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Abstract

:

Based on the lateral consolidation compression experiment of remolded soil simulating the effects of pile driving and soil squeezing, in this paper, the microstructures of soil with different degrees of lateral consolidation were investigated by a scanning electron microscope. Combined with Image-Pro Plus software to process data, parameters such as the equivalent diameter, porosity, circularity, directional frequency and fractal dimension of the soil microstructure were analyzed. The results demonstrate that the microstructure of the soil sample before consolidation was debris, aggregated particles and irregular flake aggregates. Following consolidation, the microstructure became a closed flake structure, where an obvious agglomeration phenomenon occurred. During the process of lateral consolidation compression, the large pore structure was more likely to be compressed and damaged, resulting in a decrease in the equivalent pore diameter and plane porosity, the approaching of circularity towards unity and an increase in the compaction and homogenization of soil with obvious directionality. Soil particles moved continuously under the action of consolidation compression to adjust the microstructure, and the fractal dimension gradually increased. Then, as consolidation compression continued, it gradually developed to a new equilibrium state, where the fractal dimension began to decrease and approach stability.
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1. Introduction


Because of its excellent quality, high construction efficiency, low pollution and low noise, the static pile technique has been widely utilized in engineering construction. Static piles, on the other hand, cause compaction effects during building. Due to the incompressibility of the soil around the pile in a short period, a high excess pore water pressure is formed during construction, and the displacement of the soil is transformed from small to large. It induces changes in the mechanical properties of the soil, leading to an action of squeezing [1,2,3,4,5,6,7]. In the end, it may result in the displacement of piles, floating piles or even fractured piles, as well as uneven settling of neighboring structures and the cracking of pipelines [8,9,10].



As a result, researchers have conducted extensive research on the topic of the soil squeezing effect of static piles from many perspectives. The topic is now being studied through the use of theoretical calculation approaches [11,12,13,14,15,16,17], laboratory and field experiments [3,4,18,19,20,21] and numerical calculations [22,23,24,25,26,27]. Among them, three main theories may be used to evaluate the mechanical properties of static piles: the cavity expansion method (CEM) [11,12,13,14], the strain path method (SPM) [5,7,16] and the limit equilibrium method (LEM) [17], although each has its own set of limitations. In addition, Liu [19] conducted piling tests under various conditions of centrifugal acceleration and discovered that the displacement of soil increased as piling depth increased. The displacement was lessened when the pile penetrated to eight ~ ten times the diameter of the pile. The radial displacement of extruding soil reached a peak value when the prestressed high-strength concrete (PHC) pipe pile penetrated to five ~ eight meters, according to Xing et al. [20], then gradually reduced along with the distance in the construction direction. Lei et al. [21] investigated the squeezing effect of PHC pipe piles using a field test and numerical simulation and then calculated the changes in pore pressure surrounding the pipe and the distribution of the displacement of soil during piling. Shao et al. [25] used ABAQUS to study the squeezing effect of PHC pipe piles, including the upheaval of the surface, the displacement of lateral soil and the stress field of soil with changing depths during piling. Yi et al. [26,27] used ABAQUS to perform the undrained effective stress of an Euler finite element analysis on the penetration of pile boots in clay and investigated the impacts of various material models on penetration resistance and excess pore water pressure.



The macroscopic mechanical properties of the soil represent the various strengths and deformation characteristics, and they are the external manifestation of the structural features of the soil. The above research investigates the variation law of stress and displacement of soil, as well as excess pore water pressure surrounding the pile during pile driving, using macro mechanics. However, the macro-mechanical approach fails to account for changes in the microstructure of soil, and the physical interpretations of several parameters are somewhat ambiguous. Previous studies have shown that macro-mechanical characteristics and the performance of the soil squeezing effect are largely reliant on the microstructure of the soil [28,29,30,31], and the strength and deformation behavior of the soil is substantially impacted by its stress state [32,33,34]. At present, there is little research on the microstructure of the soil squeezing effect. In engineering, piles squeeze out the surrounding soil during the process of driving, and the pore water pressure dissipates from the higher pore pressure area to the lower pore pressure area, causing the soil around the pile to consolidate. The issue of soil squeezing during static pile driving is also a problem of lateral consolidation compression. Hence, it is important to reveal the regular relationship between the soil squeezing effect caused by the pile driving and the changes in the microstructure of the soil around the pile. Furthermore, in order to clearly understand the soil squeezing effect during pile driving, it is also of great significance to establish the relationship between the microstructural characteristics of the soil surrounding the pile and its macroscopic mechanical properties.



In this study, using Hangzhou soft clay as the research object, the consolidation compression experiment of the soil in the horizontal direction was carried out to model the radial compression impact of the static pile on the soil around the pile. The experimental samples were obtained for electron microscope scanning, and a qualitative investigation of microstructure features was realized. Using image processing, the influence of static pile driving on the microstructure parameters of soil around the pile was explored, and the essence of the action of soil squeezing by static pile driving was discovered. In practical engineering, the experimental conclusions have guided relevance for developing effective measures to reduce or limit the soil squeezing effect.




2. Materials and Methods


2.1. Experimental Materials


The original soil for this experiment comes from Liangzhu Station of Hangzhou Metro Line 2, which is typical of saturated soft clay in Hangzhou. In order to reduce the influence of the homogeneity difference of undisturbed soil on the experimental findings, a novel intelligent kind of self-developed, multi-connected and vacuum pre-loading equipment for remolded soil is employed in this experiment to prepare remolded soil, as shown in Figure 1. The novel intelligent kind of self-developed, multi-connected and vacuum pre-loading equipment includes three preparation buckets of the soil sample, one vacuum water tank and drainage bucket, one vacuum pump and one set of intelligent control and display systems. The preparation process of the remodeled soil includes: (1) drying the soil sample; (2) crushing and screening out fine particles of dry soil; (3) mixing with water and stirring evenly; (4) pouring into the preparation device and tightening the sealing cover; (5) turning on the equipment to vacuum and to achieve consolidation; and (6) taking out the soil sample for use. The specific process is detailed in the works of [35,36].



In addition, the QUANTA FEG 650 field emission scanning electron microscope (FEI Company, Eindhoven, The Netherlands) is used to observe the microstructure of the remolded soil samples to ensure the comparability and accuracy of the follow-up research results, as shown in Figure 2. Then, by comparing the parameters of pore structure, the results demonstrate that the remolded soil samples prepared by this experimental equipment have good uniformity [35]. The physical and mechanical parameters of the remolded soil samples are listed in Table 1.




2.2. Experimental Plan


2.2.1. Consolidation Compression Experiment


To better understand the mechanism of soil squeezing during pile driving in soft soil areas, the effect of the lateral compaction of pile driving on the soil around the pile is investigated in this paper. This study employs a standard consolidation instrument to conduct a horizontal consolidation experiment on soil samples to simulate the lateral compaction of the static pile. In order to explore the long-term influence of the lateral extrusion effect during the construction of static piles, the compression pressure is kept at 0.2 MPa, and the compression time is controlled at 30, 60, 240, 720 and 1440 min. Table 2 shows the experimental plan (each experimental group is repeated three times).



The detailed steps are as follows:




	
According to the needs of the experiment, laterally select a ring knife with an area of 30 cm2 to take the horizontal soil samples;



	
Install a ring knife with a soil sample in the consolidation instrument (the knife edge should be downward), paste clean and moist filter paper on both ends of the soil sample and put a permeable stone on it. Then, place the pressure guide ring, pressure plate and directional steel ball on the top of the permeable stone in sequence;



	
Check whether the connection of each part is flexible, and then pressurize;



	
After the beam is in contact with the ball, insert the piston rod and load it at 0.2 MPa;



	
At the end of the experiment, remove the weight, raise the pressure plate, remove the consolidation instrument and clean the instrument after taking out the soil sample.









2.2.2. SEM Experiment


In this study, a scanning electron microscope (SEM) is adopted for the analysis of the soil’s microstructure. After the consolidation compression experiment, soil samples from various experimental conditions are used as SEM samples.



The preparation of the SEM sample is the basis of capturing SEM images. To ensure that the scanning image can accurately reflect the true morphology of the sample, certain requirements should be met in the preparation of SEM samples: the disturbance and damage of the samples should be minimized, the shrinkage deformation of the sample should be minimized in the drying process, uniformity should be ensured as much as possible when spraying the conductive medium and the thickness of the samples should be appropriate [36,37].



The process of preparation is as follows:




	
The samples after different consolidation times are reserved and dried. The horizontal section of the sample is selected as the observation surface. When the sample reaches a semi-solid state, the core of the sample is selected, and a soil strip with a length of about 5 cm and a cross-section of about 1 cm × 1 cm is cut out and dried.



	
To ensure that the observation section is not disturbed, cut and grind the sample into a microscopic sample of 5 mm × 5 mm × 2 mm, and then use an ear-washing ball to blow off loose soil particles on the observation section.



	
Due to the poor conductivity of soft clay, a gold film of 20~50 nm should be sprayed on the surface of the sample as a conductive material before scanning to assure the quality of microscopic images.








Furthermore, the selection of the amplification factor has a non-negligible effect on the accuracy of the SEM images. In addition, differences in the microstructure of soil samples from various areas may have existed [38,39]. Therefore, to ensure the accuracy of the SEM images, an appropriate magnification factor must be adjusted, and many images of the soil samples must be collected. Considering the small size of clay particles in soft soils, combined with the research results of the previous literature [40], after careful consideration, the magnification in this study is set as 8000 times, and the number of SEM images of each soil sample is set as 20.






3. Results and Discussion


3.1. Qualitative Analysis of Soil Microstructure


At 8000 times magnification, microscopic images of representative sections of each SEM sample were captured. Particle morphology, connection mode and pore shape and size were used to evaluate changes in the microstructure of soil samples under different experimental conditions. Figure 3 shows SEM images of the samples under different compression consolidation times.



Figure 3a shows that the sample had a flocculation structure before consolidation, and individual particles were spread as debris, aggregates and irregular flake-like aggregates. There was cementation between the particles, but no directionality. Numerous huge pores were discontinuous and isolated (shown as rectangles in Figure 3a). Particle gaps were widely distributed, and the integrity was poor. Figure 3b reveals that, after 30 min of consolidation, there were more flaky joints, fewer large pores and a significant increase in small pores, showing the dispersion of debris and feather flocs (shown as circles in Figure 3b), although the direction was not evident. This is because soil skeleton particles were crushed and broken during the consolidation process, and the large pores were crushed first, resulting in one pore being crushed into two or more. As a result, the medium pores were crushed as well, resulting in fewer medium and large holes and an increase in the number of small pores. As the consolidation time increased, soil samples formed bigger aggregates composed of edge–edge and edge–surface between flake-like structures. Such a trend was in conformity with the study on the evolution of the microstructure of soft clay under consolidation loading conducted by Zheng et al. [41]. As the degree of soil compaction rose, the connection strength also increased, and the arrangement became more ordered (marked as arrows in Figure 3c,d). Over a long period of consolidation, neighboring soil particles approached, aggregated and compacted, and then the microstructure transformed from a skeleton-type overlapping structure to a closed-type flake structure, resulting in an obvious agglomeration event. The connection mode between structural units, which was previously based mostly on edge–edge and edge–surface, shifted to one dominated by surface–surface, and the structure became more stable. Therefore, the compaction effect of the soil was significant at the microscopic scale.



When the six images below are compared, it is clear that the long-term consolidation process involved the breaking of large holes, increases in small and medium pores and the gradual compression of the soil. The above findings reflect the qualitative change in soil after consolidation and compression under different test conditions. Macroscopically, the axial strain of the soil sample increased after long-term consolidation and compression. The experimental findings show that the change in the mesostructure can explain the macroscopic properties of soft soil after lateral consolidation and compression to a certain extent.




3.2. Quantitative Analysis of Soil Microstructure


The existence of pores in the soil structure was one of its important characteristics, and the microscopic characteristics of the pores had a direct impact on the macroscopic engineering properties of the soil. The major factor impacting the structural properties of soft soil following lateral compression was the change in pore characteristics. As a consequence, the changes in pore characteristics as a function of consolidation time were quantitatively analyzed, and the weakening mechanism of the soft soil structure as a result of pile driving is discussed in this study.



In this study, Image-Pro Plus 6.0 (IPP) was utilized for image processing and quantitative analysis. The purpose of image processing was to extract information from the images and output data of pore characteristics for statistical analysis. The processing steps were divided into three: the calibration of the pixel space, binarization processing and automatic software analysis [37]. (1) Firstly, a calibration of the pixel space was required. The experiment of the field emission scanning electron microscope in this study adopted a magnification of 8000 times, allowing a unified pixel space to be used for calibration. (2) Secondly, when converting a grayscale image to a binary image, the setting of the threshold was critical for SEM image processing. Due to the differences in the light and uniformity of gold plating during the photographing, many particles in the images were present in the pores, not just on the sliced surface of the sample. If the threshold was set too high, these particles were regarded as pores, and if the threshold was set too low, some tiny pores near the soil particles were counted as soil particles. As a result, during the binarization process, a suitable threshold must be selected, as shown in Figure 4. After binarization, the white part of the image represents soil particles, whereas the black part represents pores. The color may also be changed according to the requirements. (3) Finally, after binarization, IPP software could identify, mark and obtain the characteristic parameters of the microstructure, and it could count parameters such as the diameter, area, perimeter, shape factor, roundness, etc., as shown in Figure 5.



In this section, the following parameters were selected to analyze the changes in pore characteristics:




	
Diameter D








The diameter is the most basic feature to describe the size of pores. The diameter of the pores is the average value of the length of the line connecting two points on the contour of the selected object and passing through the centroid.



	2.

	
Equivalent diameter D′







The equivalent diameter is the diameter of the equivalent circle with the same area as the pore, and its calculation formula is:


   D ’  = 2   ( A / π )   1 / 2    



(1)




where A is the area of the pore.



	3.

	
Planar porosity P







Planar porosity is the percentage of the measured area of the pore to the total area of the image, and its calculation formula is:


  P = A /  A 1  × 100 %  



(2)




where A1 is the total area of particles and pores.








	4.

	
Circularity R0











   R 0  =  L 2  / 4 π A  



(3)




where L is the perimeter of the pore.



3.2.1. Equivalent Diameter of Pores


Figure 6 shows the curve of the average equivalent diameter of pores under different consolidation times. The equivalent diameter decreased as the consolidation time continued to increase. This is because the deformation of the soil during the consolidation process was primarily caused by the combined influence of structural connection, structural units and pores. The existence of pores in soil samples, in particular, was the root cause of structural crushing and damage. Under the action of an external force, the connection of some soil particles was destroyed and created a structure of scattered debris. In addition, the large pores were extruded, and the area was reduced, after which the particles were cohesive, compressed and recombined with each other, resulting in a reduction in the particle spacing and a decrease in the average equivalent diameter of the pores.



In addition, the change in the average equivalent diameter of pores throughout the consolidation process may be broadly divided into three stages, as shown in Figure 6: (1) At the initial stage of consolidation, with the alternate appearance of aggregation and damage of soil particles, the equivalent diameter decreased slightly. (2) At the middle stage of consolidation, the large pores were compressed sharply and filled with particles, the particles gradually approached, the structure seemed to be connected and the soil became more compact. (3) At the later stage of consolidation, as time passed, the adjustment of particle aggregation and dispersion in the soil slowed down, and the area of the pore approached a constant value. The rate at which the equivalent diameter decreased slowed, indicating that the consolidation process was nearly complete.



It is worth noting that the equivalent diameter of the soil decreased quickly between 60 and 240 min, corresponding to the middle stage of consolidation, and the soil sample already belonged to the disturbed soil with poor structural strength. As a result, more attention should be paid to the control of soil deformation in practical engineering during the middle stage of piling.




3.2.2. Planar Porosity


Figure 7 shows the curve of plane porosity under different consolidation times. It follows the same trend and stage as the equivalent diameter in Figure 6. Overall, under the action of a certain pressure, the space between soil particles decreased continuously, and the plane porosity decreased with time. This change rule reflects the fact that, with continuous consolidation, the amount of area occupied by pores in the soil decreases, and the structural units come closer together.



Because of the existence of structural strength, the pores in the soil did not change much during the initial stage of consolidation. Under long-term pressure, the large pores gradually reduced, the curve entered a stable stage with a considerable decline and the plane porosity tended to a certain value. This is because, once the pores reached a certain size, they would no longer be damaged. However, within a particular scale, they gradually compressed, resulting in an area of the pore that was basically unchanged and a porosity that was basically constant [42].




3.2.3. Pore Circularity


The circularity is defined as the degree to which the measured pore shape resembles a circle, with a value range of [0, 1]. As the particle becomes more rounded, it becomes more circular. Figure 8 shows the curve of pore circularity under different consolidation times. When compared to before consolidation, the circularity of the pores in the soil sample increased during consolidation compression. The pores of the soil sample became more regular and closer to a circle after consolidation. This is because, during the consolidation compression process, the soil particles rearranged and formed a more stable equilibrium condition. At this time, the pores were smaller, the soil particles were more intimately coupled and the arrangement was more directed, which improved the homogeneity of the pores. Similar results have also been presented by Di et al. [43], who proposed that, under the initial consolidation stress, structural units are compressed and structurally adjusted, and the shape becomes oblate.



In addition, the authors discovered that, at the initial stages of consolidation, particle damage is greater, and growth is more obvious, whereas at the later stage, particle shape and pore shape are more stable, and the curve is flatter. This demonstrates that recombination and aggregation occur among structural units under the consolidation pressure, and the degree of homogeneity of the pore tends to approach with time [43]. This conclusion is supported by the results of equivalent diameter and plane porosity.




3.2.4. Distribution of Pores


The curve of pore distribution can intuitively and quantitatively reflect the composition and distribution of pores. In this study, for the convenience of analysis, the pores of the soil samples were divided into the following categories: large pores, with diameters of d > 1.0 μm; medium pores, with diameters of 0.5 μm < d < 1.0 μm; medium and small pores, with diameters of 0.3 μm < d < 0.5 μm; small pores, with diameters of 0.2 μm < d < 0.3 μm; and micropores, with diameters of 0.1 μm < d < 0.2 μm. Figure 9 shows the curve of soil pore diameter under different consolidation times.



The pore components with pore sizes ranging from 0.3 μm to 1.0 μm completely dominated the soil samples, accounting for roughly 65 percent of the total area of the pore. During the initial stage of consolidation, the composition of each pore size did not vary much, and only a portion of the content of large pores decreased. Since large pores were more easily crushed into tiny pores than small pores, as consolidation time increased, the components of large pores decreased dramatically, whereas the components of small holes grew significantly. Furthermore, the area of the micropore group was almost within a certain range, and the proportion was quite little. This is because the micropores were not sufficiently compressed under the experimental circumstances. Only a small percentage of medium or small pores were broken up, resulting in a slight increase in micropore proportion.



It can be seen that the changes in pore size caused by consolidation were not equal for each pore group, and only visible pores made the corresponding adjustments. This adjustment broke the original form of the distribution of particle size and replaced it with a new structural form that was compatible with consolidation compression [44].




3.2.5. Directional Frequency of Pores


In order to represent the changes in the distributional intensity of the unit body in a certain direction, 0°~180° is divided into n equal parts (locations), and the angle range of the representative director of each location is   α =   180  °  / n  . From this, the directional frequency of the i-th location unit body in the n locations ranging from 0° to 180° can be obtained:


   P i  ( α ) =    m i   M  × 100 %  



(4)




where mi is the number of elliptical units in the i-th location along the long axis direction, and M is the total number of units or pores. By changing the value in Equation (4), i.e., changing the number of divided locations, different distributions of directional frequency can be obtained. This study takes   α = 10 °  .



The distribution of pores in each direction can be seen from the wind rose diagram of the directional frequency of pores in Figure 10. The pores in the unconsolidated soil sample were uniformly distributed without noticeable directionality in all directions. After a time of consolidation, the directional frequency of pores at a certain location in the range of 0° to 180° increased significantly. The directional angles of the pores in group F, for example, were mostly concentrated between 70° and 100°, indicating that consolidation caused the pores in the soil to develop in a certain direction and that the distribution of the pore was more directional. The weak connection between soil particles in some directions was disrupted under the action of consolidation pressure, making the connection in one direction significantly weaker than in other directions. Then, the soil structure would continue to break along this direction, extend to the entire section and eventually form a particular direction angle.



Furthermore, because of the varying locations of the scanned images of the samples, the directionality of the pores was not constant, and the final directional angles were not completely concentrated. This demonstrates that the direction of soil particles during the consolidation process was random and that the consolidation compression and even the damage of soil particles were unequal and unpredictable. In addition, the deformation was frequently concentrated in particular areas, whereas other areas rarely changed. As a result, it is necessary to further understand the arrangement law of soil particles after lateral consolidation in future research, which can be helpful to grasp the inherent law of soil deformation and stability under the effect of pile driving and soil squeezing. It also has practical and important engineering guiding significance for the safe protection of pile driving.




3.2.6. Fractal Dimension of Pores


Previous studies have shown that soil particles and pores can be described by the fractal dimension [45,46]. The fractal dimension is used to characterize the distribution of pores and to deeply analyze the deformation features of soil samples under the action of lateral consolidation compression. The area–perimeter method is used for the calculation of the fractal dimension, and its basic principle is as follows:


  log ( L ) = ( G / 2 ) log ( A ) + C  



(5)




where L is the perimeter of the pore; A is the area of the pore; C is a constant; and G is the fractal dimension of the pore. The general value range of G is [1, 2], and as G becomes larger, the pore structure becomes more complex.



Figure 11 shows the fitted curves of the fractal dimension of each experimental group according to Equation (5). Then, the fractal dimension of each group was calculated, which was plotted against consolidation time, as shown in Figure 12. Figure 12 shows the curve of the fractal dimension of soil pores under different consolidation times. Based on the above microstructure investigation, the curve of the fractal dimensions was also separated into three stages. When compared to before consolidation, soil samples after remolding treatment exhibited good homogeneity and simple pore structures. During the initial stage of consolidation, large soil particles were crushed and divided into small particles, and the development of small soil particles resulted in the formation of small holes between the small particles [41]. At this time, the pore structure became more complicated, and the fractal dimension grew. Then, the soil microstructure began to be reconstructed, and soil particles moved continuously under the action of consolidation compression to adjust the microstructure and to gradually evolve to a new equilibrium state. The fractal diameter of the pores decreased over time. As a result of consolidation, the area of the pores decreased, the shape became smoother, the degree of the homogeneity of the pores rose and the complexity of the pore structure was reduced. At the later stage of consolidation, the change in the microstructure of the soil slowed down, and the fractal dimension of pores varied only a little. The microstructure was restructured and eventually reached a new equilibrium.






4. Conclusions


In this study, an experiment of the lateral consolidation compression of remolded soil was used to explore the influence of pile driving and soil squeezing. Scanning electron microscopy was used to examine microscopic pictures of soil with varying consolidation times. In addition, the data of pore characteristics were processed with IPP software to perform qualitative and quantitative investigations of the microstructure of the soil. The following conclusions were obtained:




	
The microstructures of the soil sample before consolidation comprised debris, aggregated particles and irregular flake-like aggregates, with large pores between particles and no directional arrangement. After consolidation, the microstructure became a closed-type flake structure, and an obvious agglomeration phenomenon occurred. The connection mode of edge–edge and edge–surface between structural units shifted to the connection mode dominated by surface–surface. In addition, the soil mass was laterally compressed, and the structure tended to be stable.



	
During the consolidation compression process, the large pore structure was more likely to be compressed and damaged. The particles were cohesive, compressed and recombining with each other, resulting in a decrease in the equivalent pore diameter and plane porosity, a decrease in the area of small pores and an increase in the compactness of the soil. Furthermore, the fact that circularity was approaching unity indicated that, after consolidation, the degree of the homogeneity of the soil grew, and the soil exhibited obvious directionality. When the soil particles moved continuously under the action of consolidation compression to adjust the microstructure, the fractal dimension increased. The soil then progressively evolved to a new equilibrium condition, where the fractal dimension began to decrease and approach stability.



	
The changes in soil microstructure during the lateral compression experiment simulating the effects of pile driving and soil squeezing were divided into three stages. Special emphasis should be paid to the large change in micro-properties of soil that was subjected to lateral compression pressure at the middle stage. In addition, lateral displacement was prevalent, and the influence of soil extrusion was significant. At the later stages, the pore water pressure was considerably dissipated, and then the structural adjustment of the soil advanced to a somewhat stable stage. Within this period, the effect of soil squeezing induced by adjacent construction would be significantly lessened. Controlling the speed of pile driving, the sequence of pile driving and the time interval between neighboring pile driving are all recommended as efficient methods to reduce the effect of pile driving and soil squeezing.








In this study, stress redistribution and the rearrangement of particles may be caused by sampling for SEM analysis, and this disturbance cannot be effectively avoided during the operation of the experiment. However, the error can be eliminated as much as possible through multiple experiments. Therefore, it is necessary to note that this experiment has certain limitations, and it is hoped that future research makes breakthroughs in this field. Moreover, in view of the evolution law and microscopic mechanism of soil samples under lateral consolidation compression, Nuclear Magnetic Resonance Technology (NMR) can be used for further discussion in the future.
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Figure 1. The remolded soil sample. 
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Figure 2. The QUANTA FEG 650 field emission scanning electron microscope. 
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Figure 3. Microstructure of soil samples under different consolidation times: (a) 0 min; (b) 30 min; (c) 60 min; (d) 240 min; (e) 720 min; (f) 1440 min. 
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Figure 4. Image binarization processing. 
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Figure 5. Schematic of selecting measurements. 
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Figure 6. The curve of the average equivalent diameters of pores under different consolidation times. 
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Figure 7. The curve of plane porosity under different consolidation times. 
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Figure 8. The curve of the circularity of pores under different consolidation time. 
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Figure 9. The curve of soil pore diameter under different consolidation times. 
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Figure 10. A wind rose diagram of the directional frequency of pores under different consolidation times. 
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Figure 11. Fitted curves of the fractal dimension of each experimental group under different consolidation times: (a) 0 min; (b) 30 min; (c) 60 min; (d) 240 min; (e) 720 min; (f) 1440 min. 
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Figure 12. The curve of fractal dimension of soil pores under different consolidation time. 
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Table 1. Physical and mechanical parameters of the soil sample.
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	Density ρ/(g/cm3)
	Moisture

Content ω/%
	Specific Gravity Gs
	Plastic Limit Wp
	Liquid Limit WL
	Plasticity

Index Ip





	1.81~1.83
	42.9~47.5
	2.75
	33.4
	51.6
	18.2
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Table 2. Consolidation compression experiment.






Table 2. Consolidation compression experiment.





	Group
	A
	B
	C
	D
	E
	F





	Consolidation pressure/MPa
	0
	0.2
	0.2
	0.2
	0.2
	0.2



	Consolidation time/min
	0
	30
	60
	240
	720
	1440
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