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Abstract

:

Guilin is a famous karst area, and currently the view that the disintegration of red clay will cause soil cave collapse is increasingly recognized. In order to study the influence of the coupling effect of moisture content and void ratio on the disintegration of red clay, different moisture contents and void ratios of Guilin red clay were placed on a self-made disintegration apparatus to record the real-time disintegration amount and observe the disintegration phenomenon. Images of the structural characteristics of soil were obtained by a scanning electron microscope (SEM). Additionally, nuclear magnetic resonance (NMR) was applied to analyze the distribution of water in both natural and saturated states. The results show that the disintegration rate of red clay decreases as the initial moisture content increases, but increases with the increase of void ratio. Both moisture content and void ratio affect the structural characteristics of red clay. When the moisture content remains constant, the soil changes from a three-peak to a two-peak structure as the void ratio increases. The total area and secondary peak area of the T2 spectrum increase, while the starting T2 value of the main peak shifts to the right and the area decreases. Meanwhile, the starting T2 value of the secondary peak shifts to the right and the area increases. When the void ratio remains constant, the starting T2 value of the main peak gradually shifts to the left and the area decreases as the moisture content increases. However, the starting T2 value of the secondary peak shifts to the right and the area decreases or first decreases and then increases. The disintegration rate does not exhibit a significant relationship with either pore volume or macropore volume. The combined water saturation shows a bilinear relationship with both the moisture content and void ratio, where it increases as the initial moisture content increases, but decreases as the void ratio increases, with a correlation coefficient of 0.9929. The disintegration rate has an exponential relationship with the combined water saturation, and it decreases as the combined water saturation increases, with a correlation coefficient of 0.9934.
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1. Introduction


Red clay exhibits certain adsorption, ion exchange, and chemical activity due to the presence of a large amount of clay minerals during the weathering process. In addition, red clay has a special pore structure, which makes it prone to disintegrating when exposed to water, leading to various engineering geological disasters such as the collapse of soil caves [1,2], landslides [3,4,5], soil erosion [6], and tunnel collapse [7]. Guilin City is a world-famous karst and soil collapse area, with a large amount of red clay distributed. The view that the disintegration of red clay is an important factor causing soil collapse is increasingly recognized [8,9,10,11]. The disintegration of red clay is an important mechanism for the collapse of soil caves. However, the existing literature mainly focuses on the study of disintegration in residual soil, expansive soil, loess, etc., and there are few research results on the disintegration of red clay. The research reported so far is not deep enough. Therefore, this paper aims to investigate the disintegration characteristics of Guilin red clay under the coupled conditions of moisture content and void ratio.



Soil structure is an important characteristic of soil, which determines the physical, mechanical, and other properties of the soil [12]. Tan et al. [13], Zhang et al. [14], and Gao et al. [15] have found that soil structure has a significant impact on the disintegration characteristics of red clay, granite residual soil, and loess, neglecting the influence of moisture content on the disintegration of red clay. Gamble [16] and Yamaguchi et al. [17] considered that the variation in rock moisture content is a controlling factor for disintegration, without considering the influence of the structure of the rock and soil on the disintegration. Ruiz-Vera et al. [18] considered that the soil disintegration rate is closely related to the initial moisture content. Liu et al. [19] and Chen et al. [20] investigated the impact of varying moisture levels on the disintegration of Guilin red clay and granite residual soil. However, they did not adequately consider the pore structure of the soil–rock mass. He et al. [21], Li et al. [22], Xia et al. [23], and Tong et al. [24] have conducted experimental studies on the disintegration characteristics of granite, red clay, purple soil, and sandstone particle soil under different initial moisture contents and compactions. However, when explaining the disintegration mechanism, they discussed the two indicators separately, neglecting the influence of moisture content on soil structure. Li et al. [25] considered that compaction and moisture content are the fundamental causes of soil disintegration, and established the relationship between compaction, moisture content, and disintegration rate using effective porosity; however, only using compaction to describe the quality of soil structure cannot establish the influence of soil microstructure on the disintegration of red clay. ThyagarajT et al. [26] and N. Mokni et al. [27] considered that pore pressure and matric suction in the soil are the main controlling factors of unsaturated soil collapse. Lv et al. [28] used CT to test the crack changes during the mudstone disintegration process and found that tiny cracks in the mudstone are important flow paths for external water to enter the rock mass, but they ignored the transformative effect of mudstone swelling on the rock mass structure. Yang et al. [29] used scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), and CT to observe the microstructure changes during the rock disintegration process and explore the relationship between pore structure and mudstone disintegration.



With the development of nuclear magnetic resonance (NMR) detection technology, the determination of soil moisture distribution and microstructure has also become increasingly mature. For example, Liu et al. [30] found that the pore distribution in the soft soil of Nansha is multi-porous, with small pore size and a bimodal distribution, with the pore size mainly concentrated between 0.1 and 20 μm. Jian et al. [31], through nuclear magnetic resonance experiments, found that the T2 distribution curve of expansive soil and kaolin clay moves to the right with the increase of moisture content, and the variation of the minimum relaxation time is not obvious, while the maximum relaxation time increases with the increase of moisture content. Wang et al. [32] used nuclear magnetic resonance technology to measure the microstructure of cohesive soil under different moisture content and compaction conditions, and found that cohesive soil with lower dry density contains more large pores, and the initial moisture content has a certain influence on the number of small pores. Wei et al. [33] found that the initial moisture content and dry density have important influences on the pore size and distribution of compacted clay, and the pore diameter increases first and then decreases with the increase of the initial moisture content, while the dry density inhibited the effect of initial moisture content on pore structure. An et al. [34] found that the micro-pores of residual granite soil slightly decrease with the number of dry–wet cycles, and the effective shear strength has a negative linear relationship with the pore volume content. Yu et al. [35,36] used nuclear magnetic resonance technology to explore the variation law of pore structure of expansive soil in salt solution. The scholars mainly focused on researching the distribution law of soil moisture (or the pore structure of saturated soil) using nuclear magnetic resonance technology. However, they did not conduct in-depth research on quantitative indicators such as the disintegration rate and pore structure characteristics obtained by applying NMR.



In terms of the mechanism of disintegration, the currently mainstream idea is that when the moisture content of red clay is relatively low [37,38,39,40], its disintegration mechanism is mainly due to the rapid entry of water molecules into the soil under the influence of matric suction. This leads to compression of gas in the closed pores, an increase in tensile stress in the closed cavity, rapid disintegration of the soil sample, and a large amount of gas escape. Additionally, the looser the soil structure due to a larger pore ratio, the weaker the interparticle bonding force, and the easier the disintegration of red clay. When the red clay contains more water [41,42,43,44], the matric suction is smaller, and pure water enters the soil slowly, the ion concentration in the diffusion layer first decreases, and the thickness of the diffusion layer increases the ‘wedge splitting’ effect of water molecules, leading to the ultimate disintegration of red clay. The higher the moisture content of the red clay, the larger the void ratio, the looser the contact between soil particles, the more large pores, and the faster the disintegration rate.



This article conducts a disintegration test on Guilin red clay to study the influence of moisture content and void ratio on the disintegration of red clay. The disintegration characteristics of red clay with different moisture contents and void ratios were observed using a self-made disintegration apparatus. A scanning electron microscope (SEM) was employed to obtain images of structure characteristics, and nuclear magnetic resonance (NMR) was used to obtain the distribution characteristics of water under natural and saturated states. The ‘right half point’ method was applied to determine the content of combined water under natural and saturated states of red clay. The relationship between the disintegration rate and the combined water saturation was comprehensively analyzed to provide a scientific basis for the evaluation and prevention of soil cave geological hazards by quickly estimating the disintegration rate of red clay.




2. Red Clay Disintegration Test


2.1. Sample Preparation and Experimental Setup


Red clay from the foundation pit of Guilin University of Technology’s new teaching building (Yanshan Campus) was collected, air-dried, purified, dried, and crushed. It was sieved through a 0.2 mm standard sieve and stored for later use. According to the collected geotechnical investigation reports, the natural moisture content of red clay in the Guilin area ranges from 24% to 31%. Therefore, four different initial moisture contents were set at 24%, 26%, 28%, and 30%, respectively. To conduct the experiment, an appropriate amount of purified water was added to the dry red clay to achieve the desired moisture content. These soils were prepared with three different void ratios of 1.0, 1.1, and 1.15, and four different moisture contents. A total of 12 groups of red clay samples were prepared for the disintegration test. The soil samples were cylindrical in shape, with a diameter of 60 mm, a height of 106 mm, and a volume of 300.0 cm3. The disintegration test apparatus was self-made and is shown in Figure 1. The sieve plate used to hold the soil sample was an 80 mm × 80 mm corrosion-resistant metal grid with a mesh size of 10 mm × 10 mm. A tensile tester was connected to a computer to record the residual mass of the soil sample after disintegration every second. To maintain a constant experimental temperature, a temperature controller was connected. The purified water used in the experiments was prepared by the YAZD-5 type electrothermal purified water sterilizer in the on-campus laboratory. The quality of purified water meets the third-level water standard specified by the People’s Republic of China. The conductivity of purified water is ≤0.50 mS/m, the content of oxidizable substances is ≤0.4 mg/L, and the residue after evaporation is ≤2.0 mg/L.



Once the preparation work was ready, the temperature controller probe was inserted into the middle of the water tank to test the temperature of the disintegration solution first. If the temperature of the disintegration solution was below 20 °C, the temperature compensation device would be automatically started. If the temperature of the disintegration solution was too high, the dissolution solution would be naturally cooled to the set value, and the temperature deviation controlled within ±0.5 °C. The tensile tester was zeroed after being started, and the soil sample was placed on the sieve plate. The change in soil sample mass was recorded every second with an accuracy of 1 g, while the phenomenon of disintegration was observed.



The disintegration rate and disintegration resistance index were calculated according to Formulas (1) and (2) respectively.


  υ =     A   t   i   −   A   t   i + 1       t   i + 1   −   t   i      



(1)






    S   I   =     A   t   m a x       A   0     × 100 %  



(2)








	
υ represents the disintegration rate (g/s) of the soil sample between ti and ti+1;



	
  A t i  ,   A   i + 1  t    represent the mass (g) of the soil sample at time ti and ti+1, respectively;



	
ti, ti+1 represent the time (s) during the experiment;



	
SI represents the disintegration resistance index (%);



	
A0,   A t  m a x    represent the mass of the soil sample at the beginning and end of the disintegration process, respectively (g).









2.2. Disintegration Test Analysis


According to Table 1 and Figure 2, the disintegration test of red clay in pure water showed the following results:



When e = 1.0, except for the 24% red clay sample which undergoes disintegration, samples only absorb water and do not disintegrate. For the sample with ω = 24% and e = 1.0, a small amount of bubbles escape during disintegration, and the surface of the soil sample peels off in scales and fragments. The disintegration rate is 0.739 g/s. When ω ≥ 26%, no disintegration occurs even after 30 min.



When e = 1.1, the red clay with ω = 24% rapidly disintegrates into flakes and powder, with the disintegration liquid becoming turbid. The disintegration rate significantly increases to 1.769 g/s. The samples with ω = 26%, 28%, and 30% first experience weight gain and then undergo slow disintegration, with the soil forming blocks, debris, and flake-like peeling. The disintegration rates in the stable stage are 0.035 g/s, 0.029 g/s, and 0.002 g/s, respectively.



When e = 1.15, all groups of samples undergo disintegration. The red clay with ω = 24% shows intense disintegration in the form of flakes and powder, with a large amount of bubbles overflowing. The maximum disintegration rate reaches 2.813 g/s. The remaining groups of samples undergo relatively gentle disintegration, with the soil forming block-like and debris-like slow disintegration. The disintegration rates are 0.974 g/s, 0.036 g/s, and 0.055 g/s, respectively. The overall disintegration rate decreases as the initial moisture content increases.



Based on the analysis above, it can be concluded that the rate of disintegration in red clay is not only affected by the initial moisture content, but also significantly influenced by the soil’s void ratio. When the void ratio remains constant, the disintegration rate decreases as the moisture content of the red clay increases, resulting in a more gradual disintegration phenomenon. Conversely, when the moisture content is constant, the disintegration rate of red clay increases with an increase in void ratio, leading to a more intense disintegration phenomenon.





3. Microstructure Analysis of Red Clay


3.1. Electron Scanning Microscope Test


The scanning electron microscope (SEM) is a powerful tool for soil researchers as it provides a wide depth of field and strong stereoscopic effect, allowing for intuitive reflection of contact form and grain size of soil particles on the section. This facilitates the determination of microstructure morphology and microstructure parameters of soil [45,46]. However, SEM is not suitable for quantitatively describing the size and distribution of micro-pores inside the soil, nor can it study the moisture content in the pores. Additionally, the sampling and drying processes can easily disturb the sample. In this experiment, red clay was prepared into soil material according to the designed moisture content and compacted for 24 h. Different void ratio reshaped samples were then made using the compaction method. The reshaped samples were slowly cut into small pieces of 10 mm × 10 mm × 10 mm with a cutting knife and placed in a liquid nitrogen freezer for 30 min. After that, the samples were gently taken out with tweezers and vacuumed for 24 h to dry them. To reduce sample discharge, a layer of conductive material (gold) was uniformly plated on the surface of the soil samples. The samples were then placed in the scanning chamber of an S-3000N scanning electron microscope (SEM) for surface observation at a magnification of 10,000 times.



Figure 3 shows SEM images of soil samples partially magnified by 10,000 times. The red clay exhibits granular, lamellar, block-like, flocculent, and debris structures. The soil sample with ω = 24% and e = 1.0 consists of agglomerates of varying particle sizes, with less noticeable inter-aggregate pores. The agglomerates are closely connected in an edge-face and face–face manner, with poor arrangement orientation. The soil sample with ω = 24% and e = 1.15 comprises agglomerates with larger particle sizes and clearer interfaces. The granular structure is prominent, and small soil particles fill the gaps between larger units. The agglomerates are in contact with each other in an edge–edge and edge–face manner, forming a flocculent structure with weak connection, loose structure, and local voids. In the soil sample with ω = 26% and e = 1.0, layered and overlapped lamellar minerals are visible, along with local fine-grained structures. These lamellar minerals have good orientation and are mainly connected in a face–face manner. Fine-grained minerals are locally embedded in the lamellar structure, and the minerals are closely connected with poor pore connectivity. In the soil sample with ω = 30% and e = 1.0, numerous block-like structures with different particle sizes and a small amount of lamellar structures are observable, along with occasional larger granules. The particles are mainly in face–face contact, and a certain amount of small and a few large pores can be seen, belonging to block-like structures. In the soil sample with ω = 30% and e = 1.1, a large number of lamellar and flocculent structures are visible. The lamellar minerals are disordered with poor arrangement orientation, mainly in edge–edge contact, and some are in edge–face contact. The minerals have developed pores and good connectivity. In the soil sample with ω = 30% and e = 1.15, block-like and debris structures are visible, with minerals mainly in edge–edge contact and some in edge–face contact. Large pores are well developed and filled with a large amount of debris internally.



Comparing a, c, d and b, f, when e = 1.0, the contact between red clay particles is mostly face-to-face contact; however, in the 24% soil, the particles are larger and the pore size is also larger, with locally visible holes and a loose structure. In the 26% and 30% soil, the particles are smaller and more uniform, the pore size becomes smaller, and the connection is also tighter. When e = 1.15, the main contact between red clay particles is edge–face contact and edge–edge contact. Both particle size and pore size decrease with increasing initial water content. Comparing a, b, and d, e, f, it can be observed that, when ω = 24% and ω = 30%, both particle size and pore size increase with increasing void ratio, and the contact between particles transitions from face–face contact to edge–edge contact, indicating improved pore connectivity.




3.2. Nuclear Magnetic Resonance Test


In order to obtain the water molecule existence state and pore size characteristics of reshaped red clay with different structural properties, the distribution of water molecules in the natural state and saturated state of each soil body was detected using the PQ-001-Mini-NMR nuclear magnetic resonance analyzer from Suzhou Newmai Company. The distribution law of water molecules with moisture content and void ratio and the pore structure characteristics of each soil sample were obtained.



Nuclear magnetic resonance (NMR) technology is a non-destructive detection technique used to study the content and distribution of hydrogen nuclei in materials. It is characterized by its accuracy, efficiency, and continuity, and the reliability of its test results is very high. The principle can be summarized as follows: First, a main magnetic field is applied to the soil sample to force the hydrogen nuclei to deviate and lose balance. Then, the interference of the main magnetic field is stopped, allowing the proton group to gradually return to equilibrium. The free induction decay (FID) curve of the nuclear magnetic signal is measured, and the transverse relaxation time distribution curve of the soil pore water is obtained through Fourier transformation. The peak area below this curve represents the content of water molecules in the soil sample; that is, the transverse relaxation time distribution curve can reflect the distribution characteristics of pore water in the rock and soil medium. According to the KST theory:


    1     T   2     =   1     T   2 B     +   1     T   2 S     +   1     T   2 D     =   1     T   2 B     +     ρ   2   S   V   +   1     T   2 D      



(3)







In the equation, T2B represents the free relaxation time, in milliseconds; T2S is the surface relaxation time, in milliseconds; T2D is the molecular diffusion relaxation time, in milliseconds; ρ2 is the transverse relaxation rate, which is related to the physical and chemical properties of the soil particle surface; S and V represent the surface area and volume of the pore where the pore water is located, respectively.



For pore water in the soil, T2B is much larger than T2S and T2D, so the effects of 1/T2B and 1/T2D on T2 can be ignored; that is,


    1     T   2     =   ρ   2   ·     S   V      



(4)







Before conducting nuclear magnetic resonance (NMR) testing, dry red clay samples with initial moisture contents of 24%, 26%, 28%, and 30% were prepared. After being sealed for 48 h, 12 sets of reshaped samples with structural characteristics were compressed. To eliminate the influence of ferromagnetic materials on NMR experiments, a polytetrafluoroethylene ring cutter with an inner diameter of φ = 40 mm and a height of h = 20 mm was used. The NMR test first tested the samples in their natural state to obtain the presence of water molecules. Then, the former soil samples were saturated for 24 h using the vacuum saturation method, allowing water molecules to fill all the pores. At this point, the NMR results reflect the moisture distribution in the saturated soil samples, indicating the distribution of micro-pores in the soil.



Figure 4 and Table 2 show the results of the NMR tests on various saturated red clay samples.



When e = 1.0, all soils exhibit a triple-peak structure. The initial T2 value of the main peak in the nuclear magnetic attenuation curve gradually decreases from 0.0383 ms to 0.0059 ms as the water content increases. The small pore size gradually shifts to the left, and the peak width decreases from 3.5317 ms to 3.0341 ms. The main peak area decreases from 1252.88 to 1202.95, and the volume of small pores slightly decreases as the moisture content increases, indicating a tighter contact between soil particles. The initial T2 value of the secondary peak in the nuclear magnetic attenuation curve gradually increases from 8.0264 ms to 9.4379 ms as the moisture content increases. The large pore size gradually shifts to the right, and the area decreases from 112,113.92 to 70,347.09, followed by a small fluctuation. This accounts for more than 98% of the total pore volume, indicating that as the moisture content increases, the large pore size gradually increases and the pore volume gradually decreases. The total peak area decreases from 113,366.79 at ω = 24% to 71,033.06 at ω = 30%, and the total pore volume decreases significantly with increasing moisture content.



When e = 1.1, the soil structure is mostly bimodal, and the starting T2 value of the main peak of the T2 spectrum decreases slowly from 0.0488 ms to 0.0326 ms and then drops sharply to 0.0064 ms as the moisture content increases. The small pore size gradually shifts to the left, the peak width decreases from 3.5212 ms to 3.0336 ms, the main peak area decreases from 1225.51 to 1178.21, and the volume of small pores decreases with the increase of moisture content. The starting T2 value of the secondary peak of the nuclear magnetic attenuation curve gradually increases from 8.7036 ms to 9.4379 ms as the moisture content increases, and the large pore size gradually shifts to the right. The area decreases significantly from 158,449.4 to 108,691.54, accounting for more than 99% of the total pore volume. The total peak area gradually decreases from 159,674.91 to 109,869.75 as the moisture content increases. Compared with e = 1.0, the starting T2 value of the soil with the same moisture content gradually increases, and the ending T2 value remains basically unchanged. The small pore size increases within a small range, and the peak width slightly decreases. The increment of the secondary peak area is between 30,670.01 and 71,357.58, with a growth rate of 34.76% to 101.43%.



When e = 1.1, the soil structure is mostly bimodal. As the moisture content increases, the starting T2 value of the main peak of the T2 spectrum decreases slowly from 0.0488 ms to 0.0326 ms and then drops sharply to 0.0064 ms. The small pore size gradually shifts to the left, and the peak width decreases from 3.5212 ms to 3.0336 ms. The main peak area decreases from 1225.51 to 1178.21, and the volume of small pores decreases with the increase of moisture content. The starting T2 value of the secondary peak of the nuclear magnetic attenuation curve gradually increases from 8.7036 ms to 9.4379 ms as the moisture content increases, and the large pore size gradually shifts to the right. The area decreases significantly from 158,449.4 to 108,691.54, accounting for more than 99% of the total pore volume. The total area gradually decreases from 159,674.91 to 109,869.75 as the moisture content increases. When compared with e = 1.0, the starting T2 value of the soil with the same moisture content gradually increases, and the ending T2 value remains basically unchanged. The small pore size increases within a small range, and the peak width slightly decreases. The increment of the secondary peak area is between 30,670.01 and 71,357.58, with a growth rate of 34.76% to 101.43%.



When e = 1.15, the soil structure is bimodal. The starting T2 value of the main peak in the T2 spectrum decreases from 0.045 ms to 0.0277 ms as the moisture content increases. The peak width gradually decreases from 3.245 ms to 2.7723 ms. The small pore aperture gradually shifts to the left. The area of the main peak decreases from 1182.83 to 1143.23, while the area of the small pore decreases slightly with the increase of moisture content. The starting T2 value of the secondary peak increases gradually with the moisture content, and the peak area decreases from 157,098.56 at ω = 24% to 153,941.85 at ω = 28%, then rapidly increases to 179,888.55. This indicates that there is a critical moisture content for the volume of large pores, and the volume of large pores is the smallest near the critical moisture content, with the soil particles in the closest contact. The total pore volume follows the same trend as the volume of large pores, decreasing first and then increasing with the moisture content. Compared with e = 1.1, the main peak area of the T2 spectrum in soils with the same moisture content decreases slightly, while the secondary peak area increases significantly.



When the moisture content remains constant, the soil undergoes a transition from a three-peak structure to a double-peak structure as the void ratio increases. The starting T2 value of the main peak in the nuclear magnetic attenuation curve shifts to the right as void ratio increases, and the area of the main peak gradually decreases. The volume of small pores decreases slightly as void ratio increases, and the contact between soil particles becomes more compact. The starting T2 value of the secondary peak in the nuclear magnetic attenuation curve also shifts to the right as void ratio increases, and the area of the secondary peak increases significantly. The volume of large pores increases significantly, resulting in a gradual increase in pore volume and looser contact between soil particles.



Therefore, there is a strong correlation between the red clay structure and the distribution of pore sizes, as well as the void ratio and initial moisture content. When analyzing soil structure, it is important to take into account not only void ratio or moisture content, but also other structural characteristics. Focusing solely on these factors can result in an incomplete understanding of the soil’s properties and may lead to errors in explaining the relationship between disintegration rate and structural characteristics.





4. The Influence of Moisture Content and Void Ratio on Disintegration


Combining the results of NMR and disintegration tests, it is found that when the moisture content of red clay is constant, the disintegration rate increases with the increase of pore volume. Yet, when the difference in pore volume is not significant, the disintegration rate of red clay with different moisture contents is significantly different. The T2 spectrum area of 26%−1.1 is 142,880.66, with a disintegration rate of 0.055 g/s, while the T2 spectrum area of 28%−1.15 is 161,720.88, with a disintegration rate of 0.035 g/s. The disintegration rate decreases as the increase of pore volume. Thus, the secondary peak area of the T2 spectrum at 26%−1.1 is 141,704.67, and the disintegration rate is 0.055 g/s. Similarly, the secondary peak area of the T2 spectrum at 30%−1.15 is 179,888.55, and its disintegration rate is also 0.055 g/s. Although the volume of large pores increases, the disintegration rate does not increase significantly. It is evident the disintegration rate of red clay is not significantly correlated with pore volume or large pore volume.



The main physical change during the disintegration of red clay is the expansion of the diffusion layer thickness. In order to comprehensively consider the influence of moisture content and void ratio on the disintegration characteristics, both factors are transformed into ‘combined water saturation’ from the water distribution in soil. The combined water saturation refers to the ratio of the mass of combined water of red clay under the natural state to the mass of combined water under fully saturated state. Its formula is as follows:


    S   r   ′   =     m   1     m   × 100 %  



(5)








	
    S   r   ′     represents the combined water saturation (%);



	
m1 is the mass (g) of combined water in its natural state;



	
m is the mass (g) of combined water in its saturated state.








4.1. Distribution Law of Natural Soil Moisture


Figure 5 and Table 3 show the distribution of water molecules in various soil types with varying levels of moisture contents and void ratios under natural conditions.



According to Figure 5, it can be seen that the majority of soil water molecules in their natural state exhibit a bimodal distribution (except for the unimodal distributions at 24%−1.00, 24%−1.15, and 28%−1.10). When e = 1.0, the main peak area increases from 697.08 to 1041.81 as the moisture content increases, with increases of 13.6%, 12.8%, and 16.5% between adjacent moisture contents. When e = 1.1, the main peak area increases by 15.5%, 14.0%, and 14.1% as the moisture content increases. The main peak area is generally smaller than that of e = 1.0, mainly because as the void ratio increases, large pores gradually increase, the soil structure becomes looser, and more gravitational water is free in the large pores, while water is reduced in small pores. When e = 1.15, the main peak area increases as the moisture content increases. The increases between adjacent moisture contents are 13.1%, 14.5%, and 13.7%, respectively. These absolute value increases smaller than e = 1.1. In its natural state, soil contains both combined water and gravitational water in pores. The small pores are not entirely filled with combined water, while the large pores cannot be completely filled with gravitational water. Hence, the main peak or secondary peak area of the T2 spectrum cannot be used to determine the content of combined water in the soil.




4.2. Combined Water Saturation under Natural Conditions


According to the literature [47], there is a cutoff point on the transverse relaxation time T2 distribution curve. When the transverse relaxation time of the pore fluid is greater than the cutoff point, the fluid can flow freely; otherwise, it is combined fluid. Therefore, the content of combined water or free water in the soil can be determined by the cutoff point on the transverse relaxation time T2 distribution curve. The method of empirical judgment to define the T2 value at the midpoint between the highest and lowest points on the T2 distribution curve as the cutoff point is known as the ‘half point’ method. When the transverse relaxation time of the main peak is less than 10 ms, the T2 cutoff point can be taken near the ‘right half point’ of the main peak; when the main peak is greater than 10 ms, the T2 cutoff point can be taken near the ‘left half point’ of the main peak. Since the transverse relaxation time of Guilin red clay is all less than 10 ms, the ‘right half point’ method was taken to find the cutoff point.



According to Table 4 and the calculation results of combined water saturation, it is found that when the void ratio is constant, the combined water saturation increases with the increase of moisture content. When the moisture content is constant, the combined water saturation decreases with the increase of void ratio. Through the fitting display of origin8.0, it is found that the combined water saturation, initial moisture content, and void ratio has a high correlation. The adjusted R2 is 0.9929, indicating a good fitting effect. The fitting equation is:


    S   r   ′   = 0.04963 · ω − 0.253 · e − 0.313  



(6)








	
    S   r   ′     represents the combined water saturation degree (%);



	
ω is the initial moisture content of the soil (%);



	
e is the void ratio of the soil.









4.3. Disintegration Rate and Combined Water Saturation


As shown in Table 5 and Figure 6, when the moisture content is constant, the disintegration rate increases as combined water saturation increases. When e = 1.0, the disintegration rate of red clay decreases as combined water saturation increases, and the soil does not disintegrate when the combined water saturation is above 72.0%. When e = 1.1, all soils disintegrate, and the disintegration rate of red clay decreases as combined water saturation increases. When e = 1.15, all soils disintegrate, and the disintegration rate decreases first and then increases with the increase of combined water saturation. This abnormal phenomenon may be caused by the large pore volume in soils with high moisture content and high void ratio; the cohesion between adjacent soil particles is very weak, which easily disrupts stable state of soil. Through fitting with origin 8.0, the disintegration rate of red clay is exponentially related to the combined water saturation. The adjusted R2 is 0.8989, indicating a good fit. The fitting equation is:


  υ = 7.96 ×   e x p       −   S   r   ′    /  2.92       + 0.02  



(7)









5. Conclusions


SEM tests have shown that as moisture content increases while void ratio remains constant, the size of red clay particles decreases and pore size gradually decreases, resulting in tighter contact between soil particles. Conversely, when void ratio increases while moisture content remains constant, both red clay particles and pore diameter increase, transitioning from face-to-face contact to edge-to-edge contact and improving connectivity between pores, resulting in looser contact between particles.



The microstructural characteristics of red clay are influenced by the initial moisture content and void ratio. When the moisture content remains constant, the soil structure changes from a three-peak structure to a two-peak structure as the void ratio increases. The starting T2 value of the main peak on the nuclear magnetic attenuation curve gradually shifts to the right, and the area gradually decreases. The starting T2 value of the secondary peak gradually shifts to the right, and the area gradually increases, along with the total peak area. When e = 1.0 and 1.1, the starting T2 value of the main peak on the nuclear magnetic attenuation curve gradually shifts to the left, and the main peak area decreases. The starting T2 value of the secondary peak gradually shifts to the right, and the secondary peak area gradually decreases, along with the total peak area. When e = 1.15, the starting T2 value of the main peak on the nuclear magnetic attenuation curve gradually shifts to the left, and the main peak area decreases. The starting T2 value of the secondary peak gradually shifts to the right, and the secondary peak area and total peak area decrease first and then gradually increase.



Based on the T2 spectrum of nuclear magnetic resonance for red clay in both its natural and saturated states, the moisture content and void ratio of the red clay can be converted into ‘combined water saturation’ using the ‘right half point’ method. The combined water saturation increases with the increase of moisture content, decreases with the increase of void ratio, and     S   r   ′   = 0.04963 · ω − 0.253 · e − 0.313  , with the adjusted R2 at 0.9929, indicating a good fitting effect.



The disintegration rate of red clay is not significantly correlated with the total pore and large pore volume of the soil. However, it has an exponential relationship with the degree of combined water saturation. The fitting equation is   υ = 7.96 ×   e x p       −   S   r   ′    /  2.92       + 0.02  , with the adjusted R2 at 0.9934, indicating a good fitting effect, and the disintegration rate decreases as the combined water saturation increases.
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Figure 1. Self-made disintegration apparatus. 
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Figure 2. Disintegration curves of various red clays in pure water. 
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Figure 3. Scanning electron microscope images of some red clay soil samples. 
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Figure 4. Free induction decay curves of saturated red clay. 
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Figure 5. Free induction decay curves of natural-state red clay. 
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Figure 6. The relationship between combined water saturation and disintegration rate. 
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Table 1. Statistical table of disintegration rates of red clay samples in pure water.
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Initial Moisture Content

	
24%

	
26%

	
28%

	
30%




	
Saturation

(%)

	
Rate of Disintegration

(g/s)

	
Saturation

(%)

	
Rate of Disintegration

(g/s)

	
Saturation

(%)

	
Rate of Disintegration

(g/s)

	
Saturation

(%)

	
Rate of Disintegration

(g/s)






	
Void ratio

	
1.0

	
65.52

	
0.739

	
70.98

	
0

	
76.44

	
0

	
81.90

	
0




	
1.1

	
59.56

	
1.769

	
64.53

	
0.055

	
69.49

	
0.029

	
74.45

	
0.002




	
1.15

	
56.97

	
2.813

	
61.72

	
0.974

	
66.47

	
0.035

	
71.22

	
0.055











 





Table 2. Summary of peak information of T2 spectrum curves for saturated samples.
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Moisture Content

(%)

	
Void Ratio

	
The Main Peak

	
The Secondary Peak

	
The Third Peak

	
Total Peak Area




	
Starting T2 Value

(ms)

	
End T2 Value

(ms)

	
Peak Area

	
Starting T2 Value

(ms)

	
End T2 Value

(ms)

	
Peak Area

	
Starting T2 Value

(ms)

	
End T2 Value

(ms)

	
Peak Area






	
24

	
1.00

	
0.0383

	
3.57

	
1252.88

	
8.0264

	
204.91

	
20,292.54

	
587.28

	
10,000

	
91,821.38

	
113,366.79




	
24

	
1.10

	
0.0488

	
3.57

	
1225.51

	
8.7036

	
10,000

	
158,449.4

	

	

	

	
159,674.91




	
24

	
1.15

	
0.0450

	
3.29

	
1182.83

	
9.4379

	
10,000

	
157,098.56

	

	

	

	
158,281.39




	
26

	
1.00

	
0.0064

	
3.57

	
1227.72

	
7.402

	
307.21

	
36,484.37

	
1431.46

	
10,000

	
33,862.72

	
71,574.81




	
26

	
1.10

	
0.0326

	
3.29

	
1175.99

	
8.7036

	
10,000

	
141,704.67

	

	

	

	
142,880.66




	
26

	
1.15

	
0.0574

	
3.29

	
1151.34

	
9.4379

	
10,000

	
153,941.85

	

	

	

	
155,093.19




	
28

	
1.00

	
0.0064

	
3.29

	
1211.39

	
8.7036

	
148.2

	
12,045.5

	
811.98

	
10,000

	
76,186.09

	
89,442.98




	
28

	
1.10

	
0.0064

	
3.29

	
1165.26

	
8.7036

	
222.19

	
16,813.82

	
636.82

	
10,000

	
102,087.78

	
120,066.86




	
28

	
1.15

	
0.0450

	
3.04

	
1137.65

	
9.4379

	
10,000

	
160,583.23

	

	

	

	
161,720.88




	
30

	
1.00

	
0.0059

	
3.04

	
1202.95

	
9.4379

	
126.04

	
7690.03

	
1035.32

	
10,000

	
63,343.03

	
72,236.01




	
30

	
1.10

	
0.0064

	
3.04

	
1178.21

	
9.4379

	
361.23

	
22,387.06

	
636.82

	
10,000

	
86,304.48

	
109,869.75




	
30

	
1.15

	
0.0277

	
2.8

	
1143.23

	
11.097

	
10,000

	
179,888.55

	

	

	

	
181,031.78











 





Table 3. Summary of peak information of T2 spectrum curves for natural samples.
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Moisture Content

(%)

	
Void Ratio

	
The Main Peak

	
The Secondary Peak




	
Starting T2 Value

(ms)

	
End T2 Value

(ms)

	
Peak T2 Value

(ms)

	
Peak Area

	
Starting T2 Value

(ms)

	
End T2 Value

(ms)

	
Peak T2 Value

(ms)

	
Peak Area






	
24

	
1.00

	
0.00594

	
1.8679

	
610.9146

	
697.08

	

	

	

	




	
24

	
1.10

	
0.00594

	
1.8679

	
581.0081

	
657.19

	
136.6716

	
10,000

	
0.0098

	
57.13




	
24

	
1.15

	
0.00594

	
1.8679

	
581.1894

	
649.91

	

	

	

	




	
26

	
1.00

	
0.00594

	
1.8679

	
672.6039

	
791.97

	
5231.0993

	
10,000

	
0.1289

	
401.70




	
26

	
1.10

	
0.00594

	
1.8679

	
644.4348

	
759.32

	
3489.1012

	
10,000

	
0.2814

	
1169.2




	
26

	
1.15

	
0.00594

	
1.8679

	
626.7187

	
735.24

	
3783.4626

	
10,000

	
0.2718

	
1090.8




	
28

	
1.00

	
0.00594

	
2.0255

	
726.4200

	
893.58

	
3783.4626

	
10,000

	
0.0330

	
133.48




	
28

	
1.10

	
0.00594

	
2.0255

	
708.3817

	
866.21

	

	

	

	




	
28

	
1.15

	
0.00594

	
2.0255

	
688.3959

	
841.59

	
2146.1412

	
10,000

	
0.1508

	
732.52




	
30

	
1.00

	
0.00594

	
2.1964

	
799.4056

	
1041.81

	
91.1589

	
690.5514

	
0.3447

	
110.94




	
30

	
1.10

	
0.00594

	
2.1964

	
755.6883

	
988.44

	
51.7092

	
283.3096

	
0.8112

	
110.32




	
30

	
1.15

	
0.00594

	
2.1964

	
742.1578

	
956.70

	
43.9760

	
261.2675

	
0.7209

	
87.63











 





Table 4. ‘Right half point’ and combined water saturation statistics table.
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	Initial Moisture Content

(%)
	Void Ratio
	Half-Point of Natural State
	Integral Area of Combined Water in Natural State
	Half-Point of Saturation State
	Integral Area of Combined Water in Saturation State
	Integral Area

of Free Water in Saturation State
	Combined Water Saturation





	24
	1.00
	1.36557
	611.79
	1.9698
	998.29
	112,368.50
	61.28%



	24
	1.10
	1.34987
	574.89
	1.98423
	992.36
	158,682.55
	57.93%



	24
	1.15
	1.33775
	550.78
	1.97718
	968.15
	157,313.24
	56.89%



	26
	1.00
	1.41757
	698.12
	1.90246
	968.71
	70,606.10
	72.07%



	26
	1.10
	1.41675
	669.31
	1.91512
	959.48
	141,921.18
	69.76%



	26
	1.15
	1.40762
	646.92
	1.94936
	950.03
	154,143.16
	68.09%



	28
	1.00
	1.47127
	782.73
	1.81833
	966.80
	88,476.18
	80.96%



	28
	1.10
	1.45999
	757.39
	1.83971
	939.67
	119,127.19
	80.60%



	28
	1.15
	1.45734
	735.71
	1.86865
	945.35
	160,775.53
	77.82%



	30
	1.00
	1.55293
	908.91
	1.77622
	984.96
	71,251.05
	92.28%



	30
	1.10
	1.55323
	858.61
	1.8195
	974.33
	108,895.42
	88.12%



	30
	1.15
	1.53142
	831.13
	1.7999
	959.75
	180,072.03
	86.60%










 





Table 5. Combined water saturation and disintegration rate statistics table.
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	Initial Moisture

Content (%)
	Void Ratio
	Combined Water

Saturation (%)
	Disintegration

Rate (g/s)





	24
	1.00
	61.28
	0.739



	24
	1.