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Clay particles have an important influence on the cracking of clay–sand mixture, but the quantitative relationships between the clay content and crack evolution of the clay–sand mixture are still not clear. In order to explore the crack evolution process of the clay–sand mixture under different clay content conditions, we prepared nine groups of saturated clay–sand mixture samples with different clay contents and carried out drying experiments and Brazilian tests. The geometric dimensions and development forms of soil cracking were quantitatively analyzed by taking pictures of the sample cracks, image processing, and weighing the variation of the soil mass at the corresponding time during the drying process. The results showed that when the clay content was greater than 50%, the development process of the clay–sand mixture cracks can be divided into three stages: the formation stage of main cracks, the generation stage of the autonomously derived secondary fractures, and the stage of cracks widening. When it was less than 50%, the cracks in the development process of clay–sand mixture cracks had the characteristics of short length, dense crack spacing, no main cracks, and no obvious stage. The clay could add the tensile strength of the mixture and restrain crack development. The clay content had a significant effect on the shrinkage cracking and crack development process of soil, which shows that with the increase in the clay content, the tensile strength increases and restrains the crack development; the crack rate increases continuously and the width of cracks become larger; the lower the clay content, the lower is the crack rate and the smaller is the average crack width. The water content of samples with different clay soil contents all nonlinearly decreased with the increase in drying time, and the corresponding residual water content increased with the increase in the clay soil content at the same time. The water content of initial cracking, stable crack length, stable crack width, and stable block of the clay–sand mixture increased with the increase in the clay content, and the water content of the stable crack length was the same as that of the stable block number.
Keywords: clay, evolution, drying curve, crack geometrical size, Brazilian test
1 INTRODUCTION
When the soil loses water during the drying process, it shrinks and generates cracks on the surface of the soil. The generation of cracks would change the structure of the soil, increase the permeability of the soil, and greatly reduce the strength and stability of the soil, which causes various geological engineering problems and natural disasters (Morris et al., 1992; Albrecht and Benson, 2001; Tang et al., 2008; Ma et al., 2020; Liu et al., 2021; Yang et al., 2022).
Many researchers studied the characteristics of soil cracks from different aspects. In the aspect of crack geometry characteristics and evolution, Baer et al. (2009) analyzed the crack morphology and crack surface variation characteristics of silt loam based on the fractal theory, providing a method to quantify soil cracks, and their patterns considered fractal dimension; Miller et al. (1998) introduced a crack strength factor which can describe the development process of soil surface cracks quantitatively; Vogel et al. (2005a) and Vogel et al. (2005b) stated that the Minkowski function is a useful function to investigate the development modes of soil cracks quantitatively; Yuan and Yin (2004) used the remote optical microscope and made a quantitative analysis of the crack evolution law through the gray entropy of the crack image; Liu et al. (2013) developed a computer image processing method to describe the number of crack intersection nodes, length, number of cracks, number of blocks, block area, and crack rate of cracks. In terms of the causes and influencing factors, scholars believe that the occurrence of cracks in clay soil has a certain relationship with soil shrinkage. When soil shrinkage is inhibited or the surface tensile stress exceeds the cohesive strength between soil particles, cracks are prone to occur (Towner, 1987; Fleureau et al., 2015). Morris et al. (1992) found that some parameters of the soil, such as compressive modulus, Poisson’s ratio, shear strength, and tensile strength, have a certain influence on the development and growth of soil cracks; Wang et al. (2017) indicated that with the increase in the dry-wet cycle, the crack rate and mean crack width also decreased; by drying experiments of lean clay, Zeng et al. (2019) and Zeng et al. (2020) found that the total length of cracks increases with the increase in interface roughness, and the total length of cracks decreases with the increase in soil thickness; Tang et al. (2008) analyzed the geometric characteristics of clayey soil cracks at different temperatures and considered that the crack rate, crack width, and crack length increase with the increasing temperature, and the shapes of the crack intersection notes were generally “+” and “T”. However, the aforementioned studies were mostly focused on cohesive soil, and the mixtures which are common in nature and engineering fields were rare to report.
Fine and coarse particle mixtures are a type of common soil composed of coarse particles, such as block stones, gravel, and sand and fine particles, such as silt, sand, and clay (Medley, 2001). Under the change in external environments, such as temperature changes, cracks often appear in the mixture, which affects the soil’s structure, strength, and seepage characteristics. The fine particle content in mixed soil is one of the decisive factors affecting their properties, which has been widely concerned by researchers (Sridharan and Prakash, 1998; Vallejo and Mawby, 2000; Vallejo, 2001; Chik and Vallejo, 2005; Ouyang and Takahashi, 2015; Guo and Cui, 2020). Although there are abundant research studies on the relationships between fine particle content and the strength, permeability, and pore change of mixed soil (Vallejo, 2001; Rahardjo et al., 2008), there is still a lack of relevant research on how the content of clay affects the development of cracks in mixed soils and the relationship between the content of clay and the geometry parameters of cracks.
This article aimed to explore the crack process and evolution characteristics of mixtures with different clay contents. The mixture of clay and quartz sand was selected as the research object. In this study, drying experiments and Brazilian tests were conducted. The Brazilian tests were designed to get the tensile strengths of different clay contents and how the clay contents help the crack development. Through the drying experiments, first, the evolution process and morphology of the geometric size of the surface cracks during the drying process of the soil were analyzed. Second, the quantitative relationships between the clay soil content and tensile strength and soil crack parameters (such as crack rate, crack length, and crack width) are studied with drying experiments and Brazilian tests. Finally, the influence of water content change during the crack development process was discussed.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Experimental Materials and Preparation
The clay mineral component used in this experiment is kaolinite, which is one of the main mineral components of clay. The experimental material was the mixed soil of clay and quartz sand. The clay content of the artificially prepared material was 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10%, and the corresponding sample number was S1–S10. The Malvern particle size analyzer was used to investigate the size distribution of fine particle mixtures, and the screening device was used to achieve the size distribution of sands. The particle grading curve of the experimental material is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Particle size distribution.
The preparation process of the materials for the drying experiment is as follows. First, clay particles and quartz sands were dried up. Second, the corresponding mass was weighed according to the design requirements, and the clay and quartz sands were mixed evenly. The prepared mixed soil was put into a circular container with a diameter of 200 mm, and the thickness of the sample was 10 mm. The surface of the circular container was covered with a filter paper larger than the diameter of the container, and it was bound to the container with rubber reinforcement. Then, the container with the sample was placed in the distilled water cooled after boiling, and the water was ensured to overflow the top of the vessel. In this way, water could enter the container through a filter paper covering the surface of the container. The sample was placed in water for 72 h to saturate the sample. It was reported that 40°C is the global average maximum temperature (Middel et al., 2014), and at such temperature, the soil in the field would dry the fastest naturally. Therefore, 40°C was selected as the experimental temperature. During the drying process, the sample was weighed and photographed until the crack remained stable.
For Brazilian tests, the experimental materials were prepared the same way as the drying experiments. For soil sample preparation before Brazilian tests, the material was mixed with some water, and the water content was 8.3%.
2.2 Image Processing Method
Photographs were taken for soil cracks during the drying process, and the photographs were processed through image processing software to get crack geometry parameters. The processing steps are as follows: first, the photographs were preliminarily cut through the image processing software to make the image size 1,200 × 1,200 (pixels). Second, we created the image by binarization and skeletonization. Finally, according to the crack images after binarization and skeletonization, the crack rate, crack length, average crack width, and other parameters were calculated. In the analysis process, the processed image is expressed in the form of pixel value, and the relationship between the pixel value and the actual size of the image is as follows (Luo et al., 2020):
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where Ai0 and Li0 are the crack pixel area and crack pixel length of the specimen, respectively; Ai and Li are the actual crack area and actual crack length area, respectively; βi1 is the area conversion coefficient; βi2 is the length conversion coefficient; A1 is the actual initial surface area of the sample, which is 31,400 mm2 in the test; A10 is the initial pixel area in the sample image; Rs is the crack rate of the sample, and [image: image] is the average width of the crack.
2.3 Method of Brazilian Test
Brazilian test is the most common method for determining the tensile strength of soils. The test is an indirect tensile strength test method, also called the radial-splitting test. In this test, a cylindrical specimen was placed horizontally between compression plates (Jiang et al., 2015). One batten was put above, and one was put below the specimen, which is used to distribute the applied load evenly along the entire length, as shown in Figure 2. In order to cause tensile radial failure in the specimen, load was applied on the top of the batten. At that moment, the lateral stress along the diameter is the tensile strength of the specimen with elasticity theory. The tensile strength σt is obtained using the following relationship:
[image: image]
where Q is the applied load, N; D is specimen diameter, m; and L is the specimen length, m.
[image: Figure 2]FIGURE 2 | Radial-splitting test method.
3 EXPERIMENTAL RESULTS
3.1 Development Process of Cracks
Figure 3 and Figure 4 show the timing of drying time from sample drying. We found that the development process and shape of the cracks are related to the clay content from the experiments. When the clay content was less than 30%, there were few cracks or no cracks on the surface of the soil sample (take sample S9 as an example) (Figure 3). When the clay content was more than or equal to 30% and less than or equal to 50%, the development process of cracks was basically the same. It is shown that with the continuous drying, short and small cracks appeared at the specimen boundary first. Then, the cracks on the specimen surface developed from the boundary to the center of the specimen, and the cracks stopped growing when cracks intersect with other cracks. For all cracks, their lengths were short, and there was no main crack in the soil.
[image: Figure 3]FIGURE 3 | Surface crack development process of the soil sample (clay content of 20%). (A) t=1000 min, (B) t=2300 min, and (C) t=4000 min.
[image: Figure 4]FIGURE 4 | Surface crack development process of the soil sample (clay content of 80%). (A) t=1100 min, (B) t=1150 min, (C) t=1180 min, (D) t=1250 min, (E) t=1350 min, and (F) t=4000 min.
When the clay content was more than 50%, the formation and development process of cracks were basically similar and could be divided into three stages. This takes sample S3 as an example to illustrate, which is shown in Figure 4.
The first stage: the formation stage of the main crack. With the drying of the sample, cracks first appeared around the boundary of the sample and whose number was little, that is, generally one or two. Then, the crack tip extended to the center of the sample and continued to grow through the center of the soil until the crack tip reached the boundary of the soil sample. These kinds of first-formed cracks were the main cracks, and these cracks divided the soil into several blocks (Figures 4A and B).
The second stage: the stage of self-derived secondary cracks. After the main cracks passed through the whole soil sample, new cracks were generated from the main crack and extended to the periphery of the sample, and the direction was approximately perpendicular to the main crack (Figures 4C and D). These self-derived new cracks are called secondary cracks, which will divide the primary block into more secondary blocks until they are intersected with adjacent cracks perpendicularly, and then stop growing. With the development of drying, more new cracks may emerge from the secondary cracks and divide the secondary blocks into smaller blocks. In this stage, the variation of crack width was small, but the length of the cracks increased rapidly. In addition, the number of blocks did not change after the length of cracks stopped growing.
The third stage: The stage of cracks widening. As the drying time continued, the crack length did not develop, and there were no new cracks. The number, shape, and development direction of the cracks did not change. The cracks only gradually widened and finally stabilized until the end of drying, as shown in Figures 4E and F. When the experiments finished, the width and length of the main cracks were wider and longer than the secondary cracks.
3.2 Crack Development Mode
The crack development process of each sample was recorded by photographs, which can be processed with image processing software. Figure 5 shows the morphological characteristics of cracks. It can be seen that the cracks of the S1–S5 sample are almost straight-line, while the cracks of the S6–S8 sample are mostly arc with relatively few straight lines. The mutual cracks of samples with different clay content all show a “T” shape, and the intersection angle between cracks is mostly 90°. The separated blocks are mostly triangle, quadrilateral, pentagon, and hexagon, especially since most of the blocks are quadrilateral. From the Figures S1(a), S2(a), S3(a), S4(a), S5(a), S6(a), S7(a), S8(a), it can be seen that at the initial time, with the decreasing of clay content, the cracks of the samples become shorter and thinner, and the crack width becames smaller. As the drying time increased, new cracks were generated from both the specimen boundary and the initial cracks, and the original blocks were divided [Figure 5 S1–S8 (b-c)]. The number and shape of the blocks were unchanged when the fracture length became stable [Figure 5 S1–S8(d)]. Figure 5D shows that when the clay content is 100%, the block separated by cracks around the boundary of the specimen is dominated by a triangle, and the blocks inward the center are mainly quadrilateral. When the clay contents were 50, 60, 70, 80, and 90%, there are two forms of shapes of triangle and quadrangle around the boundary of the specimen, and the interior is still dominated by a quadrilateral. Moreover, when the clay content is 50–100%, the number of blocks increases with decrease of the clay content. When the clay content is less than 50%, the number decreased, and the block shape around the sample is irregular and difficult to identify. However, the block shape inside the sample was mostly quadrilateral, and the cracks are approximately arc.
[image: Figure 5]FIGURE 5 | Crack images of different clay content samples at different stages [(A–H) refers to clay content samples: 100, 90, 80, 70, 60, 50, 40, and 30%].
3.3 Characteristics of the Crack Geometry Size and Tensile Strength for Different Clay Contents
The geometric parameters of cracks with different clay soil contents are shown in Figure 6. The figure indicates that, in the initial stage, the soil samples with higher clay contents (80–100%) basically did not produce cracks, and while the clay content was lower (except 20% clay content of the sample, as it did not crack), such as 30–70%, the cracks had started to generate. This means that the clay soil content has an inhibitory effect on the crack’s generation (Figure 6A). From the crack development process, the crack rate increased with the development of time, especially before 1,350 min, and the crack rate first increased and then decreased with the increase in the clay content, and the critical clay content was 70%. After 1,350 min, there was a monotonic relationship between the crack rate and the clay content (Figure 6A). After the crack finish development, the crack rate of the sample with the highest clay soil content was 15.22%, while the crack rates of the sample with the clay content decreasing, in turn, were 13.43, 11.64, 9.28, 7.51, 4.68, 1.91 and 0.01%, respectively. It indicated that the crack rate increases with the increase in the clay content, and the clay content has a promoting effect on the final crack area (Figure 6A). Moreover, there is a linear relationship between the crack rate and the clay content at the final moment. Figure 6B shows the change curve of the total crack length under different clay content conditions. It can be seen from the figure that the crack length decreases with the increase in the clay content. In the period of 550 and 1,050 min, the total crack length decreased the fastest between 70 and 80% clay content. In addition, after the cracks were stable, the crack length increased first and then decreased with the decrease in the clay content.
[image: Figure 6]FIGURE 6 | Relationship between the crack parameter and tensile strength and clay content: (A) relationship between the crack rate and clay content. (B) Relationship between the crack length and clay content. (C) Relationship between the average crack width and clay content. (D) Relationship between the maximum crack width and clay content. (E) Relationship between the number of blocks and clay content. (F) Relationship between the tensile strength and clay content.
Figure 6C shows the average width variation curve of the cracks with different soil clay contents. It can be seen that the various characteristics of the average crack width are consistent with that of the crack rate with clay content. In addition, there is a linear relationship between the average crack width and the clay content. The curve of the maximum crack width of the sample shows that after the completion of the drying experiments, the maximum crack width of the sample with the most clay soil content is 2.84 mm, and the maximum crack width of the sample with the least clay soil content is 0.13 mm. It indicated that the maximum crack opening degree of the sample is obviously affected by the clay content. In addition, Figure 6D shows a significant linear correlation between the clay content and maximum crack width. The variation curve of the number of sample blocks with different clay soil contents (Figure 6E) shows that during the whole process of crack development, the number of blocks of the soil is the most with a clay content of 50% and the minimum number of blocks with a clay content of 30%. It means that with the increase in the content of clay soil, the number of soil blocks separated by cracks increase first and then decrease. In particular, a clay content of 50% is the inflection point (Figure 6E).
Figure 6F shows the relationship between tensile strength and clay content. It indicates that the tensile strength increases with the increase in the clay content. Combined with the abovementioned results, this figure demonstrates that the clay adds tensile strength to the mixtures, which helps the samples to develop no cracks.
3.4 Variation of the Water Content in the Cracking Process of Mixed Soil and Its Influence on Crack Development
The relationships between the water content and time for different clay contents are shown in Figure 7. It can be seen from the figure that the water content of the samples with different clay contents decreases non-linearly with the increase in drying time. Moreover, the higher the clay content, the greater was the remained water content at the same time during the drying process. Corresponding to the geometric parameters of the crack mentioned in Section 3.3, this section selects the water content at the first crack occurred time (w1), water content when the length of the crack reaches its maximum value (w2), water content when the width of the crack reaches its maximum value (w3), and water content when the number of blocks reaches its maximum value (w4). These parameters reflect the characteristics of water content in the process of crack development. Figure 7 shows that the w1 of S1–S8 samples are 45.92, 42.02, 36.19, 35.62, 30.73, 26.45, 23.17, and 13.24%, respectively. It indicates that the w1 increases with the increase in the clay content. It reflects that w1 is greatly affected by the clay content. For S1–S8 samples, the w2 values were 32.20, 23.50, 17.31, 16.52, 13.68, 11.97, 9.28 and 4.38%, respectively. It means that w2 increases with the increase in the clay soil content. The figure shows the clay of 70% is the critical clay content for the difference between w2 and w1. When the clay content is greater than or equal to 70%, the difference decreases with the increase in the clay content; otherwise, the difference increases with the increase of the clay content. In addition, the w4 is the same as w2. It indicates that when the crack length is stable, the number of blocks separated by the crack is basically stable. From the moment when the crack width is stable, the w3 for the highest clay content is 2.01%, while w3 values with the clay content decreasing, in turn, were 1.85, 1.56, 1.34, 1.27, 1.19, 1.08 and 0.98%. It means the difference of w3 for different clay contents is not much.
[image: Figure 7]FIGURE 7 | Variation of the water content during the drying process: (A) Relationship between the water content and drying time for different materials. (B)Relationship between water content and time for different materials when the number of blocks was stable. (C) Relationship between the water content and time for different materials when the width of crack was stable. (D) Relationship between the water content and time for different materials when the first crack occurred. (E)Relationship between water content and time for different materials when the length of crack was stable.
4 DISCUSSION AND CONCLUSION
In this study, the development process and morphology of soil cracks under different clay soil contents were analyzed by drying experiments. In particular, with image processing software, the geometric dimensions of the cracks were quantitatively analyzed. In this study, the clay particles mainly consisted of kaolin minerals. In such a way, the previous results may be applicable to the kaolin minerals. In addition, the montmorillonite mineral is also one kind of clay mineral in nature. Although the montmorillonite mineral was not considered in this study, the results of other researchers have shown that the results in this study are applicable to the montmorillonite mineral. For example, the intersection angle between cracks in soils is both 90°, and the cracks are both mainly vertically intersected during the drying process for the montmorillonite and kaolin minerals (Tang et al., 2010; Tang et al., 2011; Costa et al., 2013). Also, after the crack development and stability, there is a linear relationship between the crack rate and clay content for both the montmorillonite mineral and the kaolin mineral (Xia et al., 2016). However, there are some differences during the process of fracture evolution for montmorillonite and kaolin. For example, the residual water content for the first crack that occurred for montmorillonite is higher than that of kaolin (El Hajjar et al., 2019). The main reason is that there is a large hydrated part in the form of bound water for the matrix of montmorillonite. This requires a temperature of 200°C to evaporate and crystalline water that does not leave the paste until temperatures above 550°C (Wakim, 2005). During the drying process, the montmorillonite has a greater influence on the shrinkage limit water content and shrinkage limit suction of soil than that of kaolin (Fleureau et al., 2015). This difference may lead to different sizes of cracks during the process of the crack development for the two clay minerals.
The conclusions are as follows:
1) For samples with clay content less than 30%, there are about no cracks on the surface of the soil sample. For samples with clay content greater than 50%, the formation and development of cracks are divided into three stages. The first stage is mainly the formation and elongation of the main crack; the second stage is mainly the formation of secondary cracks, and new secondary cracks are derived from secondary cracks; the third stage is mainly the crack width widening tends to be stable. For samples with the clay soil content more than or equal to 30% and less than or equal to 50%, the formation and development of cracks have no stage characteristics. The cracks are generated from the perimeter and develop to the center of the sample, and there are no main cracks, the length of the crack is short, and the spacing is small.
2) The clay content has a significant influence on the crack form. When the clay content is high, the cracks show a straight-line shape, and when the clay soil content is less, the cracks are mostly in the form of arc-shape. The internal cracks in the soil with different clay contents are mainly quadrilateral. When the clay contents are 100%, 50%–90%, and less than 50%, the shape of the block around the soil is mainly trilateral, trilateral and quadrilateral, and irregular, respectively. The clay content could restrain the crack development by increasing the tensile strength of soils.
3) The clay content has an inhibitory effect on the initial time of sample cracking. With the increase in the clay soil content, the maximum crack width, the average crack width, and the crack rate increase. When the cracks are stable, there is a linear relationship between the crack rate, average crack width, maximum crack width, and clay soil content; when the clay content is between 100 and 50%, the crack length increases with the decrease in the clay content, while the total length of cracks between 50 and 30% decreases with the decrease in the clay content.
4) During the drying process, the mixed soil samples with higher clay soil content have higher remained water content at the same time. The water content responding to the moment of initial cracking, the crack length, width, and the block unchanged increases with the increasing of the clay content. The remained water content of soils when the number of block stable reached its maximum value is the same as that of when the length of the crack reached its maximum value.
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