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Abstract

:

Very few studies have focused on diatomaceous earth slopes along high-speed railways, and the special properties of diatomaceous earth under alternating dry and wet conditions are unknown. This paper studies diatomaceous earth in the Shengzhou area, through which the newly built Hangzhou–Taizhou high-speed railway passes, and the basic physical and hydraulic properties of diatomaceous earth are analyzed by indoor test methods. A convenient, efficient, and controllable high-speed railway slope artificial rainfall simulation system is designed, and in situ comprehensive monitoring and fissure observation are performed on site to analyze the changes in various diatomaceous soil slope parameters under rainfall infiltration, and to explore the cracking mechanisms of diatomaceous earth under alternating dry and wet conditions. The results indicate extremely poor hydrophysical properties of diatomaceous earth in the Shengzhou area; the disintegration resistance index values of natural diatomaceous earth samples subjected to dry and wet cycles are 1.8–5.6%, and the disintegration is strong. Comprehensive indoor tests and water content monitoring show that natural diatomaceous earth has no obvious influence when it contacts water, but it disintegrates and cracks under alternating dry and wet conditions. The horizontal displacement of both slope types mainly occurs within 0.75–2.75 m of the surface layer, indicating shallow surface sliding; after testing, natural slope crack widths of diatomaceous earth reach 10–25 mm, and their depths reach 40–60 cm. To guarantee safety during high-speed railway engineering construction, implementing proper protection for diatomaceous earth slopes is recommended.
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1. Introduction


As of the end of 2020, China’s operating railway mileage had reached 146,000 km, of which 37,900 km were high-speed railways. As the density of high-speed railway networks increases, high-speed railway construction will inevitably pass through special land areas. The newly built Hangzhou–Taizhou high-speed railway passes through Shengzhou city. A large amount of diatomaceous earth is present in the tertiary basalts and lacustrine deposits in the basalt platform area. Diatomaceous earth has well-developed joints, and is highly compressible; it easily softens when exposed to water, and its mechanical properties decrease substantially. Diatomaceous earth is in a hard-plastic-to-plastic state, and its engineering properties are extremely poor [1,2,3,4,5,6]. During on-site construction, diatomaceous earth slopes are exposed to the natural environment after excavation. The permeability coefficients of undisturbed diatomaceous earth are less than 10−6 cm/s, signaling an impervious layer in a given project. However, under alternating wet and dry conditions, depths of 40 to 60 cm are affected by the environment, resulting in cracks that greatly affect the safe development of railway construction. Therefore, under the action of alternating wet and dry conditions, the destruction mechanism of diatomaceous earth and the dynamic evolution of diatomaceous earth slope parameters have become issues that urgently need to be studied.



At present, diatomaceous earth is widely used for environmental protection, and in chemical, electrical, and other fields, because of its high porosity and light weight [7,8,9,10,11]. However, the existing literature contains very few studies on diatomaceous earth slopes, and the special properties of diatomaceous earth under the action of dry and wet cycles are not well understood. On loess and expansive soil slopes, a lot of work has been done by scholars in the past; there is deeper research on the special properties of loess and swelling soil under the action of alternating wet and dry conditions, and a lot of practice has been done in combination with actual slope engineering; the main research results are shown in Table 1.



A few studies have found that diatomaceous earth has high structural strength and is susceptible to disintegration and deterioration when exposed to water [20,21,22,23,24]. These properties derived from previous studies are slightly similar to those of loess and expansive soils, but are for reference only, and are not fully applicable to the field of high-speed railroad diatomaceous earth slopes. Meanwhile, compared with loess and expansive soil slopes, there are very few studies on diatomite slopes at home and abroad, and they are mainly concentrated in the fields of highway and marine engineering. For example, Zhang [22] conducted an in-depth study on the swelling properties of diatomite distributed in Tengchong, Yunnan, and showed the existence of light-swelling diatomite with strong swelling and disintegration in the area. Guo [25] studied the distribution characteristics and formation mechanisms of diatomite (soil) landslides by taking the new Tenglu highway slope landslide as an example, and pointed out that diatomite slopes are susceptible to cracking, delamination, and reduction in mechanical properties of diatomite on the slope surface under the influence of artificial disturbance and external rainfall, etc. Wiemer [26] et al. studied the effect of diatoms on the shear strength of diatom sediments and the stability of submarine slopes, and pointed out that the shear strength of the diatom soil layer would be reduced under the condition of disturbance. Currently, no corresponding research results have been found in the field of high-speed railways, and there is no better solution for the damage problem of diatomaceous earth slopes under the alternating action of wet and dry conditions.



To gain a more thorough understanding of the diatomaceous earth slope damage caused by alternating dry and wet cycles, a research project was carried out for the diatomaceous earth in the Shengzhou area along the new Hangzhou–Taizhou high-speed railway. The study was performed through indoor testing, analysis of physical and hydraulic properties, and evaluation of the mechanisms of disintegration and degradation. Because previous rainfall simulation equipment cannot undertake the problem of rapid rainfall on high-speed railway slopes, a convenient, efficient, and controllable high-speed railway slope artificial rainfall system was designed, and alternating dry–wet cycle simulations were carried out on the test site. At the same time, in situ comprehensive monitoring and fissure observation were carried out before and after the alternating dry–wet simulations of natural diatomaceous earth slopes, in order to analyze the changing patterns of various diatomaceous earth slope parameters under rainfall infiltration conditions and explore the disintegration and cracking mechanisms of diatomaceous earth under the action of dry–wet cycles.




2. Project Overview


The diatomaceous earth natural slope test site was located between Dongdawan village and Xibanban village, on Lushan Street, in Shengzhou city, and next to Shangdawan Reservoir. To study the engineering characteristics of diatomaceous earth and the damage mechanism of diatomaceous earth under the action of dry–wet cycles, a diatomaceous earth cutting slope with mileage of DK85 + 824 − DK85 + 840 was selected as the test section (Figure 1a). The test section was covered with silty clay with a thickness of less than 3 m, and the underlying white diatomaceous earth was 9–12 m thick. The strata below the white diatomaceous earth were blue diatomaceous earth, black diatomaceous earth, basalt, stomatal basalt, and diatomaceous earth sandstone. After the excavation of the slope, the exposed surface and the depth interval of 10–27 m were mainly white diatomaceous earth (Figure 1b,c). Therefore, the properties of diatomaceous earth listed in this article and related tests are all white diatomaceous earth.




3. Diatomaceous Earth Characteristics


Studies have found that diatomaceous earth has the undesirable property of degradation when in contact with water. To understand the mechanisms of diatomaceous earth’s disintegration and degradation, an outdoor observation test of natural diatomaceous earth slopes was first carried out. Part of the cutting slope of the test section was graded with a slope ratio of 1:1.5. However, after a period of alternating dry and wet action, penetrating cracks were generated, and the depths of the cracks were between 0.5 and 0.8 m, as shown in Figure 2.



To solve the problem of damage to diatomaceous earth slopes under the action of dry and wet cycles, diatomaceous earth in the slope test section was used as the research object. First, basic geotechnical tests were carried out so as to become familiar with the basic physical properties of the diatomaceous earth in the area. Then, through water immersion observation and disintegration tests, the changes in diatomaceous earth after exposure to water were assessed, and the mechanisms of its disintegration and deterioration were initially evaluated.



3.1. Basic Physical Properties of Diatomaceous Earth


By taking samples at different depths at the foot of the natural slope on the right side of the line, ~155 m from the test slope, the original site was wax-sealed in time, and anti-vibration and sun protection measures were taken during transportation to ensure that the original sample was not disturbed and did not lose water. Corresponding physical property tests were performed on the samples in time, in accordance with the “Geotechnical Test Procedure for Railway Engineering” [27]. In this study, white diatomaceous earth was used as the main research object, and representative samples were selected for corresponding tests. The properties of diatomaceous earth in this test section are shown in Table 2. Due to the large number of test results, it is inconvenient to list the specific data in each group. Through sampling at different depths, the results show that the natural density values of the diatomaceous earth were 1.55–1.73 g/cm3, which are extremely low, and are similar to those of pumice. The void ratio and water content of the diatomaceous earth samples were very high. The void ratios of the seven samples were all greater than 1.0; the maximum water content was 72.11%, and the average value was 55.78%. The diatomaceous earth was dominated by the particle size ranges of 0.075–0.005 mm and < 0.002 mm, with a combined fraction of 80%, and the proportion of particles in the particle size range of 0.25–0.075 mm was the lowest. The mean plasticity index value of diatomaceous earth specimens was 36.30, which was much larger than 10, so it was classified as clay.




3.2. Hydrological Properties of Diatomaceous Earth


Ten samples of white diatomaceous earth collected in the field test section were divided into two groups with variable water contents. Each group consisted of five samples. The average mass of the samples was consistent with the disintegration test (151.22 g). The first group was left untreated, keeping each sample in its natural state. The second group was placed in a cool place in the laboratory to undergo the drying process. The test phenomena are shown in Figure 3. The natural diatomaceous earth had no obvious change after being immersed in water, and only a small amount of soil fell off on the surface. After the natural diatomaceous earth dried in the shade, cracks appeared, and then it was soaked in water. Because of its small specific gravity, the sample floated on the water for a few seconds, sank under the water, and quickly disintegrated into a fine scaly and powdery form.



According to the above test phenomena of diatomaceous earth after encountering water, natural diatomaceous earth experiencing no obvious impact after encountering water. When natural diatomaceous earth dries, cracks appear and fragmentation occurs; then, the diatomaceous earth disintegrates quickly when exposed to water. The main reasons for this damage are as follows:




	
Natural diatomaceous earth has a high water content. In a natural environment or under high temperatures, due to the existence of a large number of clay minerals in the sample that are prone to strong shrinkage, the sample dries and shrinks [22,28]. At the same time, the shallow free water continues to evaporate, and air begins to enter the pores of the shallow soil particles, causing matrix suction between the particles on the soil surface. As water continues to evaporate, the suction of the matrix gradually increases, and the force on the soil particles becomes increasingly strong. When there are impurities or stress concentrations on the surface of the diatomaceous earth, the tensile strength of the diatomaceous earth is insufficient, and initial cracks are formed on the surface [29,30];



	
Since natural diatomaceous earth has a high void ratio and high water content, the dry density is significantly lower than the natural density, so the sample floats on the water surface for several seconds after the dry diatomaceous earth is immersed in water;



	
The natural diatomaceous earth that was dried in the shade forms cracks due to the above reasons. After being immersed in water, the water can dissolve and soften certain minerals in diatomaceous earth, resulting in further enlargement of the cracks and weakening of the connections between the soil particles. Then, because clay minerals such as montmorillonite and kaolinite swell because of water, the tensile strength of diatomaceous earth at the joints or microcracks is not enough to overcome the swelling force, leading to its rapid disintegration [31,32].








Through the abovementioned water immersion observation test, the state of diatomaceous earth after immersion in water is initially assessed. To further analyze the properties of diatomaceous earth after encountering water, two sets of white diatomaceous earth disintegration tests were designed. There were five samples in each group, and the average mass of the two groups of samples was 151.22 g. The effect of time and the total amount of disintegration and disintegration resistance of the two groups of samples under alternating natural dry and wet conditions when exposed to water were tested.



The diatomaceous earth sample was placed into a water-permeable sample box and immersed in a water tank to disintegrate. The mass of the residual sample was weighed with an electronic balance, and the ratio of the residual mass of the sample after disintegration to the total mass of the sample—that is, the disintegration resistance index (%)—was used to evaluate the disintegration characteristics of each sample.


  I =    M r     M t    × 100 %  



(1)




where I is the resistance to disintegration index (%), Mr is the mass of the residual sample (g), and Mt is the total mass of the sample (g).



The test results are shown in Figure 4, and are summarized as follows:




	
The disintegration resistance index values of diatomaceous earth samples under natural conditions range from 89.6% to 92.8%, with an average value of 91.2%. The disintegration resistance index values of the sample after drying and wetting are 1.8–5.6%, and the average value is 3.7%. The comparison shows that the disintegration resistance index values of the natural diatomaceous earth samples are much higher than those of the diatomaceous earth samples after drying and wetting, and the drying and wetting effect has a great influence on the disintegration resistance of diatomaceous earth;



	
The water physical properties of the diatomaceous earth are extremely poor. The maximum disintegration resistance index value of the diatomaceous earth sample after alternating wet and dry action is 5.6%, which indicates extremely strong disintegration. The disintegration resistance of the sample is lower than that of soils with common parent rocks, such as basalt residual soil, mudstone, and granite [33,34,35,36,37];



	
The disintegration rate of the diatomaceous earth sample after alternating wet and dry conditions is lower in the first 30 s of being placed into the water. This phenomenon occurs because water gradually enters the pores of the sample during this period, and some of the air is surrounded by water in the pores. The high-speed disintegration of the sample occurs within 1–2 min after the start of the test, after which the disintegration rate decreases and tends to stabilize until the end of the test.










4. Diatomaceous Earth Slope Tests


By combining the preliminary field investigation and indoor tests, it can be concluded that undisturbed diatomaceous earth has a high water content, high void ratio, and low permeability coefficient, and is often recognized as an impervious layer in the engineering community. On the other hand, when the undisturbed diatomaceous earth loses water in the sun, cracks develop, and the diatomaceous earth disintegrates into lumps. The dried diatomaceous earth in the sun disintegrates quickly after being placed into water. This implies that the change in the water content is the most direct cause of the destruction of diatomaceous earth. Because this observation has not been analyzed and verified in conjunction with in situ tests, the resulting changes in soil deformation, soil pressure, and groundwater level in the slope soil are still unclear. Therefore, in order to obtain a more thorough understanding of the diatomaceous earth slope damage caused by alternating wet and dry conditions, two diatomaceous soil slopes with different slope ratios (1:1.5 and 1:2) in the test section were selected to conduct cycle simulations in the field, and comprehensive in situ monitoring and fissure observation of the slopes were carried out.



4.1. Simulation of Alternating Dry and Wet Cycles


4.1.1. Artificial Rainfall Simulation System for High-Speed Railway Slopes


To build an alternating dry and wet test environment for diatomaceous earth slopes, a convenient, efficient, and controllable high-speed railway slope artificial rainfall system was designed. The system mainly includes three parts, namely, the water supply module, control module, and rainfall module, as shown in Figure 5. The water supply module is used to provide a water source for the rainfall module, and the water supply module is connected to a control module. The control module is used to control the water supply intensity and flow rate of the water supply module, thereby controlling the rainfall process of the rainfall module. The rainfall module adopts a prefabricated rainfall bracket. Each rainfall bracket is composed of a ground anchor and a rainfall column with a pin bolt, which arbitrarily adjusts the height of the rainfall bracket and efficient installation, disassembly, and transportation. The rain sprinkler uses a detachable downward spray atomization sprinkler, which has two types of large diameters and small diameters that adjust the rainfall intensity and enrich the rainfall diversity. The control module controls the whole process of water supply and rainfall through a closed-loop control system composed of PU water pipes, valves, water meters, and pressure gauges, and its operation is simple and convenient. The water supply module stores and supplies water through water storage buckets, generators, water pumps, and water supply pipes.



During use, the system can satisfactorily meet the needs of diatomaceous earth slopes to simulate artificial rainfall, match the intensity of natural rainfall, and achieve rainfall on slopes with different slope rates. The system has simple daily operations, easy disassembly and assembly, and easy transportation; it can be repeatedly tested at multiple test sites, which provides a strong guarantee for the development of high-speed rail projects. The actual installation and layout of the test site are shown in Figure 6.




4.1.2. Test Plan of the Dry and Wet Cycle Simulation


The alternating dry and wet test process is shown in Table 3. In the field test, to simulate the effects of the dry and wet cycles in the natural environment, the rainfall was set to occur at night, and outside sunlight was used to evaporate water during the day, as shown in Figure 7a,b. On rainy days, to reduce the influence of rainwater on the rainfall test, a layer of colored striped cloth and a layer of plastic film were used to cover the supporting steel frame, as shown in Figure 7c.





4.2. In Situ Comprehensive Monitoring


Before and after the simulated rainfall test on the natural diatomaceous earth slope, comprehensive in situ monitoring was carried out. In the field test, the sensor layout of the two types of natural diatomaceous earth slope was the same, and monitoring profiles R1, R2, and R3 were positioned at the top, middle, and toe of the natural diatomaceous earth slope, respectively. Sensors were embedded at different depths to monitor the changes in the water content, horizontal displacement, earth pressure, and groundwater level of each profile, as shown in Figure 8.





5. Results


5.1. Water Content Analysis


By reading the monitoring data of the automatic acquisition instrument, the monitored distribution pattern of the water contents in each section on the 1:2 slope and 1:1.5 slope are shown in Figure 9a,b, respectively. The results are summarized as follows:




	
Heavy rain and artificial simulated rainfall both led to an abrupt increase in the water content at each measuring point. For example, after the natural rainstorm on 18 June, the change in water content at the depth of 0.2 m on the slope of section R2 with a slope rate of 1:2 was the largest, changing from 48.1% to 59.4%—an increase of 11.3%—and the average value of the change in water content of each section was 4.4%. This indicates that rainfall has a significant impact on the water content at the measuring point. Before and after artificial simulated rainfall, on the slope with a slope ratio of 1:2, the water content at a depth of 1.5 m in the R1 section of the top of the slope increased the most—from 57.2% to 76.1%. On the slope with a slope ratio of 1:1.5, the water content at a depth of 1.5 m in the R2 section in the middle of the slope increased the most—from 58.8% to 78.9%. The reason for the sudden change in the water content was that the original structure of the diatomaceous earth was destroyed by the borehole construction at the measurement point [38], and the backfill was not dense, resulting in rapid infiltration after the rainfall began; thus, the water content increased abruptly;



	
The diatomaceous earth slope was excavated during artificial rainfall simulation, and rainfall infiltration was assessed. The diatomaceous earth flowed only within the range of 0.02–0.1 m from the surface of the slope, and the following diatomaceous earth structure was complete. Rainwater could not penetrate into the lower diatomite layer, and the measured water content was the same as that before rainfall, as shown in Figure 9c. This phenomenon is consistent with the results of the indoor hydraulic property observation test, again showing that natural diatomaceous earth experiences no obvious impact after encountering water;



	
In the week before the end of the alternating dry–wet simulation, the water contents at 0.2 m on the two types of slopes remained stable, and subsequently fluctuated greatly. Approximately two and a half months after the end of the alternating dry and wet simulation, the water content at 0.5 m was greatly affected by the climate. The analysis shows that this occurred due to the initial fissures in the diatomaceous earth produced by the alternating dry and wet external environment. Over time, the fissures gradually developed from the surface of the slope to these two locations [39].



	
After the alternating dry–wet simulation, the water contents at the top of the two types of slopes and at depth greater than 0.5 m remained stable, and the range of change was small, indicating that the soil at the measuring point reached a saturated state; this phenomenon is consistent with the analysis obtained by Zhao [40], and occurs due to the hindering of the evaporation of water vapor by the surface soil. Consequently, the lower soil is less affected by the natural environment, and the water content remains stable.









5.2. Horizontal Displacement Analysis


By reading the monitoring data of the automatic acquisition instrument, the monitored horizontal displacement distribution of each section on the two types of slopes is shown in Figure 10a,b, and the following are indicated:



On a slope with a ratio of 1:2, the monitored horizontal displacements at the depths of 0.75 m, 2.75 m, and 4.75 m at the top of the slope exhibited an overall increasing trend with depth, and were 25.7 mm, 10.8 mm, and 6.4 mm, respectively, after stabilization. However, during the dry–wet cycle simulation, the monitored horizontal displacement of the top of the 1:2 slope increased slightly, and a larger increase occurred after the rainfall ended, indicating that the monitored horizontal displacement of the 1:2 slope had a hysteresis effect relative to the rainfall; this phenomenon is similar to the landslide hysteresis effect of loess slopes obtained by Zhang [41]. After the dry–wet cycle simulation, the monitored horizontal displacements at the depths of 0.75 m and 2.75 m on the top of the slope increased to 20 mm and 6 mm, respectively, and temporarily stabilized. A heavy rainstorm occurred in the test area on 4 September, which resulted in a relatively large increase in the displacement of these two places on the slope. The displacement increased from 16.6 mm to 24.5 mm at 0.75 m depth and from 4.5 mm to 9.9 mm at 2.75 m depth, and stabilized at a later stage. However, the horizontal displacement at a depth of 4.75 m on the top of the slope was less affected by the environment, and was always in a relatively stable state, showing that the slope displacement mainly occurred between 0.75 m and 2.75 m from the surface, indicating shallow surface slip.



On a slope with a ratio of 1:1.5, the monitored horizontal displacements at the top of the slope at 0.75 m, 2.75 m, 4.75 m, and 6.75 m were 51.3 mm, 13.9 mm, 10.5 mm, and 7.4 mm, respectively. The horizontal displacement of the slope top mainly occurred on the shallow surface within 0.75–2.75 m, and the displacement increased abruptly at a depth of 0.75 m during the dry–wet cycle simulation. The main reason for this increase was that the slope with a ratio of 1:1.5 was relatively steep. After rainfall, the slope formed a relatively rapid current, which caused the shallow surface soil on the slope to produce larger displacements; this is consistent with the analysis obtained by Zhang [42]. The displacements of the slope top and the slope toe were not synchronized. The slope top displacement occurred only during the dry–wet cycle simulation, while the slope toe displacement continued to occur and gradually stabilized after 1 October. This phenomenon occurred because the top of the slope was mainly affected by the shallow surface displacement caused by rainfall, and the foot of the slope was mainly affected by the overall displacement of the top of the slope, so it gradually stabilized in the later stage.



Comparing the 1:2 and 1:1.5 slopes, the horizontal displacement of the top surface of the 1:2 slope was much smaller than the horizontal displacement of the top surface of the 1:1.5 slope. The displacement difference between the surface layer and the bottom layer of the 1:2 slope was smaller than that of the 1:1.5 slope, indicating that the overall working performance of the 1:2 slope was stronger [43].




5.3. Lateral Earth Pressure Analysis


By reading the monitoring data of the automatic acquisition instrument, the monitored distribution pattern of the lateral earth pressure on each section of the 1:2 slope and 1:1.5 slope is shown in Figure 11a,b.



On a slope with a slope ratio of 1:2, the earth pressure at 0.5 m from the top of the slope continued to increase until it stabilized on 4 October, and the earth pressure at 1.5 m from the top of the slope gradually increased in the initial stage. Then, the earth pressure remained stable and experienced small fluctuations. The observations indicate that no significant change in earth pressure occurred after the artificial rainfall. An analysis of the reasons shows that artificial rainfall did not penetrate the slope, and had no effect on the internal earth pressure of the slope [44]. The earth pressure at the top of the slope at 0.5 m was greater than the earth pressure at the top of the slope at 1.5 m, mainly because of the continuous accumulation of gravel on the top of the slope, which caused the earth pressure at the top of the slope to increase continuously [45]. The burial depth at 1.5 m was larger, and the impact of the piled load on it was small, as shown in Figure 11c.



On a slope with a ratio of 1:1.5, the lateral earth pressure at the top and toe of the slope both increased in the early stage, and gradually stabilized in the later stage. However, the R1 section at the top of the slope still fluctuated slightly after being stabilized. It may be the case that the piled load on the top of the slope tended to be stable in the later stage; however, every day, there were new abandoned slags, and some of the abandoned slags were used for filling; thus, a small fluctuation in the stacking load occurred, as shown in Figure 11c. An analysis of the earth pressure during artificial rainfall simulation showed that the artificial rainfall had no obvious impact on the 1:1.5 slope, indicating that the artificial rainfall did not penetrate into the interior of the 1:1.5 slope.




5.4. Groundwater Level Analysis


The groundwater level observation point of the test site was buried 6.5 m below the toe of the slope. As shown in Figure 12, no significant change in the groundwater level occurred before or after rainfall. The figure shows that the rainfall did not penetrate into the diatomaceous soil slope, and the groundwater level did not rise overall [46,47].




5.5. Crack Analysis


To study the process of crack development in diatomaceous earth under the action of an external environment, it is necessary to constantly observe the changes in cracks during the test. Field observations and measurements after the end of the test showed that the crack widths of the 1:2 slope were 10–25 mm, and the crack depths were 50–60 cm, while for the 1:1.5 slope, the widths of the cracks in the slope were 10–20 mm, and the depths of the cracks were 40–55 cm, as shown in Figure 13. The development process of the above cracks was as follows:



Diatomaceous earth has a high water content and low permeability [48,49]. Natural diatomaceous earth with a high water content after slope excavation is exposed to the natural environment, and water evaporates quickly under sunlight. Due to the high surface temperature, the water evaporates quickly, the internal diatomaceous earth is affected by the surface layer, and the water of that layer has difficultly evaporating, resulting in a large difference in the upper and lower water contents, and leading to initial cracks [50,51]. Under the action of rainfall, the surface diatomaceous earth forms a hard shell layer because of rainwater, and the rainwater enters the cracks, which intensifies the development of the cracks. Because of evaporation, the fissures develop rapidly, and the integral diatomaceous earth slope is cut into several small pieces. This process is consistent with the above water physical property test results of diatomaceous earth. Because diatomaceous earth has a certain bedding structure, diatomaceous earth disintegrates from a monolithic soil layer into large rocks because of evaporation. Then, it breaks down into small rocks, which intensifies the infiltration of rainwater. If this process continues, under long-term alternating dry and wet conditions, the shallow diatomaceous soil is completely disintegrated, and residual soil is formed at the foot of the slope because of rainfall. The failure mode of the slope is shallow instability failure, as shown in Figure 14.





6. Conclusions


In this paper, based on the newly built Hangzhou–Taizhou high-speed railway diatomaceous earth natural slope test section, indoor tests, in situ comprehensive monitoring, and fissure observation, as well as other methods, the following conclusions were obtained:




	
The hydrological properties of diatomaceous earth in the Shengzhou area are extremely poor, and natural diatomaceous earth samples do not change significantly when exposed to water. The disintegration resistance index values are 89.6–92.8%, and the disintegration resistance is strong. After the natural diatomaceous earth samples were dried in the shade, cracks appeared and fragmentation occurred due to dry–wet cycle effects. Then, the samples disintegrated rapidly when exposed to water, with disintegration resistance index values of 1.8–5.6% and an average value of 3.7%. The disintegration resistance was very weak, and the disintegration was strong;



	
A convenient, efficient, and controllable high-speed railway slope artificial rainfall simulation system was designed to provide strong support for the development of alternating dry and wet simulations. During the artificial rainfall simulation period, the diatomaceous earth was in a flowing state within the range of 0.02–0.1 m from the surface of the slope, and rainwater could not seep into the soil. After the alternating dry–wet simulation, cracks developed within the range of 0–0.5 m on the slope, and the water content was greatly affected by the environment. Comprehensive indoor water physical property observations and water content monitoring results show that natural diatomaceous earth has no obvious impact when exposed to water, but it disintegrates and cracks under the action of alternating dry and wet cycles;



	
For the 1:2 diatomaceous earth slope, the monitored horizontal displacements at depths of 0.75 m, 2.75 m, and 4.75 m at the top of the slope were 25.7 mm, 10.8 mm, and 6.4 mm, respectively; for the 1:1.5 diatomaceous earth slope, the monitored horizontal displacements at the depths of 0.75 m, 2.75 m, and 4.75 m at the top of the slope were 51.3 mm, 13.9 mm, and 10.5 mm, respectively; The horizontal displacement of the two types of slopes mainly occurred on the surface within 0.75–2.75 m, indicating shallow slip;



	
After the test, the crack widths of the natural diatomaceous earth slope reached 10–25 mm, and the depth reached 40–60 cm. The natural slope of diatomaceous earth is prone to complete disintegration of shallow soil under the effect of long-term alternating wet and dry conditions, and residual soil is formed at the foot of the slope under the effect of rainfall, resulting in shallow destabilization damage, which greatly affects the safe development of railroad construction;



	
The key to preventing the damage to diatomaceous earth slopes is to protect the original diatomaceous earth, isolate the alternating dry and wet effects of the outside atmosphere on the surface layer of the diatomaceous earth slope, prevent the original diatomaceous earth from producing a water content gradient, and avoid the fissure of the surface layer of the diatomaceous earth slope. In the actual high-speed railroad construction, it is recommended to provide proper protection for diatomite slopes.








Because of the limited number of research years of the authors, the issues that can be further studied in the future are as follows:




	
Since the monitoring time of the field test is too short and the alternating wet and dry action fails to fully develop the slope fissures, it is suggested to monitor the diatomite slope for ~3 years in order to further quantify the influence range of diatomite fissures, and to monitor the displacement, water content, pore water pressure, earth pressure, and groundwater level changes for a long time;



	
On-site fissure diatomite strength tests should be conducted to provide strong support for analyzing the influence of fissures on the stability of diatomite slopes, and the influence of rainfall scouring on the stability of diatomite slopes should be considered;



	
Further numerical simulation and theoretical analysis of diatomite slope stability under the action of alternating wet and dry conditions should be carried out.
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Figure 1. Test site and white diatomaceous earth: (a) Shengzhou diatomaceous earth slope test section; (b) white diatomaceous earth; (c) white diatomaceous earth drilling and construction. 
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Figure 2. Slope failure problem: (a) natural slope with a slope ratio of 1:1.5; (b) penetrating cracks that appear under the alternating action of dry and wet conditions. 
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Figure 3. Natural diatomaceous earth and natural diatomaceous earth after shade-drying to observe the phenomenon of water immersion. 
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Figure 4. Disintegration test results of the two sets of samples: (a) comparison chart showing the disintegration resistance index values of the first group of samples; (b) comparison chart showing the disintegration resistance index values of the second group of samples; (c) comparison chart showing the disintegration rates of the first group of samples (average mass of 151.22 g). 
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Figure 5. Schematic diagram of a convenient, efficient, and controllable high-speed railway slope artificial rainfall simulation system. 
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Figure 6. Site installation of the rainfall system. 
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Figure 7. Dry and wet cycle simulation test: (a) rain at night; (b) dry during the day; (c) rainproof measures. 






Figure 7. Dry and wet cycle simulation test: (a) rain at night; (b) dry during the day; (c) rainproof measures.



[image: Water 14 00831 g007]







[image: Water 14 00831 g008 550] 





Figure 8. Sensor layout (side view). 
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Figure 9. Water content analysis: (a) 1:2 natural slope water content variation trend; (b) 1:1.5 natural slope water content variation trend; (c) excavation of the diatomaceous earth slope. 
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Figure 10. Horizontal displacement analysis: (a) 1:2 natural slope horizontal displacement variation trend; (b) 1:1.5 natural slope horizontal displacement variation trend. 
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Figure 11. Lateral earth pressure analysis: (a) 1:2 natural slope lateral earth pressure variation trend; (b) 1:1.5 natural slope lateral earth pressure variation trend; (c) stacking on the top of the slope. 
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Figure 12. Groundwater level change. 
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Figure 13. Slope fissure diagram: (a) test section on the 1:2 side slope; (b) test section on the 1:1.5 side slope. 
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Figure 14. Natural side slope observation map. 
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Table 1. Literature review table.
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	N°
	Reference
	Research Methods and Content
	Research Findings





	1
	[12]
	Artificial rainfall simulation experiments were conducted on loess slopes to study the damage mechanism of landslides under rainfall conditions.
	Rainfall and landslides on loess slopes have a time lag.



	2
	[13]
	The changes in shear strength, cohesion, and internal friction angle of loess samples under different dry and wet cycles were determined by indoor direct shear tests.
	Under the same dry–wet cycle conditions, the larger the variation range of the water content, the lower the shear strength of the loess sample appears to be.



	3
	[14]
	The influence of pore water pressure on the stability of loess slopes was analyzed by combining field monitoring and laboratory tests.
	Rainfall can reduce the stability of loess slopes.



	4
	[15]
	Indoor tests on loess soils were conducted.
	The permeability coefficient of loess increases after dry–wet cycling, and the dry–wet cycling action causes damage to the microstructure of loess.



	5
	[16]
	Indoor dry and wet cycle tests were conducted on expansive soils.
	The shear strength of expansive soil decreased with the increase in the number of cycles, and finally reached a constant state



	6
	[17]
	Indoor tests on natural expansive soils were conducted in Nanning.
	The effective cohesion, which is an important factor affecting the occurrence of surface damage on expansive soil slopes, was reduced.



	7
	[18]
	Centrifugal model tests were conducted on swelling soil slopes to analyze the changes in slope settlement, horizontal displacement, damage mechanism, and accumulated cracks under alternating wet and dry conditions.
	The accumulation of cracks caused by dry–wet cycles is key to the progressive failure of slopes.



	8
	[19]
	The variation patterns of shear strength parameters of expansive soils under different dry and wet cycles were analyzed by indoor tests.
	The shallow damage of the expansive slope was mainly caused by the dry and wet effects of the natural environment.
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Table 2. Basic physical properties and particle analysis of diatomaceous earth.
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N°

	
—

	
Basic Physical Properties

	
Particle Size Range (mm)




	
Density (g/cm3)

	
Dry Density (g/cm3)

	
Water Content (%)

	
Void Ratio

	
Wp(%)

	
WL(%)

	
Ip

	
0.50–0.25 (%)

	
0.25–0.075 (%)

	
0.075–0.005 (%)

	
0.005–0.002 (%)

	
<0.002 (%)






	
1

	
Maximum value

	
1.73

	
1.58

	
72.11

	
1.70

	
46.45

	
92.88

	
49.30

	
17.1

	
9.7

	
54.3

	
40.9

	
65.1




	
2

	
Minimum value

	
1.55

	
0.64

	
46.66

	
1.13

	
40.60

	
73.80

	
32.65

	
0.1

	
0.3

	
21.4

	
8.9

	
18.7




	
3

	
Average value

	
1.63

	
1.11

	
55.78

	
1.36

	
42.98

	
79.28

	
36.30

	
2.9

	
2.1

	
35.6

	
16.3

	
44.0




	
4

	
Number of groups

	
7

	
7

	
6

	
8

	
7

	
7

	
7

	
8

	
8

	
8

	
8

	
8
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Table 3. Experimental history.
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	N°
	Date
	Test Slope
	Rainfall Intensity
	Daily Rainfall Time





	1
	27 June–2 July
	1:2
	8 mm/h
	15 h



	2
	3 July–4 July
	1:2
	0 (Natural placement)
	0



	3
	5 July–7 July
	1:2
	15 mm/h
	15 h



	4
	13 July–18 July
	1:1.5
	8 mm/h
	15 h



	5
	19 July–20 July
	1:1.5
	0
	0



	6
	21 July–23 July
	1:1.5
	15 mm/h
	15 h
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