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The clay in the Zhanjiang Formation has thixotropic properties, which has greatly influenced the foundation engineering in the Zhanjiang area. The evolution law of macroscopic strength and clay microstructure during thixotropy can be used to explain the practical engineering problems caused by thixotropy. For undisturbed and reconstituted soil curing for a different period, unconfined compressive strength test, scanning electron microscopy, and mercury injection porosimetry test were carried out to obtain the unconfined compressive strength and pore structure evolution law in the thixotropic process. The results indicate that the Zhanjiang Formation structural clay is very sensitive to disturbance and its unconfined compressive strength decreases from 180.29 to 11.73 kPa after the natural structure is completely destructed. After 300 d of curing, the unconfined compressive strength of clay increased from 11.73 to 53.43 kPa because of thixotropy, which increased by 3.55 times. The stacking flaky flocculation structure of the undisturbed soil is destructed by reconstituting, turning to flaky flocculation structure, and the large pores are homogenized, the small pores develop into medium pores, and there is a decrease in soil strength. In the process of thixotropy, the soil particles gradually coagulate and form an aggregates flocculation structure, and the strength of clay increases with the increase in the degree of cementation. Based on the results, the thixotropic pattern of clay was established and its thixotropic mechanism was explained.
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1 INTRODUCTION
Clay thixotropy of refers to a phenomenon in which the original soil structure is destructed when the soil is disturbed, and its mechanical strength decreases dramatically. After disturbance, part of the mechanical strength gradually recovers with time (Boswell, 1948; Skemption and Northey, 1952; Mitchell, 1961; Mewis, 1979; Barnes, 1997; Díaz-Rodríguez and Santamarina, 1999; Tang et al., 2021a). Shahriar and Jadid (2018) and Shahriar et al. (2018) studied the change rule of mechanical properties of reconstituted clays with specific water content over time, finding that the shear strength and yield stress of reconstituted clays increased significantly after 90 d compared to the initial moment. According to Kamil and Aljorany’s (2019) study on the thixotropy of 180 soil samples, the strength of the soil decreased by 45% following reconstitution, and after 25 weeks of standing, the strength of the soil recovered to the strength of the undisturbed soil caused by the thixotropic effect. Under the influence of thixotropy, the strength and deformation characteristics of soil show strong time dependence (Ruge et al., 2019; Alam et al., 2021; Tang et al., 2021b). The study of thixotropic soil behavior can provide a basis for selecting parameters of reliability design of foundation engineering under long-term load.
Studies on the thixotropy of clay have achieved a lot in terms of macroscopic mechanical properties (Rinaldi and Clariá, 2016; Yang and Andersen, 2016; Larson and Wei, 2019; Ren et al., 2021; Yang et al., 2021; Zhou et al., 2021), but there is still no unified understanding of the action mechanism of the clay thixotropy. According to the study of Huo et al. (2016), the particles of clay are usually charged, and the electrostatic interaction between the particles causes the particles to flocculate, forming the first-order flocculation structure, and cementing between the flocculants to form the second order or even higher-order flocculation structure. The process of disturbance will destruct the flocculation structure of the clay. In the thixotropic process, the clay particles follow the minimum energy principle to re-flocculate and re-cement, forming a new stable structure, and the strength of the clay gradually increases. At the same time, because of the disturbance process, the part of particle protrusion may be peeled off, reducing the interlocking between particles, and the strength of this part of loss is difficult to recover. In general, the strength of the reconstituted soil is difficult to recover to the strength of the undisturbed soil in a short time. According to the research on the thixotropy mechanism of clay of Zhang et al. (2014) and Zhang X. W. et al. (2017), the microstructure of clay undergoes a process of destruction and reorganization in the thixotropy process, during which the force field between the particles causes the particles to condense and form aggregates. Landrou et al. (2018) studied the influence of inorganic dispersants on the thixotropic behavior of tight clay and pointed out that the rearrangement of clay particles and the interaction between the charge on the surface of the particles were the root of the thixotropic clay behavior. The stable lap modes of particles were only vertical and parallel, and the probability of reaching stability in the intermediate state was very small. The change of electrolyte concentration can alter the stable lapping pattern of clay particles from vertical to parallel to form a more stable structure (Chen et al., 2020). Peng et al. (2021) believed that the evolution of clay structure may be caused by various microscale particle rearrangements, including clay particle reorientation, aggregation, and flocculation, which are controlled by interparticle forces. To understand the nature of the clay thixotropic behavior, these studies laid a solid foundation. However, the thixotropic mechanism of clay is very complex, and the micro-macro evolution law of soil structure and strength characteristics during the disturbance and static process has not been fully elaborated. There are still some contradictions between many phenomena and theoretical description, and there is a lack of close relation between the micro theory and macro phenomenon, which needs to be further explored and verified.
The clay thixotropy has a great influence on engineering practice (Kul’chitskii, 1975; Lutenegger, 2017). Engineering problems such as the strength growth of filling soil (Tsugawa et al., 2017), the bearing capacity of pile foundation in clay layer (Shen et al., 2005; Abu-Farsakh et al., 2015; Karlsson et al., 2019; Gong et al., 2020), and the time effect of anchoring force of anchor bolt (Zhang N et al., 2017) are closely related to the thixotropy of soil. These phenomena can be explained by the influence of thixotropy on clay strength, but the mechanism of thixotropy of clay has not been fully revealed. It can be seen from the existing research results that the thixotropy of clay stems from the evolution of its microstructure, and the thixotropy mechanism of clay can be revealed by studying the change rules of the internal structure and pores in the process of thixotropy. In this study, the clay in the Zhanjiang Formation in China was taken as the research object, and the strength, microstructure, and porosity of samples vary with time were studied. The tests included unconfined compressive strength (UCS) test, scanning electron microscopy (SEM), and mercury injection porosimetry (MIP). According to the test results, the laws of mechanical properties change, microstructure evolution, and pore evolution of the samples during thixotropy were obtained, and the thixotropic pattern of the clay in the Zhanjiang Formation was established to explain its thixotropy mechanism.
2 UNCONFINED COMPRESSIVE STRENGTH TEST
Undisturbed soil was obtained from the Baosteel Zhanjiang iron and steel base in the Donghai Island, Zhanjiang City, Guangdong Province, China. This region is located in the southern tip of the Chinese mainland and the southwest of Guangdong Province, and in the low latitude area south of the Tropic of Cancer. It has a subtropical monsoon climate, with an annual average temperature of 23.5°C and an annual average rainfall of 1,556 mm. The geological age of the sampled soil layer is early Pleistocene. The exposed section of the soil layer is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Exposure profile of soil layer.
The soil sample is gray clay with clear bedding, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Soil sample.
The natural moisture content of the soil sample is 40.7%, the natural density is 1.81 g/cm3, and the specific gravity of soil particles is 2.71.
The undisturbed soil samples used in the test are cylindrical with a diameter of 39.1 mm and a height of 80 mm. During the preparation of undisturbed samples, wire saws were used to cut the soil samples into cuboids slightly larger than the specified size, and then soil sharpeners were used to carefully cut the cuboids into cylindrical shapes with a diameter of 39.1 mm. The unearthed samples were taken, and both ends of the soil samples were cut flat to a length of 80 mm to obtain undisturbed soil samples. During the preparation of reconstituted samples, the soil samples were naturally air-dried and then ground up, and then passed through a sieve of 2 mm. The soil samples with particle size <2 mm were put into fresh-keeping bags for sealing and reserve. At the same time, the air-dried moisture content of the soil samples was tested. The quality of distilled water needed to be added was calculated considering the natural moisture content and air-dried moisture content of soil samples. The distilled water needed for weighing was added into a sprayer, the soil sample was sprayed with the sprayer, and the soil sample was stirred at the same time to make the distilled water spray even. The soil sample with the prepared moisture content was put into a fresh-keeping bag and sealed for 24 h. Next, it was determined whether the moisture content of the soil sample was the target moisture content, and the error was controlled within ±1%. The prepared soil sample was placed into a fresh bag and sealed, and then put in a moisturizing tank for later use. The quality of a soil sample was calculated according to the natural density of the soil and the size of the sample. During sample preparation, 1/4 of the sample mass required was weighed, loaded into the sampler with a jack pressure to 1/4 of the sample height, unloading pressure, scraping in the stratified position. Next, 1/4 of the sample mass required was continued to be weighed and then loaded into the sampler. The above operations were repeated to prepare a cylindrical reconstituted sample with a diameter of 39.1 mm and a height of 80 mm. The sample was wrapped with cling film and put into the prepared PVC pipe. The lid was then closed, wrapped with adhesive tape, and sealed. Studies show that soil strength recovery is fast in the early stage, slow down in the middle stage, and tends to be stable in the late stage (Feng et al., 2004; Zhang X. W et al., 2017), so the curing time is 1, 5, 20, 60, 90, 150, and 300 d. UCS test was carried out on each curing sample, and the relation curve between axial stress and axial strain was obtained. The test method was in accordance with the relevant provisions of Article 20 of “Standard for Geotechnical Test Methods” in China (GB/T50123-2019). The relation curve between axial stress and axial strain of sample was obtained, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Relation curve between axial stress and axial strain.
As can be seen from Figure 3, after the stress of the undisturbed soil sample reaches the peak, the stress greatly decreases with the increase of strain, there is an obvious strain softening phenomenon, and the soil structure is strong. For the undisturbed soil sample, because of the uneven internal structural strength, when the stress reaches the peak (180.29 kPa), the part of the small structural strength will break first, and the stress will begin to decrease. With the increase of strain, the damage of this structure will continue to accumulate and finally form a complete failure surface. When the strain reaches 10%, the stress continues to decrease because of the sliding of the failure surface. The [image: image] relation curve of reconstituted soil has no peak value, but gradually increases with the increase of curing time, indicating that the strength of reconstituted soil increases with the increase of curing time, and thixotropy is obvious. After reconstituting, the structure of the soil is completely destructed. After curing, the structure of the soil is restored to some extent, and its strength increases accordingly. For the undisturbed soil sample, the peak stress is taken as the UCS of the sample (180.29 kPa). For reconstituted soil samples, because their stress-strain relation does not have a peak value, we take the stress when the sample produces 15% axial strain as its UCS. At this time, the sample has undergone a large deformation, and it can be considered that the failure has occurred. The UCS of the samples at curing time of 1, 5, 20, 60, 90, 150 and 300 d were 11.73, 14.99, 27.24, 36.75, 41.70, 49.00 and 53.43kPa, respectively. The relation between UCS and curing time was established, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Relation curve between unconfined compressive strength and curing time.
As can be seen from Figure 4, the mechanical properties of soil samples changed greatly before and after reconstituting, and the UCS of soil samples decreased significantly after reconstituting, from 180.29 to 11.73 kPa. Structural clay forms a stable structure in the deposition process, such as cementation between particles, which is destructed after disturbance. Therefore, the strength of reconstituted soil is lower than that of the undisturbed soil. Gong et al. (2000) also obtained the same view in his study. After curing, the soil forms a new structure, and its strength gradually recovers. The strength of soil increases rapidly in the period of 0–90 d, and tends to be stable after 90 d. After 300 d of curing, the UCS of clay increased from 11.73 to 53.43 kPa by 3.55 times. Zhang et al. (2014) and Zhang X. W. et al. (2017) conducted UCS tests on clay samples with different curing times and used the thixotropic strength ratio to measure the thixotropy of clay. However, the thixotropic strength ratio of clay varies with curing time and is not unique, so it is difficult to evaluate the thixotropic of different soil samples with different curing times. According to the data in Figure 4, the thixotropic strength ratio [image: image] corresponding to each curing time was obtained from the ratio of the strength of each curing time to the strength of curing for 1 d, and the relation between the thixotropic strength ratio [image: image], and the logarithm of curing time [image: image] was established for linear fitting, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Correlation between the thixotropic strength ratio and curing time.
It can be seen from Figure 5 that the thixotropic strength ratio of soil increases with the increase of curing time, and there is a linear relation between the thixotropic strength ratio and the logarithm of curing time:
[image: image]
where [image: image] is a dimensionless regression parameter. Furthermore, [image: image] is the thixotropic recovery coefficient and is the slope of the curve of [image: image] relation, and it represents the change of thixotropic strength ratio [image: image] caused by each change of curing time by a logarithmic cycle (10 times), without dimension. [image: image] indicates the degree of soil thixotropy. The larger the [image: image], the stronger the thixotropy of soil, and vice versa.
3 SCANNING ELECTRON MICROSCOPY TEST
To explore the evolution law of microstructure of clay in the thixotropic process, SEM was carried out on the undisturbed soil samples and reconstituted soil samples cured for 1, 5, 20, 60, 90, 150, and 300 d. The size of the undisturbed soil sample was 10 mm × 10 mm × 10 mm. Refer to the method in Section 2 for preparation and curing of reconstituted soil. Since the reconstituted soil sample is soft, too small volume would produce large deformation during sample cutting, so the size of reconstituted soil sample was 20 mm × 20 mm × 20 mm. During the test, the sample with the corresponding specifications was cut with a thin blade and put into liquid nitrogen (boiling point −196°C) to freeze for 15–25 min, and then the frozen soil sample was placed into the freeze-drying machine. The frozen soil sample was vacuumed at −50°C for more than 24 h, so that the soil sample was dry and not easy to deform. An appropriate amount of conductive adhesive was taken to glue the sample to the sample column, and the sample was put into the vacuum sputtering coating machine for surface plating of the Au-Pd alloy film to obtain high-resolution image. After the coating was completed, the scanning electron microscope test was conducted to obtain the sample SEM images, as shown in Figures 6 and 7.
[image: Figure 6]FIGURE 6 | Scanning electron microscopy (SEM) photographs of undisturbed soil.
[image: Figure 7]FIGURE 7 | SEM photographs of reconstituted soil samples with different curing time.
As can be seen from Figure 6, the undisturbed soil in the Zhanjiang Formation is a stacking flaky flocculation structure, and the structural units of soil are mainly stacking flaky units. Stacking flaky units are formed by the cementation of single-flake soil particles by stacking face to face, and the polyporous and non-directional flocculation structure is formed by edge-to-edge lap, corner-to-surface lap, and surface-to-surface lap among stacking flaky units, which makes soil more sensitive to disturbance and has a strong structure. As can be seen from Figure 7A, after reconstituting, the stacking flaky flocculation structure of the soil sample was destructed and turned into a loose flaky flocculation structure. The structural units of soil are dominated by single-flake soil particle units. The single-flake soil particles contact each other by the way of surface–surface, edge–surface, and point–surface. The pores between the soil particles increase, the dispersion degree increases, the degree of cementation between the particles is low, and the stability is poor. It can be seen from Figures 7A–C that in the first 20 d of curing time, the structural units of soil were dominated by single-flake soil particle units. The ability of single-flake soil particle units to resist external loads is weaker than that of stacking flaky units, and the macroscopic strength of reconstituted soil is significantly lower than that of undisturbed soil. As can be seen from Figures 7D,E, when curing time is 60 d and 90 d, some flake particles polymerize and form aggregates, and the structural units are in the mixing state of single-flake soil particles and aggregates, forming a single-flake particle–aggregate flocculation structure. When the flaky particles overlap with the surface of the aggregates, the pores between the soil particles are reduced, and the degree of cementation is improved. Compared with single-flake particles, aggregates have stronger resistance to external load, and the mixing state of single-flake particles and aggregates improves the soil strength to some extent. It can be seen from Figures 7F,G that when the curing time is 150 d and 300 d, the structural units are dominated by aggregates, forming an aggregated flocculation structure. The degree of cementation is obviously improved, and the strength of soil is further improved by surface-to-surface lapping of aggregates. Zhang et al. (2014) and Zhang X. W. et al. (2017) conducted SEM tests on clay samples with different curing times and summarized the change rule of particle lap mode in clay thixotropic process. In this study, the variation law of structural units in the thixotropic process is discussed from another angle, and the thixotropic pattern of clay is established. Based on the above analysis results, in the whole process, the unit of soil structure has experienced the change processes of stacking the flaky unit, single-flake particle unit, single-flake particle–aggregate unit, and aggregate unit. At a macroscopic level, the strength of undisturbed soil is higher than that of reconstituted soil, and the strength of reconstituted soil decreases obviously. After curing the reconstituted samples, the strength of the soil gradually increases. The structural characteristics and change process of the sample at different times are presented in Figure 8.
[image: Figure 8]FIGURE 8 | Thixotropic pattern of structural clay.
4 MERCURY INJECTION POROSIMETRY TEST
To explore the evolution law of internal pores of clay in the thixotropic process, MIP test were carried out on the undisturbed soil sample and the reconstituted soil samples curing for 1, 5, 20, 60, 90, 150 and 300 d. Refer to the method in Section 2 for preparation and curing of reconstituted soil. For sample specification and freeze-drying method, refer to method 3. The test instrument adopts automatic mercury injection meter. During the test, the sample is loaded into the sample tube (dilatometer) for low pressure analysis and then transferred to the high-pressure station for high-pressure analysis to obtain the pore distribution curve of the sample. To observe the variation rule of sample pores during thixotropy more clearly, curing ages were divided into three groups: prophase thixotropy (the first 20 d), metaphase thixotropy (20–90 d) and anaphase thixotropy (90–300 d), as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Pore distribution curves of samples during thixotropy.
It can be seen from Figure 9A that the pore distribution curve of the undisturbed soil sample is characterized by one main peak and multiple sub-peaks. The pore diameter distribution range of the main peak of the curve of the undisturbed soil sample is 0.1–1.1μm, and the distribution range of the sub-peaks is 10.0–100.0 μm. The pore distribution curve of reconstituted soil samples in the prophase thixotropy is characterized by one main peak, and the sub-peaks are not obvious. The pore diameter of the main peak of the curve of reconstituted soil sample ranges from 0.1 to 5.0 μm. The pores with pore diameter <1.0 μm are defined as small pores, those with pore diameter >1.0 μm and <10.0 μm are defined as medium pores, and those with pore diameter >10.0 μm are defined as large pores. It should be noted that the small, medium, and large pores defined here are relative to each other to facilitate the clarification of the evolution law of pores. The pore diameter distribution range of the main peak of the sample curve before and after reconstituting changed from 0.1-1.1μm to 0.1–5.0μm, indicating that the pore distribution curve of the sample shifted to the right after reconstituting, and part of the original small pores developed into medium pores. Before reconstituting, the pore distribution curve of the sample has an obvious sub-peak, and after reconstituting, the sub-peak is weakened, indicating that the large pores in the undisturbed soil sample are homogenized into medium pores by reconstituting. As can be seen from Figure 9B, the pore diameter distribution range of the main peak of the reconstituted soil sample curve at the metaphase thixotropy ranges from 0.1 to 4.0μm, and the curve of the reconstituted soil sample shows an obvious sub-peak, indicating that with the increase of curing time, part of the medium pores re-develop into small and large pores. As shown in Figure 9C, the pore diameter of the main peak of the reconstituted soil sample in the anaphase thixotropy is in the range of 0.05–0.11 μm compared with that in the metaphase thixotropy, and the obvious sub-peak appears on the right side of the curve, indicating that the small pores and large pores are developed further in the anaphase thixotropy. Zhang et al. (2014) and Zhang X. W. et al. (2017) conducted mercury injection tests on clay samples with different curing times and simply summarized the variation rule of pore distribution in the clay thixotropic process. In this study, the variation law of the main peak and sub-peaks of the pore distribution curve, the movement of the pore distribution curve, and the variation of the proportion of different pores during the thixotropic process of clay are discussed further. To more directly represent the change rule of pores in the thixotropy process, the pore distribution change process in Figure 9 is represented by a schematic diagram, as shown in Figure 10. The area in the diagram represents the proportion of pores at all levels.
[image: Figure 10]FIGURE 10 | Schematic diagram of pore distribution changes.
5 CONCLUSION
In this study, the UCS and pore structure evolution law of clay during the thixotropic process of 300 d were examined, and the following conclusions were obtained:
1) The Zhanjiang Formation structural clay is very sensitive to disturbance. After the complete destruction of natural structure, the UCS of clay decreases from 180.29 to 11.73 kPa. After 300 d of curing, the UCS of the clay increased from 11.73 kPa to 53.43 kPa because of thixotropy, which increased by 3.55 times.
2) There is a linear relation between the thixotropic strength ratio and the logarithmic value of curing time during the thixotropic process of Zhanjiang Formation structural clays, and the slope can be used to reflect the thixotropy strength. The higher the slope, the stronger the thixotropy, and vice versa.
3) The natural structural units of the Zhanjiang Formation structural clay are stacking flaky units. After reconstituting, the structural units become single-flake particle units. With the extension of curing time, the structural units gradually evolve into single-flake particle– aggregate units, and the aggregate units are formed following 300 d of thixotropy.
4) The large pores of undisturbed soil are homogenized, and the small pores develop into medium pores by reconstituting. In the prophase thixotropy, the pores are mainly medium and small. In the metaphase thixotropy, the macropores begin to develop. In the anaphase thixotropy, some medium pores develop into small and large pores.
5) The fundamental reason for the change of macroscopic strength of clay in the thixotropic process are the changes in the cementation degree between clay particles and pore distribution. When the natural clay structure is destructed, with the extension of standing time, the reconstituted soil will gradually form a new stable structure, but the recovery of structure is limited, and in a short time, the strength of the reconstituted soil is difficult to regain the strength of the undisturbed soil.
6) Our study provides data support for revealing the thixotropic mechanism of clay, but the time scale of the study is limited, and further research is required to fully explain the thixotropic behavior of clay.
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