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Soil-rock mixtures are extensively used in geotechnical engineering applications, such as embankment construction, dam engineering, and slope reinforcement, where their compressive deformation characteristics play a crucial role in influencing the stability and settlement behavior of these structures. This study investigates how variations in rock content (W), effective stress (σv) and fine-grained soil properties (quartz sand and silty red clay) affect the one-dimensional compression behavior of soil-rock mixtures. Key compression parameters, including the compression index Cc and the secondary compression index Ca, were obtained and analyzed through one-dimensional consolidation tests to assess the deformation characteristics of these mixtures. Results show that under the same effective stress (σv), both the Cc and Ca exhibit different trends with W, depending on the properties of the fine-grained soil. Soil-rock mixtures with silty red clay demonstrate more pronounced secondary consolidation effects at low rock content, whereas mixtures with quartz sand display weaker secondary consolidation overall. The significantly lower Ca/Cc values in the quartz sand mixtures suggest that secondary settlement is much smaller in these mixtures compared to those containing silty red clay.
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1 INTRODUCTION
Soil-rock mixtures can be broadly classified into natural and artificial types based on their formation processes. Natural soil-rock mixtures are highly heterogeneous systems formed since the Quaternary period through geological processes such as gravitational, fluvial and glacial deposition, as well as residual weathering and tectonic activity. These mixtures typically comprise multiple materials with relatively continuous gradation, resulting in complex compositions and a diverse range of particle sizes. In contrast, artificial soil-rock mixtures usually consist of fewer materials types, exhibiting a specific range of particle sizes that create a discontinuous hierarchical structure. Despite their simpler composition, artificial mixtures play a crucial role in modern geotechnical engineering, where they are widely used as fill materials for embankments, dams, tunnels, and slope reinforcement (Wei et al., 2024; Liu et al., 2021). The compression behavior of soil-rock mixtures significantly influences the stability and long-term performance of these structures. While established theories effectively address the compression behavior of homogeneous soils, such as clays and sands (Mesri and Vardhanabhuti, 2009; Suneel et al., 2018; Feng et al., 2017; Xu et al., 2023) the mechanical behavior of soil-rock mixtures is more complex due to differences in particle size, material composition, and mechanical properties between the soil and rock components. The internal heterogeneity of these mixtures, along with the distinct behaviors of soil and rock, poses challenges in accurately predicting their mechanical properties. A comprehensive study of the compression deformation behavior of soil-rock mixtures is essential for advancing engineering design and ensuring the safety of such structures (Simpson and Evans, 2016; Wei et al., 2024).
The theory of one-dimensional consolidation is a cornerstone in understanding soil compression behavior and has broad applications in analyzing soil compressibility, predicting settlement, and addressing various engineering challenges. Terzaghi (1943), in his seminal work Theoretical Soil Mechanics, established the foundational principles of one-dimensional consolidation theory, which continue to underpin modern soil mechanics. This theory employs the e (void ratio)- σv (effective stress) curve or e-lg (σv) curve to characterize soil compression behavior, distinguishing between primary and secondary consolidation phases. It also facilitates the derivation of key parameters such as the compression index (Cc) and the secondary compression index (Ca). Extensive research has focused on the compression behavior of homogeneous soils, such as clays and sands. Skempton T (1957) expanded the practical applications of this theory by investigating consolidation coefficients and pore water pressure, providing valuable methods to predict settlement in clays. Chuhan et al. (2003) studied sand compression under high-stress conditions, uncovering key mechanisms such as porosity reduction and mechanical compaction. Mesri and Vardhanbhuti. (2009) analyzed over 100 sand samples, focusing on particle rearrangement, friction, and particle strength during primary and secondary compression phases. Similarly, Suneel et al. (2018) identified a strong correlation between the initial void ratio and secondary compression index in Korean natural soft soils. Further studies on clays have enhanced our understanding of creep behavior and the structural factors influencing consolidation. Zhu et al. (2016) introduced the material constant “q” to quantify the effects of soil structure on creep, while Ye and Ye. (2016) developed an eight-parameter constitutive model to simulate the behavior of over-consolidated clays. Nie et al. (2023) through scanning electron microscope and multivariate analysis, examined the compressibility, shear strength, and microstructural evolution of compacted loess. In contrast, soil-rock mixtures have received comparatively less attention, despite their complex mechanical behavior resulting from the interaction between soil and rock components and their structural heterogeneity. Santagata et al. (2008) studied the compressibility of high-organic soils (40%–60% organic matter), showing that organic content significantly influences soil compressibility, and underscoring the differences between inorganic clays and fibrous peat. Wang and Korkiala-Tanttu (2020) focused on the effects of cement and lime stabilization on soft clays, particularly their impact on creep coefficients, compression indices, and overall compressibility. Wu et al. (2019) conducted incremental loading tests on sand-soil mixtures, identifying secondary compression index and proposing the secondary compression behavior (long-term deformation) mechanism. Moreover, Chai and Duy. (2013) explored the consolidation and undrained shear strength of clay soils reinforced with geosynthetics, providing valuable insights into how reinforcement materials can enhance both consolidation and shear strength. Xu et al. (2020) investigated the compressibility of calcareous sand-clay mixtures, demonstrating that clay content significantly affects compressibility, creep behavior, and particle breakage. In addition, some researchers have employed particle modeling to study the micromechanics of one-dimensional consolidation in soils (Qu et al., 2023a; Qu et al., 2023b). Recent studies have also explored the role of mineral composition and microstructural characteristics in determining the compressibility of cemented soil-rock mixtures (Wu et al., 2025; Wu et al., 2024; Wu et al., 2022).
Although extensive research has been conducted on the compressibility, consolidation behavior, and secondary consolidation characteristics of homogeneous soils, the one-dimensional compression behavior of soil-rock mixtures remains relatively underexplored. Most existing studies on soil-rock mixtures focus on specific rock content or particular types of mixtures, lacking a comprehensive understanding of their behavior under varying conditions. This gap is significant because the compression deformation behavior of soil-rock mixtures is influenced by multiple factors, with rock content and fine-grained soil properties being key variables. The presence of rock fragments alters the structural characteristics and stress transmission paths within the mixture, while the physical properties of fine-grained soils—such as particle shape, grain size distribution, and plasticity index—affect the overall compressibility of the soil-rock mixture (Gong and Liu, 2015; Qian et al., 2024; Wu et al., 2020). Furthermore, Liu et al. (2024) examined the influence of coarse aggregate distribution uniformity on the compaction characteristics of soil-rock mixtures under cyclic loading, demonstrating that its effect varies with different rock content levels, with the most significant impact observed at moderate rock content.
This study aims to address this gap by systematically investigating how varying rock content and fine-grained soil properties influence the compression behavior of soil-rock mixtures. To achieve this, a series of one-dimensional consolidation tests using soil-rock mixtures prepared with two representative fine-grained soils—silty red clay and quartz sand. Multi-stage loading consolidation tests were performed to measure key compression parameters, including void ratio, compression index (Cc), and secondary compression index (Ca). Through analysis of the experimental data, this study reveals the combined effects of rock content and fine-grained soil properties on the compressibility of soil-rock mixtures, providing valuable insights for engineering applications.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Experimental materials and apparatus
The soil-rock mixtures utilized in this study were artificially prepared, with coarse and fine soils collected from the Nanning region in Guangxi, China. Figure 1 illustrates the coarse and fine soils used in the tests, with the coarse-grained soil primarily composed of gravel (Figure 1A). To examine the influence of various fine-grained soil properties on the one-dimensional compression behavior of soil-rock mixtures, two types of fine-grained soils were selected: quartz sand (Figure 1B) and silty red clay (Figure 1C). It is important to clarify that coarse-grained soil and fine-grained soil in this context refer to different particle size fractions within the mixtures, rather than traditional soil classification standards in soil mechanics. X-ray diffraction tests indicated that quartz constitutes over 99% of quartz sand, while the silty red clay comprises approximately 11.5% quartz, 10% hematite, and 78.5% clay minerals, of which kaolinite accounts for 76% and montmorillonite for 24%. In addition, SEM analyses show that quartz sand particles are well-defined at low magnifications but exhibit numerous cracks and defects at higher magnifications, which likely contribute to particle breakage under stress. In contrast, the silty red clay exhibits pronounced flocculation, with fine particles forming dense clusters. Moreover, the progression of red soil formation in the Nanning region influences its mechanical properties: as redox weathering proceeds, aluminum and iron ions are redistributed, leading to an increase in the crystalline and amorphous phases within the clay. These changes enhance inter-particle cohesion and the internal strength of clay aggregates, thereby reducing expansive and shrinkage behavior and ultimately affecting the overall compressibility of the soil–rock mixture. The basic physical properties of the experimental materials were measured using standard methods, including the pycnometer method, volumetric method, oven-drying method, vibrating compaction method, and combined liquid limit-plastic limit test. Table 1 summarizes the basic material properties—specific gravity, density, natural moisture content, optimum moisture content, and liquid limit—of the soil-rock mixture components. These values were obtained using standard test methods, such as the specific gravity bottle method, volumetric method, oven-drying method, surface vibratory compaction method, and the liquid-plastic limit test, all conducted in accordance with GB/T50123-2019 and JTG3430-2020.
[image: Figure 1]FIGURE 1 | Experimental material used in this study. (A) gravel. (B) quartz sand. (C) silty red clay .
TABLE 1 | Basic material parameters.
[image: Table 1]A fully automated large-scale one-dimensional consolidation apparatus was utilized to perform one-dimensional compression tests on the soil-rock mixtures. The apparatus, illustrated in Figure 2, includes a vertical stress loading system, a sample consolidation chamber, a pore water pressure control system, and a data acquisition system. This configuration enables a range of one-dimensional consolidation tests, such as incremental loading, strain-controlled loading, and continuous stress loading. The specifications of the apparatus are as follows: the consolidation chamber accommodates samples with a diameter of 252 mm and a height of 70 mm, and it is designed to withstand a maximum pressure of 2.0 MPa. The vertical stress loading system has a maximum load capacity of 200 kN and can achieve a maximum axial compression displacement of 50 mm. Load and displacement measurement accuracy is within ±0.5% of the full scale, while pore water pressure and backpressure measurement accuracy is within ±1% of the full scale.
[image: Figure 2]FIGURE 2 | Large-scale consolidation tester.
2.2 Experimental program
This study primarily investigates the effects of rock content and fine-grained soil properties on the compression characteristics of soil-rock mixtures through a series of one-dimensional compression tests. To systematically analyze the influence of rock content (W), six levels were established: 0%, 20%, 40%, 60%, 80%, and 100%, where 0% represents pure fine-grained soil and 100% represents pure coarse soils. While rock content in practical engineering applications typically ranges from 30% to 70%, a broader gradient was chosen to comprehensively capture variations in mechanical behavior across the full spectrum, a methodology commonly employed in experimental studies to investigate nonlinear trends and transition thresholds (Simpson and Evans, 2016). To assess the impacts of fine-grained soil properties, two types of fine-grained soils were selected: quartz sand and silty red clay. Take the fine-grained soil of quartz sand, for example, the grading curves for soil-rock mixture specimens with different W are shown in Figure 3. The testing procedure followed the standard for soil test methods (GB/T50123-2019) and the specifications for highway subgrade soil tests (JTG3430-2020). The detailed process was as follows: First, the soil-rock mixture samples were prepared by thoroughly mixing the fine and coarse components to ensure a homogeneous distribution. To maintain consistent moisture content and prevent external fluctuations, the prepared mixtures were promptly sealed in plastic film prior to testing. The sealed samples were then placed in a consolidation chamber and saturated for 24 h using vacuum pressure with distilled water. After saturation, the samples underwent pre-consolidation at 50 kPa for 24 h to ensure uniform compaction. Following pre-consolidation, multi-stage consolidation tests were conducted under effective stress levels of 200 kPa, 400 kPa, 600 kPa, 800 kPa, and 1,600 kPa. Although most foundation and subgrade loading conditions typically fall within 1,000 kPa, the upper limit of 1,600 kPa was selected to simulate more extreme conditions, such as those encountered in high-load structures or rock-based foundations, as also reported by Wu et al. (2019) and Nie et al. (2023). Each loading increment was maintained until the settlement rate of the sample reached 0.01 mm/h before advancing to the next stress level. In summary, this experimental program involved six levels of rock content, two types of fine-grained soils, and five levels of effective stress, resulting in a total of 155 tests.
[image: Figure 3]FIGURE 3 | Grading curves of soil-rock mixture samples with varying rock content W (fine-grained soil: quartz sand).
The compression coefficient, α, for a specific pressure range can be calculated using Equation 1:
[image: image]
where [image: image] denotes the effective stress (in kPa) and e is the void ratio (a dimensionless parameter defined as the ratio of void volume to solid volume); Δ [image: image] and Δe represent the corresponding changes in effective stress and void ratio, respectively. To calculate the compression index Cc of the soil-rock mixture samples, the testing procedure followed ASTM D2435/D2435M-11. First, the variation of e with time (t) under each loading level was plotted on a logarithmic scale (see Figure 4 for the compression curve of a mixture with 40% rock content and silty red clay under an effective vertical stress of 1,600 kPa). Then, the intersection of the tangent lines before and after the curve’s inflection point was used to determine the demarcation point (tc) between the primary and secondary consolidation stages. This study utilizes the compression index Cc and the secondary compression index Ca to evaluate the compression characteristics during these phases. The compression index Cc is derived from the relationship between e and σv before the end of primary consolidation (see Figure 5). In logarithmic coordinates, as the applied stress increases, the relationship between e and σv tends to because linear, with the slope of this line representing the Cc. The slope of e versus t during the secondary consolidation phase is defined as the secondary compression index Ca. The formulas for calculating the compression index and secondary compression index are given in Equations 2, 3:
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where [image: image] is the base-10 logarithmic difference in effective stress between successive loading increments, and [image: image] is the base-10 logarithmic difference in time between the end of primary and secondary consolidation.
[image: Figure 4]FIGURE 4 | e-lg(t) compression curve.
[image: Figure 5]FIGURE 5 | e-lg (σv) compression curve.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Void ratio-effective stress curves
Figure 6 depict the void ratio-effective stress (e-σv) relationship curves for soil-rock mixtures with varying rock contents (W), using silty red clay and quartz sand as the fine-grained soils, respectively. These figures illustrate that, during one-dimensional consolidation, e shows a nonlinear decreasing trend as effective stress (σv) increases. At lower levels of effective stress, the decrease in e is gradual, while at higher stress levels, the reduction becomes more linear. Vaughan et al. (1988) attribute this behavior to the yielding of the soil structure, where the applied effective stress exceeds the strength of the soil particles skeleton, causing the structural bonds to fail and resulting in significant compaction. For a given fine-grained soil, the void ratio is clearly influenced by the rock content (W) at any σv. In mixtures with silty red clay, the e initially decreases with increasing W, reaching a minimum when W = 20%, as shown in Figure 6A. In contrast, for mixtures with quartz sand, the e also decreases initially with increasing W, but the minimum e occurs when W = 60%, as shown in Figure 6B. This indicates that the minimum e varies depending on the nature of the fine-grained soil. The differences in the minimum e for different fine-grained soils are likely due to the distinct interactions between the rocks and the fine-grained soil matrix. For silty red clay, its smaller particle size and higher plasticity may allow it to fill the voids between rocks more effectively at lower W levels. In contrast, quartz sand, with its coarser grains and different packing characteristics, requires a higher W to achieve optimal packing and minimal void ratio. This phenomenon aligns with the theory of particle rearrangement and void structure changes proposed by Xiao et al. (2021), which suggests that the interaction between coarse and fine particles significantly influences the compressibility of soil-rock mixtures.
[image: Figure 6]FIGURE 6 | The relationship between e and σv for the samples with different W. (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
3.2 Analysis of compression index
Based on the e-σv relationship curves in Figure 6, the compression index Cc under incremental loading was determined. Figure 7 presents the Cc-σv curves for soil-rock mixtures samples with varying rock contents (W). For the silty red clay samples (Figure 7A), the compression index Cc decreases gradually with increasing effective stress, stabilizing when the stress exceeds 600 kPa. This indicates that at lower stress levels, the compressibility of the soil-rock mixture is relatively high, but as the effective stress increases, the compressibility diminishes and eventually stabilizes. This behavior is consistent with the findings from compression tests on cohesive soils reported by Nash and Sills (1992) and Gasparre and Coop (2008), which show that cohesive soils exhibit reduced compressibility as their structure consolidates and compaction becomes more uniform under increasing stress. In contrast, the quartz sand samples (Figure 7B) exhibit an increasing compression index Cc as effective stress rises. This can be attributed to the more pronounced particle rearrangement and abrasion in sandy soils under high-stress conditions. As stress increases, sand particles undergo significant rearrangement and breakage, leading to greater compressibility. This observation aligns with the work of Mesri and Vardhanabhuti (2009), Mesri (1977) and Xiao et al. (2021), who found that particle crushing and abrasion under high stress can substantially affect soil compressibility. In sandy soils, especially those with hard and crushable particles, fragmentation and abrasion become more pronounced under high stress, reducing particle size (Wu and Wang, 2023). As stress increases, particle breakage produces smaller fragments that fill the voids between larger particles, thereby further increasing the compression index Cc.
[image: Figure 7]FIGURE 7 | The relationship between Cc and σv for the samples with different W. (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
Based on the data from Figures 7, 8 illustrates the relationship between the compression index (Cc) and rock content (W) for soil-rock mixtures with silty red clay and quartz sand as the fine-grained components, respectively. The trends in Cc vary depending on the type of fine-grained soil. For mixtures with silty red clay (Figure 8A), Cc follows an increasing-then-decreasing trend as W increases. At W = 0 (pure fine-grained soil), the Cc value is relatively low. However, as W rises to between 20% and 60%, Cc increases significantly, indicating greater compressibility. This may be due to an optimal balance between the rock fragments and fine-grained soil within this range, where the rock particles provide structural support, enhancing the compressibility of the mixtures. Once W exceeds 60%, Cc begins to decrease, suggesting that when rock content becomes too high, the coarse-grained skeleton dominates the mixture, reducing overall compressibility. In contrast, mixtures with quartz sand as the fine-grained component (Figure 8B) show much less sensitivity to changes in W. The compression index Cc exhibits minimal variation as rock content increases, implying that the interaction between quartz sand and rock fragments is relatively weak. The addition of rock fragments has little effect on the mixture’s compressibility. This is likely due to the large particle size and low compressibility of quartz sand, meaning that the presence of rock fragments does not significantly alter the overall compressibility of the soil-rock mixture. The trends observed in Figure 8 are consistent with the findings of Sowers et al. (1951), who noted that the compressibility of soil-rock mixtures is influenced not only by rock content but also by the type of fine-grained soil. Factors such as water content and inter-particle friction play a significant role in determining the compressibility of the mixture. According to common classifications, soils with Cc>0.167 are considered highly compressible, those with 0.033<Cc<0.167 are moderately compressible, and soils with Cc<0.033 are classified as low-compressibility soils (Gu et al., 2019). Based on this classification, the mixtures with quartz sand are identified as low-to-moderately compressible, while the mixtures with silty red clay fall into the moderately-to-highly compressible range. Overall, the properties of the fine-grained soil play a key role in determining the compressive behavior of the soil-rock mixture (Gong et al., 2024; Nie et al., 2024). The silty red clay, with its higher plasticity and cohesiveness, interacts more dynamically with the coarse particles, leading to greater variability in compressibility. On the other hand, quartz sand, due to its rigidity and low compressibility, results in a more stable compressive behavior, largely independent of rock content.
[image: Figure 8]FIGURE 8 | The relationship between Cc and rock content W under different σ. (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
3.3 Analysis of secondary compression index
Figure 9 illustrates the relationship between the secondary compression index (Ca) and effective stress (σv) for soil-rock mixtures with varying rock content (W), where the fine-grained soils are silty red clay and quartz sand, respectively. In both cases, Ca decreases with increasing effective stress, stabilizing after 400 kPa. This suggests that secondary consolidation effects are more pronounced under lower stress conditions. As stress increases, particle rearrangement stabilizes, resulting in a reduction in secondary consolidation. However, when σv exceeds 800 kPa, a slight increase in Ca is observed, indicating that further particle rearrangement or breakage occurs under higher stress, enhancing the secondary consolidation effect. A comparison between Figures 9A, B reveals that Ca values for mixtures with silty red clay as the fine-grained soil are generally higher than those with quartz sand, particularly at lower stress levels. This indicates that secondary consolidation is more significant in mixtures with silty red clay, likely due to more complex interactions between the fine particles. In contrast, for mixtures with quartz sand, the Ca is less pronounced at low stress levels due to the rigidity and low plasticity of quartz sand, which restricts particle movement. However, under higher stress conditions, particularly above 800 kPa, particle breakage and rearrangement in the quartz sand mixtures become more prominent, resulting in increased secondary consolidation. Furthermore, for mixtures with silty red clay, the Ca values decrease as the rock content W increases, and the Ca-σv curve flattens, suggesting that an increase in rock content reduces secondary consolidation effects. This could be due to the dominance of coarse particles in the soil structure as rock content rises. However, for mixtures with quartz sand, no such trend is observed, indicating that the abrasion and breakage of sand particles, in combination with the rock fragments, contribute to a more complex and significant interaction. These observations are consistent with previous studies. Suneel et al. (2018) and Santagata et al. (2008) conducted compression tests on soft clays from different regions and found that Ca values decrease and stabilize after consolidation pressures exceed 200 kPa. Similarly, Mesri and Vardhaabhuti (2009), Mesri (1977) and Bjerrum (1973) noted that for sandy soils, particle abrasion and breakage under high stress significantly increase secondary consolidation effects.
[image: Figure 9]FIGURE 9 | The relationship between Ca and σv for soil-rock mixtures with different rock content. (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
Based on the data from Figures 9, 10 illustrates the relationship between the secondary compression index (Ca) and rock content (W) for soil-rock mixtures with silty red clay and quartz sand as fine-grained soils, respectively. For the silty red clay samples (Figure 10A), Ca shows higher values at lower W, indicating that secondary consolidation effects are more pronounced when fine-grained soil dominates the mixture. As W increases, Ca gradually decreases, suggesting that as the proportion of coarse-grained material rises, the structure of the soil-rock mixture becomes more influenced by the rock particles. This reduces the impact of the fine-grained soil on compression behavior and results in a lower secondary consolidation effect. These findings are consistent with previous research on fine-grained soil behavior in soil-rock mixtures. Mesri and Vardhaabhuti (2009), Mesri (1977) and Bjerrum (1973) noted that the secondary compression index tends to stabilize at high rock content because the load-bearing skeleton is primarily composed of coarse-grained particles, with secondary consolidation mainly occurring through the rearrangement of fine particles. For the quartz sand samples (Figure 10B), Ca is generally lower than in the silty red clay mixtures, with more subtle changes in Ca as W increases. After W exceeds 20%, there is a slight rise in Ca, suggesting that rock fragments contribute to particle rearrangement and breakage, though less significantly than in clay-based mixtures. While the compressibility of sand-dominated mixtures remains relatively stable, the gradual wear and breakage of particles at higher rock content can still lead to some increase in secondary consolidation. This observation aligns with Wu et al. (2019), who found that in sand-dominated mixtures, secondary consolidation is primarily influenced by the arrangement and contact of coarse particles, though particle abrasion at higher stress levels can enhance secondary compression effects. In conclusion, as shown in Figures 10A, B, soil-rock mixtures with silty red clay exhibit more pronounced secondary consolidation, especially at lower rock content, due to the cohesive nature of the clay and its propensity for particle rearrangement over time. In contrast, mixtures with quartz sand show weaker secondary consolidation overall, as the rigidity of sand particles limits rearrangement. In quartz sand mixtures, secondary consolidation is primarily influenced by particle wear and breakage at higher rock content, which contributes to a slight increase in Ca under elevated stress levels. Based on relative comparisons and the trends observed in previous studies (Suneel et al., 2018; Mesri and Castro, 1987; Bjerrum, 1973), silty red clay samples exhibit moderate to high secondary consolidation, while quartz sand mixtures fall into the low secondary consolidation category.
[image: Figure 10]FIGURE 10 | The relationship between Ca and rock content W under different σv. (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
3.4 Analysis of the Ca/Cc ratio
Figure 11 illustrates the relationship between the ratio of the secondary compression index Ca to the primary compression index Cc and rock content W for soil-rock mixtures with silty red clay and quartz sand as the fine-grained components, respectively. Mesri and Vardhaabhuti (2009), Mesri (1977) observed through extensive consolidation tests that the Ca/Cc ratio remains nearly constant for a given soil type, which can be used to define long-term compression (secondary consolidation) behavior. Thus, understanding how the Ca/Cc ratio varies with W is essential for interpreting secondary consolidation effects in soil-rock mixtures. Figure 11A shows the variation of Ca/Cc with W for mixtures with silty red clay. A linear fit of the data yielded an R2 value greater than 0.8, indicating a strong correlation. The figure demonstrates that as W increases, the Ca/Cc ratio gradually decreases. This suggests that at lower rock content, secondary consolidation effects are more pronounced in silty red clay mixtures, while primary consolidation becomes more dominant as rock content increases. However, when W > 40, the ratio stabilizes between 0.037 and 0.041. This implies that at higher rock content, the increased proportion of rock fragments reduces the influence of fine-grained soil on secondary consolidation, resulting in compression behavior that is increasingly controlled by primary consolidation. Figure 11B depicts the variation of the Ca/Cc for mixtures with quartz sand as the fine-grained component. Compared to silty red clay, the Ca/Cc values for quartz sand mixtures are generally lower, ranging between 0.008 and 0.017, with only slight changes as W increases. This indicates that rock content has limited effect on the secondary consolidation behavior of quartz sand mixtures, where secondary settlement is relatively low and primary consolidation dominates the compression process. The linear fit also shows an R2 value greater than 0.8, confirming a strong correlation. By comparing Figures 11A, B, it is evident that mixtures with silty red clay exhibit more pronounced secondary consolidation effects at low rock content, while mixtures with quartz sand show weaker secondary consolidation overall. The significantly lower Ca/Cc values in the quartz sand mixtures indicate that secondary settlement in these mixtures is much smaller than in those with silty red clay. This difference can be attributed to the physical properties of the fine-grained soils: silty red clay has stronger inter-particle friction and cohesion, leading to greater deformation during secondary consolidation, whereas quartz sand exhibits a more stable particle arrangement, resulting in less deformation during the secondary consolidation phase. These findings are consistent with previous studies and further validate the significant influence of fine-grained soil properties on the compressibility of soil-rock mixtures (Suneel et al., 2018; Mesri and Castro, 1987; Wang et al., 2017).
[image: Figure 11]FIGURE 11 | The relationship between compression index Cc and secondary compression index Ca (The inset graph shows the ratio of Ca/Cc as a function of W). (A) Fine-grained soil is silty red clay. (B) Fine-grained soil is quartz sand.
4 CONCLUSION
This study examines the effects of rock content (W), fine-grained soil properties and effective stress (σv) on the compression deformation behavior of soil-rock mixtures through one-dimensional consolidation tests. The main conclusions are as follows:
(1) Significant differences in the compression index Cc were observed across soil-rock mixtures with varying fine-grained soils. For silty red clay, Cc decreases with increasing effective stress and stabilizes at 600 kPa. Additionally, Cc follows a “first increase then decrease” trend with W, peaking at W = 60%. In contrast, for quartz sand, Cc increases steadily with effective stress but is less sensitive to changes in W.
(2) The nature of the fine-grained soil plays a significant role in influencing the secondary compression index (Ca). Compared to quartz sand, silty red clay exhibits a higher Ca, indicating a more pronounced secondary consolidation effect. For silty red clay, Ca decreases as W increases, while for quartz sand, the effect of W on Ca is minimal, with relatively narrow variation.
(3) Soil-rock mixtures with silty red clay exhibit more pronounced secondary consolidation effects at low rock content, while mixtures with quartz sand show weaker secondary consolidation overall. The significantly lower Ca/Cc values in the quartz sand mixtures indicate that secondary settlement in these mixtures is much smaller than in those with silty red clay.
(4) From an engineering application perspective, the selection of fine-grained soil type and rock content significantly influences the compressibility and secondary consolidation characteristics of soil-rock mixtures. Silty red clay mixtures demonstrate higher compressibility and secondary consolidation, requiring more careful settlement predictions, whereas quartz sand mixtures exhibit lower compressibility and better long-term stability. Regarding rock content, for silty red clay mixtures, an optimal range of 20%–40% provides a stable balance between compressibility and secondary consolidation. In quartz sand mixtures, the minimum void ratio occurs at 60%–80% rock content, contributing to improved mechanical stability.
While these conclusions offer valuable insights into the static consolidation behavior of soil-rock mixtures, it is important to acknowledge certain limitations in our study. In particular, the effects of moisture variability and dynamic loading conditions were not addressed, which could further influence compressibility and settlement behavior. Future research should explore these aspects to provide a more comprehensive understanding of soil-rock mixture performance under field conditions.
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