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Abstract

:

Compounding Pisha sandstone (PSS) with sandy soil in Mu Us Sandy Land is a viable agronomical measure to effectively reduce soil erosion and improve soil quality due to the complementary characters and structures of the two materials. Aggregate stability is an important indicator to assess sandy soil erosion resistance and quality, which could be largely affected by soil surface electrochemical properties and particle interaction forces. However, the effect of the compound ratio and particle interaction forces on the aggregate stability of compound soils with Pisha sandstone and sandy soil is still unclear. Therefore, in this study, the electrochemical properties, particle interaction forces, and their effects on the aggregate stability of PSS and sandy soil at five volume ratios (0:1, 1:5, 1:2, 1:1, and 1:0) were determined to clarify the internal force mechanism of PSS to increase sandy soil structural stability in a 10-year field experiment. Experiments were measured by a combined method for the determination of surface properties and aggregate water stability. A ten-year field study revealed that the incorporation of Pisha sandstone significantly enhanced the soil organic carbon (SOC) and cation exchange capacity (CEC) (p < 0.05), while the CEC value notably increased from 4.68 to 13.76 cmol·kg−1 (p < 0.05). The soil surface potential (absolute value) and the electric field intensity gradually decreased with the increase in the Pisha sandstone content. For the compound soil particle interaction force, the addition of Pisha sandstone enhanced the van der Waals attraction force, reduced the net repulsive force between compound soil particles, and promoted the agglomeration of aeolian sandy soil. The overall trend of the aggregate breaking strength of compound soils under different addition ratios of PSS was 1:0 > 1:1 > 0:1 > 1:5 > 1:2. When the Pisha sandstone content in the compound soils was <50%, the aggregate stability was mainly influenced by compound soil particle interaction forces, and the interaction force increase was the key reason for the aggregate breakdown. When the Pisha sandstone content in the compound soils was ≥50%, the aggregate stability was affected by the combined effects of the compound soil particle composition and particle interaction forces. These results indicate that PSS addition ratios and particle interaction force are important factors affecting the structural stability of compound soils, in which the volume ratio of PSS to sandy soil of 1:2 is the appropriate ratio. Our study provides some theoretical references for further understanding of the compound soil structure improvement and sandy soil erosion control in Mu Us Sandy Land.
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1. Introduction


Mu Us Sandy Land, one of China’s four major sandy lands, is in the southeastern part of Inner Mongolia and the northern loess Plateau of Shaanxi Province with an area of about 4 × 106 ha [1]. Pisha sandstone (PSS), also known as soft rock or feldspathic sandstone, is widely distributed throughout the region, covering more than 1.67 × 106 ha [2]. PSS is a distinct type of terrigenous clastic rock from the Mesozoic and Late Paleozoic periods (approximately 250 million years ago) and is composed of argillaceous sandstone, sand shale, and mudstone [3]. PSS exhibits a loosely bonded structure, minimal diagenesis, and relatively low compressive strength [4]. When dry, PSS is hard as a rock, but it disintegrates rapidly into mud when exposed to water [5]. Due to its limited usability and severe soil erosion, PSS is viewed by local residents as an environmental menace. Nevertheless, researchers have discovered that PSS has excellent hydrophilicity and expansibility, making it a natural water-retention agent and soil amendment [4,6]. Pisha sandstone is rich in clay–silt particles and montmorillonite, with large specific surface area, strong cation adsorption capacity, and outstanding colloidal properties, which promote the cementation and agglomeration of aeolian sandy soil in Mu Us Sandy Land [6,7,8]. Hence, researchers suggested using a combination of PSS and sandy soil to improve water retention ability and soil quality due to the complementary characters and structures of the two materials.



Incorporating PSS into sandy soil to create compound soils offers an effective approach for managing soil degradation and severe erosion, expanding arable land to support local agriculture and gradually establishing a new soil resource [7,9]. Several studies have demonstrated that the addition of PSS can significantly alter particle distribution and improve the texture of the compound soil [10,11]. Furthermore, the incorporation of PSS into sandy soil enhances its water and fertilizer retention capacity. Wang et al. (2013) reported a 2.7-fold increase in the water retention capacity of sandy land after PSS and sandy soil blending and that PSS is an effective measure to improve the water retention and fertilizer retention capacity of aeolian sandy soil, in which the volume ratio of PSS to aeolian sandy soil of 1:2 is the appropriate ratio [9]. As a soil amendment, PSS also contributes to the enhancement of the field soil organic matter (SOM) content, cation exchange capacity (CEC), and aggregate formation in sandy soil [7]. In practical applications, over 1600 ha of newly cultivated land resources have been established by incorporating PSS into sandy soils, and the addition of PSS has improved the utilization efficiency and productivity of aeolian sandy soil resources in Mu Us Sandy Land [9,12]. Despite extensive research efforts, the current focus is predominantly on macro aspects such as erosion resistance, hydraulic parameters, or productivity [11,13]. The microscopic particle interaction force mechanism underlying the impact of PSS addition on aggregate stability in compound soil remains incompletely understood.



The stability of aggregates is the primary and direct factor in assessing soil erosion and quality, as it is significantly affected by soil electrochemical properties and interaction forces among particles [14,15]. For example, Liu et al. (2020) demonstrated that inputting SOM changed electrochemical properties on the soil particle surface during vegetation succession, subsequently enhancing the van der Waals attraction between the particles and ultimately improving soil structure stability [16]. Similarly, Hu et al. (2021) observed that incorporating biochar as a soil amendment increased the CEC, specific surface area (SSA), and charge density of the soil surface, which significantly enhanced the molecular attraction, and weakened the repulsive force between soil particles and consequently improved aggregate stability [17]. Xu et al. (2015) reported that the release of small particles (<2 μm) from a compound soil sample (20% montmorillonite and 80% kaolinite) was four times higher than that of pure montmorillonite, indicating that the addition of fine particles could enhance soil aggregate stability [15]. Moreover, the difference of surface potentials or kaolinite contents led to a difference in soil aggregate stability, highlighting that the influence of soil particle composition ratios on surface electrochemical properties and aggregate stability is critical. In conclusion, it is reasonable to infer that electrochemical properties and particle internal forces among compound soil (PSS and sandy soil) particles can be altered with the addition of PSS, further profoundly impacting soil aggregate stability. However, there have been limited studies to date on how PSS addition influences sandy soil particle interaction forces by changing particle surface properties and its impacts on aggregate stability in compound soil. Further investigations in this area are crucial for elucidating the mechanisms by which PSS stabilizes compound soil aggregates.



Therefore, in this study, we collected soil samples from a ten-year field experiment with varying application rates of PSS in sandy soil (PSS: sandy soil = 0:1, 1:5, 1:2, 1:1, and 1:0, v/v) to assess soil aggregate stability. The primary objective is to quantitatively investigate the impact of PSS addition on soil interaction forces (SIFs) and soil aggregate stability while also elucidating the underlying mechanisms of compound soil aggregate stability and compound soil erosion control in Mu Us Sandy Land. Our study will provide some theoretical references for further understanding of the compound soil structure improvement and sandy soil erosion control in Mu Us Sandy Land.




2. Materials and Methods


2.1. Experimental Site and Design


The Pisha sandstone and sandy soil used in this study were obtained from Daji Han Village in Yuyang District, Yulin city, located within the Mu Us Sandy Land of China (109°28′ E, 38°27′ N) (Figure 1). Prior to field compounding, any remaining plant roots and boulders were removed from the samples. After natural drying, the samples were crushed and passed through a 5 mm sieve.



The field experiment was conducted in Fuping County (109°11′ E, 34°42′ N), Shaanxi Province, China. The area represents a typical semi-arid continental climate, and the mean annual rainfall is 473 mm. Rainfall distribution during the year is highly uneven, with approximately 59% occurring from July to September. The potential annual evaporation is nearly 1300 mm, more than twice the amount of the rainfall. The field experimental plots (2 × 2 m) were filled 30 cm deep by compound soil consisting of five volume ratios of PSS and sandy soil (0:1, 1:5, 1:2, 1:1, and 1:0, v/v), and the electrochemical properties, particle interaction forces, and their effects on aggregate stability were studied for five compound soil samples with different volume ratios of Pisha sandstone and sandy soil. The objective is to determine the internal force control mechanism of the addition of PSS at different ratios to improve the structure and quality of aeolian sandy soil. Corn and wheat were cultivated on the compound soil for ten years. Each group was replicated three times.




2.2. Determination of the Basic Properties of the Compound Soil


The compound soil samples were collected randomly from three locations in each plot using a soil auger at a depth of 0–20 cm. The test materials were naturally dried, followed by the removal of stones and plant roots, and then sieved through a 2 mm mesh. The soil organic carbon (SOC) content was measured by the K2Cr2O7 oxidation method [18]. Soil pH was determined by a pH meter with a soil to water ratio of 1:2.5 [19]. The carbonate content was determined using a gas volume method [20]. The primary clay minerals in compound soils were determined by X-ray diffraction analysis (Ultima IV, manufactured by Rigaku Corporation of Japan, Tokyo, Japan). The primary clay minerals in PSS were montmorillonite (~7%), hydromica (~10%), kaolinite (~12%), and chlorite (~11%), whereas the primary clay minerals in sandy soil were hydromica (~8%) and kaolinite (~6%). Soil particle size distributions were determined using the pipette method and were classified into sand (2–0.02 mm), silt (0.02–0.002 mm), and clay (<0.002 mm) based on the International Soil Texture Classification System. CEC and SSA were measured according to the method proposed by Li et al. (2013), involving the saturation of soil samples with hydrogen ions and conducting ion exchange experiments with a mixture of Ca(OH)2 and NaOH. The concentrations of Ca2+ and Na+ were detected to calculate CEC, SSA, and surface charge density (σ0) according to the double layer theory [21]. Specific procedures followed those in previous research [16]. The basic compound soil properties are presented in Table 1.




2.3. Determination of Soil Surface Charge Properties


Compound soil surface charge properties include cation exchange capacity (CEC), specific surface area (SSA), surface charge density (σ0), surface electric field strength (E), and surface potential (φ0). These parameters were determined according to the combined method for the determination of soil surface properties [22]. The detailed steps were as follows. Firstly, due to the high content of CaCO3 in soft rock, it was necessary to decalcify the soil samples. Briefly, differently treated crushed (<0.25 mm) samples were decalcified by washing with 0.5 mol L−1 HCl solution three times until no CO2 was released in the suspension. Secondly, H+-saturated samples were prepared by washing approximately 100 g soil four times with 500 mL of 0.1 mol L−1 HCl and then with deionized water repeatedly until the solution was free of Cl−1 in the suspension. The H+-saturated soil samples were obtained, oven-dried at 60 °C, and sieved through a 0.25 mm sieve. Thirdly, certain amounts of H+-saturated samples were weighed into 150 mL triangular bottles, and equal volumes (approximately 55 mL) of 0.01 mol L−1 Ca(OH)2 and NaOH solution were added. Because pH affects the soil surface charge properties, after 24 h of shaking, the pH values of the differently treated suspension were adjusted to 7.0 with 1 mol L−1 HCl solution. The quantities of Ca2+ and Na+ absorbed on soil particles were determined by measuring the activities and concentrations of Ca2+ and Na+ in the supernatants using a flame photometer and an atomic absorption spectrometer, respectively.



Finally, the electrochemical properties of compound soil were calculated by introducing the measured data into the following Equations (1)–(5) [22,23].
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where φ0 (mV) is the particle surface potential; σ0 (C m−2) is the surface charge density; R (J K−1 mol−1) is the universal gas constant; T (K) is the absolute temperature; F (C mol−1) is the Faraday constant; E (V m−1) is the surface electric field strength; SSA (m2 g−1) is the specific surface area; CEC (cmol kg−1) is the cation exchange capacity; Z is the charge of the cation; βNa and βCa are the corresponding modification factors of Z for Na+ and Ca2+, respectively; ε is the dielectric constant for water (8.9 × 10−9 C2 J−1m−1); κ (dm−1) is the Debye–Hückel parameter; I (mol L−1) is the ionic strength; c0i (mol L−1) is the equilibrium concentration of the cation (i = Ca2+, Na+) in the bulk solution; α0i (mol L−1) is the activity of the cation (i = Ca2+, Na+) in the bulk solution; Ni (mol g−1) is the total number of cations (i = Ca2+, Na+) adsorbed on the soil particle surface.



In this experiment, the calculation equations of compound soil electric field intensity distribution with distance are as follows:
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where φ(x) is the potential at x distance from the particle surface, V; x is the distance between two adjacent particles in the double electric layer, nm; a is the intermediate variable; E(x) is the electric field strength at x distance from the particle surface, V m−1.




2.4. Quantification of Soil Particle Interaction Forces


The compound soil particle interaction forces (SIFs) include electrostatic, van der Waals, and hydration forces. The net pressure (Pnet) of the compound soil interaction force is the sum of the electrostatic repulsive pressure (Pele), hydration pressure (Phyd), and van der Waals force (PvdW) in this experiment. Here, based on the determination and calculation results of the surface charge properties of composite soils, the Pnet can be calculated according to the following equations [17,24]:
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where R (J·K−1·mol−1) is the universal gas constant; T (K) represents absolute temperature; c0 (mol·L−1) refers to the cation concentration of the equilibrium solution; Z is the cation valence; F (C mol−1) is the Faraday constant; Aeff (J) is the effective Hamaker constant, which is usually between 10−21 and 10−19 J [25] and can be calculated using the soil water characteristic curve [26,27]. As PSS and sandy soil are not real soils in the strict sense, the Aeff for quartz [17,28] (main composition of sandy soil) instead of that for sandy soil was used, and the Aeff of PSS was measured, while that of other compound soils was interpolated based on the mixing ratio. d (dm) represents the distance between two adjacent particles, while φ(d/2) (V) denotes the electric potential at the midpoint of the overlap region of their respective double layers.




2.5. Evaluation of Soil Aggregate Stability


In this experiment, the aggregate breaking strength was utilized for assessing the aggregate stability to characterize the structural stability of compound soil aggregates [17,24]; this strength is defined as the percentage of particles (diameters < 10 and <5 μm). An increase in the percentage of fine particles indicates a decrease in soil aggregate stability. In this study, NaCl solutions with varying concentrations (1, 10−1, 10−2, 10−3, and 10−5 mol L−1) were prepared in five cylinders (500 mL), and 20 g of 1–5 mm Na+-saturated soil aggregate was slowly added to each cylinder (three replicates). Subsequently, the soil aggregate was submerged for 2 min, followed by careful inversion of the cylinders four times within the next 2 min. The mass percent of released particles (<10 and <5 μm) to total aggregate was determined using the pipette method according to Stokes law [28]. Throughout the experiment, strict adherence to proper techniques and precautions was maintained.





3. Results


3.1. Influences of PSS on Compound Soil Properties


Table 1 presents the fundamental properties of different compound soils. As can be seen from this table, sandy soil had the highest sand content while PSS has less sand and more clay than sandy soil. With the addition of PSS, the silt content in the compound soil increased significantly, while the sand content decreased (p < 0.05). The pH of the compound soils was slightly higher compared to PSS and sandy soil. The incorporation of PSS led to a significant increase in the CaCO3 content (p < 0.05), and the CaCO3 content of the composite soil at the ratio of 1:1 was nearly twice that of the sandy soil. The initial SOC content in PSS was only 2.22 g·kg−1; however, the addition of PSS substantially elevated the SOC levels in the compound soils. After ten years of cultivation, among the various ratios tested, the SOC content was highest in the compound soil with a ratio of 1:1, approximately twice that of sandy soil and three times that of pure PSS. The organic matter content of PSS and sandy soil in the combined treatment at 1:5, 1:2, and 1:1 increased by 37.32%, 59.78%, and 101.07%, respectively, compared with the control treatment without PSS. Across the different proportions, the CEC ranged from 4.68 cmol kg−1 to 17.91 cmol kg−1, with an average of 9.89 cmol kg−1. Furthermore, the SSA of the compound soil varied from 2.54 to 37.24 m2 g−1, with an average of 17.38 m2 g−1. Overall, the incorporation of PSS significantly enhanced the CEC and SSA (p < 0.05), while the CEC value notably increased from 4.68 to 13.76 cmol·kg−1 (p < 0.05).




3.2. Changes of Surface Potential and Electric Field Strength of Compound Soils


The surface electric field intensity and internal force of compound soil particles are affected by the composition of soil electrolytes and the concentration of the electrolyte solution [29]. In general, with the increase in electrolyte concentration, the electric field strength and internal force between soil particles show a decreasing trend, and the net attraction between soil particles increases. It was found that with the increase in the distance between soil particles, the electrostatic repulsive force, van der Waals attractive force, and hydration repulsive force between compound soil particles will gradually decrease [30,31]. The surface potential of soil particles at different electrolyte concentrations can be calculated by Equation (1), and the results are shown in Table 2. Under the same electrolyte concentration, the soil surface potential (absolute value) decreased with the increase in the soft rock content. For all the compound soils, the surface potential (absolute value) decreased with the increase in the electrolyte concentration. Specifically, when the electrolyte concentration varied from 10−5 to 1 mol L−1, the absolute value of the surface potential for the 1:5, 1:2, and 1:1 groups decreased by 290.6, 288.9, and 287.6 mV, respectively.



The electric field distribution curves around soil particles under different electrolyte concentrations can be further obtained based on the surface potential values and Equations (6)–(8). As shown in Figure 2, the electric field intensity decreased with the increase in the distance between particles. Similarly, the increase in electrolyte concentration also led to the reduction of the electric field intensity around soil particles, and the variation range of the surface electric field was sharply reduced. For example, the electric field action distance was only within 10 nm when the electrolyte concentration was 1 mol L−1; however, with the dilution of the electrolyte concentration to 10−5 mol L−1, the range of the electric field intensity increased rapidly, reaching more than 100 nm.



The electric field intensity values of the five compound soils at 10 nm and different concentrations are shown in Table 3. The electric field intensity gradually decreased with the addition of soft rock, while the difference of the electric field intensity of compound soils with the same concentration was small. However, for the same treatment, the change of electrolyte concentration resulted in an order of magnitude change in the electric field intensity. When the concentration was diluted from 1 to 10−2 mol L−1, the intensity of the electric field jumped from double figures to 106 orders of magnitude, but when the concentration decreased from 10−2 to 10−5 mol L−1, the electric field intensity was still within the range of 106 orders of magnitude. The above results indicate that an electrolyte concentration of 10−2 mol L−1 was the key concentration that affected the electric field intensity in this study.




3.3. Changes in the Aggregate Stability of Compound Soils


To investigate the effects of soil particle interaction forces on aggregate stability, the aggregate breaking strength of compound soils under different electrolyte concentrations is plotted in Figure 3. It can be seen that the aggregate breaking strength of compound soils followed the order of 1:0 > 1:1 > 0:1 > 1:5 > 1:2. It was observed that the breaking strength initially decreased followed by an increase in PSS under each electrolyte concentration. In other words, as the level of PSS amendment increased, the soil aggregate stability improved initially, reaching its highest point at the 1:2 ratio, before gradually weakening. The addition of Pisha sandstone improved the structural stability and erosion resistance of the compound soil. Additionally, we discovered that a low electrolyte concentration resulted in greater breaking strength. Under the condition of a high concentration (1 mol L−1) of electrolyte solution, almost no small particles were released or broken.




3.4. Pnet of Compound Soil Particles


The net pressure between two adjacent particle surfaces is the sum of electrostatic repulsion, van der Waals attraction, and hydration repulsion, which was calculated according to Equations (9)–(12) (Figure 4). Generally speaking, Pisha sandstone is rich in montmorillonite and clay–silt particles; the addition of Pisha sandstone enhanced the van der Waals attraction force, reduced the net repulsive force between compound soil particles, and promoted the agglomeration of aeolian sandy soil. The overall trend of the net resultant force under different addition ratios of Pisha sandstone was 1:0 < 1:1 < 1:2 < 1:5 < 0:1. The negative value indicated that the compound soil particles were net attractive, which means that the addition of Pisha sandstone enhanced the agglomeration force and structural stability of compound soil particles. For example, when the concentration was 1 mol L−1, the distance of the sites corresponding to zero net pressure gradually decreased with the increase in the soft rock. At a high electrolyte concentration of 1 mol L−1, when the distance between adjacent soil particles of the compound soil was greater than 2.3 nm, except for the 0:1 treatment without the addition of PSS, the net pressure between soil particles under the other four compound soil treatments with the addition of PSS was negative, showing a net attraction. Recent studies have shown that when the distance between soil particles is less than 2 nm, the hydration repulsive force plays a leading role; meanwhile, the dry soil aggregates encounter water, the distance between particles extends to 1.5~2 nm by the hydration repulsion, and the soil aggregates expand only slightly [32]. When the distance between soil particles is greater than 2 nm, van der Waals attractive force and electrostatic repulsive force play a leading role, and the agglomeration or fragmentation of soil aggregates is affected by electrostatic repulsive force, van der Waals attractive force, and hydration repulsive force [32,33]. When two adjacent soil particles of compound soil were infinitely close together, at any electrolyte concentration, the net pressure of the five compound soils was always repulsive and could reach tens of thousands of atmospheres. For instance, at the ratio of 1:2 compound soil, the net repulsive pressure at the particle distance of 0.2 nm was about 10,700 atm at the electrolyte concentration of 1 mol L−1. In addition, when the electrolyte concentration was >10−2 mol L−1, the net pressure increased substantially with decreasing electrolyte concentration at the same distance. However, when the electrolyte concentration ≤ 10−2 mol L−1, the net pressure distribution curves almost overlapped. Here in, taking the compound soil with the ratio of 1:1 as an example (at a distance of 2 nm), when the electrolyte concentration decreased from 1 to 10−2 mol L−1, the increase in net pressure was 18.12 atm. However, when the concentration decreased from 10−2 to 10−5 mol L−1, the net repulsive pressure increase was only 0.42 atm. These findings showed that 10−2 mol L−1 was also the critical concentration affecting the net pressure of compound soil.



In order to further evaluate and analyze the influence of different compound ratios of Pisha sandstone and sandy soil on the variation of the net resultant force between compound soil particles, the distribution diagram of net resultant force at the distance of 2.0 nm and 2.4 nm between compound soil particles was drawn (Figure 5). The net resultant force between the compound soil particles under different compound ratios of Pisha sandstone and sandy soil showed a trend of 1:0 < 1:1 < 1:2 < 1:5 < 0:1. The smaller the net resultant value, the greater the net attraction between the compound soil particles. The research data showed that with the addition of Pisha sandstone, the smaller the net force between particles, the greater the net attraction. The combination of Pisha sandstone and sandy soil could promote the cementation and agglomeration of soil particles, and the net attraction between compound soil particles was enhanced. When the electrolyte concentration of the solution decreased from 1 mol L−1 to 10−2 mol L−1, the net resultant force between the composite soil particles increased rapidly under different compound ratios, and the attraction between the compound soil particles weakened sharply. When the electrolyte concentration of the solution decreased from 10−2 mol L−1 to 10−5 mol L−1, the net resultant force between the soil particles of the compound Pisha sandstone and sandy soil changed only slightly, and the change of the force between the compound soil particles tended to be gentle. The above results showed that the electrolyte concentration of 10−2 mol L−1 was the key concentration threshold for the change of the interaction between Pisha sandstone and sandy soil in the compound soil. When the electrolyte concentration of the solution was 100 mol L−1 and the particle distance of the compound soil was 2.4 nm, the net resultant force of the sandy soil without Pisha sandstone was 0.09 atm, and the net resultant force of the compound soil with Pisha sandstone added was negative under the four compound treatments (1:1, 1:2, 1:5, 0:1), and the particles were attractive. However, the aggregate stability of compound soil may be affected not only by the net resultant force between particles but also by the granulometric composition and addition ratios of the Pisha sandstone samples. In order to further clarify the influential factors of particle agglomeration of compound soil, the relationship between the net resultant force between compound soil particles and aggregate breaking strength will be further analyzed below.




3.5. Relationship between the Net Pressure (Pnet) and the Aggregate Breaking Strength of under Different Compound Ratios


To further quantitatively analyze the combined effects of compound soil particle interaction forces and the compound ratio on aggregate stability, we established the relationship between the net pressure at a 2 nm soil particle distance and the aggregate breaking strength of the compound soils (Figure 6). The five compound soil samples with different volume ratios of Pisha sandstone and sandy soil (0:1, 1:5, 1:2, 1:1, and 1:0, v/v) were used to study the compound soil particle interaction forces and their effects on aggregate stability. Herein, the compound soils were classified into two categories based on the different Pisha sandstone mixed ratios (50% Pisha sandstone). There was a significant positive exponential relationship between the aggregate breaking strength and the soil net pressures. This indicates that the soil aggregate stability decreased exponentially with the increase in the net pressure of soil particles. Different proportions of compound soil cannot directly establish the relationship between the internal force and aggregate breaking strength. It is necessary to classify the groups of different compound proportions. When p < 0.05, the R2 values of fitting curve A and fitting curve B reached more than 0.7, which indicates that both force and particle composition had important effects on aggregate stability. For different compound soil samples, when the PSS content was below 50%, the stability of the aggregates was primarily influenced by SIFs between soil particles. Conversely, when the PSS content was 50% or higher, the stability of the aggregates was affected by both the fine particle content and soil interaction forces. The addition of different ratios of Pisha sandstone samples had different effects on the composition of the compound soil particles. Therefore, our results suggest that the aggregate stability of compound soils was not only affected by compound soil particle interaction forces but also by the granulometric composition and addition ratios of the Pisha sandstone samples.





4. Discussion


4.1. Responses of Compound Soil Properties to Soft Rock Addition


The addition of PSS can alter the particle size distribution of compound soils. As the input of PSS increased, the silt content increased while the sand content decreased (Table 1). Existing research has also mentioned a comparable trend, where the soil texture improved and the distribution of soil grades tended to be better [11]. This is mainly because sandy soil has relatively coarse particles and a high sand content, while PSS contains clay and silt with a large specific surface area. When they are combined, the fine particles fill the large pores, converting non-capillary porosity into capillary porosity, reducing soil permeability and thereby improving the soil water-holding capacity and cation adsorption capacity [12]. Our results also demonstrate a progressive increase in the carbonate content with the addition of PSS, which aligns with previous studies by Guo et al., who showed that the addition of Pisha sandstone significantly increased the calcium carbonate content of aeolian sandy soil [34]. The PSS used in our study belongs to a calcareous PSS [9]. After compounding with sandy soils, the calcium carbonate content in compound soils significantly increased, promoting the aggregate formation of sandy soils due to cementation effects [35]. After ten years of tillage management, the SOC content of compound soils increased with increasing PSS application rates (Table 1). This is consistent with prior literature [7,36], which also found significantly higher fertility in compound soils with the addition of Pisha sandstone compared to sandy soil. This result can be explained as follows: on the one hand, the addition of PSS to sandy soil increased the presence of fine particles, and Ingelmo et al. (2003) indicated that the soil organic matter (SOM) tended to concentrate around these fine particles, allowing for the formation of more organic–inorganic complexes [37]. On the other hand, the change in particle composition led to a more uniform composite soil texture, increasing the ability to retain water and fertilizer. Additionally, the ten-year farming environment also increased amount of crop residue recovery and promoted the accumulation of organic matter [6,8,12].



Pisha sandstone was rich in clay–silt particles and montmorillonite, with a large specific surface area and strong cation adsorption capacity, which led to an increase in CEC and SSA with the addition of Pisha sandstone (Table 1). These findings are consistent with prior research, which reported that the addition of PSS significantly increased the ion adsorption capacity and CEC content of aeolian sandy soil [7,38]. The increase in CEC can be attributed to the particle composition and mineral composition of the compound soil. Iturri and Buschiazzo (2014) reported that CEC is influenced by both the clay and silt content, while Hepper et al. (2006) showed that the changes in silt content positively affect CEC [39,40]. With the addition of PSS, the content of fine particles (<0.02 mm) increased in the compound soils (Table 1). PSS contains montmorillonite, which has the largest surface area and CEC among the minerals present [7,41]. In summary, the presence of fine particles and the montmorillonite content in Pisha sandstone play crucial roles in the substantial increase in CEC and SSA in aeolian sandy soil.




4.2. Effects of PSS Application on Soil Aggregate Stability and SIFs


According to the relationship between Pnet and the aggregate breaking strength (Figure 3 and Figure 4), the compound soils were classified into two categories based on the different mixing ratios (50% PSS). The aggregate breaking strength exhibited a significant positive exponential relationship with soil Pnet. Therefore, our results suggest that the aggregate stability of compound soils was not only affected by SIFs but also by the granulometric composition and addition ratios of the Pisha sandstone samples. As mentioned earlier, the decrease in electrolyte concentration will lead to an increase in the net force, which in turn leads to an increase in the aggregate breaking strength and a decrease in the stability of the aggregates. The experimental results are consistent with the theoretical analysis, indicating that soil internal force is an important factor affecting the aggregate stability. Similar results are also mentioned in the literature by Hu et al. (2015) and Liu et al. (2021), who found that the electrolyte concentration of loess solution was positively correlated with the net attraction between particles [24,42]. The internal force between soil particles is closely related to the electrolyte concentration in solution, which is the key to the stability and fragmentation of the aggregate structure [32,43,44]. However, the aggregate breaking strength varies with the addition of soft rock, and the ratio of PSS to sandy soil was 1:2, which had the best effect on improving the structural stability of sandy soil aggregates. The experimental results are not consistent with the theoretical predictions, indicating that in addition to the internal force, the compound ratio and the granulometric composition of the Pisha sandstone samples are also important factors affecting the structure stability of the compound soil. Pisha sandstone is rich in montmorillonite and clay–silt particles with a large specific surface area.



Our results indicated that Pnet tended to decrease with increasing PSS content at any given concentration, whereas the experimental data of aggregate stability showed that the 1:2 group was the most stable combination, while the 1:0 group was the least stable among all groups (Figure 3). These results may be explained by differences in the particle size distribution of the compound soils. Methodically, according to previous research [23], strong repulsive forces mainly produce single grains and micro aggregates, while the maximum particle size measured when assessing the stability of aggregates by the pipette method was 10 μm in our study, which is lower than the minimum particle size of sand. Therefore, the method is very sensitive to the sand content. As indicated in the study of Liu et al. (2021), soil with a higher sand content exhibits lower aggregate breaking strength, which could cause soil aggregates to appear more stable [42]. Similarly, in our study, compound soils with ratios of 0:1, 1:5, and 1:2 had more than 50% sandy soil content, which may lead to better aggregate stability than those with less than 50% sandy soil, such as soils with compound ratios of 1:0 and 1:1. On the other hand, according to the research of Liu et al. (2021), the pipette method is greatly affected by the difference in particle composition [42]. The smaller particles in the soil will be released after the aggregates are broken, and the stability will decrease. This is the reason why the compound soil with a high PSS content had a high breaking strength, which is not conducive to soil erosion resistance and structure improvement. From a particle composition perspective, Xu et al. (2015) found that after montmorillonite and kaolinite were compounded in different proportions, the internal pore characteristics of the compound soil structure were different, so the rate of water entering the aggregates will be different, which will further lead to different degrees of aggregate fragmentation and ultimately lead to differences in aggregate stability [15]. Therefore, these results suggest that both the SIFs and the particle composition may significantly influence the aggregate stability of compound soils.





5. Conclusions


In this study, we observed that the addition of PSS to sandy soil resulted in an increase in the CaCO3 content and silt particle content, while the sand particle content decreased. Furthermore, a ten-year field study revealed that the incorporation of PSS led to an increase in SOM, CEC, and SSA. Calculations disclosed a decrease in repulsive forces and an increase in attractive force following PSS addition. The amendment of PSS caused an increase in the particle net attraction of compound soil, with an essential concentration (10−2 mol L−1) significantly impacting SIFs in compound soils. For different compound soil samples, when the PSS content was below 50%, the stability of aggregates was primarily influenced by SIFs between soil particles. Conversely, when the PSS content was 50% or higher, the stability of aggregates was affected by both the fine particle content and soil interaction forces. The PSS and sandy soil treatment with a ratio of 1:2 had a better effect on the particle interaction force and structural stability of compound soil. In summary, the aggregate stability of compound soils is influenced by both soil interaction forces and compound soil particle composition. The preliminary findings of this paper provide a quantitative description of the interaction forces in compound soils and provide a valuable scientific basis for PSS as a soil amendment to improve sandy soil quality and erosion protection resistance. Our research results will provide important theoretical support for soil and water conservation and ecological environment construction in Mu Us Sandy Land and a new path for soil structure improvement and erosion control in similar sandy land.
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Figure 1. Location of the experimental site. 
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Figure 2. Distribution of compound soil electric field around soil particles under different electrolyte concentrations and compound ratios. 
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Figure 3. Changes in aggregate breaking strength under different electrolyte concentrations and compound ratios. Note: Error bars represents the standard deviation (n = 3). 
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Figure 4. Distribution of net pressure (Pnet) around compound soil particles at different electrolyte concentrations. 
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Figure 5. Net pressures at 2.0 nm and 2.4 nm distances between compound soil particles under different electrolyte concentrations and compound ratios. 
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Figure 6. The relationship between the net pressure (Pnet) and the aggregate breaking strength of compound soil under different compound ratios. Notes: Fitting curve A represents the compound soil group with PSS content < 50%. Fitting curve B represents the compound soil group with PSS content ≥ 50%. 
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Table 1. Basic physicochemical properties and surface electrochemical properties of compound soils under different compound ratios.






Table 1. Basic physicochemical properties and surface electrochemical properties of compound soils under different compound ratios.





	
v (PSS):v (SS)

	
Particle Size Distribution

	
pH

	
CaCO3

(g·kg−1)

	
SOC

(g·kg−1)

	
CEC

(cmol·kg−1)

	
SSA

(m2·g−1)




	
Sand (%)

	
Silt (%)

	
Clay (%)






	
0:1

	
93.8 ± 0.25 a

	
2.33 ± 0.21 d

	
3.87 ± 0.22 a

	
8.39 ± 0.01 b

	
29.14 ± 2.49 d

	
3.28 ± 1.13 cd

	
4.68 ± 0.04 d

	
2.54 ± 0.31 d




	
1:5

	
88.15 ± 0.52 b

	
8.85 ± 0.71 c

	
3.00 ± 0.19 a

	
8.78 ± 0.05 a

	
40.84 ± 1.76 c

	
4.50 ± 0.86 bc

	
6.45 ± 0.07 c

	
7.47 ± 2.12 cd




	
1:2

	
82.82 ± 2.13 c

	
12.94 ± 1.74 b

	
4.24 ± 1.7 a

	
8.75 ± 0.06 a

	
44.59 ± 1.95 c

	
5.24 ± 0.52 ab

	
6.67 ± 0.08 c

	
10.96 ± 0.77 c




	
1:1

	
83.29 ± 0.61 c

	
14.13 ± 1.37 b

	
2.58 ± 0.82 a

	
8.72 ± 0.02 a

	
55.09 ± 2.26 b

	
6.59 ± 0.52 a

	
13.76 ± 0.22 b

	
28.71 ± 3.84 b




	
1:0

	
64.18 ± 1.81 d

	
31.59 ± 1.86 a

	
4.23 ± 0.07 a

	
8.21 ± 0.10 c

	
144.66 ± 5.16 a

	
2.22 ± 0.52 cd

	
17.91 ± 0.18 a

	
37.24 ± 4.90 a








Notes: v (PSS):v (SS) represents the combined treatment of the volume ratio of Pisha sandstone to sandy soil; SOC, soil organic carbon; CEC, cation exchange capacity; SSA: specific surface area. Different lowercase letters for the same index are significantly different at the 0.05 level (p < 0.05); Values are means ± standard deviation (n = 3).













 





Table 2. Surface potentials of soil particles under different electrolyte concentrations and compound ratios.
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Electrolyte Concentration

(mol·L−1)

	
Compound Soil Surface Potential (mV)




	
0:1

	
1:5

	
1:2

	
1:1

	
1:0






	
1

	
−470.3

	
−431.4

	
−413.4

	
−401.2

	
−401.4




	
0.1

	
−352.2

	
−313.3

	
−295.4

	
−283.2

	
−283.4




	
0.01

	
−293.2

	
−254.6

	
−236.9

	
−224.8

	
−225.0




	
0.001

	
−234.7

	
−196.7

	
−179.4

	
−167.7

	
−167.9




	
0.00001

	
−177.3

	
−140.8

	
−124.5

	
−113.6

	
−113.8











 





Table 3. Soil surface electric field strength at the distance of 10 nm from particle surfaces under different electrolyte concentrations and compound ratios.
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Electrolyte Concentration

(mol·L−1)

	
Compound Soil Electric Field Strength (−V m−1)




	
0:1

	
1:5

	
1:2

	
1:1

	
1:0






	
1

	
5.12 × 106

	
5.11 × 106

	
5.10 × 106

	
5.09 × 106

	
5.09 × 106




	
0.1

	
4.90 × 106

	
4.89 × 106

	
4.88 × 106

	
4.87 × 106

	
4.87 × 106




	
0.01

	
3.40 × 106

	
3.39 × 106

	
3.38 × 106

	
3.37 × 106

	
3.37 × 106




	
0.001

	
3.04 × 105

	
3.00 × 105

	
2.98 × 105

	
2.96 × 105

	
2.96 × 105




	
0.00001

	
13.76

	
13.30

	
12.95

	
12.71

	
12.71
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