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39Abstract: Soil salinization seriously affects the movement of water in soil which then affects soil
40stability and sustainability in industrial and agricultural development. Fly ash, one of the most
41discarded solid wastes from coal-fired power plants, has been widely used as a recycled resource in
42recent years. In this study, the basic components of soda soil have been investigated through laboratory
43experiments. Soda soil samples with different amounts of fly ash are tested to study the changes in the
44characteristics of the material due to changes in water content and evaporation rate during drying.
45Changes in fractal and crack intensity factor (CIF) are calculated based on digital image processing
46technology. The results show that the residual water content of soda soil increases from 8.55% to
4716.22% with increases in the fly ash content. Fly ash can improve the water retention capability of soda
48soil, with a rate of increase of 89.68%. The average length of the surface cracks gradually decreases
49with increase in fly ash content, which indicates that fly ash can effectively inhibit the development of
S50surface cracking in soil. The rate of cracking is an important measure for characterizing the
51development of cracks by measuring the area of the cracks. The crack area gradually decreases with
52increase in the fly ash content with different rates of cracking. The rate of cracking with a fly ash
53content of 10% is relatively slow, which indicates that 10% fly ash can effectively reduce cracking in
54soda soil thus resulting in a high residual water content. Therefore, the water retention capability of the

55soda soil in the current study can be improved with an optimal fly ash content of 10% to 15%.
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571. Introduction

58 Water and salt in soil migrate to the surface at the same time during soil degradation under the
59influence of salt and alkali. Water in the soil evaporates into the atmosphere, while salt accumulates at
60the surface. High rates of evaporation cause the upward movement of groundwater along with increase
61in the depth of soil capillary such that the concentration of soluble salts in the soil and groundwater
62gradually increases with increased water content, which results in the surface accumulation of salt and
63soil salinization (Abtahi 1977). High salt and alkali contents are the main causes of soil degradation in
64arid and semi-arid lands. Soil salinization seriously affects the sustainable development of agricultural
65land (Choudhury et al. 2014). On the one hand, excessive salt and alkali substances cause the hardening
660f soil which results in the degradation of permeation and ventilation characteristics and other soil
67properties, which affects the absorption of nutrients and respiration of crops. On the other hand, the
68increase in salt content will affect the absorption of other ions by plants, thus resulting in uneven
69distribution of nutrition (Rengasamy 2010). This results in soda soil, which is a kind of soil that is
70harmful or directly inhibits plant growth, due to high concentrations of soluble salts (Shainberg et al.
711981). Soda soils have high pH and it is formed as a result of carbonate accumulation under poor Ca**

72and Mg** conditions.

73 Soda soil can cause damage to both plants and the soil structure (Chaudhari et al. 2008). Soda soil
74mainly contains sodium carbonate (Na,CO;) and sodium bicarbonate (NaHCOs;), which not only
75corrode the roots of plants, but also make it difficult for plants to absorb water due to the increase in
76so0il salinity. Large amounts of sodium ions (Na®” will destroy the structure of the cell membrane of the

77roots, which causes a large overflow of nutrients into the cell, thus resulting in the lack of plant



78nutrients and delaying the discharge of sodium out of the cell membrane (Bharti et al. 2017; Priyanka et
79al. 2020). Moreover, a considerable amount of Na" in soda soil can be adsorbed by the soil adsorption
80complex, which causes high levels of hydrophilicity and dispersibility of the soil colloids, thus
81resulting in clogging of the soil pores with poor gas exchange. The contact between soil particles and
82the cementation of the soil structure become unstable. Due to changes in temperature and the effects of
83wet and dry cycles, water bearing calcium carbonate crystals will eventually form, which leads to the
84expansion of the soil and thus uneven settlement of building foundations (Zhao et al. 2016). Soda soil
85can be mainly improved by removing the salt in the soil. However, the salt concentration is usually
86lower than that during a drought, which not will only affect crop production, but also increase the soil
87salinization (Singh et al. 2018). Additives can be used to improve the soil by reducing the rate of the

88evaporation of water which will restore agriculture and improve land use (Srivastava et al. 2016).

89 Fly ash plays an important role in the improvement of soda soil. Fly ash has the potential to
90improve soil since it contains a large amount of calcium, silicon and aluminum (Kumar et al. 2017,
91Matsi and Keramidas 2001; Riehl et al. 2010). Fly ash can improve the physical, chemical and
92biological properties of degraded soil. It is a readily available source of microscopical and
93macroscopical plant nutrients. The addition of fly ash changes the porosity, bulk density and expansion
94rate of soda soil. Fly ash contains a large volume of silicate minerals and carbon particles with a porous
95structure. The pH of soda soil can be reduced by adding acidic fly ash which contains trioxides,
96insoluble hydroxides and dissociable acids that are formed during hydrolysis. Fly ash in the soil is
97beneficial to plant growth. Phosphorus, potassium and calcium in fly ash cause a series of biological

98reactions when mixed with soil which promote plant growth. It is feasible to use fly ash to improve



99acidic soil (Matsi and Keramidas 2001). Fly ash is produced in large quantities and one of the most
100discarded solid wastes from coal-fired power plants (Borowski and Ozga 2020), and not made available
101everywhere. Fly ash can also take up a lot of land resources, pollute surface and subsurface water
102resources, and cause damages to the environment (Ahmaruzzaman 2010; Bhattacharya and Kim 2016).
103The use of waste is encouraged around the world to reduce the use of traditional materials that emit
104greenhouse gases and consume large amounts of energy. Using fly ash as a soil stabilizer by improving
105the strength of the soil is not only a cost saving measure in an engineering project, but also helps to

106reduce environmental pollution (Pathan et al. 2003).

107 Soil cracking due to evaporation is a complicated process. Cracking has an important influence on
108the characteristics of soil for plant growth and the movement of water and solutes in the soil (Shokri et
109al. 2015; Peron et al. 2009). Soda soil is prone to cracking in rainfall areas that have a high rate of
110evaporation due to the high salt content which increases the moisture content of the soil and leads to
111more surface erosion, as shown in Figure 1. Due to the high NaHCO; and Na,COj; contents in soda soil,
112the level of beneficial microorganism species activities and the amount of microorganisms are reduced,
113which leads to the deterioration of the physical characteristics of the soil and changes in the
114microorganism structure (Semenov et al. 2017; Shi et al. 2019). Soil cracking increases the rate of
115evaporation which changes the surface water runoff and the movement of water, nutrients and
116microorganisms in the soil. This affects the absorption of beneficial nutrients by the root system of
117plants, reduces crop yield, pollutes the groundwater and reduces the water available for irrigation.
118Although fly ash is a promising agent that may improve the properties of soil for agricultural use,

119unfortunately, the effects of fly ash on the evaporation and cracking characteristics of soda soils have



120not been studied in detail.

121 To gain a more in-depth understanding of the effects of fly ash on soda soil, a laboratory testing
122program on soil samples taken from the City of Shihezi, Xinjiang, China, is carried out in this study.
123The soil 1s mixed with different amounts of fly ash and the water content is measured during the drying
1240f the samples. The fractal and crack intensity factor (CIF) are calculated based on digital images of the
125so0il surface during evaporation. The water retention capabilities and cracking characteristics of the soda

126s0il due to the addition of fly ash are also explored.
1272. Test materials and testing methods
1282.1 Test materials

129 Soil samples for the experiments were obtained from Shihezi City. Shihezi City is located in the
130Xinjiang Uygur Autonomous Region in western China as shown in Figure 2. The saline-alkali soil is
131distributed widely in the region. There are different types of soils with high concentrations of salt due
132to the complex geological processes that have been under the influence of the arid climate and closed

133inland basin. Typical natural moisture content of the soil is around 0.18%.

134 The studied area has a typical temperate continental climate with long cold winters and short hot
135summers. Temperatures are lower in the north parts and higher in the south parts of the studied area.
136The highest temperatures during the year are found in July, with an average temperature of 25.1°C to
13726.1°C. The annual precipitation is about 125.0-207.7 mm. Shihezi City has abundant sunshine, with
138annual sunshine hours ranging from 2721 to 2818 hours and more sunshine in the northern region. A
139subsurface soil profile of the sampling site in Shihezi City is shown in Figure 3. The samples were

1400btained at a depth of about 10-15 cm. The soil samples were broken into pieces by using a wooden



141hammer and then dried. They were then sieved through a standard 2 mm sieve. The amount of salt and
142other chemical compounds of the soil were measured and are listed in Table 1. Fly ash was taken from
143nearby coal fired power generation plants for Shihezi City. The fly ash has a density of 2.5 g/ml and a
144specific surface area of 3,380 - 5,430 m*g. During storage and disposal of the solid waste from the
145power plant, leachate, which contains hazardous and harmful substances, may pollute the environment.
146The chemical compositions of the leachate, with its potential impact on water quality, are important in
147determining whether the waste is hazardous. The chemical composition of the fly ash is shown in Table
1482. Based on the leachate experiments of the fly ash from the power plant, Table 3 compares the heavy
149metal concentrations from the leachate of the fly ash with acceptable standards. It can be seen that the

1501ly ash used in this experiment has acceptable levels of heavy metals.
1512.2 Experiments

152 The soil sample that was sieved through a 2 mm sieve and fly ash were dried for 24 hours in an
1530ven at a temperature of 105°C. Six groups of samples with different fly ash contents (0, 5%, 10%,
15415%, 20%, and 25% by weight) were prepared to study the influence of fly ash on the evaporation and
155cracking of soda soil. The soil and fly ash were evenly mixed and distilled water was added to the
156mixture to produce a saturated mud with a water content of 100%. The soil samples were placed in an
157open cylindrical glassware with an inner diameter of 20 cm and a height of 4 cm . Drying was
158conducted in an oven at a constant temperature with an accuracy of 0.1°C. An electronic balance with
159an accuracy of 0.01 g and the soil samples were placed in the oven to record the weight changes which
160were used to calculate the evaporation rate E, and the average water content of the samples. The

161evaporation rate is calculated as follows:
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163where S is the surface area of the soil samples, At is the change in time during evaporation, and ,,, is

164the changes in the water mass.

165 A digital camera (D7100, Nikon, Ayutthaya, Thailand) was placed directly above the sample and
166pictures were taken once every hour to observe the development of cracking during evaporation. The
167experimental setup and images of the sample surface are shown in Figure 4. As seen in the figure, the
168color image is converted to grayscale to improve the contrast between the cracked and non-cracked
169surfaces or Steps 1 to 2. The grayscale image is then converted to a black and white binary image in
170order to identify the cracks, or Steps 2 to 3. The binary image is further processed to reduce the image
171noise for a more identification of the crack lines, or Steps 3 to 4. During the drying process, the net
172weight of the glass container, total weight of the soil sample and the glass container, soil sample,

173cracked image and accumulated drying time were recorded to a computer.

174 In order to characterize the crack development, fractal dimension is used to provide a quantitative
175measure of surface cracks. Fractal dimension is a space filling process of complex shapes, which is
176used to measure the irregularity of complex shapes (Mandelbrot 1985). Statistical methods are
177necessary to characterize the crack behavior and describe the distribution characteristics of the relative
178parameters. The fractal dimension is determined by a method called the differential greyscale method.
1791In this study, the characteristic parameters of the of CIF surface crack networks and fractal dimension
180are introduced to characterize the development of cracks. The minimum grayscale number of the image
181region, N(r), has a side length r and a dimension of rxrxr. The fractal dimension, D, of the image and

182N(r) has the following relationship :



183 N@#)=r’ =1 )
log N(r)=-Dlogr

184 The CIF is a characteristic parameter of the surface crack networks, which is defined as:
S
185 CIF = ? 3)

186where S is the surface area of the soil sample and S. is the surface area of the cracks.
1873 Experimental results
1883.1 Effect of fly-ash on the rate of evaporation

189 Figure 5 shows the changes in the water content of the soil samples and the rates of evaporation with
190different fly ash contents. The water content with different fly ash contents gradually decreases with
191time and eventually becomes stable with non-zero water contents as shown in Figure 5a. The
192evaporation characteristics of the samples can be divided into three stages: Stage 1 - initial evaporation,
193Stage 2 - decreasing evaporation, and Stage 3 - residual evaporation or extremely low evaporation.
194Figure 5a shows that the water content of a soil sample with no fly ash decreases rapidly in Stage 1
195with a high rate of evaporation. With increase in the amount of fly ash, the initial evaporation rate first
196decreases and then increases. The soil sample with 10% fly ash has the lowest initial rate of
197evaporation and the water content slowly decreases over time. The soil sample with 20% fly ash has an
198initial evaporation rate slightly higher than the one without fly ash. However, the soil sample with 10%
1991ly ash has the longest Stage 1, which is 10 h longer than the other soil samples. In Stage 2, soil
200samples with different fly ash contents are found to have different longevity. The soil sample with 10%
201fly ash has the shortest longevity and quickly reaches Stage 3. In Stage 3, the residual water content
202increases with increase in the fly ash content, and the addition of fly ash significantly reduces the

203evaporation capacity of soil water. With increases in the amount of fly ash, the evaporation capacity of



204soil decreases. It is seen that 10% fly ash can effectively reduce the amount of evaporation.
2053.2 Effects of fly ash on desiccation crack development of soil

206 Cracks started to appear when the water content of the sample decreases to a certain amount. The
207shape and size of the cracks can be used as an indication of stress and strain characteristics in the soil.
208The hydraulic properties of the soil are affected by the geometry of the crack network (Albrecht and
209Benson 2001). The width, length, depth, and curvature of the cracks govern the transport rate and
210velocity of the solutes and microorganisms in the soil. The distribution and connectivity of the cracks
211affect the flow paths, thereby controlling the water diffusion in the soil, which in turn affects crop
212growth and production. The fractal dimension and crack growth rate can be therefore used to

213quantitatively describe the crack characteristics of a sample.

214 Figure 6 shows the calculated fractal dimension and CIF with time for different fly ash contents.
215The cracking characteristics of the samples can be divided into three stages: Stage |- initial cracking,
216Stage ll- accelerated cracking, and Stage Il — stabilization as shown in Figure 6¢c. With increases in the
217fly ash content, the fractal dimension and rate of increase of the CIF decrease with time. The fractal
218dimension is mainly characterized by the length of the crack. As shown in Figure 6a, the lengths of the
219cracks decrease with increased fly ash content which means that the fly ash can effectively inhibit crack
220growth. The rate of the crack growth is mainly calculated from the changes in the crack area which
221depends on the fly ash content. As shown in Figure 6b, the CIF decreases with increased fly ash
222content. The soil sample with a 15% fly ash content has the slowest crack development which is
223reflected by the smallest value of the CIF. Therefore a fly ash content of 10% can effectively reduce the

224cracking of soda soil. Figure 7 shows the relationship between the fractal dimension and CIF and water

10 10



225content. It is seen that the cracking of the sample increases with decreases in the water content. With a
226reduced water content, the CIFs with different fly ash contents are basically the same. However, the
227fractal dimension is quite different. Fly ash can therefore effectively inhibit the crack growth and

228reduce the crack length in soda soil.

229 Figure 8 shows the relationship between the rate of evaporation and the rate of change of the
230fractal dimension and CIF. Figure 8a shows that the fractal dimension begins to increase in Stage 2.
231When the fly ash contents are equal to 10% and 15%, the increase in the fractal dimension has the
232longest delay with the smallest value. Figure 8b shows that the CIF begins to increase at the point when
233the rate of evaporation decreases rapidly. The increase in CIF has the longest delay at a fly ash content

2340f 10%.
2354 Microscopic examination of fly ash using SEM and discussion of results

236 The water retention capacity of soda soil is affected by the microstructure of the fly ash. Fly ash is
237a byproduct of burning coal above 1500°C. The carbon and hydrocarbons in the coal are heated at high
238temperatures which generates a large amount of gas that affects the internal structures and forms of the
239network of silicate with other compounds. Pores are formed and connected between particles which
240form numerous channels and the fluid transportation network. To understand the micro structure of the
2411ly ash, a Regulus 8100 scanning electron microscope (SEM) was used to examine the pore structure of
242the fly ash from coal field emissions. The highest resolution of the SEM is 0.8 nm and 0.7 nm under the
2431 kV and 15 kV deceleration modes respectively. To prepare the sample for viewing under the SEM,
244the samples were first uniformly coated with gold. Subsequently, images with different magnifications

245were acquired by using different objective lens. Then the images were processed to identify the

11 11



246distribution of the pore structures.

247 Figure 9 shows the SEM images of the soda soil with different fly ash contents. As shown in the
248figure, the fly ash can significantly change the porosity of the soil sample. Small amounts of fly ash
249that fill the small pores in the soil results in a decrease in the porosity. With increases in the fly ash
250content, the micropores in the soil also increase which leads to an increase in the porosity. With
251increases in the drying time, less water is available for evaporation in the soil, the connectivity of the
252pores is reduced, and the amount of capillarity of the water is gradually decreased. Moreover, water is
253mainly distributed in some of the relatively small pores and greatly constrained by the soil particles.
254Meanwhile, more and more pores with gases are connected to each other, and the evaporation of the
255water in the soil is gradually dominated by water vapor diffusion, which mainly occurs in the later
256stages of evaporation. Fly ash is like a sandy soil that contains large pores and small clay size particles.
257The mixing of soil and fly ash changes the porosity of the material which helps to agglomerate the soil
258particles. Figure 10 shows the maximum fractal dimension, particle size distribution and the organic
259carbon content with different amounts of fly ash. As shown in Figure 10a, the maximum CIF first
260decreases and then increases, and then decreases with increases in the fly ash content, while the
261maximum fractal dimension first decreases and then increases. Particle size analyses were performed
2620n soil samples with different fly ash contents using a Bettersize 2000 laser particle sizer. Figure 10b
263shows the changes in the particle size with different fly ash contents. The classification of the material
264changes from a loamy clay to clay loam when the fly ash content exceeds 15%. Due to heating, the soil
265organic carbon is oxidized, which produces a potassium dichromate standard solution in sulfuric acid.

266The excess potassium dichromate is then titrated with ferrous sulfate. The amount of organic carbon is

12 12



267calculated from the amount of ferrous sulfate consumed. The reaction follows the following formula:

2K,Cr,0,+3C+8H,S0, — K,SO,+2Cr, (S04),+3CO, +8H,0
K,Cr,0,+6FeS0,+7H,S0, — K,SO, + Cr,(SO4),+3Fe, (S04), +8H,0

268 4)

269 Figure 10c shows that the organic carbon content in the soil decreases with increases in the fly ash
270content. The residual water content shows an increasing trend with fly ash content with the highest rate
2710of increase at a content of 10%. The soil organic carbon content decreases by 7.4% and 9.6% with fly
272ash contents of 10% and 15%, respectively, while the residual water content increases by 29.2% and
27335.2%, with fly ash contents of 10% and 15%, respectively. In Stage 3, the soil evaporation and water
274adsorption reach an equilibrium condition during drying, which suggests that the residual water content
275can be used to measure the water retention capacity of the soil under drought conditions with no
276rainfall. Therefore, the optimal fly ash content to enhance the water retention capacity of the soda soil

2771n the studied area is between 10% and 15%.
2785 Conclusions

279 Fly ash is a recyclable material which has been widely used in many applications in recent years.
280In this study, the cracking characteristics of soda soil due to evaporation with different fly ash contents
281have been examined. The results show that the residual water content of soda soil increases from 8.55%
282to 16.22% with increases in the fly ash content. This represents an increase in the water retention
283capacity of the soda soil by 89.68% ((16.22% - 8.55%)/8.55% ). The crack length gradually decreases
284with more fly ash, which indicates that fly ash can effectively inhibit the crack growth in soil. The rate
2850f cracking mainly reflects the crack development in the soil. The crack area gradually decreases with
286more fly ash, and the development characteristics of the rate of cracking for different fly ash contents

287are different. The development of cracks with a fly ash content of 10% is relatively slow, which

13 13



288indicates that soda soil with a fly ash content of 10% can effectively reduce cracking of the soil.
289However the residual water content greatly increases at this fly ash content. Therefore, the soda soil in
290the studied area requires an optimal fly ash content of 10% to 15% for maximum improvement in the

291water retention capacity of the soil.
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383 Table 1: List of salt content and other chemical compounds of the soil sample

Salt Organic Ionic concentration (mg/kg)
pH content matter
Na* Ca* Mg** Cr HCO5 COs*
(%) (%)
10.1 3.98 0.98 1000 250 170 120 2553 500

20 20



384 Table 2: Chemical composition of fly ash

Composition SiO, ALO;  Fe,O; CaO MgO K,0 Na,O SO;

Content (%) 55 29 8.45 33 1.5 1.6 0.7 0.45

21 21



385 Table 3: Heavy metal concentration in fly ash leachate

Heavy metal Cr Pb Zn Cu
Heavy metal concentration in leachate (mg/Kg) 0.008 0.009 0.024 0.006
Acceptable level of heavy metal in leachate (mg/ Kg)
Soil environmental quality-Risk control standard for

800 400 200 50

soil contamination of agricultural land (GB15618-
2018)

386
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