, similar to the trend observed with smooth round steel bars. Ribbed steel bars, due to their threaded surface, generate significant mechanical biting force with the concrete. However, when the surface of the steel bars is coated, the uniform coating reduces the mechanical biting force between the coated steel bars and the concrete, which diminishes the bond performance and decreases slip amount. Consequently, the slip amount is reduced when the maximum load is reached (He et al., 2024; He and Lu, 2024b).
[image: Figure 7]FIGURE 7 | Slip of the ribbed steel bar.
When smooth round and ribbed steel bars are uncoated, the slip amount of the smooth round steel bar is relatively small. This is due to the lower bond strength between the smooth round steel bar and the concrete, resulting in minimal slip when the loading process reaches its maximum load. After coating, the slippage of both types of steel bars decreases, indicating that the coating effectively reduces the relative slippage between the steel bars and the concrete. This reduction in slip contributes to improved structural stability.
3.4 Microanalysis
Figure 8 displays SEM images of modified magnesium phosphate cement with varying sludge contents. The images reveal that struvite, the primary hydration product of magnesium phosphate cement, predominantly exhibits a sheet-like structure. The overall structure consists of a spatial arrangement formed by magnesium oxide and struvite, which has not undergone further hydration. Comparison of SEM images across different sludge contents shows that pure magnesium phosphate cement has notable voids and large pores. At a sludge content of 15%, the overall compaction of the structure significantly improves. However, as the sludge content increases to 30%, the amount of struvite decreases, and some voids and pores become evident. This phenomenon is primarily due to the fact that the main component of sludge is inactive quartz (SiO₂), and the sludge particles are small. On one hand, the inactive sludge can adhere fully to the surface of magnesium oxide, extending the time the water remains in contact with the material, which enhances the hydration reaction. This leads to the formation of more guanolite, increasing the density and reducing porosity. On the other hand, the small particle size of the sludge allows it to function as an inactive filler material, filling gaps between struvite and magnesium oxide. This increases the overall density of the structure and further reduces porosity. However, when the sludge content is too much, it will replace part of the amount of magnesium oxide, resulting in insufficient reaction material and a reduction in the amount of struvite as a hydration product. Through SEM analysis, it is explained that the bond strength of the smooth round steel bar reaches the maximum when the sludge content is 15%, but decreases when the sludge content is 30%.
[image: Figure 8]FIGURE 8 | SEM images of MPC modified by sludge (A) 0%; (B) 15%; and (C) 30%.
Figure 9 presents the correlation analysis of modified magnesium phosphate cement with 30% sludge content, conducted via EDS point scanning. The analysis reveals that as the sludge content increases, the proportion of silicon (Si) in the cement matrix increases. This is attributed to the high SiO₂ content in the sludge, which causes a decrease in the magnesium-to-phosphorus (Mg/P) ratio. After 7 days of curing, the Si content in region 1 of the sample with 30% sludge is 18.46%. This indicates that excessive sludge can displace magnesium oxide, leading to an insufficient amount of magnesium oxide and resulting in inadequate hydration reactions. Consequently, there is a reduced formation of struvite, leading to a less complete structure with numerous pores and cracks. Additionally, the excess sludge negatively impacts structural densification and reduces the bond strength of the smooth round steel bars.
[image: Figure 9]FIGURE 9 | EDS test (A) test area and (B) elemental analysis.
4 CONCLUSION

(1) The primary failure mode of the reinforced concrete specimens is reinforcement pull-out failure, with some groups exhibiting concrete splitting failure. This occurs mainly because the friction between the circular steel bars (both coated and uncoated) and the concrete is insufficient to overcome the applied tensile stress, leading to pull-out failure. However, ribbed steel bars experience splitting failure due to the high mechanical interlock force between the ribs and the concrete.
(2) Based on the bond strength analysis of each group, the bond strength of smooth round steel bars improves after coating, primarily due to the increased roughness of the contact surface, which enhances friction and bond strength. In contrast, coating ribbed steel bars reduces their bond strength, as the coating disrupts the mechanical interlock between the ribs and the concrete, weakening the bond.
(3) Analysis of the slip amounts for each group shows that applying a modified coating to the steel bar surface reduces slippage to some extent. However, the sludge content generally has little impact on slip amounts, as the coating alters the friction and mechanical interlock between the steel bar and concrete, which in turn affects slippage.
(4) According to SEM/EDS microscopic analysis, the main components of magnesium phosphate cement are magnesium oxide and struvite. The addition of sludge acts as a filler, reducing porosity and increasing the densification of the cement. However, excessive sludge can introduce cracks and voids. EDS spectrum analysis indicates that as sludge content increases, the proportion of silicon (Si) also increases, which leads to reduced magnesium oxide content and an incomplete hydration reaction, resulting in insufficient struvite formation.
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The agglomeration of nano carbon black (NCB), driven by its high specific surface energy, limits the fundamental performance of cementitious materials and hinders the broader application of functional cementitious materials in engineering domains. NCB-modified cement (NC) has a low snow-melting efficiency, resulting in high energy consumption and excessive CO2 emissions. Herein, this study innovatively proposed a method of using dispersants to overcome the above issue and systematically introduced the effects of three dispersants, polycarboxylic acid superplasticizer (PCE), tannic acid (TA), and sodium dodecyl sulfate (SDS), on NC. The dispersity of dispersant-NCB suspension was analyzed firstly, and then the performance of fresh paste, mechanical properties, resistivity, snow-melting speed and LCA of NC were explored. Experimental results indicated that, in terms of suspension stability, SDS was the most effective, followed by TA, while PCE exhibited the least efficacy. Furthermore, all three dispersants improved the fluidity of NC to varying degrees. However, PCE and TA demonstrated a retardation effect on the setting time, whereas SDS facilitated a reduction in the setting time of NC. From the point of view of mechanical properties, the use of these dispersants not only augmented the mechanical strength of the NC but also decreased its electrical resistivity. The uniform dispersion of SDS at the microstructural level of NCB had also been found. When the PCE content is 0.2%, TA content is 0.4%, and SDS content is 0.4%, the mechanical strength and resistivity of NC were the best. NC with dispersant TA melted snow three times faster than the control group, reducing snow-melting energy consumption. Moreover, LCA analysis showed that the addition of dispersants also reduced carbon emissions.
Keywords: nano carbon black, cement paste, dispersant, electrical properties, CO2 emissions
1 INTRODUCTION
In winter, high altitude areas of north and west China face significant challenges due to seasonal temperature changes and heavy snowfall, which increase snow thickness and lead to frequent icing on roads, bridges, and airports (Li et al., 2022; Julitta et al., 2014). Early snowfall and melting can create thin layers of frozen ice on highways and runways, reducing friction and posing safety risks as these surfaces can appear similar to wet roads (Wang et al., 2022). If not addressed promptly, this ice can severely impede vehicle movement, causing traffic paralysis and complicating infrastructure maintenance, accompanied by high costs (Pytka, 2010). To tackle these issues, various deicing and snow melting technologies have been employed (Zhao et al., 2024; Xu et al., 2021; Ma et al., 2016; Huang et al., 2021; Pei et al., 2021). Mechanical deicing and snow removal methods are effective but resource-intensive, while traditional salt-sprinkling methods can lead to environmental pollution and damage to concrete surfaces, including corrosion of steel in bridges. Therefore, there is an urgent need for efficient and environmentally friendly deicing solutions that can reduce reliance on human resources and minimize the negative impact on the durability of road structures and bridges.
In recent years, the emergence of multi-functional cement-based materials has also provided new ideas for solving road engineering problems (Zhai et al., 2023; Zhan et al., 2020; Han et al., 2015). As a multi-functional cement-based material, electro-thermal concrete has been used in the field of deicing and snow-melting of pavement due to its good mechanical properties and excellent electric heating ability. The excellent electrothermal property of electro-thermal concrete is reflected in the fact that it can heat up buildings or concrete pavement by external power supply voltage in winter snow and ice weather, so that the temperature rises and maintains a relatively stable value, so that the buildings or pavement can be kept in a state without snow and ice in a long period of cooling and snowfall weather, which can effectively prevent adverse situations (Li et al., 2013). Over the past decade or so, carbon materials have attracted much attention due to their high specific surface area and high strength. A large number of studies have shown that the addition of carbon materials to cement-based materials can greatly improve their mechanical and electrical properties, such as carbon nanotubes (Pan et al., 2020; Yıldırım et al., 2018), graphene (Bai et al., 2018; Yoo et al., 2017; liu et al., 2019) and nano carbon black (NCB) (Gong et al., 2009; Hong et al., 2018; Keal et al., 2024), etc., which are often used as fillers for conductive concrete. In contrast, NCB is a more cost-effective option and has a very broad practical application prospect. In addition, studies have shown that NCB can not only effectively repair micro-cracks in cement, but also accelerate the hydration degree of cement, thereby improving the mechanical properties of cement.
However, due to the high specific surface energy of NCB, it is easy to aggregate under the action of van der Waals force (Geim and Novoselov, 2007; Zhu et al., 2010; Chuah et al., 2018), and the direct addition of NCB often leads to poor fluidity and low mechanical strength of cement-based materials (Sobolkina et al., 2012; Xu et al., 2018). The low snow-melting efficiency of NC has led to increased electricity consumption, resulting in a significant amount of CO2 emissions. In order to avoid the restriction of caking when NCB is applied in cement, a uniform and stable dispersion is required. Many researchers have conducted a lot of research, and currently there are two main dispersion treatment methods: physical dispersion (Nan et al., 2023) and chemical treatment (Kishore et al., 2023). Physical dispersion technology usually uses grinding, ball milling, ultrasonic and microwave radiation methods to achieve uniform suspension of particles. Although the physical technology is simple and fast, it also has a big disadvantage: it is not enough to achieve long-term stable dispersion. The chemical treatment technology is mainly to modify the particles by surfactants and realize non-covalent functionalization to improve their hydrophilicity, so that the particles can be stably dispersed into the solvent. In summary, how to improve the dispersion stability of NCB in cement hydration environment and reduce the CO2 emissions from NC snow-melting have become key problems. Therefore, it is particularly important to disperse NCB better, improve its application effect in cement-based materials and reduce the CO2 emissions from NC snow-melting.
Based on the existing problems, and in order to better play the application of NCB in cement-based materials, three different surfactants, sodium dodecyl sulfate (SDS), polycarboxylic acid superplasticizer (PCE) and tannic acid (TA), were selected as dispersants to disperse NCB. Starting with NCB suspension, the effects of three dispersants on the dispersion stability of NCB in aqueous solution were investigated by ultraviolet spectrophotometry. Subsequently, the performance of NC was investigated, and the influence of three dispersants on the new mixing performance of NC was demonstrated according to the test of fluidity and setting time. Then, on the surface of NC, the effects of three dispersants on the physical and electrical properties of NC were analyzed by compressive and flexural strength and resistivity tests. The effect of SDS on the microstructure of NC-paste also been studied. Finally, the snow-melting speed of NC with different dispersants was studied through the test of snow-melting. Meanwhile the life cycle assessment of each group was made to judge their CO2 emissions. The reliable experimental data were obtained, which laid a foundation for practical engineering application.
2 MATERIAL AND METHODS
2.1 Raw materials
The cement was P.O 42.5 ordinary Portland cement produced by Tianjin Jinyu Zhenxing Cement Factory, and its chemical composition is shown in Table 1. Carbon black was NCB with high specific surface area and low resistivity provided by Tianjin Huaran Chemical Co., LTD. NCB was prepared by gas phase method, and its related performance parameters are shown in Table 2. The dispersant SDS was from Shanghai Sigma Aldrich Trading Co., LTD. The water reducing agent was the third generation PCE with water reduction rate ≥25%. The purity of TA used was AR grade, provided by Hunan Beekman Biotechnology Co., LTD. For the convenience of reading, the abbreviations in this article are summarized in Table 3.
TABLE 1 | Chemical composition of cement (%).
[image: Table 1]TABLE 2 | NCB performance index.
[image: Table 2]TABLE 3 | Description of abbreviations used.
[image: Table 3]2.2 Sample preparation
In order to better study the modification effect of various dispersants on NCB cement-based composites, cement paste without coarse or fine aggregate was used in this study. The water-cement ratio of the cement-based composite prepared by the test is fixed at 0.45. The specific ratio is shown in Table 4. Firstly, a suspension of dispersant mixed with NCB was prepared, and then the NCB suspension was prepared for the preparation of cement paste.
(1) Preparation of dispersant-NCB suspension: Take the preparation standard of NCB/SDS solution as an example to illustrate (PCE and TA preparation methods were consistent with SDS). Firstly, 0.1 g NCB and 50 mL SDS solution with different mass fractions (0%, 0.2%, 0.4%, 0.6%) were added into 100 mL beaker, mechanically stirred for 5 min and ultrasonic dispersion for 15 min to obtain NCB/SDS suspension.
(2) Preparation of cement paste sample: A total of 300 mL of PCE/TA/SDS and NCB suspensions were prepared, mechanically stirred for 5 min, and ultrasonically dispersed for 15 min. Weighed cement was added to the mixer, followed by the 300 mL NCB suspension, and mixed for 1.5 min. After a 30-second pause, 264 g of water was gradually added while stirring, and mixing continued for another 1.5 min. The paste was then poured into a lubricated steel mold (40 × 40 × 160 mm). After shaking for 30 s, the surface was covered with polyethylene film to prevent water loss. The mold was removed after 24 h and placed in a standard curing room for further testing.
TABLE 4 | Sample ratios for test.
[image: Table 4]The preparation method of the specimen for the electrical conductivity test was roughly the same as that for the mechanical properties of the specimen, the only difference was that the electrical conductivity test uses the four-electrode method to determine the resistivity, so it was necessary to prepare 40 × 50 mm copper mesh as the measuring electrode.
2.3 Test methods
2.3.1 Absorbance test
The dispersion of dispersant NCB suspension was evaluated by ultraviolet spectrophotometry. The PE Lambda 750 s spectrophotometer was selected to measure the absorbance (ABS) within 24 h at 270 nm wavelength (Lavagna et al., 2021). The test mix ratio was consistent with that described in Section 1.3. The strength of absorbance can be expressed by the following Formula 1:
[image: image]
where: A is absorbance; K is the molar absorption coefficient, which is related to the properties of the absorbing material and the wavelength λ of the incident light. b is the thickness of the absorption layer; c is the concentration of the light-absorbing substance in mol/L. In this test, the molar absorption coefficient K and the thickness of the absorption layer b are fixed. At this time, the absorbance A of the solution is positively correlated with the concentration c of the dispersant in the suspension, which can be used to quantitatively describe the dispersion effect of NCB in the solution.
2.3.2 Fresh cement paste performance test
In order to determine the effect of dispersant on the new mixing performance of NC, the fluidity and initial and final setting time of paste at room temperature (20°C ± 2°C) were measured by NLD 3 electric cement paste fluidity tester and Vicar meter. For specific test steps, refer to GB/T 1346–2011 “Test Method for Water Consumption, Setting Time and Stability of Cement Standard Consistency”, the test was carried out three times, and the average value was taken as the test result.
2.3.3 Mechanical properties test
YAW-300C automatic bending testing machine was used to measure the compressive strength and flexural strength of the specimens, and the test method in GB/T17671-1999 “Cement mortar Strength Inspection Method (ISO method)” was used as the standard.
2.3.4 Electrical performance test
The main function of conductive phase filler NCB was to significantly improve the electrical conductivity of cement-based materials, and the direct measurement of sample resistance by instrument and electric meter was easy to produce a large error. Therefore, the four-electrode method was selected to measure the resistivity of the sample in this experiment. The current and voltage were measured by the multifunctional electric meter produced by Tianlilong Technology Co., LTD. The DC regulated power supply provided by Youlide was used as the voltage input terminal. The copper mesh was provided by Hebei Hengshui Furun Filter Co., LTD., with a diameter of 0.7 mm and low error and resistivity. The four-electrode measurement method is shown in Figure 1. The test piece was subjected to direct current of 0 ∼ 30 V to measure its voltage and current, and the resistivity of early and late hydration was calculated by Formula 2, 3.
[image: Figure 1]FIGURE 1 | Four-electrode method.
The calculation formula is as follows:
[image: image]
[image: image]
Where: U represents the actual measured voltage, V; I represents the actual measured current, mA; R represents the calculated resistance between the middle two electrodes, Ω; rrepresents the resistivity of the sample, Ω·cm; L represents the distance between the middle two electrodes, mm; S represents the cross-sectional area of the sample, mm2.
2.3.5 Snow-melting test
Snow-melting test was to observe the change of ice mass with time under certain temperature conditions. First, add 100 g of water into the beaker and freeze it in the refrigerator at −18°C for more than 12 h until the water was completely frozen. The ice cube was a cylinder with a diameter of 30 mm on the bottom side. The ice cube was placed in the middle of the specimen, and the voltage was connected to each group of NC in the same way as the electrical performance test. Quickly measure the mass of the ice every 5 min. High snow-melting efficiency led to lower electricity consumption and reduced CO2 emissions.
2.3.6 Microscopic characterization tests
Scanning electron microscopy (SEM) was employed to analyze the microscopic distribution of NCB. Specimens measuring 10 mm × 10 mm × 10 mm were cut from the cement paste and vacuum-dried to avoid carbonation from CO2 exposure. The dried samples were then subjected to SEM testing after being coated with gold. The Czech TESCAN MIRA LMS was utilized for the SEM analysis and energy spectrum testing. X-ray diffraction (XRD) was used to determine the crystalline structure of materials. The sample was finely powdered and placed on a sample stage, where X-rays were directed at it. As the X-rays interact with the crystal lattice, they produced a diffraction pattern that can be analyzed to reveal information about the crystallographic phases present in the materials.
2.3.7 Life cycle assessment analysis
The purpose of the life cycle assessment analysis was to analyze and evaluate the environmental load generated by NC with different dispersant, so as to facilitate the quantitative calculation and comparison the effect of different dispersants. In this paper, a process-based inventory analysis method was used to classify NC with different dispersant into four processes: raw material mining, mixing, transportation and snow-melting, and the CO2 emissions of each process was quantified. Finally, the global warming potential (GWP) impact category was selected (Nayır et al., 2024), and the results of inventory analysis were quantitatively evaluated to determine the impact on the external environment.
3 RESULT AND DISCUSSION
3.1 Absorbance of dispersant-NCB suspension
Figure 2 shows the change of absorbance of NCB suspension in each group with time after ultrasonic dispersion. The results of quantitative analysis showed that the absorbance of the suspension without dispersant was 1.732 at the beginning, and decreased significantly by 1.28 in the first 2 h and to 0.1 after 12 h, with a decrease of 94%, indicating that the dispersion and stability of pure NCB suspension were poor. The reason was that the interfacial effect between NCB and aqueous solution led to the increase of interfacial tension, and the force imbalance between solid and liquid forms clumps, resulting in the condensation of NCB. In addition, the non-polar characteristics of NCB surface limited its dispersion ability in water, and it was difficult for functional groups such as hydroxyl groups to form strong interactions with water, which further promoted the formation of clumps.
[image: Figure 2]FIGURE 2 | ABS versus time (A) PCE, (B) TA and (C) SDS.
Figures 2A–C show the changes in UV-visible absorptance of NCB suspension at different concentrations of PCE, TA and SDS within 24 h. The overall curve showed that the addition of PCE, TA and SDS significantly affected the initial absorbance of suspension with the same NCB content. When the concentration of PCE was 0.2%, 0.4% and 0.6%, the absorbance was 1.777, 1.859 and 2.016, respectively. When the concentration of TA was 0.2%, 0.4%, 0.6%, the absorbance was 2.067, 2.359, 2.476. When SDS concentration was 0.2%, 0.4%, 0.6%, absorbance was 2.067, 2.259, 2.376. The results showed that PCE, TA and SDS can all improved the dispersion effect of NCB in water, PCE effect was the least, while TA and SDS effect were similar. With the increase of standing time, the absorbance of all groups decreased, but tended to balance after 12 h. In terms of suspension stability, SDS was the best, followed by TA, and PCE was the worst. The addition of SDS made the absorbance decrease slowly by about 0.55, indicating that the dispersion and stability of SDS to NCB was better than that of TA. In addition, the change of SDS concentration had little effect on the dispersion of NCB, possibly because 0.2% SDS concentration was enough to cover the dispersion of NCB, and further increasing the concentration would only lead to susaturation of the solution and could not significantly improve the dispersion effect.
3.2 Fresh property analysis
Figures 3A–C show the flow and setting time of freshly mixed NC with different PCE, TA and SDS contents, respectively. On the whole, the three dispersants all improved the fluidity of NC to different degrees, but their performance in setting time was different.
[image: Figure 3]FIGURE 3 | Fresh NC fluidity and setting time (A) PCE, (B) TA and (C) SDS.
On the whole, with the increase of dispersant content, the diffusion diameter of NC gradually increased, indicating that the addition of dispersant improved its fluidity. The diffusion diameter of the samples without dispersant was 16.8 cm, while the diffusion diameter of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 20.8%, 35.1% and 59.5%, respectively. TA-0.2, TA-0.4 and TA-0.6 increased by 13.7%, 26.8% and 34.5%, respectively. SDS-0.2, SDS-0.4 and SDS-0.6 increased by 9%, 23% and 15%, respectively. It can be seen that the fluidity of PCE and TA increased with the increase of dosage, while SDS increased first and then decreased. Compared with the three dispersants, under the same dosage, PCE had the greatest improvement on fluidity, TA followed, and SDS had the least. The fluidity of PCE be due to its comb molecular structure, which formed a thicker adsorption layer, releasee free water between cement particles, and also had a certain dispersion effect on NCB. TA and SDS released encapsulated free water mainly by preventing NCB from accumulating, but TA performed slightly better in cement paste than SDS.
From the point of view of setting time, with the increase of dispersant content, the setting time of NC would be different due to the action of different dispersants. Both PCE and TA had retarding effect on NC, and TA had a more significant effect, which had also been reflected in previous Portland cement studies (Sokołowska et al., 2024). On the contrary, SDS shortened the setting time of the paste, which indicated that the action mechanism of different dispersants in NC was different. The initial and final setting times of NC without dispersant were 4.08 h and 5.33 h, respectively, while those of CPE-0.6 were 5.42 h and 6.82 h, respectively, and the time interval was slightly extended. This was because the hydroxyl, carboxyl and amino groups in PCE molecules form complexes with calcium ions in NC, which hindered the hydration process of cement. The initial and final setting times of TA-0.6 samples were 6.62 h and 8.47 h, respectively, and the time intervals were further extended, which could be explained by the theory of the formation of complexes between TA and calcium ions. In contrast, the initial and final setting time of SDS-0.6 sample were shortened to 3.65 h and 4.62 h, respectively, and the time interval was reduced, indicating that SDS accelerated the hardening process of cement. This may be because SDS was unable to form a complex with calcium ions, its main role was to prevent NCB agglomeration, and the interaction with the cement paste was weak.
3.3 Mechanical properties of NC
3.3.1 Flexural strength
Figures 4A–C show the flexural strength of NC with different PCE, TA and SDS contents at early hydration stage (3 days) and late hydration stage (28 days), respectively. As can be seen from the figure, the flexural strength of NC without dispersant at 3 days and 28 days was 5.2 MPa and 7.2 MPa, respectively. The flexural strength of NC after adding dispersant was higher than that of the sample without dispersant in the early and late stages of hydration, indicating that the three dispersants all increased the flexural strength to varying degrees, and showed a trend of first increasing and then decreasing.
[image: Figure 4]FIGURE 4 | The flexural strength of NC (A) PCE, (B) TA, and (C) SDS.
With the increase of PCE content, the flexural strength of PCE-0.2, PCE-0.4 and PCE-0.6 increased by 32.7%, 26.9% and 7.7%, respectively, compared with that of PCE-0 at 3 days. The early flexural strength of NC was improved best when the content of PCE was 0.2%. At 28 days, the flexural strength of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 19.4%, 16.7% and 12.5%, respectively, indicating that the influence of PCE content on the flexural strength at the later stage of hydration was small, which may be due to the delay of hydration of cement particles coated by PCE in the early stage and the gradual release of cement particles in the later stage. The difference in flexural strength was reduced. Their behavior was different. At 3 days, the flexural strength of TA-0.2, TA-0.4 and TA-0.6 increased by 5.8%, 13.5% and 3.8% compared with TA-0, respectively, indicating that 0.4% TA content contributed the most to the early flexural strength of NC. However, the flexural strength changes of TA-0.2, TA-0.4 and TA-0.6 at 28 days were 0%, 8.3% and −4.2%, respectively, indicating that too much TA was not beneficial to the growth of flexural strength, which may be related to its retarding effect. For SDS, the flexural strength of SDS-0.2, SDS-0.4 and SDS-0.6 increased by 15.4%, 19.2% and 5.8%, respectively, compared with SDS-0 at 3 days, indicating that 0.4% SDS content contributed the most to the early flexural strength. At 28 days, the flexural strength increased by 8.3%, 12.5% and 1.4%, respectively.
3.3.2 Compressive strength
Figures 5A–C show the compressive strength of NC with different PCE, TA and SDS contents at early hydration stage (3 days) and late hydration stage (28 days), respectively. As can be seen from the figure, the compressive strength of NC without dispersant at 3 days and 28 days was 22.3 MPa and 32.6 MPa, respectively. The law of compressive strength was the same as that of flexural strength mentioned above.
[image: Figure 5]FIGURE 5 | The compressive strength of NC (A) PCE, (B) TA, and (C) SDS.
As for PCE, the compressive strength of PCE-0.2, PCE-0.4 and PCE-0.6 at 3 days increased by 37.7%, 27.8% and 14.3%, respectively, compared with that of PCE-0, with the increase of PCE-0.2 on the early compressive strength being the most significant. At 28 days, the compressive strength of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 34.4%, 30.9% and 20.2%, respectively, compared with that of CPE-0, indicating that PCE had a significant effect on the compressive strength of NC, especially CPE-0.2 and CPE-0.4. This may be due to the fact that PCE improved paste fluidity, reduced internal bubbles and pores, and enhanced compressive strength. However, excessive PCE can cause retardation and segregation, leading to negative effects. The influence trend of TA and SDS on compressive strength was similar, and both reached the peak value when the dosage was 0.4%. Without dispersant, NCB easily aggregated in cement and reduced compressive strength. In TA-0.4 and SDS-0.4 samples, uniformly dispersed NCB promoted the nucleation of hydration products and improved the structural densification, thus enhancing compressive strength. However, excessive TA and SDS will increase the internal defects of the paste and reduce the compressive strength.
3.4 Resistivity of NC
Figures 6A–C show the resistivity of NC with different PCE, TA and SDS contents in early hydration (3 days) and late hydration (28 days), respectively. It can be seen from the figure that the resistivity of NC without dispersant was 8.31 MPa and 8.54 MPa at 3 days and 28 days, respectively. The reason for the increase of resistivity in the late hydration period was the loss of pore water, which reduced the electron conduction path. In general, the resistivity of NC mixed with dispersant was higher than that of samples without dispersant in the early and late stages of hydration, indicating that the three dispersants reduced the resistivity to different degrees, and the resistivity showed a trend of first decreasing and then increasing.
[image: Figure 6]FIGURE 6 | Resistivity of NC (A) PCE, (B) TA, and (C) SDS.
For PCE, the resistivity of PCE-0.2, PCE-0.4 and PCE-0.6 at 3 days decreased by 9.3%, 7.5% and 6.3%, respectively, as the content of PCE increased. When the PCE content was 0.2%, it made the greatest contribution to the reduction of the early resistivity of NC. At 28 days, the resistivity of CPE-0.2, CPE-0.4 and CPE-0.6 decreased by 10.4%, 7.4% and 6.6%, respectively, similar to the reduction in the early stage of hydration. The effect of PCE-0.2 was the best, but too much incorporation would lead to slow solidification and segregation of cement paste, which was not conducive to the performance of cement paste. For TA, the resistivity of TA-0.2, TA-0.4 and TA-0.6 decreased by 17.5%, 23.5% and 19.8% in 3 days compared with that of TA-0, respectively, and the best effect was achieved when the content of TA was 0.4%. At 28 days, the decrease of resistivity was basically the same as that at 3 days, and too much TA inclusion would increase the internal defects of the cement paste, resulting in an increase in resistivity. For SDS, the resistivity of SDS-0.2, SDS-0.4 and SDS-0.6 at 3 days was reduced by 11.3%, 17.3% and 11.2%, respectively, compared to SDS-0. With the increase of SDS content, the dispersion effect of NCB in cement was enhanced, and the resistance decreased first and then increased, reaching the lowest value at SDS-0.4. However, the high content of SDS would increase the porosity of cement matrix, but increased the resistivity.
With the increase of hydration time, the resistivity of the samples with different dispersants increased, but the overall trend remained unchanged. The reason was that the cement hydration was not complete in the early stage, and the resistivity of NC was affected by two aspects: First, NCB formed a conductive network conducive to electron transport in the cement matrix; The second was the conduction of electrons and ions in the pore liquid. At 28 days, the hydration of cement was basically completed, the pore liquid was reduced, and the electrical conductivity of ions was weakened, resulting in an increase in resistivity (He et al., 2018).
3.5 Microscopic characterization of NC
3.5.1 Types of hydration products
The XRD patterns displayed in Figure 7 provide a comparative analysis of the hydration products formed in the samples PCE-0.4, TA-0.4, SDS-0.4, and the Ctrl. The crystalline hydration products identified in the NC were Ca(OH)2, CaCO3, and CaSO4.
[image: Figure 7]FIGURE 7 | XRD of SDS-0 and SDS-0.4.
It was noteworthy that the introduction of various dispersants, PCE, TA, and SDS, did not appear to alter the fundamental types of hydration products generated during the hydration process. This indicated that while the dispersants may play a role in improving the dispersion and workability of the NCB, they did not influence the chemical composition of the hydration products.
3.5.2 Distribution and morphology of hydration products
SEM images revealed the effect of NCB on the microstructure of the cement paste. As shown in Figure 8, the dispersion of NCB under SEM significantly affected the characteristics of the cement paste. In Figure 8A, the hydration products of NCB were sparsely distributed. This distribution was mainly due to the high surface energy of NCB itself and the lack of sufficient dispersant, which made it difficult to combine with cement particles, thus limiting its promotion effect on hydration. Some incomplete granular products were unevenly dispersed and not tightly connected. As a result, unmodified NCB may form new pores and defects in the cement, reducing the fluidity of the material and the compactness of the overall structure. With the addition of SDS dispersant, as shown in Figure 8B, the agglomeration of NCB in cement almost disappeared. The dispersed particles exhibited a uniform and continuous network distribution, which helped to promote the formation of C-S-H. At the same time, the hydration product was wrapped on the surface of NCB, which increased the crystallization degree of the hydration product, filled the micropores, and improved the compactness of the cement. NCB was surrounded by hydration products and acts as a nucleation site for C-S-H (Lu et al., 2019; Chen et al., 2024), facilitating the formation of a more dense and homogeneous cement structure. In Figure 8C, the distribution of AFt and C-S-H appeared sparse and porous, while in Figure 8D, these products were clustered in cement. This aggregation effectively enhanced the mechanical strength and conductivity of the cement paste, indicating that SDS had successfully achieved the dispersion of NCB in the cement paste. Through the uniformly dispersed NCB, a conductive network was formed, and the tightness of the connection between the hydration products was improved, which provided a preliminary explanation for the improvement of SDS-0.4 in terms of mechanical strength and resistivity. This improvement may be due to the effect of SDS on the interaction between cement particles and NCB, which promoted the effective dispersion of NCB and optimized the microstructure of cement paste.
[image: Figure 8]FIGURE 8 | SEM of (A) (C) SDS-0 and (B) (D) SDS-0.4.
3.6 Snow-melting speed of NC
As shown in the Figure 9, the addition of three dispersants accelerated the snow-melting rate of NC to different degrees. Among them, TA had the most obvious effect, and the time can be reduced to 1/3; SDS followed, and PCE had the weakest effect. In the TA group, the decrease rate of TA-0.4 was the highest, the optimal dosage of SDS was also 0.4, and the optimal dosage of PCE was 0.2. The results were consistent with the resistivity results. The effect of dispersant directly affected the uniform distribution of NCB in the paste. The better the dispersion effect, the more uniform the distribution of NCB in the cement hardened paste, the lower the resistance, the better the conductivity, the higher the ice melting efficiency, and the lower the energy consumption. The reduction in electricity consumption of the TA group directly led to a reduction in CO2 emissions.
[image: Figure 9]FIGURE 9 | Ice mass loss of NC with different dispersants.
3.7 LCA analysis
Figure 10 shows GWP100a values of NC with different PCE, TA and SDS contents. The CO2 emissions of NC was mainly concentrated in cement and carbon black. Secondly, it was the electric energy required in the snow-melting process, it can be found that the electric energy of TA was the least, mainly because TA improved the ice melting efficiency of NC, SDS was in the middle, and the NC with PCE had the highest snow-melting energy consumption. CO2 was the main pollutant causing global warming, so while improving the efficiency of snow-melting and deicing of cement paste, carbon emissions should also be controlled. According to the comprehensive analysis, the impact of NCB on the environmental load of cement paste is as follows: PCE was the largest, SDS was the second, TA was the least. In conclusion, the CO2 emissions of NC with TA were the lowest.
[image: Figure 10]FIGURE 10 | NC environmental impact assessment.
4 CONCLUSION
In order to solve the problem of poor dispersion of NCB in cement paste and low snow-melting efficiency of NC, three dispersants, PCE, TA and SDS, were used in this paper to modify NC, which not only improved its dispersion, but also enhanced its mechanical and electrical properties, reduced CO2 emissions of NC. Meanwhile, snow-melting speed and life cycle assessment analysis of NC with different dispersants were investigated. The main conclusions are as follows:
(1) All three dispersants can improve the dispersion stability of NCB suspension. PCE improved the dispersion stability of NCB suspension the least, the effect of TA and SDS was similar. Under the same dosage, PCE had the most significant improvement on fluidity, TA was the second, SDS was the least. PCE and TA both delayed the setting time, TA effect was more obvious, while SDS shortened the setting time.
(2) The influence of PCE, TA and SDS on the compressive and flexural strength of NC was similar, which firstly increased and then decreased. The three dispersants all improved the mechanical strength of NC to varying degrees. The highest contribution to the mechanical strength was PCE-0.2, TA-0.4 and SDS-0.4, respectively.
(3) The three dispersants can reduce the resistivity of NC at different hydration stages, and showed a trend of first decreasing and then increasing. PCE-0.2 can effectively reduce the resistivity of the sample, but excessive use will cause retarding and segregation, resulting in increased resistivity. TA-0.4 had the best effect on the improvement of resistivity, reducing the resistivity by 23.8% at 28 days, but excess can also cause retarding and increased resistivity. SDS-0.4 can minimize the resistivity, but excessive will lead to foaming and increase the porosity of the cement matrix.
(4) The three dispersants all accelerated the snow-melting speed of NC by dispersing NCB, among which the snow-melting speed of NC with TA was the fastest. From the perspective of global warming potential, the three dispersants all reduced the CO2 emissions of NC. The impact of different dispersants NC on environmental load is as follows: PCE had the largest impact, followed by SDS, and TA had the least impact.
In this paper, low cost and high conductivity NCB was used to modify the cement paste, and the advantages of the structure and performance of the material were used in the test and the ideal results were obtained. Subsequently, the thermal conductivity of composite materials can be studied to provide a new idea for road deicing and snow removal in northern and western high-altitude areas in winter.
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As urbanization continues to accelerate, the application of permeable concrete is becoming an increasingly prevalent practice. Nevertheless, the carbon dioxide emission issue associated with traditional permeable concrete cannot be overlooked. In this study, alkali-activated sintered sludge and slag were employed as raw materials to prepare alkali-activated sintered sludge-slag-based permeable concrete. The effects of sludge calcination temperature, sludge content, and binder-to-aggregate ratio on the compressive strength, porosity, and permeability coefficient of the permeable concrete were investigated through the implementation of one-way experiments. The formation mechanism of permeable concrete materials was analyzed using scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), and a carbon emission assessment was performed. The findings indicated that an increase in sludge content resulted in a notable decline in the 28-day compressive strength, accompanied by a reduction in the Ca/Si ratio of the C-A-S-H hydration products, from 1.08 to 0.35. Conversely, the carbon emission assessment demonstrated that abiotic losses declined markedly with an increase in sludge content, effectively mitigating the carbon emission burden associated with construction materials.
Keywords: alkali-activated permeable concrete, sludge, slag, formation mechanism, carbon emissions
1 INTRODUCTION
Globally, the acceleration of urbanization and increase in industrial activities lead to the production of a significant amount of construction waste and industrial by-products, the disposal of which has become a serious environmental issue (Jiang et al., 2024; Duan and Wang, 2022; Sharma et al., 2023). Moreover, traditional cement has notable deficiencies in urban drainage and rainwater management (Adresi et al., 2023; Isukuru et al., 2024). Although its high strength and durability make it widely used in construction, the high carbon emissions from cement production severely limit its environmental friendliness. The large amounts of carbon dioxide released during the cement production process not only exacerbate global warming but also make traditional permeable concrete unsustainable in addressing urban drainage challenges, particularly in managing rainwater permeation and reducing surface runoff. The high carbon footprint of traditional cement contradicts its environmental requirements, necessitating the search for greener alternatives (Zaid et al., 2024; Basyouni and Mahmoud, 2024; Khan and McNally, 2024).
Permeable concrete is a special type of concrete material characterized by high permeability due to large voids between aggregates, which effectively reduces surface runoff, alleviates the burden on urban drainage systems, and quickly eliminates standing water, thus mitigating urban flooding issues (Pour et al., 2020). Additionally, it aids in groundwater recharge, improves water quality, and helps alleviate urban heat island effects, providing a comfortable living environment for citizens (Florentin et al., 2024; Al Jurdi et al., 2023). This material is widely used in parking lots, sidewalks, and pathways, with relatively simple construction and maintenance requirements (Rumbach et al., 2022). However, the high cement content in traditional permeable concrete leads to significant carbon emissions, which is a pressing issue in the current global environmental context. To further reduce environmental impacts, improvements in material formulations and production processes are needed to find more sustainable solutions (Wu et al., 2024; Salami et al., 2024).
Sludge and slag are two widely available and potential supplementary cementitious materials, whose application not only helps in resource recycling but also significantly reduces the carbon footprint of building materials (Yang et al., 2024). Sludge mainly comes from urban sewage treatment plants and is a solid waste precipitated during the sewage treatment process. It contains a large amount of minerals (such as silicates, bauxite, and iron ores) and organic matter. Its chemical composition allows it to exhibit good cementitious properties when properly treated (Guo et al., 2024). By drying, crushing, and chemically processing sludge, it can be transformed into a reactive material. This material can chemically react with alkaline solutions in alkali-activated reactions, forming high-strength gel bodies, thereby partially replacing traditional cement, reducing reliance on cement, and effectively reducing waste (Zhao et al., 2024; Jin et al., 2024). Studies have explored ultra-fine kaolin, water glass, and sodium hydroxide for alkali activation, with different amounts of accelerators to produce optimal geopolymer composite materials. The results indicated that at an accelerator amount of 5%, the geopolymer exhibited the best apparent density, porosity, and enhancement effects, and the strength of geopolymers with accelerators was higher than those without when the accelerator dosage was increased within a certain range. Slag is a by-product of the metallurgical industry, mainly originating from the smelting of iron ores and other metal ores (Đorđević et al., 2024). The slag produced during smelting is rich in silicates, bauxite, and lime, which exhibit good cementitious properties after grinding. Slag can also react with alkaline solutions to form a high-strength and stable cementitious material, making it an eco-friendly alternative material in construction engineering, reducing the use of traditional cement (Cui et al., 2024).
Meanwhile, sludge and slag are ideal precursors for alkali-activated reactions. Alkali-activated reactions utilize strong alkaline solutions (such as sodium hydroxide or calcium hydroxide) to activate the minerals in these materials, forming high-performance cementitious products. These alkali-activated products exhibit excellent physical and chemical properties, including high strength, low permeability, and good chemical corrosion resistance (Yuan et al., 2024). Studied the effects of different cement and alkali contents on the mechanical properties of cementitious materials. Their research indicated that increasing the amounts of cement and alkali led to higher strength in the cementitious materials (Yu et al., 2024). Notably, variations in alkali content had a more pronounced effect on the early strength of the materials. However, when the cement content exceeded 10%, the mechanical properties began to decline. By this method, sludge and slag can be converted into effective building materials, greatly reducing the demand for traditional cement, thus lowering the carbon emissions during the production of building materials and promoting the development of sustainable building materials (Kuoribo et al., 2024). Although alkali-activated materials have shown good application prospects in the construction industry, research on alkali-activated permeable concrete is still relatively limited. Most existing studies focus on the performance and environmental impacts of traditional permeable concrete, lacking in-depth discussions on alkali-activated permeable concrete, and research on aspects such as life cycle assessment of alkali-activated permeable concrete is not yet complete (Salami et al., 2024).
This paper mainly investigates the effects of sludge calcination temperature, the content of sintered sludge, and the aggregate-to-binder ratio on the compressive strength, connectivity porosity, and permeability coefficient of alkali-activated permeable concrete. It also analyzes the formation mechanism of the permeable concrete material using scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) testing methods. Additionally, a life cycle assessment (LCA) study is conducted to explore its environmental impact. By systematically evaluating the mechanical properties, permeability, and durability of alkali-activated sintered sludge-slag-based permeable concrete, this research aims to provide a scientific basis for its application in urban infrastructure. Furthermore, this study will combine the LCA method to comprehensively analyze the environmental impact of this material, thus offering theoretical support and practical guidance for the development and application of green building materials.
2 MATERIALS AND METHODS
2.1 Raw materials
The sludge used in this study was sourced from Baiyangdian in Hebei, while the slag was obtained from a steel mill in Hunan. The main components include SiO2, CaO, and Al2O3, as shown in Table 1. The coarse aggregate used was ordinary limestone crushed stone with a particle size of 4.75–9.5 mm from the Hengji Stone Factory in Jilin City. The particle grading, particle size, mud content, crushing index, and void ratio of the coarse aggregate all meet the requirements of the “Pebbles and Crushed Stone for Building Use” (GB/T 14685-2022) and “Technical Specifications for Permeable Cement Concrete Pavement” (CJJ/T 135-2009) (Zhang et al., 2024). The water glass solution came from a chemical plant in Handan, Hebei Province, with a modulus of 3.1, a SiO2 mass fraction of 27.54%, and a Na2O mass fraction of 9.35%. Solid sodium hydroxide, with a purity of 98.9%, was sourced from a chemical plant in Luoyang, Henan Province.
TABLE 1 | Chemical composition of sludge.
[image: Table 1]2.2 Mix proportion design
Preliminary experiments were conducted to explore the characteristics of the raw materials and the performance requirements of the permeable concrete to be satisfied, and the general range for the alkali equivalence and the sludge to slag ratio was determined. In the experiments, the water to binder ratio was fixed at 0.4, the modulus of the water glass was consistently 3.1 M, and the alkali content referred to the percentage of Na2O in the total mass of sludge and slag.
The sludge was treated by calcination: first, the sludge blocks were placed in an oven and dried at 150°C. The dried blocky sludge was then ground in a ball mill for 6 min to produce powdered sludge ash. The sludge ash was then placed in a crucible and calcined in a high-temperature furnace, heating at a rate of 10°C/min to temperatures of 400°C, 600°C, and 800°C, then held at these temperatures for 120 min to produce sintered sludge, which was finally ground again for 1 min to obtain sintered sludge ash. As shown in Figure 1.
[image: Figure 1]FIGURE 1 | The calcination activation process of sludge.
Using the volumetric method to determine the mix ratio of permeable concrete, the speccific steps are as shown in Equations 1–3:
[image: image]
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where ms is the mass of the slag in a dry state (g), mr is the mass of the slag in a dry state (g), mw is the mass of water (g), ma is the mass of the alkaline activator (g), mg is the mass of coarse aggregate (g), ρs is the density of the slag in a dry state (g/cm³), ρr is the density of the slag in a dry state (g/cm³), ρw is the density of water (g/cm³), ρa is the density of the alkaline activator (g/cm³), ρg is the density of the coarse aggregate in a bulk state (g/cm³).
The experiment was designed with sludge undergoing no calcination treatment and calcination at different temperatures: 400°C, 600°C, 800°C. The sludge content was: 0%, 10%, 30%, 50%, and different binder-aggregate ratios: 0.2, 0.22, 0.24, 0.26, resulting in a total of 12 experimental groups. The experimental mix ratio design is shown in Table 2.
TABLE 2 | Experimental mix ratios.
[image: Table 2]2.3 Specimen preparation
The concrete mix was prepared using a two-charge method, tamped into molds to form 100 mm × 100 mm × 100 mm non-standard test blocks. Sodium hydroxide, water glass, and water were mixed to prepare different moduli of alkali activators, which were then stored indoors to cool for 24 h before use. The pre-moistened coarse aggregate was first put into the mixer, followed by 20%–30% alkali activator solution and mixed for 30 s to ensure the coarse aggregate was sufficiently wet to better adhere to the cementitious materials, then, the pre-mixed sludge and slag were added and mixed for 1 min to evenly coat the aggregate surfaces with cementitious materials, finally, the remaining alkali activator solution was added and mixed for 3 min to fully coat the aggregate. The mixture was loaded in two layers, tamped, and then cured in still water until the age for performance testing.
2.4 Experimental methods
2.4.1 Compressive strength
The compressive strength of the specimens was tested using a YAW-300C fully automatic compression testing machine produced by Jinan Shidai Test Gold Testing Machine Co., Ltd., following the standards in GB/T 50081-2019 “Standard for Test Methods of Physical and Mechanical Properties of Concrete.” The cured alkali-activated sintered sludge-slag-based permeable concrete blocks were placed on the platform of the testing machine, ensuring good contact between the bottom of the sample and the platform surface. During the compressive strength test, the loading speed was adjusted to 2.4 kN/s. The data recorded were processed by arithmetic average to calculate the compressive strength of the group. If the experimental values in the group had large errors, they were processed again.
2.4.2 Permeability coefficient
The permeability coefficient was tested according to CJJ/T135-2009 (Muauz et al., 2024). The sample size for testing was a cylinder with a base diameter of 100 mm and a height of 50 mm. Calculated according to Equation 4:
[image: image]
where KT is the permeability coefficient (mm/s), T is the water temperature (°C), Q is the volume of water collected in t s (mm³), L is the thickness of the specimen (mm), A is the surface area of the specimen (mm2), H is the water level difference (mm), and t is the time (s).
2.4.3 Connected porosity rate
The test for connected porosity rate of permeable concrete specimens was used to evaluate the connectivity of the pores and the overall permeability. Firstly, the permeable concrete specimens, sized 100 mm × 100 mm × 100 mm, were cured under standard conditions for 28 days. After reaching the age, the specimens were placed in an oven and dried to constant weight at a set temperature of (105 ± 5)°C. After removal, the specimens were cooled to room temperature in a cool, dry environment and weighed. Then, they were immersed in water, treated to saturation until no more bubbles emerged from the surface. Following this, the saturated specimens were weighed in water, and their mass was recorded. By comparing the mass of the specimen in the dry state with the mass in the saturated state, the connected porosity can be calculated. Calculated according to Equation 5:
[image: image]
where P is the connected porosity rate (%), m1 is the mass of the specimen in dry state (g), m2 is the mass of the specimen in saturated state (g), ρ is the density of the specimen (g/cm³), and V is the volume of the specimen (cm³).
2.4.4 Scanning electron microscope (SEM)
To observe the microstructure and elemental composition of the hydration products in the alkali-activated sintered sludge-slag-based permeable concrete, a Quanta 250 Field Emission Scanning Electron Microscope (FEI/SEM, Hillsboro, OA, United States) was used. Due to the poor conductivity of the alkali-activated sintered sludge-slag-based permeable concrete, it was necessary to apply conductive adhesive to the sample surface first, followed by gold sputtering to enhance the sample’s conductivity.
2.4.5 Life cycle assessment method (LCA)
Life Cycle Assessment (LCA) is a method for analyzing and evaluating the overall resource inputs and emissions outputs throughout the entire lifecycle of a product. This includes everything from raw material extraction, transportation, and processing to the final product’s use and eventual disposal (Liang et al., 2024). The assessment process consists of four main components: defining the goal and scope, inventory analysis, impact assessment, and interpretation of the lifecycle results.
In this experiment, the LCA model aimed to quantify the resource and environmental impacts of producing alkali-activated sintered sludge-slag permeable concrete under various material proportions. The research findings will provide substantial evidence and reference for selecting sludge treatment conditions in terms of resource and environmental impacts, aiding decision-making when related research is implemented in real production (Tamoor et al., 2023).
When discussing the standard scope, it is essential to highlight that the majority of moisture in the sludge drying phase is lost during natural air drying. Given sufficient time, this process can even result in complete dryness. The treatment of specimens in an oven was not included in the primary conditions under consideration, as its energy consumption is relatively low compared to the overall process, leading to minimal environmental impact. Consequently, the cut-off principle was applied to exclude this process.
In summary, the system boundary for the production of alkali-activated sintered sludge-slag permeable concrete is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | System boundary for alkali-activated sintered sludge-slag permeable concrete.
This experiment utilizes SimaPro as the software tool for constructing the life cycle assessment model (Herrando et al., 2022). Developed by the Centre for Environmental Science at Leiden University in the Netherlands, SimaPro is currently used in over 80 countries. The software includes a rich set of databases, such as large databases like ecoinvent, ELCD, the U.S. Life Cycle Inventory Database, and the IDEA Japan Inventory Database, as well as numerous industry-specific databases like PlasticsEurope, ERASM, and World Steel. The databases related to construction materials, transportation processes, and treatment methods are relatively comprehensive and sufficient to meet the requirements for building the corresponding model.
3 RESULTS AND DISCUSSION
3.1 Compressive strength analysis
3.1.1 Sludge calcination temperature
Figure 3 showed the compressive strength of permeable concrete at 7 and 28 days under room temperature and various calcination temperatures (20°C, 400°C, 600°C, 800°C) (Yan et al., 2022). It was observed that as the calcination temperature of sludge increases, so did the compressive strength of the permeable concrete. This increase in strength was due to the reduction of organic substances within the sludge, which would otherwise impede hydration reactions and affect the strength of the concrete. The structural changed in the sludge particles after calcination also made them more conducive to bonding with the cement matrix, thereby enhancing the overall strength of the concrete. The influence of temperature on strength showed a more pronounced effect in the early stages, becoming nearly consistent at higher temperatures. At 600°C, almost all organic materials were decomposed, hence the impact on the strength of sludge at 600°C and 800°C was nearly the same.
[image: Figure 3]FIGURE 3 | Effect of sludge calcination temperature on compressive strength.
3.1.2 Sintered sludge content
Figure 4 illustrated the compressive strength of permeable concrete at 7 and 28 days with different sintered sludge contents (0%, 10%, 30%, 50%). As the sintered sludge content increases, the compressive strength of the permeable concrete decreases. This was because sludge, as an auxiliary cementitious material, offers lower strength than slag. When the sludge contents of 0%–30%, the strength at 7 days changed little, while at 28 days, the strength significantly reduced, indicating that sludge contributes more to the early strength, whereas slag provides better late strength. It was evident that at a sludge content of 50%, there is a sharp drop in strength. This may be due to excessive sludge content reducing the flowability of the permeable concrete, making it difficult to compact during preparation, and creating weak areas, thereby reducing the compressive strength of the concrete. Therefore, sludge content should ideally be kept within 50%.
[image: Figure 4]FIGURE 4 | Effect of sludge content on compressive strength.
3.1.3 Binder-to-aggregate ratio
Figure 5 showed the compressive strength of permeable concrete at 7 and 28 days with different binder-to-aggregate ratios (0.2, 0.22, 0.24, 0.26). As the binder-to-aggregate ratio increased, so did the strength at both 7 and 28 days, although the increase was relatively modest. Additionally, the 28 days strength was approximately twice that of the 7 days compressive strength. When the binder-to-aggregate ratio was low, the cementitious material provided a weaker coating around the aggregates, and the coating layer was thinner. Also, due to more aggregates, the cementitious material may accumulate in clumps, failing to adequately bond all aggregates, thus resulting in lower compressive strength. As the amount of cementitious material increased, both the degree of coating around aggregates and the thickness of the coating improve, and the reduction in aggregate quantity allows the cementitious material to better connect all aggregates, enhancing the compressive strength of the permeable concrete.
[image: Figure 5]FIGURE 5 | Effect of different binder-to-aggregate ratios on compressive strength.
3.1.4 Connected porosity and permeability analysis
Figure 6 shows the effect of different binder-to-aggregate ratio on porosity andpermeability coefficient. Comparing the connected porosity and permeability coefficients, a similar trend can be observed, both decreasing as the binder-to-aggregate ratio increases, with the rate of decrease slowing as the ratio increases (Liu et al., 2022). This was because the primary channels for water permeability in permeable concrete were the voids between aggregates rather than the cementitious material itself, thus there was a strong correlation between connected porosity and permeability coefficients. At lower binder-to-aggregate ratios, due to inadequate coating of aggregates by cementitious materials, the connections between aggregates were poor, resulting in more pores. This resulted in higher connected porosity and permeability coefficients. As the cementitious material fully enveloped the aggregates, this phenomenon gradually diminished, significantly reduced both metrics (Shanmuganathan et al., 2023).
[image: Figure 6]FIGURE 6 | Effect of different binder-to-aggregate ratio on porosity and permeability coefficient.
3.2 Microscopic morphology
Figure 7 shows the alkali-activated permeable concrete composed of sintered sludge and slag as precursor materials at different calcination temperatures. It is evident that as the calcination temperature increases, the minerals gradually decompose, forming more fine particles. High-temperature calcination activation enhances the reactivity of sludge, contributing to improved strength and durability of permeable concrete (Wang et al., 2024). Moreover, the higher the temperature, the denser the microstructure, forming a more compact network structure, which aids in the mechanical performance of the permeable concrete. However, at 800°C, increased porosity and a looser particle structure were observed, which may be due to recrystallization (Tiwari et al., 2020).
[image: Figure 7]FIGURE 7 | Morphology of alkali-activated sintered sludge-slag-based permeable concrete at different temperatures. (A) 20°C (B) 400°C (C) 600°C (D) 800°C.
Figure 8 shows the alkali-activated slag permeable concrete with different proportions of sintered sludge at 28 days of age. As the sludge content increased, cracks and pores become more apparent within the cementitious material, indicating that the addition of sintered sludge inhibits the shrinkage ability of the alkali-activated cementitious material. The primary hydration products in the alkali-activated slag reaction are calcium-aluminosilicate hydrates (C-A-S-H) and calcium-aluminate hydrates (C-A-H). C-A-S-H possesses good binding properties, while calcium-aluminate hydrates (C-A-H) formed in a high-alkali environment when aluminum in slag reacted with calcium, enhancing the material’s strength and durability (Kosar et al., 2023). Hydration products typically appeared as irregular granular or gel-like structures, which interlace during hydration to form complex networks. The compactness of the alkali-activated slag cementitious material was typically higher. However, the early high hydration degree of alkali-activated cementitious materials can adversely affect the material of sustained development, sludge addition balances the excessive early reaction of slag, achieving the goal of sustained development for permeable concrete cementitious materials (Zhu et al., 2024).
[image: Figure 8]FIGURE 8 | Morphology of alkali-activated slag permeable concrete with different content of sintered sludge. (A) 0% (B) 10% (C) 30% (D) 50%.
As shown in Figure 9, high-magnification images reveal unreacted calcined sludge particles at point P3 in samples with high sludge content, as evidenced by the spectrum in Figure 10. This observation indicates that the calcined sludge has not been fully decomposed, suggesting that its reactivity is lower than that of the slag. This incomplete decomposition may result from insufficient processing conditions or inadequate exposure time during the calcination process.
[image: Figure 9]FIGURE 9 | Morphology of alkali-activated slag permeable concrete with different amounts of sintered sludge at high magnification. (A) 0.20 (B) 0.22 (C) 0.24 (D) 0.26.
[image: Figure 10]FIGURE 10 | EDS energy spectrum analysis of alkali-activated slag permeable concrete with different content of sintered sludge.
Through the energy spectrum of 2, 4, 6 points in Figure 10, it was found that the content of calcined sludge is from 0% to 30% to 50%, and the Ca/Si of hydration product C-A-S-H was from 1.08 to 0.65 to 0.35. The results were consistent with the high silicon content of calcined sludge. The addition of calcined sludge changed the structure of hydration products and reduced its Ca/Si.
3.3 Life cycle assessment
3.3.1 Global warming potential (GWP)
Global warming potential indicates the likelihood of global warming over 100 years, mainly related to greenhouse gas emissions as shown in the Figure 11. The metric is expressed in kg CO2 eq. The results showed that the main sources were sodium hydroxide and slag, and as the calcination temperature increased, the impact of calcination also rised (Yan et al., 2022). Considering the effects of calcination temperature on mechanical properties, it was advisable to avoid calcination temperatures above 800°C. Excessive calcination temperatures not only minimally enhance mechanical properties but can also negatively impact the environment. Additionally, as the sludge content increases, the global warming potential also rises, although the changes were minor at lower sludge contents (10%).
[image: Figure 11]FIGURE 11 | The (A) eigenvalue and (B) composition ratio of GWP.
3.3.2 Ozone layer depletion
Ozone layer depletion refers to the gradual thinning of Earth’s upper atmosphere ozone layer caused by the release of gaseous chlorine or bromine compounds from industrial and other human activities as shown in the Figure 12. The metric is expressed in kg CFC-11 eq (Pradel et al., 2021; Savinykh et al., 2021). As observed, ozone layer depletion slowly increases with higher calcination temperatures due to the destructive effects of the calcination process on the ozone layer. Using sludge in place of slag almost does not change the ozone layer depletion, signifying that substituting slag with sludge can manage solid waste without adding to the destruction of the ozone layer. As the binder-to-aggregate ratio increases, leading to higher usage of cementitious materials, ozone layer depletion also rises (Wang et al., 2023).
[image: Figure 12]FIGURE 12 | The (A) eigenvalue and (B) composition ratio of OLDP.
3.3.3 Abiotic depletion (fossil fuels)
Abiotic depletion indicates the consumption of non-renewable resources such as fossil fuels, measured in MJ, as shown in the Figure 13 (Wang et al., 2023). With increasing calcination temperature, there is little change in abiotic depletion. However, as the replacement amount of sludge increases, there is a significant decline. At a 50% substitution level, abiotic depletion decreases by nearly 50%. This is primarily because the main source of abiotic depletion is slag, thus, reducing the amount of slag significantly lowers abiotic depletion. Without compromising mechanical strength, increasing the sludge substitution amount can effectively reduce abiotic depletion (Burchart-Korol, 2013).
[image: Figure 13]FIGURE 13 | The (A) eigenvalue and (B) composition ratio of ADP.
4 CONCLUSION
This study provides an in-depth exploration of the performance and life cycle of alkali-activated sintered sludge-slag permeable concrete, leading to the following important conclusions:
(1) Mechanical performance: As the calcination temperature of the sludge increases, the compressive strength of the permeable concrete correspondingly rises. This improvement is primarily attributed to the synergistic effect between the sintered sludge and slag, which forms a stable three-dimensional network structure. However, with an increase in sludge content, the compressive strength decreases because the strength provided by the sludge as an auxiliary binder is lower than that of the slag.
(2) Microscopic features: As the sintering temperature continues to rise, minerals gradually decompose, generating more fine particles. High-temperature calcination activation allows the sludge to exhibit better reactivity, contributing to enhanced strength and durability of the permeable concrete. However, with an increase in sludge content, cracks appear in the binder material, leading to increased porosity, while the calcium-to-silicon ratio of the hydration products initially increases and then decreases.
(3) Environmental impact: Reducing the amount of slag can significantly lower abiotic depletion. At the same time, an increase in sludge content leads to a rise in global warming potential, although the variation is relatively small at lower substitution levels (10%).
Future research can focus on further optimizing the ratio of sintered sludge to slag to achieve the best mechanical performance and economic benefits, particularly in balancing the relationship between sludge content and compressive strength. Additionally, exploring the impact of different sintering temperatures on material properties is crucial for enhancing the long-term durability of permeable concrete. Lastly, while reducing the slag content can significantly decrease abiotic depletion, increasing sludge content raises global warming potential, thus, it is necessary to seek more environmentally friendly material alternatives or additives to mitigate environmental impacts.
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The research object is concrete with supplementary cementitious materials (SCMs) such as bentonite clay and quarry dust. The impact of incorporating these SCMs on fresh concrete properties, compressive, flexural, and split tensile strengths, and acid resistance was investigated. Microstructural analysis using Scanning Electron Microscopy (SEM) and X-ray radiography were used. Varying proportions of SCMs (5%–20%) were incorporated into the concrete mix while maintaining a constant water-to-cement ratio. Key findings reveal a 7.31% increase in compressive strength, a significant 19.7% improvement in flexural strength, and enhanced acid resistance. Utilizing Response Surface Methodology (RSM), the optimal mix design for achieving superior mechanical strength was identified. The quadratic model of RSM indicated that a combination of 10.29% bentonite clay, 7.20% quarry dust, and 8.19% fine aggregate replacement yielded the highest strength. Predictive and experimental results demonstrated strong agreement. Compared to the reference concrete, the optimized samples exhibited significant increases of 18.08%, 33.60%, and 11.15% in compressive, flexural, and tensile strengths, respectively. This research demonstrates the potential of locally available SCMs as viable and sustainable alternatives for concrete production, offering improved performance without compromising strength.
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1 INTRODUCTION
The world rests on concrete, the most prevalent construction material globally, serving as the foundation for both developed and developing economies. It has been quantified that producing one metric ton of cement yields an equivalent carbon dioxide emission, totaling one metric ton, into the Earth’s atmosphere. It is estimated that the production of Portland cement contributes to approximately 7% of global greenhouse gas emissions (Althoey et al., 2023; da Silva Rego et al., 2023; Soomro et al., 2022; Sousa et al., 2023). Cement production exhibits a growth rate of ten percent annually worldwide. Concrete has three primary constituents: cement, aggregates (fine and coarse materials), and water (Uratani and Griffiths, 2023). In the current production of concrete, there has been a remarkable production in the utilization of locally accessible raw materials such as rice husk ash, fly ash, metakaolin, crushed granulated blast furnace slag, waste glass powder, and foundry sand as Supplementary Cementitious Materials (SCM) over the preceding decades (Isaksson et al., 2023; Manjunatha et al., 2021; Qureshi et al., 2020; Nasiru et al., 2021). Incorporating SCM into concrete is associated with various advantages surrounding its inherent cementitious properties, economical cost, and ready availability within proximity. Throwing away these materials without proper care is not just wasteful. It can also pollute the environment and harm plants, animals, and ourselves (Kolawole et al., 2021; Aprianti S, 2017; Zhang et al., 2023).
Supplementary cementitious materials are not widely available across the globe, the global shift towards green energy has led to the closure of coal power plants in certain regions, resulting in a sharp decrease in fly ash production. The availability of SCMs is uneven across different regions, and their production is considerably lower compared to ordinary Portland cement (OPC). As a result, SCMs cannot fully satisfy the demand for high cement replacement in large-scale construction projects (Arrigoni et al., 2020). Additionally, the production quantity and quality of SCMs are impacted by changes in industrial processes, especially within the steel and coal industries. Therefore, researchers are exploring alternative SCMs, such as bentonite clay and quarry dust, which could serve as partial replacements for cement to address these challenges and promote sustainable construction practices (Duchesne, 2021; Raza et al., 2024; Chengfang et al., 2024). A promising alternative is bentonite clay, which is abundantly available in regions of Asia and Africa (Javed et al., 2020).
Bentonite, a clay mineral rich in montmorillonite (a type of hydrous aluminum silicate), forms layered deposits with varying thicknesses, mainly composed of smectite clays. It is classified into swelling (sodium bentonite) or non-swelling (calcium bentonite) types based on its sodium content (Sun et al., 2022). The choice of bentonite clay dictates the characteristics of the resulting concrete, with swelling bentonite yielding a foamy consistency and non-swelling bentonite resulting in a cracked appearance. Bentonite can bind sand particles in the presence of water, forming a plastic paste that helps create a workable concrete mix. This reaction produces magnesium and potassium oxides, contributing to the strength and setting of the concrete (Ahmad et al., 2022). Some types of bentonite may expand when exposed to water due to the reaction with the montmorillonite content, but calcium-rich bentonite has a lower swelling capacity. Significant bentonite reserves are found in various regions, with estimates of approximately 36 million metric tons. Utilizing bentonite is more cost-effective than cement, with one tonne of bentonite priced at Rs-3600 ($12) versus Rs-24000 ($80). Enhanced concrete mixtures containing bentonite exhibit prolonged strength and resistance to acid attacks, improving durability and reliability, crucial factors in seismic regions (Umair et al., 2023; Ashraf et al., 2022; Masood et al., 2020; Mirza et al., 2009).
Moreover, concrete mixtures enhanced with bentonite have demonstrated the ability to maintain strength over extended periods and resist acid attacks. Bentonite enhances the durability and reliability of structural concrete from an earlier age (Xie et al., 2018), increases mortar creep (Fadaie et al., 2019), and introduces siliceous and aluminous compounds into concrete mixtures, offering a range of benefits (Memon et al., 2012). Seismically active areas have experienced substantial structural damage during previous earthquakes, largely due to the use of substandard materials. The economic challenge wherein a significant portion of the population faces extreme poverty renders them unable to afford high-quality cement (Khan et al., 2019). Additionally, recent research highlights the cement industry as the primary contributor to carbon dioxide emissions. Consequently, advocating for the adoption of locally available construction materials will address economic barriers and align with environmental sustainability goals. Encouraging the use of such materials not only facilitates cost-effective construction but also promotes an eco-friendly approach (Khan et al., 2021; Rehman et al., 2020).
The limited accessibility of conventional SCMs employed for cement substitution presents a significant obstacle for the concrete industry, driving the need to identify and implement alternative cementitious binders (Snellings et al., 2023; Ndahirwa et al., 2022). Quarry dust, a waste product from the crushing process, presents itself as a potential SCM for partial cement substitution in mortar and concrete formulations (Dobiszewska et al., 2023; Sundaralingam et al., 2022). Rock dust, a byproduct generated during the comminution of diverse geological rock formations, exhibits potential for optimizing the particle size distribution (PSD) and packing density within concrete composites. A promising approach to sustainable construction involves partially substituting rock dust for cement. It could lead to less CO2 pollution, a smaller environmental footprint, and a decrease in resource and energy consumption (Zhao et al., 2022; Nasier, 2021; Al-Bakri et al., 2022).
The quarrying and crushing of large rocks into smaller fragments culminate in producing aggregates of varying sizes, serving as the originator for quarry dust. Projections indicate that the global construction aggregates market is composed of growth, with an anticipated Compound Annual Growth Rate (CAGR) of approximately 6.7% in the coming years. It was expected to attain an estimated value approaching US$ 393.5 Billion in 2019 (Escavy et al., 2020). This figure alone is compelling evidence of the escalating trajectory within the construction industry. Quarry dust as waste, due to dust fine particle size, has adverse environmental effects (Ali et al., 2023; Shaheen et al., 2023). Quarry dust can be utilized as a filler material (fine aggregate) and as a binding agent, replacing a portion of the customary cement content in concrete mixes (Hemalatha and Sindu, 2020; Kankam et al., 2017; Mugi, 2022).
While there is extensive global research on supplementary cementitious materials (SCMs) as sustainable alternatives in concrete production, most studies have predominantly focused on conventional SCMs like fly ash and slag. However, the combined use of waste materials such as bentonite clay and quarry dust as partial cement replacements remains largely unexplored. To the best of our knowledge, no existing research has comprehensively investigated the combined effect of these two materials as concrete binders. This study fills this knowledge gap by evaluating the mechanical properties of concrete (compressive, flexural, and split tensile strength) and its acid resistance when cement is partially replaced with these SCMs. Furthermore, this work advances current knowledge by utilizing Response Surface Methodology (RSM) to optimize the replacement levels, providing a predictive framework for enhancing concrete performance. The novelty lies not only in the use of these unconventional SCMs but also in the validation of RSM as an effective tool in designing sustainable concrete mixes, thus offering a meaningful contribution to both academic research and industry practice.
2 MATERIALS AND METHODS
2.1 Material used
Various materials are employed during experimental testing, elucidated in the subsequent subsections.
2.1.1 Cement
In this research, ASTM Type 1“Fuji Cement,” which was free from clumps and impurities, was utilized. This cement was ordinary Portland cement (OPC) and confirmed to ASTM C150. The cement underwent a physical examination to assess its smoothness and colour. The properties of cement are detailed in Table 1.
TABLE 1 | Properties of Ordinary Portland cement.
[image: Table 1]2.1.2 Bentonite clay
The Jehangira bentonite deposits are located at 33°59′56″ latitude and 72°12′47″ longitude, as shown in Figure 1 indicated by the Survey of Pakistan topographic sheet 43 C/1 (Karagüzel et al., 2010). The particle size distribution of bentonite clay is shown in Figure 3A and collected from these deposits in small pieces, as depicted in Figures 2A, B. For finer particles, bentonite clay was subjected to grinding in a Los Angeles abrasion machine. Each batch underwent 4,500 revolutions to ensure uniform fineness until fully transformed into powder. The elemental composition of bentonite and quarry dust was determined using an Energy Dispersive X-ray (EDX) at the Centralized Resource Laboratory (CRL), University of Peshawar, Pakistan.
[image: Figure 1]FIGURE 1 | A map of the study area to identify the sampling location. Map data ©2024 Google (Google Earth, 2024).
[image: Figure 2]FIGURE 2 | (A) Bentonite deposits (B) bentonite clay (C) Quarry dust deposits.
2.1.3 Quarry dust
The quarry dust was collected at the crusher facility in Margalla Hills, Islamabad, Pakistan. Large pieces of stone were removed from the location where they were found. The particle sizes ranged from 4.75 mm down to dust sizes of 0.05 mm and smaller; the gradation curve is shown in Figure 2C. Subsequently, the sample was transferred to the laboratory for additional screening and examination. Compared to fine aggregates, Table 2 illustrates that quarry dust has a lower specific gravity and a higher water absorption rate. Table 3 provides information on the chemical characteristics of cement, bentonite, and quarry dust.
TABLE 2 | Physical properties of material.
[image: Table 2]TABLE 3 | Chemical composition of materials.
[image: Table 3]The specific gravity and water absorption rates of bentonite clay and quarry dust influence the concrete’s mix design, density, and workability. Their water absorption impacts hydration and particle bonding, improving compressive strength. High SiO2 content in both materials promotes pozzolanic reactions, increasing strength through the formation of calcium silicate hydrate (C-S-H) gel. The Al2O3 content in bentonite improves acid resistance, while Fe2O3 and MgO enhance binding. The loss on ignition (LOI) values reflect the presence of volatile components that may affect durability. The pozzolanic activity and improved particle packing, driven by these material properties, contribute to the enhanced mechanical properties (compressive, flexural, and tensile strength) of the concrete.
2.1.4 Aggregates
The deposits at Lawrencepur served as the source for collecting fine aggregates. The ASTM C136-04 was employed to determine the fineness modulus. Figure 3A illustrates the gradation curves for fine aggregates of different sizes. Throughout this study, coarse aggregates were sourced from the Margalla hills, widely acknowledged as some of the best in Pakistan (Khan M. I. et al., 2022).
[image: Figure 3]FIGURE 3 | (A) Gradation curve of dry ingredients (B) XRD analysis of bentonite clay and quarry dust.
2.1.5 Characterization of bentonite clay and quarry dust
The XRD analysis was conducted to determine the mineralogical composition of bentonite and quarry dust, which were used as partial replacements for cement in this study as shown in Figure 3B. A Panalytical Empyrean XRD instrument was employed, equipped with Cu Kα radiation (λ = 1.5406 Å). The analysis was performed under the following operating conditions: a voltage of 45 kV and a current of 40 mA. The diffraction data were collected over a scanning range of 5°–80° (2θ) with a step size of 0.02° and a scan speed of 2°/minute. For bentonite clay, the XRD pattern reveals a predominance of montmorillonite, which is characterized by its high cation exchange capacity and swelling properties that can impact the water retention and mechanical properties of concrete. Notable peaks of montmorillonite are visible in the diffraction pattern, confirming its significant presence. In addition to montmorillonite, the XRD spectrum of bentonite also shows the presence of other minerals such as illite and kaolinite. Illite, marked by specific peaks in the graph, contributes to the clay’s overall plasticity and strength, while kaolinite, indicated by its distinct peaks, is known for its less expansive nature compared to montmorillonite but adds to the durability when used in cementitious mixes.
Quarry dust, represented in the XRD analysis, primarily comprises quartz, as indicated by the strong peak aligned with the Quartz PDF #46-1045 standard, which is a common phase in many geological materials and significantly impacts the hardness and durability of the resulting concrete. The presence of feldspar and minor traces of kaolinite in quarry dust is also noted, which can influence the chemical durability and workability of the concrete mixes. The identification of these minerals in both bentonite clay and quarry dust is crucial for evaluating their suitability as partial replacements in concrete. The distinct peaks corresponding to quartz, feldspar, montmorillonite, illite, and kaolinite provide insights into the materials’ crystallography and structural characteristics, essential for predicting their behavior in concrete applications. Understanding the composition and distribution of these minerals helps in tailoring the mix designs for enhanced performance and sustainability of the concrete products.
2.2 Casting and mixing proportion
Throughout this research, various percentages of SCM were utilized to achieve maximum strength, improved workability, and long-lasting characteristics; 96 specimens were created, each representing one of 13 possible mix proportions, before RSM was performed. For example, cement was substituted with bentonite clay in proportions of 5%, 10%, 15%, and 20%, denoted as 5BN, 10BN, 15BN, and 20BN, respectively. The coarse and fine aggregate proportions were kept constant across all the mixes mentioned above. Quarry dust was categorized into two types as filler, replacing fine aggregates and binder replacing cement. The differentiation between these two groups lies in particle size. The filler group passed through a sieve with a 4.75 mm opening and was retained on a sieve with a 0.3 mm opening. The ‘as binder’ group consisted of particles 0.05 mm or smaller. Mixes falling under the ‘as filler’ category were designated 5QDF, 10QDF, 15QDF, and 20QDF, corresponding to 5%, 10%, 15%, and 20% replacement of fine aggregate with quarry dust. Mixes using quarry dust from the ‘as binder’ group were labelled as 5QDB, 10QDB, 15QDB, and 20QDB, indicating 5%, 10%, 15%, and 20% replacement of cement with quarry dust. A control mix was also prepared without adding any SCM, and a consistent water-to-cement ratio of 0.5 was maintained for all the mixes. Table 4 outlines the concrete mix proportions required to produce one cubic meter of the final product. To validate the RSM results, nine samples were cast according to the specified ratios generated by the statistical analysis software.
TABLE 4 | Mix proportion of concrete mixes.
[image: Table 4]Cylindrical specimens measuring 305 mm in length and 152 mm in diameter were employed to assess the material’s compressive and split tensile strengths, respectively. Compressive strength, following ASTM C39, was measured after curing for 7 and 28 days. Following ASTM C496, split tensile strength was determined after the same curing periods. Flexural strength tests confirming ASTM C78 were conducted on concrete specimens with widths of 101 mm, depths of 101 mm, and lengths of 305 mm after 7 and 28 days of curing. Fresh concrete properties were evaluated using ASTM C 143, incorporating quarry dust and bentonite clay. Additionally, 152 mm cubic concrete specimens were immersed in separate solutions of 5% sulfuric acid and 5% hydrochloric acid. Furthermore, it was observed that the specimens exhibited water observation characteristics. Lastly, the Response Surface Methodology (RSM) was employed for statistical analysis to optimize the percentage of partial cement replacement with SCM.
3 TEST RESULTS AND DISCUSSION
3.1 Fresh properties
Increasing the quarry dust “as binder” group resulted in a notable decline in the workability of all the mixtures compared to the control mix while maintaining a constant water-cement ratio. The graphical representation in Figure 4 shows that mix 5QDB exhibited the most pronounced slump value among all the mixes categorized under the “as binder group,” surpassing the performance of all other mixes. Conversely, mix 20QDB displayed substantially reduced workability compared to the preceding mixtures. This decrease in workability can likely be attributed to the elevated presence of fine particles within the mix, exceeding the levels found in other mixtures. The amplified surface area of these fine particles in quarry dust, acting as a binder, necessitated a higher demand for water to ensure thorough saturation of the mixtures (Passuello et al., 2015).
[image: Figure 4]FIGURE 4 | Slump variations.
For compositions incorporating quarry dust in the capacity of a filler material, the highest observed slump was 72 mm, as recorded in mix 5QDF. Stone dust particles are characterized by their coarse, rough, angular morphology, and the introduction of quarry dust into the concrete mix led to an increased proportion of fine particles, imparting a coarse texture and angular shape to the particles. This augmentation in inter-particle friction and the surface area likely contributed to the unfavorable flow characteristics observed. Furthermore, due to the higher water absorption rate of quarry dust particles, there was a reduction in the available water for lubricating cement particles.
The greater specific surface area of bentonite clay in the mix enhanced the demand for water to adequately wet the particles in the mixture. As the water added to the mix is absorbed by the bentonite clay particles, insufficient water remains available to lubricate the cement and bentonite particles. Consequently, the workability diminishes for a consistent water-cement ratio as the content of bentonite clay increases. In this context, it is important to note that the workability was lower than that of the control mix but higher than the mixes incorporated with quarry dust, as reported by (Xie et al., 2018) and (Nataraja and Nalanda, 2008). While this study focused on maintaining a constant water-cement ratio across all mixes, future research should explore the use of water-reducing admixtures or superplasticizers. These additives could counterbalance the negative impact of fine particles (quarry dust and bentonite clay) on workability without sacrificing the mechanical strength and durability properties of the concrete mix.
3.2 Compressive strength
The compressive strength, as measured after 7 days of curing, for the mixes containing different proportions of quarry dust filler, namely 5QDF, 10QDF, 15QDF, and 20QDF, are as follows: 17.38, 18.78, 16.60, and 15.43 MPa, respectively. The control mix (CM) exhibits a compressive strength of 16.77 MPa. As presented in Figure 5, it is evident that the optimal strength performance is achieved at the 10% quarry dust filler ratio (10QDF), resulting in an impressive 11.9% increase in strength when compared to the control mix. Upon extending the curing period to 28 days, the compressive strength values for the quarry dust filler mixes are as follows: 29.13 MPa for 5QDF, 30.11 MPa for 10QDF, 27.95 MPa for 15QDF, and 26.19 MPa for 20QDF. In contrast, the CM maintains a compressive strength of 28.04 MPa. Figure 5 reinforces the observation that the 10% quarry dust filler mix (10QDF) outperforms the CM with a notable 7.38% increase in strength (Ho et al., 2002; Khan, 2023).
[image: Figure 5]FIGURE 5 | Compressive strength at 7 and 28 days of curing.
The observed trend in the compressive strength of quarry dust mixes, whether used as a binder or filler, exhibited remarkable similarity, except for a slight enhancement in strength. After 7 days of curing, the compressive strengths for mix proportions of 5% QDB, 10% QDB, 15% QDB, and 20% QDB were measured at 16.77, 17.38, 18.78, 16.60, and 15.43 MPa, respectively. These strengths improved to 28.04, 29.13, 30.11, 27.95, and 26.19 MPa at the 28-day mark. A similar growth and reduction pattern emerged when comparing the “as binder” mixes to the “as filler” mixes. Notably, the 10% QDB mixes exhibited the highest strength at all ages compared to control mixes. This enhancement could be attributed to the early acceleration of the hydration reaction, facilitated by the finer particles of quarry dust filling gaps and creating a denser matrix, thus increasing load resistance. However, it is essential to note that increasing the proportion of quarry dust led to reduced workability and poor compaction, resulting in decreased strength (Febin et al., 2019). This decline in strength became more pronounced beyond the 10% replacement threshold, possibly due to limited water availability for dust particles to engage in the hydration process and an increase in the surface area resulting from higher quarry dust concentration.
In contrast, the compressive strength values for mixes containing bentonite (5BD, 10BD, 15BD, and 20BD) showed different trends. After 7 days of curing, these mixtures displayed strengths of 16.59, 16.63, 15.84, and 14.55 MPa, respectively. The decrease in compressive strength in the early stages can be attributed to the slower hydration of bentonite. However, at 28 days, the measured strengths improved to 28.94, 29.42, 25.75, and 24.55 MPa, with 5BD and 10BD mixtures showing increases of 3.15% and 4.91%, respectively, compared to the control sample. The rise in strength is linked to the pozzolanic characteristic of bentonite, which exhibits gradual improvement between 3 and 28 days and further enhancement after 56 days. It is noteworthy that insufficient dust particles are present in specimens with 0% and 5% bentonite content to fill gaps and participate effectively in the hydration process, leading to decreased compressive strength. However, increasing the bentonite clay content beyond 10% tends to reduce the compressive strength of specimens due to the presence of small particles, which increases the total particle surface area (Masood et al., 2020).
3.3 Flexural strength
In flexural strength analysis, mixes containing quarry dust and bentonite clay demonstrate a consistent strength pattern similar to that reported for compressive strength when subjected to 7 and 28 days of curing. Specifically, at a 7-day mark, the mixture denoted as “10QD” exhibits a notable increase in strength, registering a rise of 19.7% compared to the control mix. Similarly, at the 28-day juncture, it demonstrates an incremental strength gain of 7.17%. This augmentation in strength can be attributed to the rapid hydration process inherent in the quarry dust mixture, which also acts as a filler (Ramos et al., 2013).
In Figure 6 the 10BN mixtures containing bentonite clay exhibit different behavior, at 7 days of curing, there is a modest 4.2% increase in strength, whereas at 28 days, a more substantial boost of 11.8% is observed. This disparity can be ascribed to bentonite clay’s relatively sluggish hydration reaction, resulting in lower flexural strength at the 7-day interval. This phenomenon aligns with the observations reported in reference. As mentioned earlier, similar dynamics regarding the increase and subsequent decrease in strength have been discussed in the context of compressive strength.
[image: Figure 6]FIGURE 6 | Flexural strength at 7 and 28 days.
3.4 Split tensile strength
Tensile strength for quarry dust and bentonite clay mixes was observed at 7 days and 28 days of curing. For quarry dust mixes, an increase of 14.6% at 7 days and 9.9% at 28 days of curing was noted, respectively. Various researchers have established that the optimum replacement of cement with quarry dust is 10%–15% to increase split tensile strength. Beyond this replacement, split tensile strength tends to decrease (Abd Elmoaty, 2013; Qian et al., 2024). It is observed in Figure 7 that split tensile strength is affected similarly to compressive strength. The bentonite mix shows a decrease of 6.6% at 7 days and an increase of 3.8% at 28 days of curing compared to the control mix, as reported by. The reduction in early-age strength may be attributed to the slow hydration of bentonite clay at early ages (Mirgozar Langaroudi and Mohammadi, 2022).
[image: Figure 7]FIGURE 7 | Split tensile strength at 7 and 28 days.
3.5 Acid attack
The acid resistance of concrete specimens was evaluated using a constant pH method designed to maintain the pH consistently at 2.0 ± 0.2 throughout the testing period. This analysis was performed using both sulfuric acid (H₂SO₄) and hydrochloric acid (HCl), each diluted to a 5% concentration by volume. Concrete sections were immersed in a solution initially comprising 12 L of water. The necessary volume of each acid at 5% concentration was added to achieve and maintain the solution at a pH of 2.0, with adjustments based on the initial alkalinity of the concrete. An automatic titrator continuously controlled and adjusted the pH in the reservoir. A magnetic stirrer was employed to ensure the even distribution of the acid throughout the reservoir. The acid solution was replaced weekly for the first 28 days to ensure consistent exposure to the acidic environment. After the immersion period, each section was manually brushed in water to remove any loose or deteriorated material, and then dried with adsorbent paper. The degradation of the concrete was quantified by measuring the mass loss after the test period, expressed in kg/m2, to facilitate comparative analysis across different samples.
Concrete is susceptible to acid attacks in various industrial facilities, water treatment plants, agricultural operations, transportation infrastructure, swimming pools, battery storage areas, food processing plants, garages, and auto repair shops. Aggressive chemicals like H2SO4 and HCL react highly with the cement paste matrix, consuming Ca(OH)2 and C-S-H (Castillo Lara and Chagas Cordeiro, 2019). Consequently, the formation of CaSO4.2H2HO (gypsum) and ettringite will increase the concrete volume by nearly 2.2 times, leading to internal crack propagation, strength loss, and quick deterioration. Eventually, the degradation of specimens due to acid leads to mass loss. The performance of acid attacks on concrete has been evaluated in terms of mass loss by various researchers (Khan M. et al., 2022). The weight loss absorbed by the quarry dust mix 20QD was found to be the lowest for hydrochloric acid and sulfuric acid, with the difference in weight loss for both specimens not being significant, i.e., 1.21% and 1.31%. The minimal weight loss may be attributed to the abundance of quarry dust particles, which form a compact mass, thus reducing the permeability of the specimens (Chintalapudi and Pannem, 2022). The mass loss due to acid attack is graphically displayed in Figure 8.
[image: Figure 8]FIGURE 8 | Mass loss due to acid attack.
For the bentonite clay mix 20BN, the weight loss in hydrochloric acid was 1.20%, and sulfuric acid was 1.25%. The resistance to acid attack in both mixes is due to the lower production of lime in the mix, resulting from the replacement of cement content, where calcium hydroxide reacts with silica to form silica. Overall, the mass loss decreases with an increase in the proportions of SCM, with minimal variations. The highest weight loss was observed in the control mix for both acid solutions. The presence of free lime in the mixes increases susceptibility to acid attacks, softening the mix, a phenomenon noted by other researchers as well. Additionally, the chemical reaction of cement with the salt solution leads to the disintegration of the specimens (de Siqueira and Cordeiro, 2022; Thomas and Harilal, 2016).
3.6 X-ray radiography analysis and porosity correlation
X-ray radiography, a non-destructive testing (NDT) method, was employed to assess the internal structure and detect defects such as air voids, pockets, and cracks within the concrete specimens. This technique was crucial in evaluating the homogeneity and bonding integrity of the control mix and mixes modified with supplementary cementitious materials (SCMs). Specimens were placed in a high-resolution X-ray cabinet, with the X-ray source adjusted to 150 kV and 5 mA to ensure optimal penetration and contrast. Each specimen was exposed for 10 s, maintaining uniform imaging conditions across all tests. Digital detectors captured the radiographs, facilitating a precise assessment of internal structures at room temperature, and adhering to standardized procedures to ensure consistency in the findings.
Figure 9A, presents an optical photograph of the concrete mix containing 10% bentonite clay after exposure to sulfuric acid. The surface condition shown here complements the X-ray analysis in Figure 9B which highlights areas of reduced porosity indicated by fewer lighter shades. This suggests effective mitigation of acid impact through enhanced matrix density and cohesion, indicative of bentonite clay’s protective role. X-ray radiograph of the same mix further substantiates the visual observations from the optical photograph by showcasing limited acid penetration and damage. The radiograph reveals a denser structure with minimal voids, contrasting sharply with the control mix’s results, pointing to a significant enhancement in acid resistance due to the incorporation of bentonite clay.
[image: Figure 9]FIGURE 9 | (A) Optical photo of 10BN mix (B) X-ray radiograph of 10BN mix (C) Optical photo of the CM mix (D) X-ray radiograph of CM.
Figure 9C is an optical photograph of the control mix, illustrating pronounced surface damage such as cracks and voids from acid exposure. This damage is visually more severe compared to the bentonite clay mix, reflecting the susceptibility of the standard mix to chemical degradation. Figure 9D provides the X-ray radiograph for the control mix, showing extensive lighter areas that denote high porosity and structural weakening. The comparison of radiographic data between the mixes visually underscores the stark contrast in durability and integrity, highlighting the detrimental effects of acid exposure on the control mix, which exhibits increased material loss and degradation.
3.6.1 Porosity and mechanical strength relationship
The porosity data obtained from the X-ray radiography was cross-referenced with the mechanical strength results to establish a correlation. As expected, mixes with higher porosity, such as the control mix, exhibited a lower compressive strength after acid exposure. In contrast, the modified mix containing bentonite clay demonstrated a lower porosity, which translated to a higher residual strength after acid exposure. This observation aligns with findings from previous research, which have established that porosity is a critical factor influencing the durability and strength of cementitious composites (He et al., 2023; He et al., 2024).
4 RESPONSE SURFACE METHODOLOGY (RSM) ANALYSIS
The response surface approach is a statistical technique that maximizes an output or response affected by several input variables or factors. A contour plot or graphical representation of the response or output in three dimensions can be used (Ma et al., 2022; Kursuncu et al., 2022). The response surface provides the matrix for the ideal strength value in concrete at different percentages of SCM. The results of the ANOVA analysis for the measured parameters, including compressive strength ([image: image], flexural strength ([image: image], and split tensile strength ([image: image], are presented in Tables 5, 6, 7. The calculated F-values for the created model are 12.58, 8.92, and 10.26, indicating their significance. These values suggest that there is only a 0.08%,0.06%, and 0.02% chance that such large F-values could occur by random variation alone. Values of “Prob > F″ less than 0.08 or greater than 0.10 signify the significance or insignificance of the model terms, respectively.
TABLE 5 | ANOVA: Quadratic model for compressive strength.
[image: Table 5]TABLE 6 | ANOVA: quadratic model for flexural strength.
[image: Table 6]TABLE 7 | ANOVA: a quadratic model for split tensile strength.
[image: Table 7]In this study, the optimization of compressive strength ([image: image], flexural strength ([image: image] and split tensile strength ([image: image] was achieved through response surface methodology (RSM) using design expert. The analysis utilized ANOVA to evaluate the significance of model terms, identifying the primary factors influencing the model outcomes. The factors considered in the analysis were A (Bentonite Clay - BN), B (Quarry Dust as a Binder - QDB), and C (Quarry Dust as a Filler - QDF). Additionally, interaction terms such as AC (interaction between bentonite clay and quarry dust filler) and quadratic terms (A2, B2, C2) were included to refine the model. ANOVA evaluates each factor’s contribution to the response variables, revealing how interactions between these variables affect strength characteristics. For example, the interaction term AC shows how the combined effect of BN and QDF impacts strength. The Variance Inflation Factor (VIF) was calculated, with all values equal to 1, indicating that there is no multicollinearity. This orthogonality ensures that each variable contributes independently to the model without redundancy. Based on ANOVA results, the final models for compressive, flexural, and split tensile strength were formulated, eliminating insignificant terms but maintaining hierarchy and necessary interactions.
Equations 1–3 represent the refined models.
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4.1 Contour plots and 3D surface response
The adequacy of the model was assessed through diagnostic plots, depicted in Figure 10, which are crucial for validating the model. In the normal residual plot Figures 10A–C the data points follow a normal distribution, with residuals parallel to an inclined straight line. The residuals vs. expected diagram reveals a random and consistent distribution of residuals above and below the reference line, indicating uniform data variation. Moreover, the plot comparing predicted and actual compressive, flexural, and split tensile strength Figures 10D–F demonstrates that the values closely align along the inclined straight line. The suggested optimized model accurately predicts these values.
[image: Figure 10]FIGURE 10 | The normal plot of residual (A) compressive strength, (B) flexural strength, (C) tensile strength Predicted vs. actual plot (D) compressive strength (E) flexural strength (F) tensile strength.
Figures 11A–C display contour plots illustrating the compressive, flexural, and split tensile strength of concrete. These plots demonstrate that different combinations of input factors, such as Bentonite clay, quarry dust binder, and filler, result in a range of compressive, flexural, and split tensile strength values. Typically, contour plots in the literature emphasize the optimal response area and variable combinations. According to the figure, optimal 28-day compressive, flexural, and split tensile strengths within the range of 33, 9.5, and 3.5 MPa, respectively, can be attained by incorporating 10%–15% substitution of cement with bentonite clay and 8%–12% substitution of sand and quarry dust as a binder.
[image: Figure 11]FIGURE 11 | Response spectrum plot (A) contour compressive (B) contour flexural (C) contour tensile strength (D) 3D surface compressive (E) 3D surface flexural (F) 3D surface tensile strength.
In Figures 11D, E, it can be observed that substituting cement by over 15% leads to a reduction in strength due to increased proportions of bentonite clay and quarry dust. Concrete with high levels of bentonite clay, especially at a 15% replacement level with cement, exhibits decreased strength. Figure 11F shows that replacing cement by over 10% with quarry dust binder reduces strength. This outcome is attributed to non-uniform distribution and unequal dispersion of additives, which weaken matrix bonds. Additionally, a higher fraction of supplementary cementitious material (SCM) leads to increased alkali-silicate reaction due to excess content not undergoing pozzolanic reaction. This heightened reaction raises the risk of alkaline-silica response (ASR), detrimental to compressive, flexural, and split tensile strengths.
4.2 Optimization combination
Response Surface Methodology (RSM) was employed as a numerical optimization tool to identify the ideal mix design for maximizing the compressive strength of concrete after 28 days of curing. The optimal combination, predicted by the model and presented cubic Figure 12 representation of the optimized combinations of bentonite clay, quarry dust as a binder, and quarry dust as a filler, predicting their effects on compressive strength, flexural strength, and split tensile strength. The figure visualizes how different proportions of these materials influence the mechanical properties of the cementitious composite. It highlights the optimal mix designs that maximize the desired strengths, demonstrating the interaction between the three components and their combined effects on performance. The cubic figure shows that 13.92% of cement with bentonite clay, 10.418% with quarry dust, and 12.196% of fine aggregate with quarry dust. This optimized mix was predicted to achieve compressive, flexural, and split tensile strengths of 34.031, 10.232, and 3.458 MPa, respectively as shown in Table 8. It highlights the optimal mix designs that maximize the desired strengths, demonstrating the interaction between the three components and their combined effects on performance.
[image: Figure 12]FIGURE 12 | Optimization combination prediction of compressive, flexural, and split tensile strength.
TABLE 8 | The optimum combination of SCM replacement.
[image: Table 8]4.3 Validation of model
The optimal mix design was determined using response surface methodology, resulting in a composition of 10.29% bentonite clay and 7.20% quarry dust as cement replacements, along with 8.19% quarry dust replacing fine aggregate. This mix was experimentally validated over a 28-day curing period, with three samples tested per mix. The average compressive, flexural, and split tensile strengths achieved were 33.60, 9.49, and 3.95 MPa, respectively. The differences between the predicted and experimental values were consistently below 5%, highlighting the accuracy of the model. This validation confirms the optimal effectiveness of the mix in achieving maximum strength. Furthermore, the developed models reliably predicted strength values under experimental conditions. Compared to reference concrete, the optimized samples demonstrated notable strength improvements of 18.08%, 33.60%, and 11.15% in compressive, flexural, and split tensile strengths, respectively as shown in Table 9. The table also illustrates the minimal discrepancies below 5% between the model predictions and actual experimental results across all curing periods, further affirming the models’ effectiveness in accurately predicting compressive strength with a 95% confidence level.
TABLE 9 | Validation of results and error between actual and predicted values.
[image: Table 9]5 COST-BENEFIT ANALYSIS
It is well established that using supplementary cementitious materials (SCMs) like bentonite (BN) and quarry dust (QD) as substitutes for ordinary Portland cement (OPC) can effectively reduce pressure on natural resources and lower production costs. Additionally, such alternative concrete mixes can exhibit enhanced strength and durability. Consequently, it is essential to explore cost-reducing methods. In this study, bentonite and quarry dust were combined as OPC replacements to lower the overall expenses of the concrete mix. Table 10 summarizes the unit costs in Pakistani Rupees (PKR) for the raw materials used. The cost analysis for 1 m³ of various concrete mixes with different percentages of BN, QDB, and QDF is presented in Table 11. The cost of the control mix with only OPC is PKR 23,593. However, as the bentonite content increases, the cost decreases; for example, mixes with 1.95% and 3.88% BN cost 5.84 and 7.77 times less than the control mix, respectively. When the bentonite content exceeds 20%, the cost is over 7% lower compared to the control mix, offering a cost-effective solution for the construction industry.
TABLE 10 | Unit costs of the raw materials used for concrete.
[image: Table 10]TABLE 11 | Cost analysis for various concrete mixtures.
[image: Table 11]Similarly, increasing the quarry dust content also reduces costs. For instance, mixes with 2.02% and 4.0% QDB cost 6 and 8 times less than the control mix, respectively. When quarry dust content exceeds 20%, the mix cost is more than 8% lower than the control mix, making it a cost-efficient option for construction.
Moreover, a mix with a synergistic combination of 10% bentonite, 8% quarry dust as a filler, and 7% quarry dust as a binder costs approximately 8.4% less than the control mix. Given its enhanced strength and durability, this mix is well-suited for various structural applications. These benefits could be particularly significant for large-scale projects like dams and multi-story buildings, where concrete production constitutes a substantial portion of the costs (Ashraf et al., 2022; Memon et al., 2012).
6 CONCLUSION
This research investigated the effectiveness of locally available supplementary cementitious materials (bentonite clay and quarry dust) in enhancing concrete properties. The study investigated compressive strength, flexural strength, and acid resistance at 7 and 28 days of curing. Moreover, experimental results were compared using statistical analysis through the Response Surface Method. The summary of the key findings are:
1. Incorporating bentonite clay and quarry dust tends to lower the workability of mixes compared to reference mixes. Due to smaller and coarser particles, mixes contained with quarry dust exhibited the lowest workability. This observation is crucial for practical applications, as adjustments in water content or admixtures may be required to maintain workability in field applications.
2. Quarry dust (10%) significantly improved compressive strength, with increases of 11.9% and 7.38% at 7 and 28 days of curing, respectively, compared to reference concrete. Bentonite clay (10%) initially reduced strength by 1.3% at 7 days but compensated with a 4.91% increase by 28 days of curing. The later age strength improvement is attributed to the late hydration reaction of bentonite clay that produces C2S, which creates extra C-S-H. This delayed strength gain suggests that bentonite clay can be effectively used in applications where long-term strength development is desired, making it suitable for structures with extended curing periods.
3. Incorporating 10% bentonite clay and 10% quarry dust increased flexural strength. Bentonite clay showed a 4.2% increase at 7 days but improved to 11.9% at 28 days of curing. Quarry dust initially showed higher strength, 19.7%, but it was reduced to a 7.17% improvement. However, the strength gain for quarry dust decreased over time, whereas bentonite clay showed a consistent improvement. This suggests that while quarry dust offers significant early-age strength benefits, bentonite clay contributes to longer-term strength development, which is valuable for designing concrete that performs well over its service life.
4. The same trend was observed for the split tensile strength test. The highest split strength for bentonite clay bentonite clay was noted at 28 days of curing, whereas the highest strength for quarry dust was noted for mixes containing 10% quarry dust at 7 days of curing.
5. Mixtures containing 20% bentonite clay and 20% quarry dust demonstrated superior resistance to chemical attack compared to the control mix. The quarry dust filled the voids and concrete gaps, making acid ingress difficult—similarly, the formation of calcium hydrate due to bentonite clay made it difficult for acid ingress. The SEM analysis confirmed the capillaries produced after exposure to acids. The acids react with cement, lowering the C-S-H composition leading to voids and capillary formation, which is ideal for the formation of etrringite. This makes the SCM-modified concrete highly suitable for aggressive environments, such as chemical plants and coastal areas.
6. Statistical analysis revealed that a combination of 10.29% bentonite clay, 7.20% quarry dust replacing cement, and 8.19% replacing fine aggregate produced concrete with excellent strength matching theoretical predictions. This optimal mix provides a sustainable approach to concrete production, balancing performance and resource utilization effectively.
6.1 Significance and implications
This study underscores the potential of using bentonite clay and quarry dust as sustainable SCMs, offering both environmental and performance benefits. The findings highlight the practical advantages of these materials in improving concrete properties while contributing to waste reduction and resource conservation. Future research should explore the rheological behavior of these SCMs under varying conditions, such as elevated temperatures, to further validate their applicability in diverse construction scenarios.
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Sample number Cement(g) NCB(g) Water(g) PCE/TA/SDS suspension (g/mL)

Water(g) PCE/TA/SDS(g)

0 1,254 40 264 300 0
PCE-0.2 1,254 395 264 300 04
PCE-0.4 1,254 39 264 300 08
PCE-0.6 1,254 387 264 300 L1
TA-02 1,254 396 264 300 06
TA-04 1,254 39.1 264 300 L1
TA-06 1,254 386 264 300 17
SDS-0.2 1,254 39.8 264 300 05
SDS-0.4 1,254 392 264 300 L1
SDS-0.6 1,254 383 264 300 16
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Description
NCB Nano carbon black
NC NCB-modified cement
PCE Polycarboxylic acid superplasticizer
TA Tannic acid
DS Sodium dodecyl sulfate
SEM Scanning electron microscopy
XRD Xeray diffraction
AFt Ettringite
Cs-H Calcium Silicate Hydrate
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Particle lodine D.B.P Electrical pH Heating Ash Ctab Impurity

size (nm) absorption  absorption resistivity decrement content surface
value value (Qem) (%) (%) area
(g/kg) (ml/100 g) (m2/g)

30 520 ““ ““
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Sludge NEL] Aggregate Alkali Water Binder-to-

(kg/m?®) (kg/m?®) concentratiol  (kg/m?®) aggregate
Temperature Content (kg/m?) ratio,
(°C) (kg/m®)
1 20 811 193.93 115446 1662 9696 024
i) 100 ' 8311 193.93 115446 16.62 9696 v 024
i 600 8.1 193.93 115446 16.62 9696 024
T4 800 811 193.93 115446 1662 9696 024
s1 600 0.00 28037 116833 1682 98.13 024
2 600 2792 25133 116367 1675 9774 024
$3 600 ' 811 19393 [ 15446 1662 ' 9696 024
s 600 137.43 137.43 114539 1649 9620 024
ot 600 7190 ‘ 167.77 [ e | 1438 8388 020
2 600 77.62 18111 117597 15.52 9055 022
L3 600 8.1 193.93 115446 1662 9696 024
u 600 88.42 20633 113365 17.68 103.16 026
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Oxide (%)

Sludge 625 58.95 19.01 627 0.28 275 2.96 0.82

Slag 39.23 35.56 15.45 071 422 821 045 0.82
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specimen B XxDXxtxH/mm Chamber arrangement ng or weak axis = f; MPa

1 CFST-C1 228 x 114 x 3% 1,150 Single cavity 01 strong 359 452 758
2 CFST-C2 228 x 114 x 3% 1,150 Two cavity 01 strong 359 452 9.05
3 CFST-C3 228 x 114 % 3% 1,150 Three cavity 0.1 strong 359 452 10.53
4 CFST-C4. 228 x 114 % 3% 1,150 Four cavity 0.1 strong 359 452 12,00
5 CEST-C5 228 x 114 % 3% 1,150 Single cavity 03 strong 359 452 758
6 CFST-C6 228 x 114 % 3% 1,150 “Two cavity ' 03 strong 359 452 9.05
7 CFST-C7 228 x 114 % 3 x 1,150 Three cavity ‘ 03 strong 359 452 10.53
8 CFST-C8 228 x 114 x 3% 1,150 Four cavity 03 strong 359 452 12.00
9 CFST-C 342 % 114 % 3% 1,650 Single cavity 01 strong 359 452 675
10 CEST-C10 342 % 114 % 3 % 1,650 Two cavity 0.1 strong 359 452 7.69
11 CEST-C11 342 % 114 % 3 % 1,650 Three cavity 01 strong 359 452 864
12 CEST-C12 342 % 114 % 3% 1,650 Four cavity 0.1 strong 359 452 10.53
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Raw material Coarse aggregate Fine aggregate Bentonite clay Quarry dust

Cost (PKR/kg) 29 8 5 4 3
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Compressive strength (Mpa) Flexural strength (Mpa) Split tensile strength (Mpa)

Actual Prediction Error (%) Actual  Prediction Error (%) Actual Prediction Error (%)

1 3411 33.60 1.50 9.88 9.49 3.95 379 3.95 -422
2 3272 3377 -321 9.65 9.43 228 387 4.02 -388
3 3241 33.87 -450 9.10 938 ’ -308 374 391 -457
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QDB = Compressive strength (MPa)  Flexural strength (MPa)  Split tensile strength (MPa)

1 1029 8.19 7.20 33.60 9.49 395

2 9.64 3.65 525 33.77 943 4.02

3 9.64 ‘ 5.35 ‘ 634 ‘ 33.87 938 391
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Comments

Sum of Mean
squares square

Model 151 10 02519 1026 0.0031
A (BN) 00798 1 00798 325 00121
B(QDF) 02777 1 02777 531 0.0015
C(QDB) 0.1058 1 0.1058 431 0.0083
AB 0020 1 0.020 343 0.0034
AC 0043 1 0.043 245 0.0011
BC 0056 1 0.056 434 0.0028
A 0.1227 1 0.1227 5.00 0.0468
B 01924 1 01924 7.84 00312
c 00733 1 00733 298 00134

Residual 01473 6 00245

Total 166 12

R*=0.961
AdjR? =0.89
PreR? =075

CV %246
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Comments

Sum of Mean
squares square

Model 322 9 05358 892 000204
A (BN) 01310 1 01310 09583 003654
B(QDF) 00164 1 00164 01203 003405
C(QDB) 0.3300 1 0.3300 241 0.01712
AB 0034 1 0.034 117 0.0092
AC 0076 1 0.076 076 00076
BC 0092 1 0.092 254 0.00667
A 046 1 0.46 6.68 0.0171
B 05862 1 0.5862 429 0.0838
c 012 1 012 518 0.0288

Residual 08200 6 0.1367

Total 403 12

R*=0910
AdjR? =0.78
PreR? =057

C.V%4.06
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Comments

Sum of Mean
squares square
Model 2024 12 137 1258 000231
A(BN) 162 A 162 221 000188
B (QDF) 0.049 1 0.049 0.067 0.00375
C(QDB) 0.379. 1 0379 0516 0.00499
AB 0.088 1 0,088 321 000156
AC 0056 1 0056 288 000345
BC 0.045 1 0,045 276 000467
A2 054 1 054 481 000707
B2 081 1 081 654 000431
] 096 1 096 402 000916
Residual 241 6 07358
Total 2465 12

R?=0.942
Adj.R* = 0.874
PreR® =0.689

CV %206
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Specimen ID Cement Coarse Fine Water (Kg/m?) Bentonite Quarry dust

(Kg/m®) aggregate aggregate clay (Kg/m (Kg/md)
(Kg/m3) (Kg/m?)

o™ 367 1,120 798 1835 0 0

SBN 3186 1,120 798 1835 183 0
10BN 3303 1,120 798 1835 367 0
15BN 3119 1,120 798 1835 550 0
20BN 2036 1,120 798 1835 734 0
5QDF 367 1,120 7581 1835 0 399
10QDF 367 1,120 7182 1835 0 798
15QDF 367 1,120 v 6783 1835 0 1197
20QDF 367 1,120 6384 1835 0 159.6
5QDB 3186 1,120 798 1835 0 183
10QDB 3303 1120 798 1835 0 367
15QDB 3119 1120 798 1835 0 550
20QDB 2936 1,120 798 1835 0 734






OPS/images/fmats-11-1340883/inline_85.gif





OPS/images/fmats-11-1413620/inline_16.gif





OPS/images/fmats-11-1458836/fmats-11-1458836-t003.jpg
Chemical SiO, ALO; Fe,0O; CaO MgO K,O  Moisture content = Loss on ignition

composition (%)

Cement 18.40 5.60 3.00 66.8 140 280 | 084 | 050 - 2.00
Bentonite 5138 l 20.41 ER T 1221 313 071 | 056 l 2,09 292 477
Quarry dust 58.32 ‘ 9.60 144 513 250 004 | 240 ‘ 591 — 048
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Specific gravity Water absorption% Fineness (cm?/gm)

Bentonite clay 261 1.07 293
Quarry dust 264 117 283
Fine aggregates 267 112 274

Coarse aggregates 280 340 -
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Physical properties Value

Specific gravity, g/em* 3.10
Mean particle size, jum 1898
Consistency, % 2904
Initial setting time 1 hand 21 min
Final setting time 3hand 41 min
Fineness, cm?/g. 176
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A 0000 | 0000 1262 | 0912 | 0000 & 1142 1569 = 0396

B | 0000 = 0000 2457 | 1597 0000 & 0000 = 0.000 = 0.000

C | 0000 | 0000 0872 | 0099 | 0000 | 0024 0049 | 0000
D | 0000 | 0000 0821 | 1502 | 0000 = 0000 0000  0.000
E | 0000 0000 0039 | 0000 0000 0721 & 0392 0357

F | 0000 0000 = 0000 0000 | 0000 0527 0069 0912

G | 0000 | 0000 0000 | 0000 | 0000 0129 0114 0279

H | 0000 | 0000 | 0000 0000 0000 0316 | 0000 | 0.668

Network density = 0.052
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Subzone Include obstacles

Zone A G1,G2,G9, G4, G8

Zone B G7,G5, G10, R12

Zone C D2, C2,C4, 08, P2, C1, P1, 06,05

Zone D R9, P3,C3,07

Zone E G6,R11, G3, L1, T2, R10, O1

Zone F R8, R6, 02, T3, R5, T1, E1, E2

Zone G 03,12, 04, RI2, RI3, RI1, D1, E3, M1, M2, R4, RI5
ZoneH R1,R4, R7,R2, R3
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Obstacle name Degree centrality Proximity centrality Betweenness centrality PageRank

Regulatory restrictions (A) 037 0.68 052 047
Technical limitations (B) 028 059 039 035
Costissue (C) 041 071 063 052

Lack of awareness (D) 034 0.64 047 041
Market acceptance (E) 024 056 029 032
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Related object

Government

Architect

Material supply

Construction unit

Construction organization

‘Transportation enterprise

Serial number

Gl

G2

G3

G4

G5

G6

G7

G8

G9

G10

D1

D2

M1

M2

ci

Cc2

C3

01

02

03

04

05

06

07

08

TI

Obstacle factors
Lack of regulation
Lack of commitment
Lack of vision
Lack of data
Lack of quality standards
Lack of regulation
Lack of usage rules
Lack of policy support
Lack of publicity

Lack of official
demonstration

Lack of green design
Lack of circularity

Lack of production
responsibility

Lack of circularity
Lack of reuse

Lack of recycled product
quality

High regeneration cost
Lack of circularity

Lack of construction
standards

Lack of recycling
Exorbitant cost
Lack of sort processing
Lack of regeneration

Lack of recycled product
quality

Excessive regeneration price
Lack of regeneration

Direct landfill

Related object

Transportation enterprise

Demolition enterprise

Reuse enterprise

Landfill

Scientific institute

“The public

Serial number

T

g - ]

E1

E2

E3

R1

R4

R6

R7

R§

RO

R10

RI1

RI12

Ll

12

s1

S2

3

S4

S5

Pl

P2

P3

bstacle factors
Lack of control
Lack of circularity
Lack of site supervision
Lack of sort processing
Lack of circularity
Lack of raw materials
Invalid processing
Equipment limitation
Blind production

Lack of integration strategy

Fund shortage
Excessive cost

Size limitation

Unreasonable price
Higher admission fees

Unreasonable site selection

Lack of publicity
Space problem

Lack of circularity

Funding problem
Lack of research
Lack of cycle planning
Lack of loop optimization

Lack of research on barriers

Lack of quality recognition

Biased primary material

High regeneration price
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No.

Index

System balance accounting

Formula

System balance = $1%, W,

=0+L+3L r+C

m

Deta

‘The input to the system is equal to the output

2 Waste production volume (W) W=3EW, (@)

3 Reuse system waste input volume RI+R2(3) Mainly equal to the amount of reuse plus recycling

4 Recycling system waste recovery rate %;;"jj‘ @) Mainly related to waste inventory and waste production

5 “Total value generated by the waste recycling system (X) 3+ 0() Mainly related to rebio yield and other uses

6 Total material output 2.7 (6) Mainly related to rebio yield

7 Reuse system loss rate = Mainly associated with mass loss level resource utilization
system

8 Productivity of construction waste %":‘E ®) Related to the total value of the system and the amount of input

9 Regional construction waste production intensity m ©

10 System waste conversion efficiency Related to the amount of material output and input

1 Reuse rate of construction waste Related toactual recycled product weight and waste

production, mud/muck is not considered
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