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The presence of mixed soil is widespread in nature, rendering it susceptible to geological hazards such as landslides, liquefaction, and debris flows. This soil type displays pronounced structural anisotropy due to its diverse mineral composition and the broad range of particle sizes it encompasses across multiple geometric scales. However, there exists an array of conflicting research outcomes concerning the impact of particle composition, size, and content on the mechanical properties of mixed soil. This study delves into the mechanical behavior of mixed soil across varying particle contents and sizes using direct shear testing. Subsequently, the distinctive mechanical responses are dissected by scrutinizing the interplay of particle contact interfaces. Concurrently, the underlying mechanism behind this behavior is explored by examining particle surface adsorption energy through a multi-energy scale approach. In conclusion, the following findings are established: 1) The influence of fine particle content (FC) on mixed soil strength varies according to distinct filling conditions; 2) The contribution to mixed soil strength differs among particles with distinct mineral components; 3) Sand particle size within mixed soil holds no sway over its strength under equivalent mass conditions; 4) The particle surface energy equation derived from the multi-energy scale technique comprehensively elucidates the interplay between particle composition, content, and mechanical behavior in mixed soil.
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1 INTRODUCTION
Mixed soil, found extensively in natural contexts such as weathered mountain slopes, alluvial deposits, sea-land interactions, and tailings, holds significant relevance for both human life and engineering endeavors. Within mixed soil, the presence of fine particles interspersed among coarser particles, with distinct geometric scales and mineral compositions, results in complex particle-to-particle contact interfaces. This intricate arrangement contributes to the conspicuous anisotropy characterizing the soil’s structure. Disturbingly, the collapse of mixed soil readily triggers substantial deformations and gives rise to geological hazards, including landslides, liquefaction, and mudslides, as illustrated in Figure 1. Notably, research underscores the substantial mechanical divergence between mixed soil and pure sand or clay (Yamamuro and Lade, 1998; Bobei and Lo, 2009; Ke and Chen, 2019; Wei and Yang, 2019; Porcino and Diano, 2020; Bai et al., 2021). To elucidate these differential behaviors, scholars have extensively investigated factors encompassing fine particle content (FC), particle physical attributes, and internal soil structure.
[image: Figure 1]FIGURE 1 | Instances of geological hazards in mixed soil. (A) Landslides and mudslides post Wenchuan earthquake; (B) Landslides induced by rainstorms in East Akhand, India.
Foremost among these factors, the influence of FC on mixed soil properties garnered early attention. Troncoso and Verdugo (1985) executed cyclic shear tests on tailings with varying mass proportions of silt, showcasing decreased cyclic shear strength with rising silt content. However, Amini and Qi (2000) demonstrated enhanced cyclic resistance in fine-grained sandy soil as FC increased, based on triaxial experiments. Conversely, Polito and Martin (2001) reported an initial decrease followed by an increase in liquefaction resistance with fine-grained sandy soil’s FC. Examining the anisotropic effect of sand-silt mixtures, Bahadori and Ghalandarzadeh et al. (2008) identified a trend of decreasing and then increasing anisotropy with silt content. Carraro and Prezzi. (2009) noted variations in critical state friction angle and peak stress of sandy soil due to FC changes, differing based on the properties of the fines. Krim and Arab. (2017) linked reduced liquefaction resistance to increased clay content. Porcino and Diano et al. (2020) established that, upon reaching a threshold fines content at constant porosity, a more contractive behavior emerged, with heightened strain softening as fines content increased. Monkul and Kendir. (2021) documented two tendencies: cyclic resistance ratio (CRR) initially increased and then decreased for small FC values (approximately 5%–10%) within the studied range (FC ≤ 35%); CRR consistently diminished for FC values up to 35%. Li and Liu, (2022) findings exhibited linear growth in cohesion, uniformity coefficient, and curvature coefficient with increasing FC, while friction angle declined. Zuo and Gu. (2023) found that a non-linear decrease in small-strain shear modulus accompanied FC increase to 30%, reaching nearly 50% of clean sand’s modulus at maximum FC.
Beyond geometric size, the plasticity of fine particles holds significant sway over mixed soil strength (Lee and Seed, 1967). Carraro and Prezzi. (2009) highlighted elevated critical state friction angle and peak stress as silt content increased within mixed sand, with opposing trends observed for clay. Park and Kim (2013) demonstrated decreased dynamic strength in sand-clay mixtures of differing densities with higher clay plasticity indices. Monkul and Yamamuro (2011), as well as Monkul and Etminan. (2017), underscored the influence of fine particle shape on sandy soil liquefaction. Krim and Arab, (2017) associated both particle shape and FC with mixed soil liquefaction resistance. Zhu and Zhang, (2020) noted that larger particles generated occlusal structures, enhancing friction, while identical-sized sand particles were more prone to sliding. Monkul and Kendir et al. (2021) delineated coarse-fine contacts’ impact on overall stress-strain behavior, with fines creating substructures between coarser grains. Chang and Yin et al. (2010) conceived soil as a particle aggregate, where all-direction particle contact dictated stress-strain correlation. Gong and Nie, (2019) quantified different contact types’ contributions to residual shear strength, including coordination number and normal contact force. Phan and Bui, (2021) attributed mixed soil shear resistance to particle contact type and proportion, emphasizing fine powder’s role in altering sand properties. Allahyari and Maleki (2022) affirmed relative density and confining pressure’s substantial impact on maximum shear modulus.
In the domain of FC, fine particles within the 0%–8% range were found to stabilize anisotropic structures and enhance stiffness anisotropy (Gao and Wang, 2015). Sabbar and Chegenizadeh (2017) posited that fine particles create a structure that narrows inter-particle pores, subsequently altering soil liquefaction resistance. Zhu and Zhang (2020) observed larger particles forming occlusal structures, providing greater friction, while particles of uniform size were more susceptible to sliding. Monkul and Kendir et al. (2021) highlighted the role of coarse-fine contacts in shaping soil’s stress-strain behavior. Chang and Yin, (2010) regarded soil as an aggregate, where particle contacts in all directions dictated stress-strain relationships. Gong and Nie, (2019) established varying contributions of contact types to residual shear strength, encompassing coordination number and normal contact force. Phan and Bui, (2021) attributed mixed soil shear resistance to particle contact type and proportion, emphasizing fine powder’s role in altering sand properties. Allahyari and Maleki (2022) affirmed relative density and confining pressure’s substantial impact on maximum shear modulus.
Mixed soil, being a confluence of varying particle sizes and mineral compositions, exhibits mechanical behavior significantly influenced by particle geometry, mineral composition, and content. Prior research has provided insight into certain aspects of this behavior via internal structure analysis. However, the precise mechanisms remain unclear, resulting in conflicting findings across mixed soil studies. Given these challenges, this paper endeavors to dissect the mechanical behavior of diverse mixed soil samples via experimentation. The ensuing analysis encompasses FC, particle composition, and size, scrutinizing their contribution to microstructural deformation and particle interface properties. Subsequently, utilizing an energy scale approach, the paper delves into the mechanism behind this behavior at the micro-level, particularly focusing on particle surface energy and contact interfaces. This comprehensive approach aims to draw valuable conclusions from the investigation.
2 EXPERIMENTAL INVESTIGATION OF MECHANICAL BEHAVIOR IN MIXED SOIL
2.1 Test configuration
In this experimental study, we systematically investigate how various factors, including particle size, mineral composition, and particle content, influence the mechanical behavior of mixed soil. Our experimental setup involves quartz sand as the coarse-grained component and wet bentonite powder as the fine-grained component. The quartz sand was screened using sieves with pore sizes of 0.4 mm–0.6 mm, 0.6 mm–0.8 mm, 0.8 mm–1.0 mm, and 1.0 mm–2.0 mm, respectively. So, the average diameters of the quartz sand particles are 0.5 mm, 0.7 mm, 0.9 mm, and 1.5 mm. Since bentonite is purchased commercially, its mineral composition was tested to ensure that the clay mineral content meets the requirements. Detailed information about these materials is provided in Table 1.
TABLE 1 | The basic information of the experimental materials.
[image: Table 1]Figure 2A illustrates the two predominant states that can be observed in mixed soil samples: one in which there are sufficient fine particles to completely fill the gaps between coarse particles, resulting in minimal contact between the coarse grains, and another where there are enough coarse grains, causing the fine grains to partially fill the gaps. These states play a crucial role in determining the mechanical behavior of the soil (Yin and Zhao, 2014; De Frias Lopez and Silfwerbrand et al., 2016).
[image: Figure 2]FIGURE 2 | Schematic diagram of sample preparation method. (A) Schematic representation of fabric cases; (B) Schematic diagram of sample method.
To investigate the mechanical behavior of mixed soil under different conditions as shown in Figure 2A, we prepare samples by carefully controlling the content of fine and sand particles. The sample preparation process is outlined in Figure 2B. Each sample is prepared within a ring knife with a diameter of 6.18 cm and a height of 2 cm, as depicted in Figure 3. The volume of the ring knife is denoted as V.
[image: Figure 3]FIGURE 3 | Test on the mechanical behavior of mixed soil. (A) Sample of mixed soil; (B) Experimental instrument.
The sample preparation process proceeds as follows:
1. Calculate the mass (M0sand) and volume (V0sand) of the sand in the ring knife based on the natural bulk density of the sand.
2. Determine the gap volume (Vgap) between the sand particles.
3. Gradually fill the gaps by controlling the volume of fine particles (Vfine), such as Vfine = 0.3Vgap, Vfine = 0.4Vgap, Vfine = 0.5Vgap, and so on, until the gaps are fully filled.
4. Gradually reduce the sand content in the mixed soil by controlling the quality of sand particles (Msand = 0.9M0sand, Msand = 0.8M0sand, Msand = 0.7M0sand, and so on), while the remaining volume is filled with fines.
The sample preparation plan for mixed soil with varying particle sizes and fine content is detailed in Table 2. This article focuses on the contact interface between particles in mixed soil. Compared to the mass fraction, the volume fraction can better represent the number of contact surfaces between sand particles and fine particles. So, the fine particle content (FC) in this study is expressed as a volume ratio (Vfine/V).
TABLE 2 | Sample preparation plan and experimental plan.
[image: Table 2]Considering the inherent water content of soil in its natural state, and the characteristics of the particle surface of bentonite are gradually displayed after absorbing water, so the fine particles in this article are bentonite with a certain water content. The research focus of this article is on the effects of content, particle size, and mineral composition on the contact interface between particles. Therefore, there is not much discussion on the water content of fine particles. However, considering the feasibility of sample preparation and the role of fine particle surface, this experiment chooses a water content of 50% for fine particles. Bentonite is prone to swelling and agglomeration after absorbing water, which can affect sample preparation. To eliminate these effects, this experiment adopts the unsaturated sample preparation method. Firstly, add 47% water to the dry bentonite and stir evenly. Then, seal and let the bentonite fully absorb water and expand. Then, use a 1–2 mm sieve to screen out small moist particles and test the water content. Based on the water content tested, spray a certain amount of water to reach 50% of the water content, and let it sit overnight.
Subsequently blending the prepared fines uniformly with sand according to predetermined proportions. Subsequently, the mixture is compacted within a ring knife using a consistent striking method, ensuring uniform energy application for each strike. An illustration of the prepared sample is presented in Figure 3A. Following the preparation of samples, they are carefully enclosed with plastic wrap alongside the ring knife. These wrapped samples are then placed within a controlled environment with constant temperature and humidity conditions, allowing them to stand undisturbed for a duration of 24 h. This resting period facilitates the establishment of a stable soil state within the samples.
Subsequent to the resting period, the samples undergo direct shear testing in accordance with the specifications outlined in Table 2. The experimental apparatus employed for the direct shear tests is the strain-controlled direct shear instrument, as depicted in Figure 3B. Throughout the direct shear experiments, the vertical load is consistently controlled at values of p = 100kPa, p = 150kPa, p = 200kPa, and p = 250kPa, while the shear rate remains maintained at 0.8 mm/s. It is essential to highlight that both the sample preparation and the execution of the direct shear tests are carried out meticulously in adherence to relevant standards (ASTM: D420 – D5876/D5876m), ensuring the accuracy and reliability of the results obtained.
2.2 Test results

(1) Relationship between shear stress and shear displacement
The interplay between shear stress and shear displacement provides insights into various soil properties during the shearing process. Due to the extensive range of experimental groups, only samples subjected to a vertical pressure of p = 150 kPa are illustrated in Figure 4. From Figure 4, it can be seen that most specimens exhibit strain softening phenomenon during the shear process. The shear stress-shear displacement curves for these samples highlight a general trend of initial increase followed by decrease, with the rate of decrease gradually diminishing until the curve levels off.
[image: Figure 4]FIGURE 4 | Relationships between shear stress and shear displacement of mixed soil samples (p = 150 kPa). (A) Dsand = 0.5 mm; (B) Dsand = 0.7 mm; (C) Dsand = 0.9 mm; (D) Dsand = 1.5 mm; (E) Dsand = 0.5 mm; (F) Dsand = 0.7 mm; (G) Dsand = 0.9 mm; (H) Dsand = 1.5 mm.
Shear strength, a vital parameter, is characterized by peak shear stress as well as strength indices such as cohesive force (c) and friction angle (φ). Figure 5 presents the peak shear strength of samples with varying sand particle sizes and FC, obtained from the experiment.
[image: Figure 5]FIGURE 5 | Shear strength of the sample with different FC. (A) Dsand = 0.5 mm; (B) Dsand = 0.7 mm; (C) Dsand = 0.9 mm; (D) Dsand = 1.5 mm.
Additionally, the shear strength indices, including cohesive force and friction angle, are depicted in Figure 6.
[image: Figure 6]FIGURE 6 | The cohesive force and friction angle of the sample with different sand diameters and FC. (A) Variation of friction angle of mixed soil; (B) Variation of the cohesive force of mixed soil.
Figure 5 reveals a distinct pattern in the shear strength of soil mixtures concerning FC. An increase and subsequent decrease in shear strength is observed with varying FC values. Specifically, when the gaps between sand grains are partially filled, shear strength increases progressively with rising FC. However, after complete filling of these gaps, shear strength decreases as FC continues to increase. Furthermore, it is notable that under identical conditions, greater vertical pressures correspond to higher shear strengths in the soil.
2.3 Result analysis
The mechanical behavior of soil is intricately tied to the fundamental properties of particles and the resultant soil structure. For instance, the honeycomb structure formed by clay particles translates to elevated porosity and reduced engineering bearing capacity, while the densely packed arrangement of gravel and fine clay particles offers greater bearing capacity. In the context of mixed soil, the interplay between fine and coarse particles adheres to specific rules, yielding a diversity of structural configurations. The transmission of forces and coordination of deformations among soil particles occur via contact interfaces. Concurrently, particle surface properties significantly influence soil structure formation. For instance, fine clay particles exhibit relatively thick water absorption films on their surfaces, facilitating the development of a honeycomb structure. In contrast, the electric double layer on sand and gravel particles’ surfaces is notably thin, promoting denser structures.
Consequently, the outcomes of our conducted tests can be elucidated through the lens of particle contact interfaces within the microstructure of mixed soil. In the case of pure sand, the particle contact involves rigid interactions, leading to pronounced friction effects when particles undergo relative movement, as illustrated in Figure 7A. Conversely, pure clay particles possess thicker adsorbed water films on their surfaces, primarily resulting in soft particle contacts and generating cohesion effects during relative particle movement.
[image: Figure 7]FIGURE 7 | Contact interface of particles in mixed soil. (A) Surface and contact surface of different particles; (B) Mixed soil of clay fines with sands.
Mixed soil, comprised of larger sand particles and smaller clay particles, engenders intricate contact scenarios. Here, particle contacts are diverse, encompassing hard contacts between sand particles, soft contacts among fine particles, and hybrid contacts between sand and fine particles, as depicted in Figure 7B. This complex interplay contributes to the mixed soil’s mechanical behavior.
In conclusion, the diverse mechanical behavior exhibited by mixed soil samples in our study is inherently tied to the intricate contact interfaces formed between particles within the microstructure. The interplay between hard, soft, and mixed contacts contributes to the complex behavior observed during shear testing.
(1) Shear Stress-Shear Displacement Relationship
In our experiment, the particles established a relatively stable structure due to the 24-h resting period post-compaction. During the initial stages of shear, when the displacement is minimal, particle contacts undergo elastic deformation. Consequently, resistance between particles gradually escalates within the elastic range. With continued shear displacement, select sand contact points and fine particle surfaces begin exhibiting plastic deformation while preserving the initial contact structure. This phase is marked by increasing bearing capacity of contact surfaces.
As shear displacement further increases, the stable particle structure collapses, leading to disruption of force transfer platforms and heightened motion freedom for sand particles. This instability markedly reduces the bearing capacity. Consequently, the shear stress-shear displacement curve transitions from an increasing phase to a decreasing one. Subsequent to extensive particle displacement, the reduced motion space culminates in the formation of a new contact structure among particles. This fragile contact arrangement provides limited bearing capacity, leading to the plateau observed in the curve.
Furthermore, vertical pressure influences the contact structure within the mixed soil during shear. Greater vertical loads enhance soil compaction, thereby amplifying the contact area and strength between particles. This effect is evidenced by the overall increase in shear strength with heightened vertical pressure.
(2) Influence of Mineral Composition
The shearing process highlights distinct stress and deformation behaviors between sand and fine clay particles. Fine clay particles, possessing an extensive specific surface area and considerable negative surface charges, tend to develop thicker adsorbed water films. Consequently, contact between clay fines predominantly involves interactions between these water films, showcasing a pronounced cohesive effect. On the other hand, sand particles exhibit a smaller specific surface area, lower surface charge density, and minimal impact of adsorbed water films relative to their volume. Consequently, particle contacts within sand primarily entail direct interactions between quartz crystals, leading to pronounced frictional effects.
Throughout shear, relative displacement between fine clay particles results in cohesive force at contact surfaces. Meanwhile, rotational or translational displacement of sand particles triggers friction force among sand particles and cohesion force at the fine-sand interface. This combination of cohesive and frictional forces at contact interfaces contributes to the macroscopic cohesive and frictional bearing capacities of mixed soil. Notably, the cohesive bearing capacity increases with rising FC (Figure 6).
(3) Influence of Content
Content, whether fines or sands, significantly influences mixed soil shear strength. When gaps between sand particles are partially filled, contacts primarily involve hard interactions, leading to larger friction angles (Figure 6A). Gradual increments in fines content introduce new contacts between fine-fine and fine-sand particles, contributing to increased cohesive force. Consequently, shear strength experiences a gradual rise within a FC range of 0.13–0.41 (Figure 5).
Upon complete gap filling, contact between sand particles diminishes with decreasing sand content and increasing FC. This leads to decreasing friction angles. Surprisingly, cohesion force does not continue increasing with higher fines content; instead, it decreases. High sand content and saturated fines reduce sand movement freedom, invoking internal crystal cohesion. Subsequently, cohesion within mixed soil relies on fines-fines, fine-sand, and internal crystal cohesion of sand, resulting in high cohesion. As fines content rises, cohesion diminishes due to reduced fine-sand cohesion and internal crystal cohesion. Hence, shear strength decreases as FC increases (Figure 5).
(4) Influence of Sand Particle Size
The experiment underscores the pivotal role of sand particle size. Sand particles mainly undergo rotational displacement during shear. Cohesive force exerted by fines generates shear stress on contact surfaces between sand and fines, restraining sand rotation and contributing to shear load capacity (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram of the rotational moment resistance of sand particles.
Assuming spherical particles with their centers as rotation centers, the anti-rotation moment exerted by fines on a single sand particle can be expressed as:
[image: image]
Where, R represents the particle radius, and S is the particle’s surface area. For all particles, the collective anti-rotation moment of the particles becomes:
[image: image]
In the latter formula, [image: image] represents the average particle radius, n is the particle count which can be deduced from the total sand mass and the individual sand mass. This allows us to rewrite the formula as:
[image: image]
Within formula (3), m denotes the sand mass, and ρ signifies the sand density. The derivation of this equation underscores that, as long as the total sand mass in the mixed soil remains constant, sand particle size does not influence the mixed soil’s shear strength.
In our experiment, Figure 9 illustrates the relationship between the shear strength indices of samples and the diameters of sand particles. The graph showcases varied trends, including decreasing strength indices with larger particle sizes, increasing indices, and inconsistent trends. Eq. 5 would suggest a linear relationship, but several factors could contribute to the observed deviation. Since the calculation formula simplifies particle shapes to standard spheres, real-world particle encapsulation by fines might not be guaranteed. This could potentially explain the lack of a consistent pattern in the curves within Figure 9.
[image: Figure 9]FIGURE 9 | Influence of sand particle size on friction angle and cohesive force of mixed soil. (A) Particle size-friction angle; (B) Particle size-cohesive force.
3 DISCUSSION ON MECHANISM OF MIXED SOIL MECHANICS USING MULTI-SCALE METHOD
The previous analysis has demonstrated that factors such as particle composition, particle content, and other variables influence the mechanical properties of mixed soil through the contact interfaces between particles. However, a more detailed mechanism requires further exploration. In the realm of metals and nanomaterials, changes in particle size can alter surface properties, subsequently impacting the state of particle contact interfaces. The particles in mixed soil encompass a range of sizes, spanning multiple scales. As particle size diminishes, specific surface area and the ratio of fractured crystal bonds increase. Consequently, surface charges and adsorption energy on particle surfaces rise, resulting in more pronounced adsorbed water films. This phenomenon, in turn, affects the contact surfaces between particles. Simultaneously, the diverse mineral composition of particles in mixed soil contributes to distinct characteristics. Under the same particle size, clay particles exhibit considerably higher surface charge than non-clay particles, and the relative thickness of adsorbed water on clay particle surfaces exceeds that of non-clay particles. Consequently, contact interfaces between clay particles largely involve water film interactions, while contact interfaces between sand particles primarily constitute mineral crystal interactions. Evidently, the properties of particle surfaces and interfaces within mixed soil correlate with the relative thickness of adsorbed water films on particle surfaces. Moreover, this thickness is directly associated with the particle surface’s adsorption capacity.
Chen and Tong, (2023) explored how clay particles possess heightened electric field forces, whereas sand particles exhibit stronger van der Waals forces. Leveraging these insights within an energy multi-scale framework (Chen and Tong, 2023), the current study adopts van der Waals and electric field forces to represent particle friction and adsorption energies, respectively. This is encapsulated in the following equations:
[image: image]
Here, F denotes particle microforces, Fe signifies Coulomb force, Fw represents van der Waals force, B designates bentonite (fines), and S stands for sand. Concretely:
[image: image]
Within the above equation, represents vacuum permittivity, q1 and q2 denote particle charge, r signifies particle center distance, ρ indicates particle density, d represents particle diameter, A corresponds to the Hamaker constant, and H stands for particle net distance. Specific parameter values can be extracted from pertinent literature (Chen and Tong, 2023), with microforces calculated for all samples. The computed outcomes, alongside shear strength derived from testing, are visually depicted in Figure 10.
[image: Figure 10]FIGURE 10 | Variation of microscopic forces and shear strength with fines content. (A) The microscopic forces F-friction angle φ; (B) The microscopic forces F-cohesive force c; (C) The microscopic forces F -shear strength s (d = 0.5 mm); (D) The microscopic forces F -shear strength s (d = 1.5 mm).
Figure 10 unmistakably illustrates the consistent relationship between particle force F and fines content, mirroring the effect of fines content on mixed soil shear strength. This congruence substantiates the employment of particle microforces as a plausible explanation for the mechanical behavior of mixed soils.
4 CONCLUSION
In this paper, the analysis of the mechanical behavior of mixed soil is conducted through direct shear experiments. The initial explanation of the mixed soil’s mechanical behavior is provided by considering the contact surfaces between particles. Subsequently, the discussion delves into the mechanics through the lens of microscopic adsorption energy of particles. This comprehensive research leads to the formulation of four primary conclusions:
(1) Effect of Fine Particle Content: The strength of mixed soil is influenced differently by the content of fine particles under various filling states. When the gap between particles is partially filled, increasing the fine particle content enhances the strength of the mixed soil. However, when the gap is completely filled by fines, an increase in fine particle content leads to a gradual decrease in the strength of the mixed soil.
(2) Role of Particle Composition: Different types of particles contribute distinctively to the strength of the mixed soil. Larger sand particles predominantly contribute to frictional effects, where the friction angle gradually diminishes as sand content decreases. Clay fines primarily contribute to cohesive effects, while also restraining sand displacement, thereby enhancing the friction angle and cohesive force of the mixed soil.
(3) Impact of Particle Size: Particle size of sand particles, when holding mass constant, does not directly impact the strength of mixed soil. The anti-rotation moment of sand particles under shear load is influenced by factors such as particle surface area, size, cohesive contribution from fines, and particle count. This combined influence indicates that the shear strength of mixed soil does not exhibit a direct correlation with particle size.
(4) Microscopic Analysis: Microscopic considerations, specifically surface energy and interface contact of particles, effectively elucidate the mechanism behind the mechanical behavior of mixed soil. When the gap is partially filled, the cumulative microscopic force of particles increases with higher fine particle content. Conversely, under fully filled conditions, the cumulative microscopic force decreases with elevated fine particle content. This trend in the cumulative microscopic force curve of mixed soils aptly describes and predicts the relationships between shear strength and fine content, internal friction angle and fine content, and cohesion and fine content.
In essence, this study provides a nuanced understanding of how different factors at various scales contribute to the complex mechanical behavior of mixed soil. The combination of experimental investigation, theoretical analysis, and microscopic insights contributes to a comprehensive explanation of the observed behaviors.
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