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Limestone tailings, a significant solid waste generated during cement manufacturing, face challenges of low recycling efficiency and limited engineering application, representing an underutilized resource. This study systematically evaluated the viability of substituting natural aggregates with limestone tailings in base course composites. Four replacement ratios (0%, 20%, 40%, 60%) were investigated through an integrated experimental approach. A comprehensive assessment framework was established, encompassing mechanical tests (compressive and flexural strength), durability evaluations (drying shrinkage, thermal shrinkage, freeze-thaw resistance, erosion stability), XRD phase analysis, and SEM microstructural imaging. Results indicate that limestone tailings micro-particles exhibit a nucleation effect, and their alkaline components, such as calcium oxide, promote cement hydration. Mixture performance exhibited an initial improvement followed by a decline as the tailings content increased. At a 20% cement-tailings content, the composite demonstrated optimal performance: a 10% increase in 90-day compressive strength, a freeze-thaw resistance coefficient exceeding 80%, enhanced resistance to drying and thermal shrinkage, and superior erosion stability compared to the control group mixture. This study demonstrates that partial replacement of natural aggregates with limestone tailings (specifically at 20%) conserves natural resources and enhances key road performance characteristics. The findings provide crucial evidence supporting the resource utilization of limestone tailings in sustainable road construction.
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1 INTRODUCTION
Cement production consumes a substantial amount of limestone, with an average of approximately 0.8 tons of limestone required to produce 1 ton of cement (Xiang et al., 2018; Bilen, 2021; Mugambi et al., 2024; Pacheco-Menor et al., 2025; Adediran et al., 2025). However, significant variations in the contents of calcium oxide and magnesium oxide within limestone ores mean that many argillaceous limestone deposits are unsuitable for cement production, leading to the accumulation of large quantities of argillaceous limestone tailings. These tailings are primarily managed through stockpiling and backfilling, which not only results in considerable resource wastage but also poses environmental risks to the surrounding areas (Bederina et al., 2013; Liu H. et al., 2024; Feng et al., 2024).
At present, reducing carbon dioxide emissions associated with the production of cement-based materials has become a top priority. These practices include the implementation of energy-saving interventions, the use of renewable energy, and the conversion of fuels. In addition, researchers are trying to improve the efficiency of building materials and promote the reuse and recycling of waste (Griffiths et al., 2023; He et al., 2025). The existing research on industrial solid waste, such as steel slag, has been very thorough. Li et al. (2025) discussed the application of all aspects of steel slag treated by microbial-induced mineral carbonation in engineering construction. Helping the engineering community move towards more circular and environmentally friendly research and development. Similarly, various utilization methods of limestone tailings are gradually being developed (Nguyen et al., 2025; Su et al., 2024). Wang et al. (2022) developed a limestone tailings-based cementitious material using limestone tailings, flue gas desulfurization gypsum, blast furnace slag, cement clinker, and sodium hydroxide as raw materials. The effects of different components on the compressive strength of the binder were analyzed using response surface methodology, and the optimal mix design was determined to be: 9.97% cement clinker, 6% desulfurized gypsum, 50% limestone tailings powder, 34.03% blast furnace slag, and 3% sodium hydroxide. The results demonstrated that the optimized binder could be effectively used as a filling material in karst caves, achieving an approximate 90% utilization rate of limestone tailings. Sakulich et al. (2009) studied the effect of limestone tailings as fine aggregate on the properties of alkali-activated steel slag concrete and compressive strength of concrete up to 65 MPa. Xiang et al. (2018) studied the effect of limestone powder on the geopolymer of slag fly ash, and the results showed that the main function of limestone was a physical modification, but chemical modification could not be ignored. The additional nucleation sites provided by limestone powder slightly accelerated the geopolymerization reaction. Furthermore, limestone powder increased the content of both chemically bound and physically adsorbed water. Therefore, limestone powder is a promising mineral additive, and its beneficial effect on the properties of alkali-activated materials is primarily attributed to its physical filler role (Perez-Cortes and Ivan Escalante-Garcia, 2020; Moseson et al., 2012).
Besides, the accelerated expansion of road infrastructure has precipitated two critical environmental challenges: intensified exploitation of natural mineral aggregates and substantial ecological burden (Gu et al., 2023; Wu et al., 2024; Tong et al., 2021; Andryanti et al., 2024). Liu et al. (2023) investigate the effects of tailings content on the mechanical properties and durability of concrete under dry–wet cycling and negative temperature conditions, where tailings replace river sand at rates of 0%, 10%, 20%, and 30%. The results show that the tailings have excellent physical and chemical properties, and the performance of concrete can be improved by adding an appropriate amount of tailings. The fine-grained tailings fill the internal voids of the concrete aggregate, optimize the pore structure, improve the density and integrity of the concrete, and make up for the particle size defects of the concrete aggregate. In addition, the active substances in the tailings promote the hydration reaction of cement, resulting in an increase in the formation of hydration products such as C-S-H gel in the cement system. Zhang et al. (2023) studied the mixing of non-metallic tailings and iron tailings. The experimental results show that in the prepared iron tailings-based cementitious mortar, the optimal incorporation rate of graphite ore as a supplementary cementitious material is 4 wt%. After 28 days of hydration, the compressive strength of the best mortar test block is 23.21 MPa, and the flexural strength is 7.76 MPa. Iron tailings were incorporated as aggregate substitutes to formulate composite asphalt binders. Empirical evaluations demonstrated that pavement materials containing iron tailings achieved comparable or marginally superior performance metrics relative to conventional gravel-based mixtures (Velasquez et al., 2009; Romero et al., 2001). Wieszczycka (2018) systematically replaced natural aggregates with processed iron tailings in roadway applications, revealing through standardized performance testing that optimally treated tailings could effectively substitute approximately 80% of virgin aggregates. Rao et al. (2019) conducted experimental investigations on base course materials utilizing pumice-iron tailings composites. Their techno-economic analysis confirmed dual benefits: enhanced utilization of industrial byproducts coupled with a 22%–35% reduction in material production costs compared to traditional base layer formulations. At present, the comprehensive utilization of limestone tailings is still in its infancy, especially the use of limestone tailings for the preparation of road materials is rarely studied.
The purpose of this paper is to present a practical idea for the resource utilization of limestone tailings. Limestone tailings are used to efficiently prepare the base mixture. Firstly, the cement content and compaction test of the mixture were selected, and then the compressive strength, flexural strength, dry shrinkage and temperature shrinkage performance, frost resistance, erosion resistance, X-ray diffraction (XRD) analysis, and scanning electron microscopy (SEM) analysis tests were carried out on the mixture with different dosages of limestone tailings. The influence of different dosages of limestone tailings on the performance of the mixture was studied, and XRD and SEM were used to analyze the influence mechanism to realize the design and utilization of limestone tailings mixture.
2 MATERIALS AND METHODS
2.1 Materials
The cement is P.O42.5 cement produced by Gezhouba Yicheng Cement Co., Ltd. The basic performance index test results are shown in Table 1. The test water is local tap water. The natural aggregate is 19–26.5 mm, 9.5–19 mm, 4.75–9.5 mm, and 0–4.75 mm aggregates produced by the stone material field of Jinniushan Forest Farm in Yicheng City. The basic properties are shown in Table 2. The limestone tailings investigated in this study were sourced from the tailings reservoir of Hubei Huaxin Cement (Xiangyang) Co., Ltd. Material characterization was performed using X-ray fluorescence spectroscopy (XRF) and XRD analyses. Figure 1 presents the mineralogical composition, revealing calcite and quartz as predominant crystalline phases. Quantitative chemical analysis (Table 3) demonstrates that silicon dioxide (SiO2) and calcium oxide (CaO) constitute the major components, accounting for 18.71% and 65.99% of the total composition, respectively. Particle size distribution analysis (Figure 2) indicates that 92% of tailings particles fall within the 0.075–4.75 mm range, meeting ASTM C33 specifications for fine aggregates.
TABLE 1 | Cement performance index.
[image: Table 1]TABLE 2 | Basic performance index of coarse and fine aggregate.
[image: Table 2][image: Figure 1]FIGURE 1 | XRD test of limestone tailings.
TABLE 3 | Main chemical composition analysis of limestone tailings.
[image: Table 3][image: Figure 2]FIGURE 2 | Gradation curve: (a) limestone tailings, (b) Mixture gradation curve.
2.2 Test Methods
Four formulations of limestone tailings base mixtures were designed with progressive substitution rates of 0%, 20%, 40%, and 60%, designated as CTS0%, CTS20%, CTS40%, and CTS60%, respectively. Limestone tailings base mixtures replacement is the standard is the quality of the aggregate. As illustrated in Figure 2, the aggregate gradation curves conform to ASTM D2940 specifications for dense-graded base materials. Compaction testing revealed distinct compaction characteristics: optimum moisture contents were measured at 4.6%, 4.5%, 4.9%, and 5.4%, while corresponding maximum dry densities decreased progressively from 2.410 g/cm3 to 2.397 g/cm3 with increasing tailings content (2.410, 2.417, 2.401, and 2.397 g/cm3 respectively).
2.2.1 Cement consumption and compaction test
Five groups with varying cement content (3.0%, 3.5%, 4.0%, 4.5%, and 5.0%) were selected for vibration compaction tests to determine the optimum moisture content and maximum dry density for each mix ratio. The optimal cement content was identified based on the analysis of 7-day unconfined compressive strength and a comprehensive performance evaluation. The vibration compaction tests were conducted by T0842-2009 from the Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering (JTG 3441–2024), to determine each mixture group’s maximum dry density and optimum moisture content.
2.2.2 Unconfined compressive strength and flexural-tensile strength test
Cylindrical specimens with dimensions of φ150 mm × 150 mm were prepared using the optimum moisture content and maximum dry density determined from the compaction tests. Unconfined compressive strength and flexural strength tests were conducted by the JTG 3441–2024, following standards T0805-2024 for compressive strength and T0851-2009 for flexural-tensile strength. The average value of three samples in each group is the strength value.
2.2.3 Drying shrinkage and temperature shrinkage tests
A beam specimen with a size of 100 mm × 100 mm × 400 mm was fabricated for drying shrinkage and temperature shrinkage tests. The specimens were placed in an environment at a temperature of 20°C and relative humidity of 60% after standard curing in the drying shrinkage test, as per the test requirements of the specification. The readings of the dial indicator and the water loss of the test specimen were continuously recorded. The strain gauge method was used in the temperature shrinkage test. After the standard curing, the test specimen was put into an oven at 105°C and heated to constant weight. The temperature shrinkage compensation test specimen was made of a ceramic plate. It was put into the high and low temperature alternating test chamber at 60°C ∼ −15°C. A temperature interval was set every 15°C. The strain gauge data was recorded after keeping 3 h of each temperature interval.
2.2.4 Freeze-thaw cyclic test
Cylindrical specimens with dimensions of φ150 mm × 150 mm were prepared for freeze–thaw cycle testing. After curing under standard conditions for 2 days, the samples were subjected to freeze–thaw testing. For the freeze–thaw test, the specimens were put into the freezer at −18°C for 16 h. Afterward, the samples were removed and immersed in water at 20°C for 8 h. This comprised one complete cycle. Five experiments were performed. The freeze–thaw resistance index (BDR) of the specimens was calculated using the following equation:
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Where, BDR is the compressive strength loss of specimens after n freeze–thaw cycles (%); RDC is the compressive strength of specimens after n number of freeze–thaw cycles (MPa); RC is the compressive strength of the control specimen (MPa).
2.2.5 Anti-erosion performance test
Preparation specimens with dimensions of φ 150 mm × 150 mm were prepared for anti-erosion performance testing. Before the test, the specimen was soaked in water for 24 h, so that the pores of the material were filled with water to avoid interfering with the erosion quality results due to the water absorption of the specimen. After weighing, the test piece was placed in the scouring bucket. After the fixation, water was poured into the bucket to be about 5 mm higher than the test piece. The erosion bucket was placed on a vibrating table for fixation, and the relevant parameters of the erosion machine were set: the peak impact force was 0.5 MPa, and the scouring frequency was 10 Hz. After 30 min of washing, the turbid water in the bucket was poured into the metal basin for standing precipitation, and the standing precipitation was 12 h. After standing precipitation, the upper water in the basin was poured out, and the remaining precipitate was placed in the oven, dried, and weighed. The anti-erosion performance of the specimens was calculated using the following equation:
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Where P is the erosion mass loss (%); mf is the mass of erosion material (g); m0 is the mass of the specimen (%).
2.2.6 X-ray diffraction analysis
The crystalline phases of the mixture were analyzed using a Rigaku Smartlab high-resolution X-ray diffractometer with Cu-Ka radiation, tube setting of 40 kV and 20 mA, a step size of 0.01°, and a 2ɵ range of 10°–80°. Before the XRD tests, the tested samples were ground into powder with a size lower than 0.075 mm and dried at 60°C for 12 h.
2.2.7 Microstructure analysis
Microstructure analysis was performed to investigate the influence of limestone tailings content on the microstructure of the mixture. A FlexSEM1000 SEM with a 15 kV acceleration voltage was used., Samples for SEM analysis were collected from the compressive strength; they were soaked in ethanol to cease further hydration. Before analysis, a layer of gold particles was sprayed on the observation surface to enhance the electrical conductivity.
3 RESULTS AND DISCUSSION
3.1 Cement consumption and compaction test
Five groups of cement content of 3.0%, 3.5%, 4.0%, 4.5%, and 5.0% were selected for the compaction test, and the optimum water content and maximum dry density of each group of cement content were determined. The test results are shown in Figure 3. At the same time, the φ150 mm × 150 mm cylindrical specimen was prepared according to the test data, and the 7-day unconfined compressive strength test was carried out. The results are shown in Figure 4. According to the comprehensive consideration of construction technology level and construction economy, a 4.5% cement content that meets the requirements of the specification is selected as the best dosage (Jing et al., 2023).
[image: Figure 3]FIGURE 3 | Maximum dry density and optimum moisture content rate of the control group.
[image: Figure 4]FIGURE 4 | The 7d unconfined compressive strength of the control group with different cement content.
3.2 Unconfined compressive strength and flexural-tensile strength
The unconfined compressive strength (UCS) and flexural-tensile strength of cementitious mixtures incorporating varying dosages of limestone tailings were systematically investigated, with the results presented in Figure 5. As illustrated in the figure, both UCS and flexural strength exhibit a non-linear trend with increasing limestone tailings content: they initially increase, reach a peak, and then gradually decline. This suggests that there is an optimal content range for limestone tailings to enhance mechanical performance. Specifically, the CTS20% achieved the highest unconfined compressive strength of 11.2 MPa, representing an improvement of approximately 9.9% compared to the CTS0% without limestone tailings. However, further increasing the tailings content to 60% led to a reduction in strength, with a UCS value of 10.0 MPa, which is 2.1% lower than that of CTS0%. A similar trend was observed in the flexural strength after 90 days of curing: the CTS20% mixture again displayed the highest strength, outperforming CTS0%, CTS40%, and CTS60% by 2.2%, 2.0%, and 9.2%, respectively. The improvement in mechanical properties at tailings content can be attributed to several factors. First, the fine particles in limestone tailings may serve as nucleation sites, enhancing the hydration process and leading to a denser microstructure. Additionally, the presence of alkaline components such as CaO in the tailings can actively participate in hydration reactions, contributing to strength development. However, when the tailings content exceeds a certain threshold, the dilution effect becomes more pronounced, reducing the overall content of reactive cementitious materials and consequently impairing the strength (Liu Y. S. et al., 2024; Xu et al., 2024). Excessive replacement may also disrupt the optimal particle packing, leading to increased porosity and weaker bonding within the matrix. These findings highlight the importance of optimizing the dosage of industrial by-products like limestone tailings to balance mechanical performance and material sustainability in construction applications.
[image: Figure 5]FIGURE 5 | Mechanical properties of limestone tailings base material at different ages. (a) Unconfined compression strength. (b) Flexural-tensile strength.
3.3 Drying shrinkage and temperature shrinkage
The dry shrinkage coefficients of cementitious mixture specimens incorporating varying contents of limestone tailings were measured at different curing ages, and the results are presented in Figure 6. As shown in the figure, the dry shrinkage coefficient increases progressively with curing time. Notably, a significant rise is observed during the initial 7 days, indicating a rapid shrinkage development in the early curing stage. After approximately 10 days, the rate of increase in shrinkage begins to slow down and gradually levels off, demonstrating a more stable behavior over time. This early-stage shrinkage can be attributed to the intense hydration reactions occurring shortly after mixing. During the initial days, the hydration process consumes a considerable amount of water and generates a dense microstructure, leading to rapid moisture loss and volume reduction. As curing progresses, the hydration reactions become less vigorous due to the depletion of available water and reactive cementitious materials. Consequently, internal structural changes decrease, and the rate of shrinkage stabilizes. Additionally, as internal moisture content continues to decline, both hydration and self-induced expansion diminish, further contributing to the reduced shrinkage rate in the later stages of curing.
[image: Figure 6]FIGURE 6 | Dry shrinkage coefficient of mixture with different limestone tailings content.
Furthermore, the incorporation of limestone tailings appears to influence the shrinkage behavior significantly. With increasing limestone tailings content, the dry shrinkage coefficient of the mixtures generally shows a decreasing trend. Among the tested specimens, the CTS20% exhibited the lowest dry shrinkage coefficient, suggesting an optimal balance between performance and dimensional stability. This reduction in shrinkage can be primarily explained by the alkaline nature of limestone tailings, which promotes slight volumetric expansion during hydration. This expansion partially offsets the shrinkage strain, thus reducing the net shrinkage. Moreover, the nucleation effect of finely divided limestone tailings enhances the early formation of hydration products, leading to a denser microstructure that restrains moisture movement and mitigates shrinkage. However, it is worth noting that excessive limestone tailings content may have the opposite effect. Due to the relatively high specific surface area of the tailings particles, they tend to absorb more free water from the mixture. This can reduce the effective water-to-cement ratio, hinder complete hydration, and create more capillary pores. As a result, the mixture may exhibit increased susceptibility to drying shrinkage at higher tailings content, offsetting the beneficial effects observed at moderate replacement levels. In summary, a moderate addition of limestone tailings, such as 20%, can effectively reduce the dry shrinkage of cementitious mixtures, while excessive dosages may lead to negative effects. Therefore, careful control of the tailings content is essential to optimize dimensional stability and ensure long-term performance (Li et al., 2017).
The temperature shrinkage coefficients of cementitious mixtures containing varying limestone tailings content, after 7 days of curing, were measured and are presented in Figure 7. As illustrated, all mixtures exhibited a temperature shrinkage coefficient that followed a parabolic trend concerning temperature variation: the values decreased initially and then increased as the temperature changed. Notably, the minimum temperature shrinkage coefficient for each mixture occurred within the temperature range of 15°C–30°C, indicating a relatively stable thermal response in this interval. This behavior can be attributed to the thermodynamic changes occurring within the mixture as temperature fluctuates (Jing et al., 2023). The thermal response of both the cementitious matrix and the moisture content within the pore structure primarily influences this behavior. The thermal expansion and contraction of both solid and liquid phases are minimal and more balanced, and the rate of moisture movement or phase change (e.g., evaporation or freezing) is limited. This leads to relatively small internal stress changes and a lower overall temperature shrinkage coefficient. However, when the temperature deviates from this moderate range, especially toward lower temperatures, the internal pore water may begin to freeze. Generating internal stress and micro-cracking, which contributes to greater thermal shrinkage deformation upon subsequent temperature decrease. On the other hand, at higher temperatures (above 30°C), increased thermal energy accelerates moisture evaporation from the pore network. The rapid loss of internal water leads to volumetric contraction of the cement matrix. Furthermore, elevated temperatures may cause differential thermal expansion among the various components (cement paste, aggregates, and tailings), generating micro-stress concentrations and contributing to shrinkage deformation. At lower temperatures, a portion of the residual free water within the matrix undergoes phase transition from liquid to solid, which is accompanied by volumetric expansion. This expansion effectively compensates for some of the shrinkage deformation induced by the overall temperature drop, resulting in a lower net shrinkage. However, as the temperature continues to fall outside this optimal range, the compensation effect diminishes, and the mixture exhibits increased thermal contraction. Moreover, the results indicate that the temperature shrinkage coefficient tends to increase with higher limestone tailings content (Chao et al., 2024). This trend suggests that the mixtures become more sensitive to temperature fluctuations as more limestone tailings are incorporated. One possible explanation is that limestone tailings exhibit a higher thermal deformation capacity compared to conventional aggregates (Ji et al., 2023). As a result, their inclusion enhances the overall thermal response of the mixture, leading to greater shrinkage under temperature variation. Despite the slight increase in the temperature shrinkage coefficient with high limestone tailings content, the effect is generally moderate. Importantly, the inclusion of limestone tailings still contributes positively to the mixture performance in terms of cracking resistance. The fine particle size and angular shape of the tailings help improve the internal bonding and restrict micro-crack propagation, which can mitigate temperature-induced cracking. Additionally, the presence of reactive components such as calcium oxide may contribute to the formation of a denser microstructure through secondary hydration, further enhancing the mixture’s structural integrity. In conclusion, while higher limestone tailings content may slightly increase the temperature shrinkage coefficient, the associated improvements in crack resistance and structural compactness make it a viable additive for enhancing pavement material performance, particularly in environments subject to thermal cycling.
[image: Figure 7]FIGURE 7 | Thermal shrinkage coefficient of mixture with different limestone tailings content.
3.4 Freeze-thaw cyclic test
The strength of the 28-day limestone tailings base mixture before and after the freeze-thaw of the curing age is tested, and the results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Freeze-thaw strength of mixture with different limestone tailings content.
As shown in Figure 8, the proportion of limestone tailings increases, and the frost resistance of the mixture is progressively enhanced. The frost resistance coefficients for the mixtures CTS0%, CTS20%, CTS40%, and CTS60% are 81%, 84%, 83%, and 85%, respectively. These results suggest that limestone tailings incorporation can improve the mixture’s resistance to freeze-thaw damage. Freeze-thaw cycling leads to a certain degree of degradation in unconfined compressive strength for all mixtures. This degradation primarily results from the cyclic temperature fluctuations, during which the internal water within the pores of the mixture freezes and thaws repeatedly. When water freezes, it expands in volume, generating internal frost heave pressure. This pressure acts on the pore walls and the internal structure of the material, leading to microcracking, material extrusion, and cumulative damage over repeated cycles (Liu et al., 2025). The mixtures containing limestone tailings exhibit significantly improved durability under freeze-thaw conditions. The BDR of the tailings-containing mixtures is up to 81% higher than that of the CTS0%. This improvement can be attributed to several key factors associated with the physical and thermal properties of limestone tailings. Firstly, limestone tailings consist of finer particles compared to traditional gravel aggregates, which contributes to a denser packing structure and lower porosity in the matrix. The increased specific surface area also enhances interfacial bonding and restricts the movement of free water within the pore network, thus limiting frost-induced damage (Li et al., 2017). Moreover, the presence of soluble salts within the cementitious system introduces osmotic effects during freeze-thaw cycles. As temperature drops, the concentration gradient between the pore solution and ice can generate osmotic pressure. When water in the micropores begins to freeze, the formation of ice crystals draws more liquid toward the freezing front due to this pressure differential. This can result in localized expansion and internal stress buildup. The enhanced microstructure provided by limestone tailings may help to resist these osmotic effects by reducing pore connectivity and limiting moisture migration. In summary, the appropriate incorporation of limestone tailings not only enhances the mechanical properties of the mixture but also improves its resistance to freeze-thaw damage by refining the pore structure, increasing thermal conductivity, and mitigating internal stresses caused by frost heave and osmotic pressure.
3.5 Anti-erosion performance
The test shows the change of erosion mass loss of the mixture with different limestone tailings content at 28 days curing age, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Scouring mass loss rate of mixture with different limestone tailings content.
It can be seen from Figure 9 that as the proportion of limestone tailings increases, the erosion-induced mass loss of the specimens gradually decreases, indicating enhanced resistance to hydraulic or mechanical scouring forces. This suggests that the incorporation of limestone tailings positively influences the mixture’s durability against erosive environments. When the limestone tailings content is 0%, 20%, 40%, and 60%, the corresponding mass loss rates under erosion mass loss conditions are 42%, 41%, 38%, and 37%, respectively. These results show a clear downward trend in erosion loss as the tailings content increases. Compared with the CTS0%, the inclusion of limestone tailings effectively reduces the degree of material loss due to scouring. This improvement can be attributed to the presence of fine particles and pozzolanic activity in limestone tailings. Although the pozzolanic activity is relatively low, a small amount of reactive silica and alumina in the tailings can react with calcium hydroxide generated during cement hydration to form additional gel products. This secondary hydration reaction enhances the internal bonding within the matrix and contributes to the densification of the microstructure, reducing the permeability and vulnerability of the mixture to erosive forces. The finer gradation and higher surface area of limestone tailings contribute to better particle packing and improved interfacial transition zones (ITZs) between aggregates and the cementitious matrix. This leads to enhanced cohesion and reduces the risk of particle dislodgement during water flow or scouring conditions. In effect, the compact and well-bonded microstructure acts as a protective barrier, minimizing the penetration and disruptive impact of water or abrasive particles. However, it is also observed that the reduction in mass loss, the frost resistance coefficients of the mixtures with limestone tailings (41%, 38%, and 37% for CTS20%, CTS40%, and CTS60%, respectively) are slightly lower than that of the CTS0% (42%). This suggests a trade-off between frost resistance and scouring resistance at higher limestone tailings content. One possible explanation is that while tailings improve matrix compaction, their higher water absorption and potential to alter pore structure might reduce the mixture’s ability to resist damage caused by freeze-thaw cycles. The addition of limestone tailings significantly improves the anti-scouring performance of the base mixture by refining its microstructure.
3.6 XRD analysis
The XRD was used to analyze the crystalline phase composition of the four groups of mixtures cured for 28 days. The test results are shown in Figure 10. By comparing the diffraction patterns of CTS0%, CTS20%, CTS40% and CTS60% four groups of samples, it can be found that at the characteristic peak position of 30°, all groups show the diffraction peak of calcite crystal phase (PDF88-1807), and no newly generated characteristic peak is detected (Liu et al., 2020; Xu et al., 2025). This phenomenon shows that in the range of 20%–60%, the addition of limestone tailings does not cause new chemical reactions, and its physical filling effect dominates, and the components in the tailings do not undergo chemical reactions (Rakhimova et al., 2016). It is worth noting that in the characteristic peak area of calcium carbonate (calcite) near 2θ = 30°, the peak strength of the three groups of samples mixed with tailings decreased by 21.3%, 35.2%, and 38.4%, respectively, compared with the CTS0% group (calculated by Jade software). This regular attenuation may be directly related to the characteristics of tailings materials: XRF composition analysis shows that the total content of SiO2 and Al2O3 in the limestone tailings used is 26.3%, which is significantly higher than that of ordinary limestone raw materials (usually <15%) (Geng et al., 2025), indicating that the proportion of clay minerals (such as kaolinite) is high (Marques et al., 2025). The amorphous structure of clay minerals leads to the weakening of the characteristic peak intensity of calcite crystals in the XRD pattern, which has a significant interference with the quantitative analysis of XRD. The incorporation of tailings does not change the main phase composition of the system, which is conducive to ensuring the volume stability of the material. However, the lack of active components in limestone tailings may affect the long-term strength development (Dietel et al., 2025; Akinbodunse et al., 2024).
[image: Figure 10]FIGURE 10 | XRD patterns of limestone tailings materials.
3.7 SEM analysis
The microstructure of the mixture with different tailings content at the curing age of 28 days was observed, as shown in Figure 11. It can be seen from Figure 11 that the mixture with different tailings content shows obvious differences in microstructure. It can be seen from Figure 11b that the limestone tailings of low content promotes the formation of hydration products, and the tailings particles have a certain micro-aggregate filling effect, which effectively fills the internal pores of the mixture and forms a denser and more uniform structure, thereby improving the strength of the mixture (Wang et al., 2022; Perez-Cortes and Ivan Escalante-Garcia, 2020; Song et al., 2025). With the increase of tailings content, the microstructure of CTS40% and CTS60% mixtures gradually shows a trend of decreasing overall density and increasing porosity. Excessive micro-particles in the tailings may lead to particle agglomeration, forming a weak interface area and inhibiting the formation of hydration products. In addition, although alkaline components such as calcium oxide in limestone tailings can react to form secondary hydration products, this effect gradually weakens when the content is too high, increasing the inhomogeneity of the microstructure (Elmaasrawy et al., 2025). It can be seen from Figure 11a that the pore structure of the mixture with CTS0% is relatively coarse, and the interface between the aggregate and the cement paste is weak, resulting in the compactness and strength of the overall structure of the mixture being lower than the CTS20%. Therefore, an appropriate amount of limestone tailings can optimize the mixture performance.
[image: Figure 11]FIGURE 11 | Microstructure of the mixture with different limestone tailings content: (a) CTS0%; (b) CTS20%; (c) CTS40%; (d) CTS60%.
4 SUMMARY AND CONCLUSIONS
In this paper, the performance test and microscopic analysis of base materials with different limestone tailings content were carried out. The unconfined compressive strength and flexural-tensile strength, drying shrinkage and temperature shrinkage, freeze-thaw cyclic, anti-erosion performance, and XRD and SEM analysis are discussed in the paper. From the above analysis, limestone tailings are a promising material with low carbon emission, low energy consumption, and low cost that can be obtained through reasonable design.
1. With the increase of limestone tailings content, the mechanical properties of the mixture increase first and then decrease. The CTS20% achieved the highest compressive strength of 11.2 MPa in 90 days. Limestone tailings have a certain micro-aggregate filling effect, which can improve the strength of the limestone tailings base mixture. After adding limestone tailings, the drying shrinkage performance of the mixture is improved to a certain extent, and the temperature shrinkage coefficient is increased.
2. The appropriate incorporation of limestone tailings material can reduce the strength loss and improve the frost resistance coefficient of the mixture. The alkaline substance contained in the limestone tailings can promote the hydration reaction and enhance the bonding effect of the mixture, thereby improving the anti-erosion performance of the limestone tailings mixture.
3. The crystal phase type of the mixture does not change with the incorporation of limestone tailings, and the incorporation of limestone tailings can produce a micro-aggregate filling effect to effectively fill the internal pores to form a denser and more uniform structure, which improves the performance of the mixture to a certain extent.
4. Future research should explore the use of limestone tailings as aggregate replacement in cement, concrete, and asphalt concrete. Experimental studies are needed to assess mechanical properties and durability under various replacement levels. Additionally, life cycle assessment and economic analysis are also recommended to evaluate sustainability benefits. Extending this approach to practical applications, including field performance and mix design optimization, could promote the resource-efficient use of industrial by-products and enhance the environmental performance of pavement and construction materials.
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