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Abstract: Study on the microscopic structure of saline-alkali soil can reveal the change 7 

of its permeability more deeply. In this paper, the relationship between permeability 8 

and microstructure of saline-alkali soil with different dry densities and water content in 9 

the floodplain of southwestern Shandong Province was studied through freeze-thaw 10 

cycles. A comprehensive analysis of soil samples was conducted using particle-size 11 

distribution, X-Ray diffraction, Freeze-Thaw cycle test, saturated hydraulic 12 

conductivity test and mercury intrusion porosimetry. The poor microstructure of soil is 13 

the main factor that leads to the category of micro-permeable soil. The porosity of the 14 

local soil was only 6.19-11.51%, and ultra-micropores (<0.05 μm) and micropores 15 

(0.05-2 μm) dominated the pore size distribution. Soil saturated water conductivity was 16 

closely related to its microscopic pore size distribution. As the F-T cycles progressed, 17 

soil permeability became stronger, with the reason the pore size distribution curve 18 

began to shift to the small pores (2-10 μm) and mesopores (10-20 μm), and this effect 19 

was the most severe when the freeze-thaw cycle was 15 times. High water content could 20 

promote the effects of freeze-thaw cycles on soil permeability and pore size distribution, 21 

while the increase of dry density could inhibit these effects. The results of this study 22 

provide a theoretical basis for the remediation of saline-alkali soil in the flooded area 23 

of Southwest Shandong. 24 

Keywords: Saline-alkali soil Freeze-thaw cycle Saturated hydraulic conductivity MIP Dry 25 

densities Water content.26 



1. Introduction 27 

The problem of soil salinization is distributed in more than 100 countries and 28 

regions around the world. At present, the salinized soil has reached 1 billion hectares in 29 

the world and is gradually increasing every year1-2. Soil salinization will impoverish 30 

the land, which is not conducive to the health maintenance of the local ecosystem3, 31 

leading to low agricultural production capacity4-5, which has become one of the major 32 

problems restricting the development of global agricultural production and 33 

environmental construction. Studies have shown that soil salinization is essentially soil 34 

degradation, which will increase soil bulk density and electrical conductivity, and 35 

reduce soil permeability and water retention capacity6-7. On this basis, in order to 36 

improve this bad property, the current improvement methods are generally accepted to 37 

add desulfurization gypsum, biomass charcoal and fly ash to the saline-alkali soil8-11. 38 

However, the problems of cost control and environmental pollution cannot be ignored12-
39 

13. In order to explore a new idea of saline-alkali soil improvement, our study is devoted 40 

to studying the relationship between soil microstructure and its physical properties (this 41 

paper mainly refers to soil permeability) after F-T cycles. 42 

At present, there are about 340,000 km2 of saline-alkali land in China, accounting 43 

for 25.2% of the country's arable land area. These saline-alkali lands are mainly 44 

distributed in northern China, especially in the Yellow River Basin14. The Yellow River 45 

floodplain in the southwest of Shandong Province in China is a seasonal permafrost 46 

region. The saline-alkali land in this region is scattered and widely distributed, covering 47 

an area of more than 163 km2, accounting for 45.96% of the unused land15. The region 48 



relies mainly on water conservancy measures to control the saline-alkali land, but 49 

because of its inland location, fresh water resources are scarce. Although the people in 50 

this area has been improving the saline-alkali land with straw returning method, the 51 

effect is still far from enough. Thus, it is urgent to develop a new saline-alkali land 52 

improvement measure. 53 

Many scholars have proved that there is a close relationship between the physical 54 

properties and microstructure of soils16-19 analyzed the connection mode of particles in 55 

the skeleton of salinized soil and found that the cement of salt crystals in the skeleton 56 

would affect the mechanical strength of salinized soil. Zhang et al.20 by means of SEM, 57 

MIP and NA to conduct a complete qualitative and quantitative evaluation of the pore 58 

characteristics of clay in coastal areas, and found that the colloid bonding and 59 

disordered open flocculating structure of the clay in Zhanjiang area contributed to the 60 

poor physical and mechanical properties of the clay in this area. Jha and Sivapullaiah21 61 

studied the microstructure of clay by SEM and analyzed the physical properties of lime 62 

treated montmorillonite. In addition, as one of the physical properties of soil, soil water 63 

permeability is used to characterize soil permeability and internal pore characteristics, 64 

and it is an important parameter in agricultural irrigation22-23. It has been proved that 65 

the microstructure of saline-alkali soil is closely related to its physical properties, 66 

especially its permeability24-25. Therefore, in the field of civil engineering, soil 67 

microstructure has gradually become one of the criteria for determining soil physical 68 

properties. However, researches mainly focus on loess and clay, and researches in the 69 

field of saline-alkali soil are relatively scarce. Therefore, the researches on the 70 



microstructure of saline-alkali soil can provide a new idea for the restoration of such 71 

degraded soil. 72 

Recently, many scholars have found that F-T cycles can lead to changes in soil 73 

physical properties and microstructure. For unsaturated dispersed soils with different 74 

salinity, the F-T cycles could change their instantaneous water conductivity and matric 75 

suction, and the effects were not monotonic with the increase of the number of F-T 76 

cycles26. F-T cycles increased soil porosity and saturated water conductivity, change 77 

soil physical properties, and there is at least one cycle time threshold (between 5 and 78 

20 cycles)27. Liu et al.28 found that the freeze-thaw cycles would destroy the coarse 79 

particles in lime solidified saline-alkali soil, collect fine particles and increase the 80 

diameter of macropores. Moreover, many researchers have studied the relationship 81 

between F-T cycles and soil permeability, and it is believed that dry density and water 82 

content are important factors affecting freeze-thaw cycles29-30. Meanwhile, the previous 83 

studies on soil after F-T cycles mostly focused on its mechanical properties and mostly 84 

qualitative research31-32. However, there are no comprehensive studies on the 85 

permeability and microstructure of saline-alkali soil in the southwest of Shandong 86 

Province after freeze-thaw cycles. 87 

Inspired by the above studies, PSD analysis, XRD analysis, freeze-thaw cycle test, 88 

saturated hydraulic conductivity test and MIP analysis were performed on the saline-89 

alkali soil remolded according to different dry densities and water content in the flooded 90 

area of Southwest Shandong Province. The objective of this study is to determine the 91 

saturated hydraulic conductivity and microscopic pore size distribution of saline-alkali 92 



soil in the floodplain of Southwest Shandong Province after F-T cycles. It is expected 93 

to find the relationship between the microstructure and permeability of the saline-alkali 94 

soil in this area, so as provide a new theoretical basis for its treatment. 95 

2. Materials and methods 96 

2.1. Experimental materials 97 

The test soil samples were collected in He-ze City, Shandong Province, which is 98 

located in the Yellow River Basin at an altitude of 50 m in the southwest of Shandong 99 

Province, and is a typical Yellow River flooding area in Shandong Province. Its region 100 

has a warm temperate monsoon continental climate with strong seasonality in 101 

temperature, rainfall, wind and evaporation. The average annual temperature in this 102 

region is 13.7 °C, the extreme minimum temperature is -16.5 °C, and the extreme 103 

maximum temperature is 40.5 °C. It belongs to the seasonal frozen soil region. The 104 

annual frost-free period is 210 days, and the annual average precipitation is 625 mm, 105 

which is concentrated in June to September. The annual average wind speed is 1.95 m/s, 106 

and the average wind speed from January to April is 2.33 m/s. The annual average 107 

evaporation is 874.82 mm, the maximum value appears in June, and the minimum value 108 

appears in January. The area is inland and lacks fresh water, so the Yellow River is the 109 

only source of irrigation water. 110 

The local soil was severely damaged by salt, and its EC1:5 reached 1.44 dS m-1, 111 

PH<8.5, belonging to weakly alkaline soil. At the same time, exchange sodium 112 

percentage (ESP) reaches 31.14%, far more than 15%, so these poor soils are usually 113 

classified as "saline-alkali soil" (Table 1). The accumulation of salt, especially 114 



excessive Na+, led to the deterioration of soil properties in this area, with a salt content 115 

of 61.96 g kg-1. The Ks of the soil in this area was only 1.48×10-5 cm/s, which belongs 116 

in the micro-permeable water class according to the code for engineering geological 117 

investigation of water resources and hydropower33. 118 

Soil samples were collected from the vicinity of Dongming County, He-ze City, 119 

Shandong Province, located at 115.08°E, 35.38°N (Fig. 1). A number of undisturbed 120 

soil samples and scattered soil samples were taken from the test site for later 121 

measurement of the basic physical properties of the soil and preparation of soil samples 122 

for subsequent experiments. The clay (<0.002 mm) in the soil samples is 4.95%, and 123 

the silt (0.002-0.02 mm) is 42.90%, sand (>0.02 mm) in soil, reaching 52.15%. The soil 124 

texture of this region can therefore be classified as silty clay. Other basic 125 

physicochemical properties of the soil in this area are shown in Table 1. 126 

2.2. Preparation of specimens 127 

A small number of soil samples were dried at 105°C, crushed and sifted through 128 

75 μm for PSD and XRD analysis. The other samples were air-dried, rolled and crushed 129 

and passed through a 2 mm sieve. The F-T cycles (N) of 0, 1, 5, 10, 15, 20 were set. 130 

The water content was 13%, 16%, 19%, and the dry density of remolded soil was 1.48 131 

g cm-3, 153 g cm-3, 1.58 g cm-3, a total of 54 groups of samples (Table 2). The remolded 132 

sample were left in the shade for 24 hours to ensure sufficient moisture diffusion. Then, 133 

the 77  40 mm soil sample was prepared by electrohydraulic demodding mechanism. 134 

The 61.8  40 mm ring knifes coated with Vaseline were used to cut the sample and 135 

wrap the plastic film for F-T cycle test and saturated hydraulic conductivity test. At the 136 



end of the above tests, we gently removed the soil samples from the ring knifes and 137 

prepare the test samples for MIP analysis according to the liquid nitrogen vacuum 138 

freeze-drying method34-35. The soil samples were cut into 5 × 5 × 10 mm cubes for MIP 139 

analysis. 140 

2.3. Particle size distribution and X-ray diffraction before F-T cycles 141 

The PSD analysis of soil can facilitate us to understand the composition of soil 142 

particles and the uniformity of particle size distribution. The BT-9300S laser particle 143 

analyzer (Dandong Baite Instrument Co., Ltd., Dandong City, China) was used to 144 

complete soil PSD analysis, and two grading indexes were used to analyze the 145 

uniformity of soil particles, namely uniformity coefficient (Cu) and curvature 146 

coefficient (Cc). Uniformity coefficient is used to reflect the distribution of different 147 

particle groups, and Cc is used to judge the continuity of slope of cumulative curve of 148 

soil particle size distribution, and it is also an important index to judge whether soil 149 

particle size distribution is good. The expressions are as follows: 150 

𝐶𝑢 = 𝑑60𝑑10                             (1) 151 𝐶𝑐 = 𝑑302𝑑10×𝑑60                           (2) 152 

Where d10 is effective grain size, d30 is median grain size, and d60 is control grain 153 

size. d10，d30，d60 represent the percentage of particles of the corresponding size that 154 

are 10%, 30%, and 60% smaller than the sample. 155 

The mineral composition of soil affects the physical and chemical properties of 156 



soil36-37, which we analyzed using a TD-3500 X-ray diffractometer (Dandong Tongda 157 

Technology Co., Ltd., Dandong City, China). 158 

2.4. Freeze-thaw cycling experiments 159 

Freezing and thawing will change the physical properties and internal structure38  160 

of soil. F-T tests were carried out in a closed system and no moisture was supplied to 161 

the sample during the test for providing conditions similar to field conditions39. In this 162 

study, the freeze-thaw cycles were split into six: the initial state (no cycle) and sets 163 

ending after the 1st, 5rd, 10th, 15th and 20th cycle. The soil samples were subjected to 164 

a freezing temperature of −15 °C for 12 h in order to obtain complete frost penetration. 165 

After freezing, they were allowed to thaw at a room temperature of about 10 °C for 12 166 

h before being subjected to the next cycle. An Ultra-low temperature refrigerated 167 

storage tank (DW-HL290) manufactured by Zhongke Meiling Cryogenics Co., Ltd was 168 

used for this purpose. On the basis of no more than 0.5°C error, the refrigerated storage 169 

tank has a temperature adjustment range of −5 °C to −87°C and the temperature is 170 

visible. 171 

2.5. Saturated hydraulic conductivity 172 

Saturated hydraulic conductivity (Ks) represents the upper limit of water migration rate 173 

for soil, and it is one of the crucial hydraulic properties of soil40. Soil permeability is 174 

closely related to its microstructure41. In this study, According to the code for 175 

geotechnical testing42, variable head osmotic apparatus (TST-55) was carried out the 176 

SHC test of soil. Before the test, the soil samples were placed in a vacuum saturator 177 

for 24 h to ensure that the soil samples reached the saturation state. The flow rate was 178 



measured under the condition of variable head. Considering the effect of temperature 179 

on water viscosity, the water temperature was monitored in real time during the test. 180 

The expression of Ks is as follows43: 181 

𝐾𝑠 = 𝑎𝐿𝐴𝑡 𝑙𝑛 ℎ1ℎ2                           (3) 182 

Where Ks is the saturated hydraulic conductivity (cm s-1), a is the cross-sectional 183 

area of the standpipe (m2), L is the length of the sample (m), A is the cross-sectional 184 

area of the sample (m2), h1 and h2 are the initial and final water head with respect to the 185 

outflow (m) and t is the time for the hydraulic head difference to decrease from h1 to h2. 186 

2.6. Mercury intrusion porosimetry 187 

MIP is a relatively straightforward method, which can be used to derive the values of 188 

other important characteristic parameters, including total porosity, average pore 189 

diameter, median pore diameter, and most probable pore diameter, and the measured 190 

pore diameters range from 7nm to 350 μm. 191 

In present study, we measured soil porosity and pore size distribution using MIP. 192 

Pre-lyophilized MIP samples were directly used for the MIP analysis, we used a fully 193 

automatic PM-33-18 mercury intrusion analyzer (Conta Instruments Company, US). 194 

Mercury will be injected into the soil sample under a certain degree of pressure. 195 

Therefore, according to the pressure applied to mercury and the volume of mercury 196 

invasion, the pore distribution of the soil sample can be obtained through the Washburn 197 

equation44. The expression is as follows: 198 



𝑝 = − 2𝜎 𝑐𝑜𝑠 𝜃𝑟                            (4) 199 

Where P is the applied pressure, σ is the surface tension coefficient of the 200 

immersed liquid, θ is the contact angle between liquid and solid materials, and r is the 201 

cylindrical pore radius. Among them, the values of σ and θ were 0.485 N m-1
 and 140° 202 

in this study, respectively45. 203 

Soil pores can be classified into inactive pores, capillary pores and aerated pores 204 

according to their function and size. The porosity of the inactive pore is less than 2 μm, 205 

and the permeability is the worst. As the diameter increases, the permeability of pores 206 

becomes better20. In order to facilitate the pore size classification of saline-alkali soil in 207 

the Yellow River floodplain of Southwest Shandong, China. Our study based on the 208 

Shear pore size division theory46, and other scholars47-48, combining with the pore 209 

characteristics of the local saline-alkali soil (Table 3) to divide the pore size of saline-210 

alkali soil in this area. 211 

3. Results 212 

3.1. Quantitative analysis of the mineral phase and PSD 213 

It is found that the particle size of saline-alkali soil in this area is in the range of 1 214 

to 100 μm, and the particle density curve was unimodal (Fig. 2). The relevant soil 215 

characteristic parameters in this area, Cu=7.14, Cc=0.33. According to the regulations 216 

of the Ministry of Water Resources of the People's Republic of China33, Cu>5, the 217 

distribution of soil grain size is not uniform. Cc<1, indicating that the soil is dominated 218 

by small particles. From this, we can preliminarily judge that the grain size distribution 219 



of saline-alkali soil in this area is poor, leading to its poor permeability. 220 

Figure 2 shows the XRD map of the saline-alkali soil in this area. Table 4 shows 221 

the mineral composition of the local saline-alkali soil. The mineral composition of the 222 

soil includes quartz, albite, orthoclase, calcite, kaolinite, illite and chlorite. Primary 223 

minerals account for more than 90% of the total minerals, and quartz is the highest, 224 

accounting for 51.85% of the total minerals, followed by albite and calcite. Clay 225 

minerals (kaolinite, illite, chlorite) only accounted for 9.55% of the total mineral 226 

content of the soil, among which illite was dominant, reaching 5.68% of the total 227 

mineral content of the soil. 228 

3.2. Surface fragmentation of soil samples after F-T cycles 229 

In this study, in order to better observe the macroscopic effects of freeze-thaw 230 

cycles on soil, we selected several representative experimental groups to demonstrate. 231 

Fig. 3 shows soil samples with a water content of 13%, 1.48 g cm-3 and different freeze-232 

thaw cycles. With the increase of the number of freeze-thaw cycles, we found that the 233 

surface fragmentation of soil samples from A1 to F1 was more and more obvious. By 234 

observing F1-F3 (Fig. 4), it is found that under the same number of freeze-thaw cycles 235 

and dry density, high water content can make the surface of soil samples more broken. 236 

However, the change of dry density of a single factor has no obvious influence on the 237 

surface macrophenomena of soil samples (Fig. 4). 238 

3.3. Saturated hydraulic conductivity after F-T cycles 239 

Fig. 5 summarizes the changes of Ks of water-bearing remolded soil caused by the 240 

changes of F-T cycles. Under the three dry densities of 1.48, 1.53 and 1.58 g cm-3, the 241 



soil Ks increased with the increase of the number of cycles and reached the threshold 242 

value at N=15, and then showed a decreasing trend. Taking 1.48 g cm-3 as an example, 243 

when N=15, the Ks of the three water contents of soil samples increased by 260.95%, 244 

270.95% and 283.33%, respectively. We found that after the first cycle, the increment 245 

of Ks decreased with the change of the cycle. Nevertheless, the increment of the first 246 

cycle was the largest, which might be because the freeze-thaw cycle affected the 247 

development of soil pores. Fig. 6 shows the changes of Ks with water content of water-248 

remolded soil. F-T cycle (N=0) before and after freezing and thawing cycle of soil 249 

samples have significant differences, the F-T cycle before the Ks is hardly affected by 250 

the water content change, Ks of soil after freezing and thawing cycle had approximate 251 

linear relationship with the increase of water content, the F-T cycle test with us 252 

observed is consistent with the regular pattern of soil sample surface broken. However, 253 

The soil water content increased from 13% to 19%, and the Ks increased relatively little. 254 

Under the three dry densities, the maximum elevation was 31.68%, 18.91% and 32.63% 255 

respectively. At the same time, we found that the Ks of soil samples would be enhanced 256 

as long as they experienced F-T cycles, which indicated that F-T cycles would have an 257 

impact on soil structure. 258 

The relationship between Ks and dry density of water-bearing remolded saline-259 

alkali soil is shown in Fig. 7. When the soil dry density is high, the Ks decreases 260 

significantly, but the attenuation rate decreases. The higher the dry density of the soil, 261 

the higher the degree of internal consolidation of the soil, which will affect the pores in 262 

the soil, resulting in compression or even closure, thus blocking the seepage channel. 263 



In addition, we found that compared with the F-T cycles of 20 times (N=20) and 10 264 

times (N=10), with the increase of dry density, the saturated water content curves of 265 

both will present a crossover phenomenon, and this crossover phenomenon is more 266 

obvious with the increase of water content. 267 

3.4. Quantitative analysis of micropore characteristics 268 

Fig. 8a summarizes the pore size distribution of soil samples subjected to F-T 269 

cycles under the same dry density and water content conditions, and the pore diameter 270 

corresponding to the peak point in the curve is the most likely pore diameter. The soil 271 

samples with 13% moisture content and 1.48 g cm-3 dry density had more ultra-272 

micropores (<0.05 μm) and micropores (0.05-2 μm) and less macropores (≥20 μm) after 273 

F-T cycles, but the results were higher than those of the soil samples without freezing-274 

thawing cycle (N=0). We found that the peak value of pore size distribution curve shifts 275 

to the right and increases with the freeze-thaw cycle. After 10 F-T cycles, the curve 276 

presents a bimodal distribution, and the pore size distribution of the second peak is more 277 

than 10 μm. When the freeze-thaw cycle reaches 15 times (E1), the peak value reaches 278 

the highest, and the porosity reaches 32.39% (Fig. 8b). Although the peak value of F1 279 

is lower than that of E1, it is still significantly higher than that of A1. Among them, the 280 

first peak of E1 was 19.40% and 14.93% less than that of D1 and F1. The second peak 281 

was 6.25% and 13.33% higher than D1 and F1, respectively. This indicates that the 282 

second peak in the pore diameter distribution curve plays a decisive role after 10 F-T 283 

cycles. The distribution curves of D1 and F1 approximately coincide, and the porosity 284 

difference between them is less than 3%, which is consistent with the result of saturated 285 



water conductivity. 286 

Fig. 9 shows the influence of water content and dry density on pore size 287 

distribution of soil samples. With the increase of soil water content, the dominant pore 288 

size moved to the right, gradually changing from micropores (0.05-2μm) to pores (2-289 

10μm), and the content increased. On the contrary, the distribution of dominant pore 290 

size is not affected by the change of dry density, and the content will decrease with the 291 

increase of soil dry density. When the dry density increases from 1.48 g cm-3 to 1.58 g 292 

cm-3, the first peak and second peak of dominant pore size decrease by 36.75% and 293 

13.25% respectively. These results indicate that the Ks of soil is closely related to its 294 

microstructure, while water content and dry density also affect the microstructure of 295 

soil samples after F-T cycles to varying degrees, and thus affect the Ks of soil. 296 

4. Discussion 297 

We speculate that the degradation of permeability of saline-alkali soil is closely 298 

related to its microstructure. Therefore, the saturated water conductivity test of soil was 299 

carried out, and PSD, XRD, MIP and other advanced technologies were adopted to 300 

study the microstructure of saline-alkali soil. The relationship between microstructure 301 

and permeability of saline-alkali soil after freeze-thaw cycle was analyzed in order to 302 

provide a theoretical basis for the restoration of microstructure of saline-alkali soil. 303 

4.1. Particle composition and mineral composition of saline-alkali soil based on 304 

PSD and XRD 305 

Soil particle composition is an important factor determining soil structure 306 

characteristics49.The distribution and texture of soil particle size directly affect the basic 307 



physical properties of soil, especially the water absorption capacity of soil50. The 308 

mineral composition of the soil is also one of the important factors affecting the soil 309 

permeability. The high proportion of clay and clay minerals will reduce the soil 310 

permeability due to their hydrophilicity14, 20, 51. Our research data show that clay 311 

(particle size <0.002 mm) only accounts for 4.95% in saline-alkali soil, and the 312 

proportion of clay minerals is 9.55%, both of which account for less than 10% of the 313 

total proportion. Therefore, we can conclude that the grain size distribution and mineral 314 

composition are not the main reasons for the poor soil permeability in this region. Thus, 315 

MIP analysis is very necessary in our research. 316 

4.2. Saturated hydraulic conductivity of saline-alkali soil based on Freeze-thaw 317 

cycling experiments 318 

The freeze-thaw cycle is a process of energy input and output52, in which the 319 

transport of water and salt will lead to changes in soil grain size and structure49. The 320 

degree of soil weathering by freezing is related to the number of freeze-thaw cycles and 321 

water content. After the initial freeze-thaw cycles, the crushing of coarse particles and 322 

the aggregation of fine particles in the soil will lead to a significant increase in porosity. 323 

After more freeze-thaw cycles, the soil structure will gradually aggregate and the 324 

particle size distribution tends to be stable25, 49. According to the local daily freezing 325 

and thawing times, we set a total of 6 freeze-thaw cycles (including N=0). It was found 326 

that the soil permeability coefficient increased non-linearly with the increase of the 327 

number of cycles. The reason is that ice lenses gradually form during freezing, and ice 328 

melts in the frozen soil during thawing, creating cavities that act as channels and 329 



increase soil permeability53. When the number of F-T cycles reaches 15 times, it reaches 330 

the peak value. Compared with N=0, the Ks increases by 209.77%. 331 

The initial porosity of soil plays a decisive role before F-T cycles25, and the initial 332 

dry density of soil affects the initial porosity. Water to ice produces a volume change of 333 

about 9%, which affects the volume expansion of the pores during freezing54. Therefore, 334 

according to the standard compaction test, we determined the maximum dry density of 335 

the saline-alkali soil of 1.58 g cm-3 and the optimal water content of 16%, and the 336 

floating value can meet the conditions of the test area coverage. After the F-T cycles, 337 

soil is coupled by salt heave and frost heave, and soil pores change, resulting in more 338 

internal seepage channels, which means that soil porosity is the main influencing factor 339 

leading to the change of saturated water content. Freeze-thaw soils with high water 340 

content produce more expansive ice, which breaks the bonds between particles, in 341 

contrast, when soil water content is low, ice crystals only grow in soil pores55-56. This 342 

is consistent with our research results, the Ks of soil is significantly affected by changes 343 

in dry density and water content. Among them, compared with B7 and B9, C7 and C9, 344 

D7 and D9, E7 and E9, and F7 and F9, the Ks decreased by 42.25%, 53.52%, 57.36%, 345 

49.80% and 41.15% respectively. Compared with B7 and B1, C7 and C1, D7 and D1, 346 

E7 and E1, and F7 and F1, the Ks increased by 17.0 %, 22.57%, 7.83%, 9.26% and 347 

24.07% respectively. In addition, it has been shown that external stress of up to 2 MPa 348 

can be generated during soil freezing57, Under the action of contact stress, the joints 349 

and frozen water in the soil will continue to grow and expand. As the circulation goes 350 

on, the growing ice crystals will produce pressure on the surface of the adjacent matrix 351 



and reduce the internal porosity of the soil58. Therefore, when the F-T cycle reaches 20 352 

times, the Ks of the soil decreases instead. At the same time, the formation of ice-353 

penetrating crystals increases the pore water pressure, compressing the soil, which in 354 

turn increases the pore water pressure. During the F-T cycle test, the soil was always 355 

inside the constraint ring, and with the increase of soil internal pressure, the constraint 356 

of the ring on the soil was strengthened. Considering that high water content promotes 357 

frost heave, this explains the crossover in the saturation conductivity curve. 358 

4.3. Pore size distribution of saline-alkali soil based on MIP after freeze-thaw 359 

cycles 360 

Soil structure is an important factor affecting water conductivity59-61. The poor 361 

structure of saline-alkali soil is closely related to the low water conductivity and 362 

permeability of soil62, these are consistent with our experimental results. Soil 363 

microstructure is closely related to its Ks and is strongly affected by freeze-thaw cycles. 364 

In the test, A1, A2 and A3, as soil samples without freeze-thaw cycles, have porosity of 365 

only 6.19-11.51%. The low porosity resulted in the low saturated water conductivity of 366 

the soil sample, which was only 1.48×10-5 cm/s. This makes it difficult for agricultural 367 

irrigation water to penetrate the soil, and the remaining water forms surface runoff, 368 

which accelerates soil nutrient loss. In addition, the dense soil structure and low 369 

porosity promoted soil capillarity in the floodplain of southwestern Shandong Province, 370 

and the salt remained on the surface with the evaporation of water after the rise of 371 

groundwater, which was extremely unfavorable to the development of agricultural 372 

production. 373 



The MIP results showed that there were a lot of ultra-micropores in the soil 374 

samples in this area. However, more ultra-micropores in the soil were not conducive to 375 

the remediation of saline-alkali soil48. The F-T cycle can reduce the content of ultra-376 

micropores and micropores in soil samples. After 10 F-T cycles, a new peak value 377 

appears at 10 μm, indicating that freeze-thaw cycles have a strong effect on soil 378 

macropores. Water content and dry density have great influences on F-T cycle. The 379 

water transport process becomes more complex under freeze-thaw cycles, and the 380 

complexity increases with the increase of water content. In the soil sample, the water 381 

was almost completely frozen into ice during the freezing process, and the soil particles 382 

were displaced due to volume expansion, and the soil particles were not completely 383 

restored to the original position during thawing63, resulting in the deviation of the pore 384 

content and the increase of soil porosity. Therefore, we can determine that the increase 385 

of water content will shift the peak value of the curve to the right and increase the 386 

content of the intrusion volume, which is consistent with the results obtained from the 387 

saturated water conductivity test. In addition, the increase of dry density will strengthen 388 

the cementation between soil particles, and reduce the porosity in the soil. The growth 389 

of ice crystals and the formation of ice-penetrating crystals in the soil are further 390 

inhibited, and the intrusion volume of pores is correspondingly reduced, and the 391 

saturated water conductivity of the soil is reduced. 392 

4.4. Effect of freeze-thaw cycles on salt discharge in saline-alkali soil 393 

In recent years, some scholars have tried to change the microstructure of saline-394 

alkali soil with different ameliorants64. On this basis, we try to find a new ameliorating 395 



measure of saline-alkali soil. The former proposed that high soil porosity would 396 

improve its permeability65, and our research supports this view. The results show that 397 

the appropriate freeze-thaw cycle can greatly improve the pore distribution, soil 398 

porosity and saturated water conductivity of saline-alkali soil in the southwest of 399 

Shandong Province. This is also due to the weak internal cohesion of natural saline-400 

alkali soil, and irreversible plastic deformation will occur after several times of frost 401 

heave, which will not be affected by the change of salt content. In a certain range, the 402 

increase of water content can enhance the effect of freeze-thaw cycle. Considering the 403 

natural water content of 14.07% and the optimal water content of 16% in the 404 

experimental area, this idea is feasible. 405 

The extreme temperature in winter reaches -16.5 °C in the Yellow Flood area of 406 

Southwest Shandong Province, which is a seasonal frozen soil area. Soil samples were 407 

taken from the topsoil layer (0-25 cm), which is included within the freezing depth of 408 

the soil in the area. Therefore, the F-T cycles can significantly improve the pore 409 

distribution and microstructure of crop surface soil. It is well known that after soil 410 

moisture evaporates, most of the salt and alkali remain in the surface of the soil51, which 411 

requires that we need to broaden the channels of water circulation in the soil and let the 412 

salt go with the water. Therefore, we can take the freeze-thaw cycle as the basis for the 413 

salt discharge in the saline-alkali soil project in this area. Based on the above research, 414 

in order to achieve the effect of improving the local soil microstructure and considering 415 

the influence of dry density on the pore distribution, we suggest that local farmers 416 

should properly plough the cultivated land in winter. Besides, burette can be used to 417 



increase the soil water content, in order to achieve the effect of promoting the freezing 418 

and thawing cycle. 419 

5. Conclusions 420 

The existence of saline-alkali soil seriously endangers the agricultural production 421 

and development in the floodplain of southwest Shandong Province. In this experiment, 422 

MIP and SHC test were used to explore the relationship between soil microstructure 423 

characteristics and Ks under F-T cycles. The main reason of low permeability of saline-424 

alkali soil is not the influence of grain size distribution and mineral composition. The 425 

low permeability of surface saline-alkali soil is closely related to its microstructure, and 426 

its pores are mainly composed of ultra-micropores and micropores. Under the action of 427 

F-T cycles, soil pores transition from micropores and ultra-micropores to small pores. 428 

When N=10, mesopore particles begin to be broken, and such fragmentation is the most 429 

obvious when N=15, which is consistent with the law presented by soil saturated 430 

hydraulic conductivity curve. High water content can improve the crushing effect of 431 

freeze-thaw cycle on soil particles, and then improve soil permeability, while the 432 

increase of dry density will play a certain inhibiting role. The results show that the 433 

permeability of saline-alkali soil is closely related to its microstructure, and the freeze-434 

thaw cycle can improve the microstructure of saline-alkali soil to further improve its 435 

permeability, which provides a certain reference direction for the restoration of saline-436 

alkali soil. Although the relationship between the microstructure of saline-alkali soil 437 

and the saturated hydraulic conductivity has been comprehensively analyzed by various 438 

methods in this experiment, there are still some limitations. In future studies, we need 439 



to consider the restoration effects of F-T cycles on other soil textures, and consider the 440 

coupling effects of F-T cycles on salt content, temperature and other factors in 441 

combination with soil microstructure. 442 
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Figures

Figure 1

Study area and sampling location.



Figure 2

PSD curves and XRD curves of saline-alkali soils in the �oodplain of southwestern Shandong Province: a
particle size distribution cures b X-ray diffraction pattern.

Figure 3

Soil samples with a moisture content of 13%, 1.48 g cm-3 and different freeze-thaw cycles: a N=0, 13%,
1.48 g cm-3 b N=1, 13%, 1.48 g cm-3 c N=5, 13%, 1.48 g cm-3 d N=10, 13%, 1.48 g cm-3 e N=15, 13%, 1.48
g cm-3 f N=20, 13%, 1.48 g cm-3.



Figure 4

Soil samples affected by a single factor after 20 freeze-thaw cycles a N=20, 13%, 1.48 g cm-3 b N=20,
16%, 1.48 g cm-3 c N=20, 19%, 1.48 g cm-3 d N=20, 13%, 1.53 g cm-3 e N=20, 13%, 1.58 g cm-3.

Figure 5

The changes of Ks of water-bearing remolded soils at the study site in the �oodplain of southwestern
Shandong Province caused by the changes of F-T cycles: a ρd=1.48 g cm-3 b ρd=1.53 g cm-3 c ρd=1.58
g cm-3.



Figure 6

The changes of Ks with water content of water-remolded soils at the study site in the �oodplain of
southwestern Shandong Province: a ρd=1.48 g cm-3 b ρd=1.53 g cm-3 c ρd=1.58 g cm-3.

Figure 7

The changes of Ks with dry density of water-remolded saline-alkali soils at the study site in the �oodplain
of southwestern Shandong Province: a ω=13% b ω=16% c ω=19%.

Figure 8



Pore-size distribution cures and bar chart of soil porosity distribution for soils at the study site in the
�oodplain of southwestern Shandong Province: a The water content is 13% and the dry density is 1.48 g
cm-3, pore-size distribution curves with different F-T cycles b Bar chart of soil porosity distribution.

Figure 9

Pore-size distribution cures with different water content and dry density or soils at the study site in the
�oodplain of southwestern Shandong Province: a The dry density is 1.48 g cm-3, pore-size distribution
cures with different water contents b The water content is 19%, pore-size distribution cures with different
dry densities


