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Abstract

:

Long-term irrigation promotes the infiltration of water in the thick, stratified loess layer, significantly raising the groundwater table and triggering a series of landslides in loess platform areas. The soil–water characteristic curve (SWCC) of loess buried at different depths affects the unsaturated infiltration process and is intricately connected to the soil’s microstructure. The SWCCs, scanning electron microscope (SEMs), and pore size distributions (PSDs) for five sets of undisturbed loess samples at depths ranging from 3.4 to 51.9 m are shown in this paper. The results indicate that the fitting parameter air entry value (AEV) of the SWCC rises from 13.67 kPa to 40.19 kPa as the depth increases from 3.4 to 51.9 m. And the saturated volumetric water content drops by 10.9%, with a notable SWCC shape difference between the transition and residual zones observed. Additionally, the total porosity of undisturbed loess falls by 12% when the depth increases from 3.4 to 51.9 m, while the macropores and mesopores reduce by 3.6% and 12.1%, respectively. These findings highlight the control of the pore structure on the SWCC and emphasize the correspondence between the SWCC and PSD. The conclusions also illustrate that the compaction effect changes the microstructure characteristics of loess, thereby affecting the soil’s water retention behavior.
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1. Introduction


Loess is mainly distributed in arid and semi-arid areas and is a structurally special sediment forming since the Quaternary, with multiple pores, a loose composition, and weak cementation [1,2,3,4]. Loess soils typically exist in an unsaturated state and are highly sensitive to water, resulting in common geologic hazards and geotechnical engineering problems in loess areas, such as landslides, collapses, and ground subsidence often attributed to water-related factors [5]. Because of the deep burial of groundwater in loess areas, surface water must traverse the thick unsaturated loess layer to recharge the groundwater [6,7,8,9,10,11]. Influenced by the sedimentation process and sedimentation age, the density, particle gradation, and pore ratio of undisturbed loess samples at different depths are different, resulting in changes in the microstructures of undisturbed loess samples. The microstructure between the soil particles essentially controls the macroscopic physical and mechanical behaviors of the soil and influences engineering problems related to the hydraulic characteristics [12]. Investigating the unsaturated hydraulic properties of loess, especially at different burial depths, contributes to exploring the water propagation process in thick, stratified loess layer and finding technical solutions for disaster prevention and mitigation.



The SWCC is expressed as the water content (alternatively degree of saturation) versus matric suction and is a quantitative representation of the balanced state between soil moisture and soil energy [13,14,15,16]. The partition of SWCCs is valuable for understanding the behavior and characteristics of soil under different water conditions. According to Vanapalli et al. [17] the SWCC of a soil’s desaturation process is typically divided into three stages, which are delineated by three zones on the drying path of an SWCC: the boundary effect zone, transition zone, and residual zone. These stages are characterized by specific points on the SWCC, namely the air entry value (AEV) and the residual suction: (1) Boundary effect zone: In this zone, the volumetric water content of the sample remains relatively constant with increasing matric suction, indicating that the soil is essentially saturated; (2) Transition zone: Positioned between the AEV and residual suction, the transition zone is dominated by capillary action. Here, as suction increases, the free water in the macroporous space diminishes significantly, and gas gradually replaces the water. The slope of the curve in this zone reflects the soil’s water-retention capacity; (3) Residual zone: This zone is characterized by a relatively low volumetric water content that decreases slowly with increasing matric suction. Water distribution in the sample becomes discontinuous, with adsorption effects influencing water retention in soil.



Many researchers have utilized an SWCC to predict various parameters of unsaturated soil’s behavior, including permeability coefficients, hydraulic conductivity, soil water storage, strength, and more. [18,19,20,21,22,23,24,25,26]. Additionally, an SWCC is instrumental in describing the waterforce–chemical coupling process in unsaturated soil [27]. These prediction parameters are based on the inherent connection between an SWCC and microstructure, especially the PSD. An SWCC is influenced by various factors, such as the soil type [28], soil structure [29,30], stress history and stress state [18], density [31,32], and more. Among these factors, the density, stress history, and stress state alter the SWCC by affecting the soil’s structure [33]. Differences in the soil structure can cause significant variations in the SWCC of natural loess, and even small structural changes can lead to different SWCCs [34,35,36,37,38]. The undisturbed loess samples at different depths have different natural structures, so it is imperative to investigate the relationship between the soil microstructure and hydrological properties. Thus, developing technologies to study soil pore structures and mechanical properties is essential [39,40,41]. In soil structure research, SEM and MIP are commonly employed to analyze the soil pore size, particle geometry characteristics, and pore and particle morphology distributions [39,40]. SEM allows for the visual observation of two-dimensional (2D) images, facilitating the examination of the cross-sectional distribution of pores and particles [41]. Meanwhile, MIP is utilized to study the relationship between PSDs of unsaturated soil and SWCCs, as well as permeability [42,43,44,45]. Despite the growing interest in unsaturated soils over recent decades, limited data on undisturbed soils have been published [46,47]. It is worth acknowledging the existence of various studies focused on the SWCC of loess; however, most of these studies have prioritized compacted specimens, as obtaining undisturbed specimens is both labor intensive and costly. Consequently, further research on the soil structures and SWCCs of undisturbed loess buried at different depths remain a subject requiring exploration and understanding.



This research presents experimental studies on the relationship between the SWCC of the undisturbed loess buried at different depths with the microstructure characteristics. Five sets of undisturbed loess samples at depths ranging from 3.4 to 51.9 m were acquired from the Chinese Loess Plateau. The basic physical properties of the loess samples, such as their dry density, particle size distribution curve, etc., were obtained through indoor testing. On this basis, the SWCCs of undisturbed loess buried at different depths were measured using the HYPROP system. Subsequently, with regard to the microscopic structure of the loess samples, the pore distribution characteristics of the samples were measured using the MIP test. The characteristics of pore morphology and particle contact for loess samples at different depths were obtained using SEM. Finally, the macroscopic SWCC test results and the microstructure characteristics of loess samples at different depths were linked, and the inherent relationship between the pore distribution characteristics and the SWCC of undisturbed loess was explored. The findings of the study can improve our understanding of how the hydraulic characteristics of undisturbed loess change as the burial depth increases. This can aid in predicting and explaining how water moves within thick, stratified loess layers.




2. Materials and Methods


2.1. Materials


The study site was the Jingyang South Loess Plateau, situated in Jingyang County, Shaanxi Province, China. The plateau’s top elevation stands at 468 m, with a height variance ranging from 62 to 90 m and a slope gradient of 50° to 80°. The base of the slope transitions into a river terrace with flat terrain, overlaid with distributed landslide deposits. The sampling location is situated within the loess plateau in Shutangwang Village, Gaozhuang Town (108°49′18″ E, 34°29′33″ N), on the right bank of Jingyang County, approximately 5 km south of the city. As shown in Figure 1a, the sampling profile exhibits a well-defined loess–paleosol layer, characterized by continuous and intact loess layers interspersed with discernible paleosol layers. The soil layer characteristics are distinctly discernible and facilitate easy differentiation. The stratigraphic profile illustrated in Figure 1b displays exposed loess strata comprising Q3 to L7 loess from Q3 to Q2, classified as the Late Pleistocene Malan loess, appearing light yellow with a consistent soil texture. S1 represents a brownish-red paleosol, characterized by calcareous nodules in the upper section and dense, hardened soil in the lower section. Below S1 lies the Middle Pleistocene Lishi loess and the paleosol series, with the Lishi loess exhibiting a grayish-yellow hue and uniform soil texture. The sampling points, indicated by red dots in Figure 1, are located in Shutangwang Village. In order to maximize the retention of the natural structure of the soil samples, we first removed the 0.5 m thick soil from the slope surface, and we employed a 250 cm3 (50 mm high, 80 mm inner diameter) ring knife to extract undisturbed loess samples. Additionally, we collected loose soil in the vicinity of the sampling point to measure the basic physical properties of the loess in the laboratory.



The physical properties of these samples were assessed in the laboratory and are summarized in Table 1. A laser particle size analysis was conducted on soil particles passing through a 2 mm sieve using the Mastersizer 2000. Figure 2 illustrates the cumulative particle size distribution curve and particle size density curve of the loess samples. The particle size density curves of loess soils at different depths exhibit bimodal distributions, with the first peak ranging from 28.28 to 39.91 µm and the second peak from 316.98 to 893.37 µm. The percentages of particle size at the first and second peaks range from 3.66 to 4.58 and 0.96 to 3.61%, respectively. Bimodal particle size distribution soils typically feature two levels of structure: the soil microstructure (the elementary particle associations within the soil aggregates) and macrostructure (the arrangement of the soil aggregates) [46]. Based on the particle size distribution curve, the percentages of various particle sizes of loess at different depths, as well as the control particle size (d60), median particle size (d30), and effective particle diameter (d10) of each sample, were determined. Additionally, the coefficient of curvature (Cc), calculated as (d30·d30)/(d10·d60), and the coefficient of uniformity (Cu), calculated as d60/d10, were derived. Table 1 demonstrates that the loess exhibits good gradation at various depths.




2.2. SWCC Measurement


2.2.1. Test Apparatus


The measurements of the SWCCs for the undisturbed loess samples were conducted using the HYPROP system developed by the METER Group. The HYPROP system mainly consists of the soil sample, sensor unit, and a high-precision electronic balance. The soil sample intended for testing may be in either a remolded or undisturbed condition. The sensor unit consists of two tension shafts positioned at depths of 12.5 mm and 37.5 mm, respectively. The matric suction can be measured within a scale of 0–100 kPa with an accuracy of ±0.05 hPa. The high-precision electronic balance with a weighing range of 0–2200 g and weight accuracy of 0.01 g is designed to monitor sample mass changes during the evaporation process. The matric suction of soil at a depth of 25 mm is equal to the mean of the recorded matric suction levels at elevations of 12.5 mm and 37.5 mm, which in accordance with the linear hypothesis posited by Schindler (1980) [48]. Meanwhile, the volumetric water content of soil at the midpoint (i.e., at a depth of 25 mm) can be ascertained by considering the evaporation mass of the saturated sample at that specific moment, which is in accordance with the principle of saturated evaporation proposed by Peters and Durner (2008) [49]. Using the difference method, the corresponding matric suction and volumetric water content were obtained at different time points and depths. Utilizing the HYPROP system for SWCC determination offers several advantages, including simple operation, short test cycles, modular expansion capability, simultaneous measurement of up to 20 samples, and non-perturbed measurement of the sample, allowing natural evaporation to establish the sample’s SWCC.




2.2.2. Experimental Process


The SWCCs of the five sets of undisturbed loess samples at different depths were measured using the HYPROP device along the drying path. The test procedure is illustrated in Figure 3.



The specific steps involved in measuring the SWCC using the HYPROP system are as follows: Initially, the procedure involved preparing and saturating the undisturbed loess samples. The ring knife was pressed into the soil block to make the loess sample while ensuring the potential gaps between the side wall of the ring knife and the sample was filled with Vaseline. A layer of filter paper and permeable stone was placed at the top and bottom of the ring knife sample, and the assembled sample was immersed in degassed water to naturally saturate. The ring knife sample was weighed at regular intervals until the weight no longer changed, indicating that the sample was fully saturated. The subsequent procedure involved saturating the tension shafts and the sensor unit, with the ceramic cup of the tension shafts being filled with degassed water. The third stage involved the compilation of the saturated soil specimen within the HYPROP system. An auger was used to drill holes in the soil sample for the tension shafts while ensuring the tension shafts’ proper alignment with the sample holes and fixing the soil sample in place with clips. Subsequently, we proceeded by positioning the tension unit and sample onto the balance for automated weighing and initiated the test. The final step to measure the SWCC with HYPROP was to monitor the evaporation process of the undisturbed loess sample. The variation in the value of matric suction with the volumetric water content was monitored using HYPROP-VIEW software https://metergroup.com/products/hyprop-2/ (accessed on 11 April 2024). Once the tension value began to decrease, signifying the end of the test, the sample was extracted from the sensor unit, and the weight of the dry soil sample was ascertained using a drying method. In general, these procedures guarantee the precise determination of the SWCC through the utilization of the HYPROP system, thereby offering reliable information on soil moisture attributes and hydraulic behaviors.





2.3. PSD Measurement


The PSD of undisturbed loess samples was determined using Mercury Intrusion Porosimetry (MIP), a commonly employed method for measuring the pore structure and pore volume of materials [50,51,52,53,54]. The instrument used for MIP testing in this study was an Auto Pore V 9600 mercury intrusion meter, which has a low-pressure measurement range of 0.34 to 1.38 kPa, permitting detailed data to be collected over a large pore size range. The maximum pressure is 455.14 MPa, and the measurable pore diameters are 0.003–1100 µm. During the test, the laboratory temperature is maintained at 20 °C, and good ventilation conditions are maintained. The procedural steps were as follows: (1) the undisturbed loess sample, previously measured for SWCC, was cut into 10 × 10 × 10 mm cubes, freeze dried, and their weights were recorded; (2) a selected expansion meter was placed into the dried sample, sealed, weighed, and the weight of the expansion meter assembly was input; (3) the expansion meter was installed at the low-pressure station for analysis, removed after completion, and the components were reweighed; and finally, (4) we proceeded to the high-pressure station for further analysis, saving the data and cleaning the components after completion.




2.4. SEM Tests


SEM is a micro-morphological observation method that is somewhat between optical microscopy and transmission electron microscopy. It allows for direct micro-imaging of sample material properties and is an essential instrument for studying the soil microstructure. SEM was employed to obtain planar microscopic images of the undisturbed samples. The operational steps were as follows: (1) the sample was cut into a cylinder with a diameter of 10 mm and a height of 10 mm and freeze dried; (2) a gold coating was applied to the dried undisturbed sample; (3) the gold-coated sample was placed under a SEM for observation and photography, enabling the examination of the microstructure of the undisturbed loess sample at different resolutions.





3. Results and Discussion


3.1. SWCCs of Undisturbed Loess Samples


The SWCCs of undisturbed loess samples at various depths are presented in terms of the volumetric water content (Figure 4). To provide a quantitative representation of the SWCCs, the experimental data points were fitted using mathematical models. The commonly utilized models in this study include the Van Genuchten (VG) model [55], Fredlund and Xing model [56], and Brooks and Corey model [57]. The VG model has been demonstrated to effectively describe and predict the continuous water tension relationship of undisturbed Jingyang loess under full matric suction values [58]. Fredlund et al. [56] proposed that when the matric suction of the soil equals 106 kPa, the water content of the soil is 0. Thus, we employed the VG model with our experimental data, assuming a residual water content of 0.001 for fitting purposes, to illustrate the relationship between the matric suction and volumetric water content across the range of 0 to 9×105 kPa. The VG model fitting equation is as follows:


  θ  ( ψ )  =  (   θ s  −  θ r   )     [  1 +    (  a  | ψ |   )   n   ]     1  n  − 1      +  θ r   



(1)




where     θ   s     is the saturated volumetric water content;     θ   r     is the residual volumetric water content; α and n are the VG model fitting parameters; and ψ (kPa) is the matric suction of the sample.



3.1.1. SWCCs of the Undisturbed Loess Samples Buried in the Same Layer


Samples NO. 1 and NO. 2 represent undisturbed loess samples buried at different depths within the same layer. The comparison of their SWCCs, as depicted in Figure 4, highlights the significant influence of the burial depth on the slope of the transition zone. This slope is indicative of the soil’s water retention capacity, with a smaller slope indicating better water retention.



Table 1 reveals that deeper soil burial results in a higher dry density. However, it is noteworthy that the slope of sample NO. 1 is larger than that of sample NO. 2, suggesting that the slope of the SWCC transition zone is not solely determined by the dry density. Factors such as the soil’s plasticity index and fine particle content play a crucial role in shaping the SWCC morphology [59,60]. The plasticity indices of samples NO. 1 and NO. 2 are 13.24% and 15.30%, respectively (Table 1). It is observed that the slope of the SWCC decreases with an increase in the plasticity index [59]. Additionally, the fines contents are 73.22% and 88.50%, respectively. A higher fines content enhances the soil’s water retention ability and reduces the slope of the SWCC transition zone. Despite the slight difference in the dry density between NO. 1 and NO. 2 and their similar pore ratios, the saturated volumetric water contents of the SWCC samples remain essentially the same.




3.1.2. SWCCs of Undisturbed Loess Samples Buried in Different Layers


Samples NO. 2 to NO. 5 represent undisturbed loess samples buried at gradually increasing depths in different layers. The analysis of the SWCCs (Figure 4) reveals that the burial depth significantly influences the AEV, saturated volumetric water content, and slope of the transition zone. A deeper burial results in a higher dry density and a smaller cumulative pore ratio, limiting the water accommodation space and consequently reducing the saturated volumetric water content. The AEV, indicative of the matric suction when gas invades the maximum pore during drying, increases with deeper burial due to larger pore diameters facilitating gas entry. Interestingly, the slope of the transition zone does not exhibit consistent trends with the depth. This discrepancy is attributed to variations in the particle size composition and plasticity index of the loess at different depths [51,59]. Thus, the slope of the transition zone is influenced not only by the burial depth (dry density) but also by the soil’s particle size composition and plasticity index.



The VG model parameters for the five sets of undisturbed loess samples at different depths are presented in Table 2. The VG model effectively captures the measured SWCC, with the deviation parameter R2 exceeding 0.99 for all samples, indicating a strong fit. Figure 5a,b illustrate the variations in parameters α and n, respectively, in regard to the dry density. Parameter α decreases with an increasing dry density, while parameter n initially decreases and then increases with the dry density. The trend observed for parameter α aligns with the findings of Shen et al. (2021) [61], who established a quadratic relationship between parameter α and the dry density.





3.2. Pore Structure and PSD Characteristics


In this study, we examined undisturbed loess samples NO. 1 and NO. 2 from the same layer, as well as NO. 5 from a deeper layer (Figure 1). The SEM images obtained at magnifications of 500× and 1000× for these samples are shown in Figure 6. The images reveal particles of varying sizes loosely arranged, predominantly comprising angular debris particles with some sheet-like aggregates. Granular particle agglomerates are also evident, indicating the presence of aggregates. Particle contacts are mainly indirect or surface to surface, with fewer edge-face contacts and minimal point contacts. Pores of different sizes and shapes are observed between the soil particles. The comparison of the SEM images between NO. 1 and NO. 2 reveals that NO. 1 predominantly contains inter-aggregate or shelf pores between coarse particles, indicating better connectivity. This corresponds to a larger dominant pore diameter and higher pore distribution density in the PSD curve. NO. 2 exhibits a similar microstructure to NO. 1 but with smaller inter-aggregate pores.



Figure 7a and b illustrate the representation of the pore size distribution curve using the cumulative pore size volume and pore size density distribution curves, respectively.



Figure 7b illustrates that the PSDs of the five sets of undisturbed loess samples at various depths exhibit bimodal characteristics, indicating the presence of two families of pores within the samples. This bimodal distribution arises from the elementary units constituting the structure of undisturbed loess samples, primarily clay aggregates and clay–silt aggregates formed under electrostatic attraction and capillary attractions, as well as van der Waals forces. These aggregates, which form the skeleton structure of undisturbed loess, contribute to its double-layer pore structure, comprising the microstructure and macrostructure [62,63,64]. Pores within aggregates are classified as intra-aggregate pores, while those between aggregates are termed inter-aggregate pores, which have a bounding pore size of approximately 150 nm (Figure 7b).



To facilitate the analysis of PSD changes due to burial depth variations, this study classifies undisturbed loess pores into four categories based on their radius, following the criteria proposed by Lei (1988) [65]: micropores (d ≤ 1000 nm), small pores (1000 nm < d ≤ 4000 nm), mesopores (4000 nm < d ≤ 16,000 nm), and macropores (d > 16,000 nm) (Figure 7a,b). The comparison of cumulative pore volume curves (Figure 7a) reveals a steep increase followed by a gradual increase in the mercury intrusion curves for undisturbed loess samples at different depths, with a subsequent significant decrease in the cumulative mercury intrusion amount and pore range as the burial depth increases.



As depicted in Figure 7c, inflection points for NO. 1 and NO. 2 are at 17.3 μm, while those for NO. 3, NO. 4, and NO. 5 are 24.1 μm, 13.9 μm, and 7.2 μm, respectively. Generally, the pore size at the inflection point decreases with an increasing burial depth. Notably, the dominant pore diameter corresponding to the larger peaks of NO. 1, NO. 2, and NO. 3 is 7.24 μm, categorized as a mesopore, while NO. 4 and NO. 5 exhibit dominant pore diameters within the range of small pores, at 3.77 μm and 3.71 μm, respectively.



For samples NO. 1 and NO. 2 from the same layer but different depths, the inflection pore sizes are 17.26 μm and 7.24 μm, respectively, consistent with the dominant pore sizes. However, NO. 4 and NO. 5 display inflection pore sizes of 13.94 μm and 7.24 μm, with dominant pore sizes of 3.77 μm and 3.71 μm, respectively. Interestingly, NO. 3 exhibits an inflection pore size of 24.14 μm, aligning with NO. 1 and NO. 2, indicating consistency in the dominant pore sizes, except for NO. 3, which experiences a different depositional and pedogenic environment at the junction of loess and paleosol.



Figure 8 demonstrates that the cumulative pore volume increases with the porosity, showing a quadratic growth relationship between the cumulative pore volume and void ratio. Figure 9 provides a comparison of the porosity of micro-, small, meso-, and macro-pores in undisturbed loess samples at different depths, revealing a gradual decrease in total porosity with an increasing burial depth, measured using MIP. Specifically, the meso- and macropore contents of four undisturbed loess samples, excluding NO. 3, decreased with an increasing burial depth. Notably, although NO. 5 was buried deeper, its small pore content exceeded that of the other four undisturbed samples, indicating a higher burial depth impact on meso- and macropores compared to micro- and small pores.



The porosity (n) represents the ratio of the total pore volume to the total volume of the soil sample, while the effective porosity (ne) indicates the ratio of effective pore volume (total volume minus closed pore volume) to the total sample volume. The porosity corresponding to the cumulative intrusion rate of MIP represents the effective porosity (ne). Additionally, Figure 9 summarizes the cumulative intrusion porosity (effective porosity, ne), while Table 3 provides an overview of the pore parameters for the five undisturbed loess samples to analyze the pore measurement characteristics using MIP. It is observed that the ne measured using MIP is lower than the n obtained through laboratory tests (Table 3), which is attributed to insolated and constricted pores, in addition to pores with a diameter outside the range of 3 nm to 360 µm, which cannot be intruded by mercury [53,54,62].



The effective porosities (ne) measured using MIP for the five sets of undisturbed loess samples ranged from 41.33 to 53.33%, all of which were smaller than the actual porosities. To express the extent of mercury intrusion into soil pores, the effective rate of mercury intrusion (φ) is calculated as the ratio of the effective porosity (ne) to the porosity (n) obtained using MIP. It was observed that the effective rate of mercury intrusion for the five undisturbed loess samples exceeded 89%. Specifically, the effective rate of mercury intrusion for NO. 1 and NO. 5 exceeded 94%, while for NO. 2 and NO. 3, it was around 91%, and for NO. 4, it was less than 90%. Compared with the literature, the effective porosity of undisturbed loess at a natural moisture content was higher than that of compacted loess samples at the same dry density [64].




3.3. Response of SWCCs to Pore Structure


In unsaturated soil, a pressure difference exists at the air–water interface, often conceptualized using an equal diameter capillary model, as depicted in Figure 10. Capillary midpoints 1 and 2, situated at the radius of curvature R, have identical water pressures. The pressure differential at the interface can be expressed as:


   u a  −  u w  =   2  T s   R  =   2  T s  cos a  R   



(2)




where ua is the pore–air pressure (kPa); uw is the pore–water pressure (kPa); ua − uw is the matric suction (kPa); Ts is the surface tension of the liquid phase; and asw is the wettability contact angle. The curvature radius R is determined using the constraint radius r and the liquid–solid contact angle a; a is an intrinsic property, with a wetting contact angle asw for soil–water that is often taken as 0°–90°, while asm for soil–mercury is a repulsive contact angle, often taken as 130°–140°. Assuming that the matric suction in soil is generated by capillary action, and the pore radius is equal to the capillary radius, the matric suction can be calculated by the pore radius.



The relationship between the PSD and SWCC can be elucidated by converting the pore radius to matric suction using Equation (2). This conversion allows for an analysis in the same coordinate system, facilitating comparison. In Figure 11, there is a notable alignment between the PSD and SWCC for the five undisturbed loess samples. The inflection point of the PSD corresponds to the air entry value (AEV) of the SWCC, while the first dominant peak section of the pore density corresponds to the steep decline segment in the SWCC. Conversely, the low valley section of the pore density aligns with the gentle section of the SWCC. This correspondence reflects the dynamic process of water occupying the pores during desaturation. As the matric suction increases, water gradually discharges from the pores, with larger pores losing water more rapidly. Upon reaching the AEV, capillary action dominates in small pores and mesopores, leading to a rapid decrease in the volumetric water content. Capillary action in this zone is inversely proportional to the capillary radius: smaller pores exhibit a stronger capillary action, slower water loss rates, and higher water holding capacities. Consequently, the soil enters the unsaturated residual zone, where the pore water mainly exists as bound water due to strong bonding with soil particles. Here, the volumetric water content is minimally affected by matric suction. This analysis underscores the intricate relationship between the pore structure, capillary action, and water retention properties in unsaturated soils. It demonstrates how changes in matric suction impact water movement and storage within soil pores, highlighting the importance of understanding the soil’s pore structure for predicting the water behavior in various environmental conditions.



Figure 11 illustrates that the total area of the pore size distribution (PSD) curve and the X-axis governing the upper boundary of the soil–water characteristic curve (SWCC). A larger area indicates a higher saturated volumetric water content. Notably, the saturated volumetric water content decreases with an increasing burial depth for the five undisturbed loess samples. Moreover, the dominant pore range dictates the range of the transition zone in the SWCC. A larger pore size range results in a broader transition zone and a longer desaturation path. This relationship is evident in the order of NO. 1 > NO. 2 > NO. 3 > NO. 4 > NO. 5, where the transition zone range decreases with an increasing burial depth. Therefore, variations in the pore size distribution influence the shape and extent of the transition zone in the SWCC, ultimately affecting the water retention properties of the soil.



Specifically, the dominance of specific pore sizes plays a crucial role in determining how water behaves within the soil structure. Pores that fall within the range of the dominant pore sizes exert a strong influence on the movement and retention of water due to capillary action. Soils with a greater proportion of dominant pores typically demonstrate higher levels of volumetric water content. This characteristic is clearly illustrated when comparing samples NO. 1 and NO. 2, which display elevated saturated volumetric water contents in comparison to the other samples.



The distribution and morphology of dominant pores within undisturbed loess samples significantly impact their water retention characteristics. Specifically, water molecules residing within these dominant pores are strongly influenced by capillary action. Consequently, a higher proportion of dominant pores tends to correspond to a higher volumetric water content. For instance, samples NO. 1 and NO. 2 exhibit a greater saturated volumetric water content compared to the other samples, indicative of their higher concentration of dominant pores. Moreover, the strength of the capillary action can vary significantly among different dominant pores. In soils with bimodal dominant pores, the variation in capillary action results in five distinct transition zones with different slopes, as observed in Figure 11. This indicates the complex interplay between the pore size distribution and water retention behavior.



The water molecules within the range of dominant pores are significantly affected by the capillary action, and the more dominant pores present, the higher the volumetric water content. For example, the saturated volumetric water contents of NO. 1 and NO. 2 are higher than those of the other three sets of samples. The strength of the capillary action produced by different dominant pores varies greatly, and the soil with bimodal dominant pores exhibits five transition zone with different slopes (Figure 11). Due to the different distribution of dominant pores and morphology in the micropore range of the five sets undisturbed loess samples at different depths, their SWCC morphologies in the residual zone are different. The dominant pore content in the NO. 2 aggregate is the highest, so its residual volumetric water content is greater than those of the other four sets of samples.



Combined with the SEM images of the undisturbed loess shown in Figure 7, the results reveal that while the variation in pore size within the aggregates remains relatively small with an increasing burial depth, the connectivity of pores decreases notably. Samples NO. 1, NO. 2, and NO. 3 predominantly feature small pores as dominant pores, while NO. 4 and NO. 5 exhibit dominance in mesopores. This discrepancy in the dominant pore distribution leads to significant differences in the capillary action within the soil matrix.





4. Conclusions


In this study, we conducted an investigation into the SWCCs and microstructures of undisturbed samples buried at varying depths (samples NO. 1 to NO. 5 at depths of 3.4 m, 8.5 m, 13.2 m, 25 m, and 51.9 m). The SWCC data were obtained using the HYPROP device, while a microstructural analysis was carried out using SEM and MIP. Our findings provide valuable insights into the influence of the burial depth on the SWCC and pore size distribution characteristics. The following conclusions can be drawn:




	
The soils buried at different depths exhibited similar grain compositions, with all loess samples showing bimodal particle size density distribution curves. This bimodal distribution indicates the presence of two hierarchical structures within the soil’s microstructure and macrostructure. A deeper burial resulted in a higher dry density, and the saturated volumetric water content of the undisturbed loess decreased by 10.9%, and the AEV increased from 13.67 to 40.19 kPa. Additionally, the suction range of the transition zone decreased, exhibiting different slopes.



	
As the burial depth of the loess increased from 3.4 to 51.9 m, the SEM and MIP tests indicated a decrease in connectivity pores with an increasing depth, resulting in a decrease in ne from 50.69 to 38.88%: a total reduction of 11.81%. The PSD curves of all loess samples exhibit bimodal characteristics, corresponding to intra-aggregate pores within aggregates and inter-aggregate pores between aggregates, with a boundary at 150 nm. The intra-aggregate pores show little variation, while there are significant differences in the inter-aggregate pores. The content of macropores (d > 16,000 nm) decreased by 3.6%, the content of mesopores (4000 nm < d ≤ 16,000 nm) decreased by 12.1%, while the contents of small pores (1000 nm < d ≤ 4000 nm) and micropores (d ≤ 1000 nm) showed minor changes.



	
It is crucial to emphasize that the SWCCs of undisturbed loess at various depths were predominantly controlled by the pore size distribution. Specifically, the total porosity controls the saturated volumetric water content of the SWCC. The number of dominant pores or the peak point of the PSD curve governed the SWCC desaturation mode. The inflection pore of the PSD curve along the mercury intrusion direction corresponded to the AEV of the SWCC. The range of dominant pores determined the transition zone of the SWCC, while the size of the dominant pores determined the slope of the transition zone curve. Furthermore, the micropores distribution determined the morphology of the residual zone of the SWCC. These findings underscore the pivotal role of the pore structure in governing the soil’s water retention behavior.



	
Combining the macroscopic SWCC test results and microstructure characteristics of undisturbed loess samples buried at different depths, it can be concluded that the soil’s water retention behavior is strongly affected by the soil’s compaction effect. The larger the burial depth of the soil, the higher the dry density, which leads to a decrease in the total porosity of the soil, resulting in a decrease in the number of macropores and mesopores in the soil structure. This affects the morphological characteristics and model fitting parameters of the soil’s SWCC, resulting in differences in the water holding capacity of the soil. Therefore, when analyzing the propagation process of water in thick loess layers, it is necessary to fully consider the influence of the soil burial depth.
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Figure 1. The topographic feature stratigraphic profile of the study area, numbers 1 to 5 represent sampling points for undisturbed samples at various depths. (a) Full view of the study area; (b) stratigraphic profiles of sampling sites. 
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Figure 2. Particle size distribution curve of the five sets of loess samples, measured using a Mastersizer 2000 (UK) laser particle size analyzer. (a) Cumulative particle size distribution curves of loess; (b) particle size density distribution. 
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Figure 3. Procedures of HYPROP for measuring SWCC. (a) Preparation of undisturbed loess samples; (b) saturated undisturbed loess sample; (c) evaporation process monitoring. 






Figure 3. Procedures of HYPROP for measuring SWCC. (a) Preparation of undisturbed loess samples; (b) saturated undisturbed loess sample; (c) evaporation process monitoring.



[image: Applsci 14 03329 g003]







[image: Applsci 14 03329 g004] 





Figure 4. SWCCs of undisturbed loess samples from different depths. 
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Figure 5. Variations in the fitting parameters a and n with respect to the dry density. (a) The relationship between ρd and parameter a; (b) the relationship between ρd and parameter n. 
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Figure 6. SEM images of the microstructure of undisturbed loess under different magnifications. (a) 500×; (b) 2000×. 
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Figure 7. PSDs of undisturbed loess from different depths. (a) Cumulative pore volume curves; (b) pore size distribution curves; (c) pore radius versus dry density. 






Figure 7. PSDs of undisturbed loess from different depths. (a) Cumulative pore volume curves; (b) pore size distribution curves; (c) pore radius versus dry density.



[image: Applsci 14 03329 g007]







[image: Applsci 14 03329 g008] 





Figure 8. Relationship between cumulative pore volume and void ratio of loess samples. 
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Figure 9. Porosities of micropores, small pores, mesopores, and macropores, and ne of the undisturbed loess samples from different depths. 
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Figure 10. Schematic diagram of equilibrium in capillary. 
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Figure 11. Relationship between the PSD and SWCC of undisturbed loess soil samples from different depths. 
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Table 1. Physical properties of loess samples.
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	Sample
	NO. 1
	NO. 2
	NO. 3
	NO. 4
	NO. 5





	Depth (m)
	3.4
	8.5
	13.2
	25
	51.9



	In situ water content (%)
	8.10
	18.08
	10.17
	10.00
	10.00



	Dry density (g/cm3)
	1.27
	1.30
	1.50
	1.51
	1.59



	Initial void ratio, e
	1.11
	1.10
	0.81
	0.79
	0.71



	Specific gravity, Gs
	2.70
	2.70
	2.71
	2.71
	2.71



	Liquid limit, wL (%)
	32.48
	32.90
	33.00
	30.05
	29.92



	Plastic limit, wP (%)
	19.24
	17.60
	16.60
	16.99
	18.09



	Plasticity index, IP (%)
	13.24
	15.30
	16.40
	13.06
	11.83



	Clay (0–0.002 mm) (%)
	2.58
	4.56
	2.26
	3.71
	2.69



	Silt (0.002–0.075 mm) (%)
	65.37
	83.94
	54.93
	69.51
	73.32



	Sand (0.075–2 mm) (%)
	32.05
	11.50
	42.81
	26.78
	23.99



	Effective particle diameter (µm)
	6.42
	3.98
	7.66
	4.96
	5.33



	Median diameter (µm)
	19.00
	11.91
	28.87
	16.34
	17.80



	Control particle size (µm)
	50.50
	28.86
	88.12
	42.32
	40.95



	Coefficient of uniformity, Cu
	7.87
	7.24
	11.50
	8.53
	7.68



	Coefficient of curvature, Cc
	1.11
	1.23
	1.23
	1.27
	1.45










 





Table 2. SWCC fitting parameters of undisturbed loess samples.
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	Sample
	     θ   s     
	     θ   r     
	   α   
	   n   
	R2





	NO. 1
	0.523
	0.001
	0.037
	1.801
	0.994



	NO. 2
	0.528
	0.001
	0.049
	1.498
	0.993



	NO. 3
	0.412
	0.001
	0.030
	2.017
	0.997



	NO. 4
	0.425
	0.001
	0.031
	1.552
	0.996



	NO. 5
	0.404
	0.001
	0.015
	2.541
	0.996










 





Table 3. The dry densities and porosities of the samples.
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	Sample
	Sample Burial Depth (m)
	Dry Density ρd (g/cm3)
	Porosityn (%)
	Effective Porosity ne (%)
	Mercury Intrusion Efficiency φ (%)





	NO. 1
	3.4
	1.27
	53.33
	50.69
	95.04



	NO. 2
	8.5
	1.30
	52.21
	47.50
	90.99



	NO. 3
	13.2
	1.50
	44.65
	40.47
	90.64



	NO. 4
	25
	1.48
	44.28
	39.59
	89.41



	NO. 5
	51.9
	1.59
	41.33
	38.88
	94.08
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
miropore
[T

o

T o

Poresize diametr om)

[T T
Poresize diametr (um)

(ECRE R YO e )
"Dry density (glom?)






media/file4.png
100 Clay >t Silt—>}«——Sand 6
5 —\o]
80| [76.01% o ]
~ /
S 3.229 1/ 4k
g 60} / / = <
(a) 5 5 7.19% =75 (b) 5°
.QZ) 40r- 52 -
=
§ —NO. 1 |
20 —NO. 2
O /IZ 56%4B.7194P. 69¢V§| 58% —No.3
deisiohierorencs : _NO 5 0 T H
0 \\\\\\\\\ grees i = 26(y R R |llIIIl_ll |||||n0| |||||||1 1 |||||n2| |||||n3

Particle size (um) Particle size (um)





media/file18.png
Cumulative intrusion porosity

0.0 0.1 0.2 0.3 0.4 0.5 0.6
No5 T NI 359
ENO. 4 396
CNO. 3 105
N0 2 E— P2

0.25

CNO. 1 QO.S 07
|-micropore [ kmall pore[_Jmesopore[Jmacropore |

(Y

0.22

l0.202

NO. 1 NO. 2 NO. 3 NO. 4 NO. 5





media/file21.jpg
Boundary eﬁeclt@.e( Transition zone >ieResidual zone
ke =

=
7

Capillary zone

= NO. I Experimental result 1.
« NO: 2 Experimental result

+ NO3 Experimental result

~ NO! 4 Experimental result

+ NO. 5 Experimental result |
Dotted line: SWCC

Solid line: Pore size density curve

=
Y

e
%

=
o

o
>

&
o

150 nm

-

Volumetric water content (m*/m?)

200 kPa

10° 10! 102 10° 10* 10°
Suction (kPa)

[

o

[
=

Pore size density (ml/g)

S
o





media/file3.jpg
Ly Silt—we——Sand

Content (%),

> T T e
NG 0 Paricle Size (um)
Particle sze (um)





media/file22.png
Volumetric water content (m>/m?)

Boundary effect zqne

Transition zone Residual zone

-1

Capillary zone

0.5F ¢ p

0.45-?1—1%... h\
N§

0.3+

0.2F )

0.1+

= NO. 1 Experimental result

e NO. 2 Experimental result

4+ NO. 3 Experimental result

v NO. 4 Experimental result
NO. 5 Experimental result

Dotted line: SWCC

Solid line: Pore size density curve

150 nm

000 kPa i
Adsorption zone

103 10*

10%
Suction (kPa)

0.8

0.6

0.4

0.2

Pore size density (ml/g)





media/file19.jpg
air-

capilla






media/file7.jpg
= S
n a

N
o

=
%)
T

e
T

Volumetric water content (m*/m®)
=3
w
T

=
=

= NO. | Experimental result
NO. 1 Fitting result
4 NO. 2 Experimental result
NO. 2 Fitting result
4 NO. 3 Experimental result
NO. 3 Fitting result
“ NO. 4 Experimental result
NO. 4 Fitting result
4 NO. 5 Experimental result
NO. 5 Fitting result

10°

il
10'

/|
10° 10°
Suction (kPa)





media/file23.png





media/file10.png
0.06
0.05F .
S I
80.04-
5} ° ~
£
()5 0.03- o
e a=-0.4103p2+ 1.0864p,— 0.6762 .
o0 AN
= R?=0.8894 %
£0.02-
m \\,
0.01r- ® @ parameter
----- polynomial fitting

0 0 | | | | | | | |
' 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60
Dry dentisity p, (g/cm®)

ter, n

parame

(b)

Fitting

g
o

o
~

g
S

g
o
T

—
o0

[
N

~

—
[\

n=25.422p%—70.04p,+ 49.674

. R?=0.8913

~
~ -
‘‘‘‘‘‘‘

n parameter
polynomial fitting

| ! | ! ! | ! !
1.25 130 1