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Abstract

:

Fractal analysis is an effective tool to describe real world phenomena. Water evaporation from the soil surface under extreme climatic conditions, such as drought, causes salt to accumulate in the soil, resulting in soil salinization, which aggravates soil shrinkage, deformation, and cracking. Hippophae is an alkali tolerant plant that is widely grown in Northwest China. Laboratory drying shrinkage tests of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentrations of hippophae roots were carried out to study the effect of hippophae roots on the evaporation and cracking of Saline-Alkali soil and to determine variation characteristics of the soil samples’ fractal dimensions. A series of changes in the cracking parameters of Saline-Alkali soil were obtained during the cracking period. Based on fractal theory and the powerful image processing function of ImageJ software, the relationships between samples’ cracking process parameters were evaluated qualitatively and quantitatively. The experimental results show that the residual water contents of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentrations of hippophae roots were 2.887%, 4.086%, 5.366%, and 6.696%, respectively. The residual water content of Saline-Alkali soil samples with 0.5% and 1% concentrations of hippophae roots increased by 41.53% and 85.87%, respectively; the residual water content of the sample with a 2% concentration of hippophae roots was 131.94% higher than that of the sample without hippophae roots. The final crack ratios of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentrations of hippophae roots were 21.34%, 20.3%, 18.93%, and 17.18%, respectively. The final crack ratios of Saline-Alkali soil samples with 0.5%, 1%, and 2% concentrations of hippophae roots reduced by 4.87%, 11.29%, and 19.49%, respectively, compared with that of the sample without hippophae roots. Fractal dimensions at the end of cracking were 1.6217, 1.5656, 1.5282, and 1.4568, respectively. Fractal dimensions increased with an increase in the crack ratio and with a decrease in water content. The relationship between water content and fractal dimension can be expressed using a quadratic function. Results indicate that hippophae roots can effectively inhibit the cracking of Saline-Alkali soil and improve its water holding capacity.
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1. Introduction


Soil pollution is a worldwide crisis, which often leads to changes in soil environments [1]. Soil salinization seriously affects agricultural production and sustainable land use [2]. This problem is particularly prominent in arid and semi-arid areas [3,4], which accelerates soil degradation. Previous studies have shown that soil’s water holding capacity is negatively correlated with salt ions [5], so drought may increase the adverse effects of salt on plant nutrition [6]. Sometimes, it can cause a nutrient imbalance in farmland, resulting in abnormal plant growth [7]. In areas with a shortage of high-quality water or a high demand for industrial and urban water, salty soda water is often used for irrigation, which indirectly increases the risk of soil salinization [8,9]. At the same time, water in soil cracks can promote salt leaching [10]. High-salinity wastewater has long-term effects on the soil’s hydraulic properties and flow paths [11]. Salt conditions not only cause chemical and physical changes in clay, but also have an important influence on the crack morphology of dry clay [12]. Experiments have shown that soil’s hydration rate is related to its soluble salt content, but independent of particle size distribution [13]. Relevant field and laboratory tests were carried out to study the effect of salt on soil cracking, and an online method for the rapid determination of salt content in soda-saline soil was proposed [14]. Studies have shown that soil salinity plays a leading role in the growth of cracks, showing a positive correlation [15]. Crack lengths increase with an increase in the salt content of the pore water in the soil [16,17]. Figure 1 shows the hazards of Saline-Alkali soil.



Dry cracking of the soil’s surface is a common phenomenon associated with soil–atmosphere interaction [18]. Soil exposed to the environment for a long time is damaged by multiple factors [19], including wind, rainfall, sunshine, and other factors, which damage the soil’s integrity, leading to a reduction in soil moisture. The dry season is an important factor that facilitates the formation of soil cracks [20]. Soil cracking has a series of negative effects. For example, clay material has a wide range of environmental applications and is often used as cover for landfills. However, soil cracks caused by drought not only cause clay to lose its barrier function, but also creates channels for pollutant transport [21,22], causing surface water and groundwater pollution [23,24]. Slope soil cracking seriously affects a slope’s stability, and is the main cause of slope instability [25,26]. In fields of farmland, soil cracking has an adverse impact on irrigation efficiency and reduces crop yields [27]. Many methods are used to characterize soil structure, most of which are based on fractal theory [28]. Fractal dimension mainly describes the most important parameters of fractal. Fractal geometry can be used to analyze the characteristics of soil particle size distribution and the spatial variability of fractal and soil structure parameters using statistical methods [29]. Relevant studies have found that the soil fractal dimension is related to soil particle size. The fractal dimension increased with the fine soil content [30,31]. Lu et al. analyzed the change law of particle size characteristics and the main sliding direction of landslides based on the fractal dimension, and documented the trend that the fractal dimension increases in the main sliding direction [32]. The fractal dimension is used to quantify the complex geometry of soil cracking patterns [33]. An algorithm to determine the fractal dimension of crack edge by digitizing photos of soil cracking samples was proposed, which is helpful in characterizing soil cracks [23]. This study examined the effect of adding different concentrations of hippophae roots to Saline-Alkali soil on its evaporation cracking. The evaporation and cracking processes of Saline-Alkali soil with different concentrations of hippophae roots were simulated using laboratory tests. Based on image processing technology, the fractal dimension of soil samples was quantitatively obtained, and changes in alkaline soil water content and evaporation rates were analyzed. Finally, the relationships between fractal dimension and crack ratio, and fractal dimension and the water content of alkaline soil samples were evaluated.




2. Materials and Methods


2.1. Test Materials


The soil used in this experiment was from the Aksu City, Xinjiang Uygur Autonomous Region, a typical Saline-Alkali area in China, with an arid climate and low annual rainfall. The annual precipitation is 75–80 mm, and the annual evaporation is 1200–1500 mm. The sampling depth was 20 cm below the surface. The basic physical properties of this soil are shown in Table 1.



Hippophae roots were selected as the additive material in this study. Hippophae is a deciduous shrub characterized by drought, wind, and sand resistance; it can survive on Saline-Alkali land. Hippophae is widely planted in Northwest China for desert greening and Saline-Alkali land improvement. Therefore, hippophae plays an important role in soil and water conservation. Hippophae roots were crushed in a grinder to approximately 5 mm long with a 2 mm diameter. Saline-Alkali soil samples were air-dried, ground, and weighed. Next, hippophae roots were added to Saline-Alkali soil samples; the mass ratios of hippophae roots to soil were 0%, 0.5%, 1%, and 2%. Finally, samples were placed in four rectangular parallelepiped glass containers with inner diameters of 25 cm × 25 cm × 4 cm. Slurries were prepared with supersaturated water contents of 125% and mixed evenly. Then, mixed slurries were placed in a natural state until water loss and cracking occurred.




2.2. Image and Data Processing


During the experiment, a high-precision platform scale was used to test changes in soil samples’ water content and the cracking of the samples was monitored using a digital camera; changes in water content and the extent of cracking were recorded for samples with different concentrations of hippophae roots. Next, water content change data and images of cracking were input into a computer. ImageJ software, an open-source software based on Java [34], which can quickly complete grayscale and binary image processing to obtain basic image information (such as resolution, color mode, color channel, unit, pixel distribution, etc.) was used to process images. ImageJ software’s image threshold segmentation function can realize area measurement and quantitative analysis of porosity. A schematic diagram of the sample device and processing process is shown in Figure 2.



Pixels of the original images recorded using a digital camera were composed of three colors: red (R), green (G), and blue (B). To realize an accurate quantitative analysis of the cracks, image processing was carried out to highlight the cracks, as shown in Figure 2. This study’s image processing can be summarized in three steps.



Step I: Color images were converted into grayscale images using Formula (1).


  G r a y = R × 0.4 + G × 0.4 + B × 0.2  



(1)




where Gray represents grayscale; the value ranges from 0 to 255.



Step II: Grayscale images were converted into binary images using Formula (2). The threshold segmentation method binarized the image to further distinguish the cracks from other parts of the soil surface. Using the grayscale threshold value to distinguish the cracks from uncracked areas. Pixels were defined as a crack if the grayscale exceeded the threshold; otherwise, they were in uncracked areas. Assuming that the grayscale value of the original pixel is f (x, y) and the threshold value is T, the specific formula for calculating the binary pixel value is as follows:


  f  (  x , y  )  =  {      1 ,   f  (  x , y  )  ≥ T       0 ,   f  (  x , y  )  < T          



(2)




where f (x, y) represents the grayscale value of the image after the binarization process, and T represents the threshold.



Step III: Binary images were converted into inversion images using ImageJ software’s inverse function so that each image’s foreground became its background, and its background became its foreground. Obviously, this was a one-to-one mapping, where the pixel value 0 became 255, 1 became 254 …, 254 became 1, and 255 became 0. The fracture morphology was more obvious when the binarization image was inverted.



Fractal dimension, as a statistic to describe the complexity of a geometric shape. The larger the fractal dimension of an image, the more "roughness" and complex the image is. The fractal dimension of regular objects can be directly calculated using Formula (3).


  D = −   l o g N   l o g ε    



(3)




where D represents the fractal dimension, N represents the unit length, and ε represents the reduction ratio of unit length compared with the original graphics. However, cracks on the soil surface are extremely irregular, so the box counting method was used to calculate the fractal dimension of surface cracks. The specific formula is shown in Formula (4).


   D B  = −   l i m   S → 0     l o g  ( C )    l o g  ( S )     



(4)




where DB represents the fractal dimension of the box counting method, S represents the box size, and C represents count boxes covered by the crack trace under the set box size. The water content of a soil sample can be defined as:


  ω =   m −  m 0     m 0     



(5)




where ω is the rate of water loss (%), m is the mass of the soil sample before drying (g), and m0 is the mass of the soil sample after drying (g). The evaporation rate can be calculated using Formula (6).


  E =   Δ m   S • Δ t    



(6)




where E is the evaporation rate of soil samples (g/dm2/h), Δm is the change in soil mass at equal intervals (g), S is the area of sample surface (dm2), and Δt is the time interval of evaporation (h). The crack ratio of a sample can be defined as:


  δ =   ∑  S c   S   



(7)




where δ is the ratio of crack, S is the surface area of the soil sample, and Sc is the surface crack area of the soil. The measurement of area is essentially image segmentation. Common methods of image segmentation include automatic segmentation and manual segmentation. The quality of image segmentation directly affects the calculation accuracy of area.





3. Results


3.1. Change in Water Content and Evaporation Rate


Figure 3 shows the relationship between water content and time of Saline-Alkali soil samples. The change in water content can be divided into three stages. Stage I represents the decrease rapidly of water content. During stage I, the Saline-Alkali soil samples without roots and with a 2% concentration of hippophae roots lasted for 76 and 82 h, respectively. Stage II represents the decrease slowly of water content. The Saline-Alkali soil sample without hippophae roots and with a 2% concentration of hippophae roots lasted for 94 and 98 h, respectively. Stage III represents the residual of water content. The water content of Saline-Alkali soil samples tended to be constant at the end of this stage. The residual water content of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentrations of hippophae roots were 2.887%, 4.086%, 5.366%, and 6.696%, respectively. The residual water content of Saline-Alkali soil samples with 0.5% and 1% concentrations of hippophae roots increased by 41.53% and 85.87%, respectively; the sample with a 2% concentration of roots was 131.94% higher than that of the Saline-Alkali soil sample without hippophae roots. These results indicate that under the conditions of experimental design, the greater the hippophae roots concentration, the greater the residual water content.



Figure 4 shows the relationship between evaporation rates and time of Saline-Alkali soil samples. In stage I, the evaporation rate was stable and higher than that in stages II and III. During stage I, soil pores were filled with water, which moved rapidly to the sample surface through capillary action, resulting in a high evaporation rate. The evaporation rate decreased with an increase in hippophae roots concentration. Four groups of Saline-Alkali soil samples entered stage II between 66 h and 78 h, successively. The evaporation rate slowed at this stage. As a large amount of water evaporation in stage I, capillary action gradually weakened or even stopped. As a result, the evaporation rate of water decreased significantly. Stage III represents the residual evaporation rate. At this stage, there was residual water in Saline-Alkali soil samples, and the structure of Saline-Alkali soil samples tended to be stable.




3.2. Changes in Crack Ratio and Fractal Dimension


After binarizing the cracking pictures of Saline-Alkali soil samples, the fractal dimensions of the crack surfaces were calculated using the box counting method. Table 2 shows the fractal dimensions of Saline-Alkali soil samples at the beginning and end of cracking.



Figure 5 shows the relationship between fractal dimension and crack ratios with time of Saline-Alkali soil samples and illustrates that the entire cracking process can be divided in three stages. Stage I reflects the slow cracking of Saline-Alkali soil samples; the sample with no hippophae roots was earliest to crack, at 26 h, and the sample with a 2% hippophae roots concentration was the last to crack, at 34 h. Stage I for the four Saline-Alkali soil samples ended between 46 h and 58 h. At this stage, crack morphology was characterized by short length and narrow width. Stage II reflects the accelerated cracking of Saline-Alkali soil samples. The soil samples significantly shrank and cracked as water content decreased. During this stage, the cracking and expansion speed of the primary cracks accelerated, microcracks formed continuously from the primary cracks, and cracks staggered, forming a network. Stage III reflects the end of cracking. The cracking of Saline-Alkali soil samples tended to stabilize, and cracks’ morphology characteristics included large width and depth. The final crack ratios of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentration of hippophae roots were 21.34%, 20.3%, 18.93%, and 17.18%, respectively. The final crack ratios of Saline-Alkali soil samples with 0.5%, 1%, and 2% concentrations of hippophae roots were reduced by 4.87%, 11.29%, and 19.49%, respectively, compared with that of the soil sample without hippophae roots. Combining Table 2 and Figure 5, it can be noted that the fractal dimensions of Saline-Alkali soil samples containing 0%, 0.5%, 1%, and 2% of roots at initial cracking were 0.9749, 0.9602, 0.9478, and 0.9414, respectively, and that the fractal dimensions at the end of cracking were 1.6217, 1.5656, 1.5282, and 1.4568, respectively. The final fractal dimensions of Saline-Alkali soil samples with 0.5%, 1%, and 2% concentrations of hippophae roots were reduced by 3.46%, 5.77%, and 10.17%, respectively, compared with the soil without hippophae roots. This indicates that adding hippophae roots to Saline-Alkali soil effectively reduced the fractal dimension of cracks, and (within the concentration range set in the experiment) that the fractal dimension of samples’ cracking negatively correlated with the concentration of hippophae roots.





4. Discussion


4.1. Application of Fractal Theory


Many researchers have studied fractal analysis as an effective tool to describe real-world phenomena. Fractal dimension can effectively characterize the complexity of shale pore structure and the degree of micropore development [35]. The surface area and pore volume of siliceous shale are positively correlated with fractal dimension [36]. In mathematics, the coupled system of fractional differential equations is applied to a variety of mathematical models [37]. Fractal and fractional derivatives are applied to ordinary differential equations to establish a model of partial differential equations [38]. In the environmental protection field, the fractal dimension reflects the time structure of the ratio of PM10 and PM2.5 (hot spots for environmental protection), which is helpful in determining pollution sources [39]. In the engineering field, fractal dimension is used to analyze the space-time structural characteristics of rock mass fractures formed by mining activities [40]. In geochemistry, traditional exploration data analysis technology can only draw strong geochemical anomalies, whereas the concentration area fractal model can draw a variety of geochemical anomaly maps, which is conducive to the determination of drilling targets [41]. The element concentration–distance method, a new fractal method, was developed to separate geochemical anomalies from backgrounds. The element concentration–distance model can effectively distinguish the background area from geochemical anomalies [42]. In medical applications, fractal dimension analysis of bone tissue has been introduced as an alternative method to study alveolar bone quality [43]. Moreover, changes in soil properties are reflected by the fractal dimension of soil particle size distribution, which can be used as an evaluation index of soil property changes, and indirectly reflects the degree of desertification [44]. Additionally, fractal mathematical modeling is important in the study of the relationship between soil fractal and solute transport parameters [45], and the proportion of apparent soil water distribution can be described using fractal parameters [46].



As previously mentioned, the practical applications of fractal dimension are interesting and extensive. In this paper, the fractal dimension changes in surface cracks of soil samples containing different concentrations of hippophae roots during cracking were analyzed. The relationship between fractal dimension and crack ratio, fractal dimension and water content will be discussed next.




4.2. Analysis of Fractal Dimension


4.2.1. Relationship between Crack Ratio and Fractal Dimension


Figure 6 shows the relationship between crack ratio and fractal dimension. The crack ratio and fractal dimension of Saline-Alkali soil without roots were the largest, and the crack ratio and fractal dimension of Saline-Alkali soil with 2% hippophae roots concentration were the smallest, which indicated that the larger the crack ratio, the larger the fractal dimension. Crack widths continued to increase with the gradual cracking of Saline-Alkali soil samples. In samples with hippophae roots, the friction and adhesion between the roots and the soil needed to be overcome during the cracking process. A higher concentration of hippophae roots meant a greater probability of roots being in the cracks and intersecting the cracks at any angle, creating greater friction and adhesion to be overcome during the cracking process; as a result, crack widths on the surfaces of samples with a higher concentration of hippophae roots were reduced. The fractal dimension represents the irregularity of crack morphology; it increased with an increase in the crack ratio. The larger the root concentration, the stronger the resistance to cracking. Therefore, in this study, the fractal dimension and the root concentration show a negative correlation.




4.2.2. Relationship between Water Content and Fractal Dimension


Figure 7 shows the relationship between water content and fractal dimension. The larger the water content in the Saline-Alkali soil sample, the smaller the fractal dimension of the sample’s surface cracks, indicating that the fractal dimension of the crack surface negatively correlated with the soil’s water content, which is consistent with results of previous research [47]. The relationship between water content and fractal dimension can be expressed using a quadratic function. The fractal dimension increased with a decrease in water content. The judgment coefficient R2 of the fitting equations of the four types of soil samples were greater than 0.976, indicating the accuracy of the fitting effect.






5. Conclusions


In this paper, 0%, 0.5%, 1%, and 2% hippophae roots additives were added to Saline-Alkali soil to study the effects of hippophae roots on evaporation and cracking of Saline-Alkali soil. Using ImageJ software transformations of pictures of soil sample cracks, the parameters of fractal dimension and crack ratio were quickly obtained. The relationships between fractal dimension and crack ratio and fractal dimension and water content were analyzed. The results are as follows:



(1) Residual water content decreased with a decrease in hippophae roots concentration. The residual water content of Saline-Alkali soil samples with 0%, 0.5%, 1%, and 2% concentrations of hippophae roots were 2.887%, 4.086%, 5.366%, and 6.696%, respectively.



(2) The cracking degree of Saline-Alkali soil samples was negatively related to the concentration of hippophae roots in the experiment. The final crack ratios of Saline-Alkali soil samples with hippophae root concentrations of 0.5%, 1%, and 2% were reduced by 4.87%, 11.29%, and 19.49%, respectively, compared with that of the soil sample without hippophae root.



(3) The addition of roots to Saline-Alkali soil effectively reduced the fractal dimension of final cracks. The fractal dimensions of Saline-Alkali soil samples containing 0%, 0.5%, 1%, and 2% at the end of cracking were 1.6217, 1.5656, 1.5282, and 1.4568, respectively.



(4) The fractal dimension increased with an increase in the crack ratio, which indicates a positive correlation. The fractal dimension increased with a decrease in water content; the relationship between fractal dimension and water content is a quadratic function.
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Figure 1. The hazards of Saline-Alkali soil. 
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Figure 2. A schematic diagram of the sample device and processing process: (a) Data and images acquisition system; (b) Image processing. 
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Figure 3. The relationship between water content and time of Saline-Alkali soil samples. 
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Figure 4. The relationship between evaporation rates and time of Saline-Alkali soil samples. 
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Figure 5. The relationship between fractal dimension and crack ratio with time of Saline-Alkali soil samples. 
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Figure 6. Relationship between crack ratio and fractal dimension. 
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Figure 7. Relationship between water content and fractal dimension. 
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Table 1. Basic physical properties of the soil.
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	Soil Properties
	Values





	Specific gravity (g/cm3)
	2.56



	Particle composition
	



	Clay (<0.002 mm)
	56.5



	Silt (0.002–0.075 mm)
	33.7



	Sand (>0.075 mm)
	9.8



	Liquid limit (%)
	37.2



	Plasticity limit (%)
	18.3



	Plasticity Index
	17.9



	Main chemical composition
	



	K+ (mg/g)
	0.14



	Na+ (mg/g)
	6.56



	Ca2+ (mg/g)
	1.25



	Cl− (mg/g)
	2.77



	CO32− (mg/g)
	1.16



	SO42− (mg/g)
	1.37



	Salinity (mg/g)
	26.5



	pH
	8.52
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Table 2. Fractal dimensions of Saline-Alkali soil samples at the beginning and end of cracking.
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Group

	
Box Size

	
DB




	
2

	
3

	
4

	
6

	
8

	
12

	
16

	
32

	
64






	
Count 1 (S)

	
9362

	
5699

	
4129

	
2666

	
1971

	
1376

	
1031

	
563

	
310

	
0.9749




	
Count 2 (S)

	
5872

	
3474

	
2464

	
1574

	
1176

	
818

	
613

	
352

	
204

	
0.9602




	
Count 3 (S)

	
17,144

	
10,508

	
7628

	
5005

	
3787

	
2668

	
2023

	
1118

	
614

	
0.9478




	
Count 4 (S)

	
6561

	
4094

	
3032

	
2018

	
1544

	
1053

	
811

	
436

	
246

	
0.9414




	
Count 1 (E)

	
497,154

	
234,234

	
138,561

	
67,700

	
41,457

	
21303

	
13,557

	
4868

	
1803

	
1.6217




	
Count 2 (E)

	
431,982

	
208,839

	
126,111

	
63,351

	
39,540

	
20,855

	
13,445

	
4956

	
1903

	
1.5656




	
Count 3 (E)

	
400,536

	
195,593

	
119,005

	
60,865

	
38,546

	
20,835

	
13,614

	
5206

	
1958

	
1.5282




	
Count 4 (E)

	
264,178

	
131,407

	
81,099

	
42,434

	
27,478

	
15,325

	
10,248

	
4095

	
1657

	
1.4568








Note: (S)–represents count boxes covered by crack traces of samples at the beginning of cracking; (E)–represents count boxes covered by crack traces of samples at the ending of cracking.
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