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Abstract

:

Due to rainfall infiltration, slope instability becomes frequent, which is the main reason for landslide disasters. In this study, the stability of slope affected by rainfall was analyzed using an indoor model test and geo-studio simulation method, and the variation law of phreatic line, seepage field, the most dangerous sliding surface, and safety factor with time were studied under rainfall infiltration. Research results showed that under the effect of rainfall, the slope failure presented a typical traction development mode. With the increase of time, the phreatic line of the slope kept rising, the water head keeps increasing, the seepage depth in the slope became deeper, and the slope stability worsened until the slope was damaged. The water head height decreased gradually from the slope left boundary to the right, and the water head width decreased gradually. The soil at the slope back edge was damaged, and the sliding soil accumulated at the slope foot, forming a gentle slope, which increased the shear strength of the slope, making the slope finally reach a stable state. In this process, the overlying soil changed from an unsaturated state to a saturated state, the pore water pressure and soil pressure increased, and then the slope was damaged, both of which decreased. Under high rainfall intensity, the slope was damaged, the soil in the slope was rapidly saturated, and the time required to produce the sliding area was short. When the rainfall intensity was the same, the smaller the slope angle was, the smaller the safety factor was. When the slope angle was the same, the greater the rainfall intensity was, the smaller the safety factor was.
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1. Introduction


Under the effect of rainfall over time, changes in the shear strength and matric suction of a slope lead to instability and failure, which can lead to landslides and other geological disasters [1,2,3,4,5,6,7]. More than half of the landslide disasters in China are caused by rainfall [8,9]. Therefore, it is of great significance to evaluate slope stability and take effective measures to reduce the frequency of landslides by studying the seepage field, slope deformation and failure process, and the changes in stress states after rain. Sun Y [10] summarized the effects of slope stability during rainfall. Various scholars have used the finite element seepage analysis [11,12,13], finite element strength reduction method [14,15,16] and limit equilibrium method [17,18,19,20] to analyze the stability of a slope under rainfall conditions. A large number of studies [21,22,23,24] analyzed the seepage field of internal moisture flow inside a slope during rainfall. Many authors [25,26,27,28,29] have studied the failure mechanism of slope instability after rainwater infiltration. Chen Shusheng [30] studied the impact of rainfall and groundwater on slope soil by using the finite element strength reduction method, and compared the results of the finite element strength reduction method with those of the limit equilibrium method. Augusto Filho, O [31] studied the stability analysis of unsaturated soil slope under the condition of unstable seepage, and analyzed the stability of the slope through finite element seepage analysis combined with the finite element strength reduction method and limit equilibrium method. A large number of studies [32,33,34,35] quantitatively described the coupling analysis of seepage and deformation of unsaturated soil through finite element analysis. Wang Y. X. [20] concluded through a numerical simulation that with the increase of rainfall infiltration intensity and time, the sliding failure surface of the slope tends to move to the shallow layer, and the safety factor will decrease. Many authors [36,37,38,39,40,41] analyzed the influence mechanism of soil anisotropy on slope stability under rainfall conditions and determined that the influence of soil anisotropy on stress levels cannot be ignored. Khan et al. [42] studied the mechanism of rainfall intensity on the seepage field, stress strain field and slope stability by combining an unsaturated slope hydraulic coupling theory and a numerical simulation method. Jing Xiaofei [43] considered the migration of the slope angle to the wetting front under rainfall conditions, and studied, in depth, the influence of slope angle on the rainfall slope. Wang Shuhong [44] determined from ABAQUS that the change in slope stability during rainfall is mainly controlled by upstream cracks. Li Gang et al. [45,46,47] applied a strength reduction method to analyze and calculate the slope internal seepage during rainfall conditions and simulated the natural engineering of slope instability and construction excavation.



From a review of the current research, there is little research on slope failure mechanism and internal stress state of slope soil under rainfall. Therefore, it is necessary to further carry out model tests of rainfall infiltration on slope stability and carry out corresponding numerical simulation analyses and verification. In this study, through an indoor model test and geo-studio simulation method, the stability of a slope affected by rainfall was analyzed. The variation law of phreatic line, seepage field, the most dangerous sliding surface, and safety factor over time were also studied under rainfall infiltration, and the failure process of a slope under rainfall was analyzed.




2. Slope Model Test Design


2.1. Device for Slope Model Test under Rainfall


For the research on slope instability and failure, in view of the shortcomings of imperfect theoretical research and long prototype test cycle and high cost, a simple and intuitive small-scale conventional mechanical model test was developed in a relatively short time period and has gradually become a reliable research method.



A model test box of 2.0 × 1.0 × 1.2 m was selected for testing the change in water level of the slope under the effect of rainfall, and a grid with a spacing of 10 cm was drawn on the side wall to monitor the deformation and damage of the slope. PVC pipes were set up in 11 rows at the top to simulate the rainfall process, and four 20 mm round holes were cut out at the front of the box.




2.2. Slope Fabrication and Instrument Burial


The process of making the physical model used in this test is described as follows:




	(1)

	
A layered filling method was used to make the slope;




	(2)

	
Before layered filling, roughen the whole layer;




	(3)

	
A rubber stopper sign was embedded at the designed lateral deformation monitoring point;




	(4)

	
The earth pressure box was placed at the pre-designed layer with the help of a PVC pipe, then backfill and tamp it;




	(5)

	
The fully filled seepage meter was placed at the pre-designed seepage scoring layer with the help of a PVC pipe and backfill and tamp it;




	(6)

	
A scraper was used to form the slope shape required for the test and an inverted filter layer was laid in front of the slope, so as to eliminate seepage water;




	(7)

	
The ring knife sampling method was used to test the slope soil samples after filling. Table 1 shows the parameters obtained in the model test. Figure 1 shows the layered filling of the slope, and Figure 2 shows the layout of the marking points.









In order to mitigate the influence of the placed sensors on the seepage field and stability of the slope, the instrument was buried at different positions in layers. The origin point was the right side of the box on the model, the left direction represented the x-axis, the inward direction was the y-axis, and the upward direction was the z-axis. The earth pressure box was embedded at: a (0.4, 0.4, 0.2), b (0.3, 0.4, 0.5), and c (0.2, 0.4, 0.8); while the osmometer was embedded at: a (0.4, 0.5, 0.2), b (0.3, 0.5, 0.5), and c (0.2, 0.5, 0.8).





3. Mechanism and Result Analysis of Model Test


3.1. Failure Mechanism of Slope under Rainfall


Different rainfall intensities had different effects on slope stability. The rising speed of the phreatic line in the slope increased with an increase in the accumulated seepage water, and the displacement change in the slope was more pronounced. When under rainfall, the time of slope deformation and instability was advanced. The greater the rainfall intensity, the higher the infiltration line was on the slope, and the slope coefficient decreased with time. The deformation process was divided into four stages: the displacement increased gradually; basic stability of displacement; small changes; and destruction.



Under prolonged rainfall, the rainwater would infiltrate the model slope through the broken surface. The amount of water that had not been discharged increased, making the phreatic line in the slope rise. The total pressure of the overlying soil and water continuously increased, increasing the water pressure acting on the potential sliding surface of the slope. At a certain point, the super hydrostatic pressure in the slope increased sharply, the shear strength of the slope dropped suddenly, and the slope was damaged. The permeability coefficient of silt was small, and it took a long time for rainwater to penetrate to the bottom of the slope. At this point, the upper soil mass of the slope was nearly saturated, and constantly collapsing due to the rainfall. With the accumulation of time, the phreatic line in the slope rose, gravitational cracks appeared on the top of the slope and became wider under the action of rainfall, forming the phenomenon of sliding soil. The water greatly reduced the strength of the soil at the foot of the slope. The sliding surface area continuously developed from the toe to the top of the slope, causing cracks under stress, and finally the slope was damaged as a whole.




3.2. Characteristics of the Pore Water Pressure and Earth Pressure


Figure 3 shows the change in pore water pressure in the slope under rainfall.



At 36 mm/h rainfall intensity, the pore water pressure acting on the potential sliding surface of the slope increased, and the readings from the osmotic pressure gauge buried in the slope also increased. The phreatic line in the slope continued to rise. Since the phreatic line was the boundary between saturated and unsaturated soil, the permeability meter reading at the lower part of the slope was greater than that at the upper part. When the entire slope soil mass was saturated, the reading on the osmometer stabilized. When the slope was damaged, the water in the slope was partially drained, and the reading of the osmometer dropped.



Figure 4 shows the change in soil pressure inside the slope during rainfall.



At a rainfall intensity of 36 mm/h, the pressure on the soil mass increased, and the readings on the buried earth pressure box also increased. When the slope was saturated, the reading of the earth pressure box was stable. After the slope stability reached a critical stable state, the slope was damaged, the reading on the earth pressure box decreased, and the sliding soil accumulated at the foot of the slope to form a new gentle slope; this prevented the slope from sliding further thereby increasing the overall shear strength of the slope.





4. Analysis of Numerical Simulation


The change in situation of the pore water pressure and earth pressure in the slope throughout the model test under rainfall was studied. We conducted the related numerical simulation study to analyze the phreatic line, seepage field, safety factor, and variation of sliding surface inside the slope.



The slope was studied through the numerical simulation analysis using the geo-studio software in this paper. The variations of the phreatic line, seepage field, the most dangerous sliding surface, and safety factor over time in the slope were studied.



Slope size, rainfall intensity, and soil parameters of the numerical simulation were the same as that of the experimental slope. The size of the slope is shown in Figure 5. Figure 6 shows the grid distribution of the model.



The initial conditions of transient seepage in the slope were described by distributions of pore water pressure, soil moisture, and matric suction. Under a natural state, the seepage field had a great impact on the count of the saturated-unsaturated results. The bottom of the slope was at a pressure of zero head, the soil was unsaturated, and the steady seepage field distribution was calculated under the rainfall.



Figure 7 shows the hydraulic conductivity function at a permeability coefficient of 1.9 × 10−4 m/s. When the pressure was negative, the moisture of the soil became unsaturated, and the moisture content was reduced. The smaller the negative pore water pressure of soil, the greater the soil ability to transmit the water pressure.



The volume water content function depresses the water volume inside the soil under the influence of the pore water pressure. When the pore water pressure became negative, the soil became unsaturated, and the volume water content began to drop. The content of the soil material was defined as the volume water content, which is a product of porosity and saturation of the soil. The formula is as follows:


  Θ = n  S r   



(1)




where  Θ  is the volume water content, n is the porosity, and    S r    is the saturation.



Figure 8 shows the volumetric moisture content. The negative pore water pressure and volumetric moisture content were positively correlated, and under low negative pore water pressure, the growth rate of volume water content is large.



4.1. Seepage of the Slope at All Times


Figure 9, Figure 10, Figure 11 and Figure 12 show changes of the slope phreatic line and seepage field after 1, 2, 3, and 4 h of rainwater infiltration.



The seepage at 1 h at an intensity of 36 mm/h is shown in Figure 9. The arrows indicate the direction of rainfall infiltration, the colored areas represent the water head equipotential line, and the blue line represents the phreatic line of the water level. The arrows become smaller from the slope surface to center, and finally disappear at the slope center, with a water head height of about 0.08 m. The water head increased gradually from left to right on the slope, the width of its equipotential line gradually decreased, the phreatic line under an intensity of 36 mm/h inside the slope was about 0.2 m, the maximum water head at an intensity of 36 mm/h was below the phreatic line, and the location of minimum water head was between 0.78 m and 1.05 m. We can draw some conclusions through the analysis. The direction of infiltration was perpendicular to the slope surface, the seepage velocity decreased from the slope surface to the interior, there was no infiltration at 0.08 m, some water flowed into the slope, and some water flowed along the surface of slope to the location of the phreatic line. There was unsteady seepage above the phreatic line, there was steady seepage below the unsteady seepage, the infiltration speed was the largest, the water head was the largest, and the water head mainly stayed on the surface of the slope. Under rainfall conditions, the seepage level rose within 1 h, the water head continued to increase during the rainfall, the infiltration depth in the slope increased, unsteady seepage occurred in the slope, and the anti-shear strength began to decrease.



The seepage in the slope after 2 h at 36 mm/h is shown in Figure 10. All arrows are distributed in the interior of the slope, and the arrows decrease in size from the slope surface to the center. The arrow density in Figure 10 is greater than that in Figure 9. The water head gradually dropped from the left side of slope to the right, the width of the water head equipotential line decreased gradually, the width of the slope center in Figure 9 is smaller than that in Figure 10, and the arrows are nearly parallel with the surface of the slope and the base of slope below the phreatic line. The location of the phreatic line was 36 mm/h on the surface of a slope that was approximately 0.5 m. The location of the maximum water head at 36 mm/h was below the phreatic line, and the location of the minimum water head was between 0.65 m and 0.9 m. The seepage occurred throughout the slope in 2 h, and the seepage from outside to inside the slope increased with time. There was unsaturated seepage above the phreatic line, the direction of seepage was perpendicular to the slope surface, the soil was saturated below the phreatic line, the direction of infiltration was parallel to the slope surface and bottom, the seepage downward sharply approached the phreatic line. The width of the water head equipotential lines was more uniform than that of the 1 h case, the curvature of the water head equipotential lines decreased, the width of the water level equipotential lines at low water heads was larger than that at high water heads. The unsteady infiltration was obvious in unsaturated and saturated areas, and the stability of the slope was poor. Some conclusions can be drawn from the analysis. The position of the phreatic line rose after 2 h of rainfall, the water head increased continually with rainfall, the infiltration depth in the slope increased, unstable seepage occurred inside the slope, and the shear strength started to decrease. The slope had poor stability and tended to slide.



The seepage in the slope after 3 h at an intensity of 36 mm/h is shown in Figure 11. The phreatic line was higher after 3 h than after 2 h. The arrows were intensive at the top of the slope, the arrows were perpendicular to the inside of the slope first, then the arrows had a defined angle with the left border, and the width of the colored area increased gradually. The maximum water head at 36 mm/h was located at the bottom of the slope, and the minimum water head in the slope was between 0.62 and 0.82 m. The maximum and minimum water heads changed on the slope surface, but the minimum water head changed dramatically. The direction of infiltration was perpendicular to the slope surface above the phreatic line and nearly parallel to the slope surface and bottom. There was steady infiltration according to the analysis in 3 h. There were steady infiltration and unsteady infiltration in the slope in 3 h. The unsteady infiltration above the phreatic line in the slope was more obvious, the reaction between the water and soil was stronger, the infiltration rate was greater, the stability of the slope was poor, and the anti-shear strength decreased sharply.



The seepage inside the slope within 4 h at an intensity of 36 mm/h is shown in Figure 12. The infiltration is distributed over the surface of the slope, the phreatic line is located between 0.6 m and 1.0 m, and the arrows were perpendicular to the slope surface at the top of the slope. The direction of infiltration was nearly parallel with slope surface and slope bottom. The arrows were increasingly coarse, the infiltration speed of the analysis was large, the equipotential lines were perpendicular to the surface of the slope and distributed evenly, the location of the maximum water head was at the bottom of the slope, and the location of the minimum water head was between 0.67 and 0.98 m.



Changes in the slope soil mass occurred over time in the analysis. First, the phreatic line rose inside the slope, and finally reached the top of the slope. Second, some rainwater slid along the sliding slope surface, while the rest seeped into the slope soil. There was unsteady seepage above the slope phreatic line, and the direction of the seepage was perpendicular to the slope surface. There was steady seepage below the slope surface. Due to the saturated state of the slope’s soil, the seepage direction was parallel to the slope surface or bottom. When the seepage direction approached the phreatic line, it turned sharply downwards. Third, the water head height gradually decreased from the slope’s left boundary to the right boundary. Water head width decreased gradually. Finally, after some time, the seepage overflow point of the slope became higher. The overflow surface of the slope increased in size, the phreatic line of the slope increased in height, the water head increased, the seepage depth in the slope increased, and the slope stability worsened.




4.2. Variation of Slope Stability with Rainfall Time


Figure 13, Figure 14, Figure 15 and Figure 16 show the change in safety factor and potential sliding surface of the slope under rainfall infiltration, over periods of are 1, 2, 3, and 4 h. The most dangerous sliding surface was computed through the slope/w over each period, and the minimum safety factor was found to be 1.075, 0.994, 0.928, and 0.860 for 1, 2, 3 and 4 h, respectively. A safety factor of 1 or above indicates that the slope is stable.



Figure 17 shows that during rainfall, the safety factor of the slope decreased over time. After 2 h, the slope safety factor was less than 1, which indicates that the slope was damaged.



The curve of the slope safety factor indicates many things at different times under rainfall. The safety factor and stability decreased with rainfall. The slope safety factor decreased, the speed of safety factor did not noticeably decrease, and the stability of the slope stabilized. There are a number of possible causes for the change. The water had an effect on the soil due to hydrostatic and hydrodynamic pressure. This made the potential slip surface or slip zone slide through the softened soil. The soil shear strength decreased rapidly, and the internal friction angle was close to 0. Even if the angle of the slope was small, the slope could still slide. The downward sliding force of the slope was increased by the hydrostatic and hydrodynamic pressure. The slope shear strength decreased, and the water content increased in unsaturated soil by rainfall infiltration. The matric suction inside the soil decreased rapidly, the shear strength decreased, the slope safety factor decreased, and the slope was unstable and consequently damaged.




4.3. Analysis of the Failure Mode of Slope Instability


During rainfall, the slope failure presented a typical traction development mode. With continuous rainfall, rainwater seeped into the slope, and when the water level in the slope rose, the lower soil layer was subjected to the pressure from the upper soil layer, the stress and displacement of the soil layer inside the slope gradually reached a critical state, and the slope was eventually damaged. During the downward sliding of the slope soil mass, the sliding soil mass accumulated at the foot of the slope to form a gentle slope, which increased the slope shear strength. The shape of the sliding surface after the test is shown in Figure 18. A series of the most dangerous sliding surfaces at different times were also obtained through numerical simulation according to the phreatic line at each time. The shape of the sliding surface obtained from the test was consistent with that obtained from the software simulation, as shown in Figure 16 and Figure 18.





5. Discussions and Conclusions


In this study, through a model test and geo-studio simulation method, the variation law of phreatic line, seepage field, the most dangerous sliding surface, and safety factor over time was studied under rainfall infiltration, and the failure process of a slope under rainfall was analyzed.



	i.

	
During rainfall, the slope failure presented a typical traction development mode. As the rainfall continued, the rainwater seeped into the slope, the water level in the slope rose and caused the displacement of the soil mass to gradually increase to the critical stable state. The soil layer at the back edge of the slope was damaged, and the sliding soil accumulated at the foot of the slope, forming a gentle slope, which increased the slope shear strength, making the slope finally reach a stable state;




	ii.

	
With the increase in rainfall over time, the phreatic line rose in the slope and finally reached the top of the slope. Some rainwater slid along the sliding surface of the slope, while the remaining infiltrated into the slope soil. There was unstable seepage above the phreatic line of the slope. The seepage direction was perpendicular to the slope surface, while the seepage direction was parallel to the surface or slope bottom. When the seepage direction was close to the phreatic line, it dropped sharply. The water head height decreased gradually from the left boundary to the right boundary of the slope, and the water head width decreased gradually. Over time, the phreatic line of the slope kept rising, the water head kept increasing, the seepage depth inside the slope became deeper, and the slope stability worsened until the slope was damaged. Then, the phreatic line of the slope decreased, and the pore water pressure decreased. In this process, the overburdened soil changed from the unsaturated to the saturated state, and the earth pressure value increased, followed by slope failure, after which the earth pressure value decreased;




	iii.

	
Under high rainfall intensity, the slope was damaged, the soil in the slope was rapidly saturated, and the time required to produce the sliding area was short. The drainage condition was limited by high rainfall. If the soil strain was large at this time, the excess pore water pressure of the soil would be elevated, causing slope failure. Under the action of high rainfall intensity, the slope is more vulnerable to sliding failure;




	iv.

	
According to the geo-studio numerical calculation results, when the rainfall intensity was kept constant, having smaller slope angles resulted in smaller safety factors. When the slope angle was kept constant, the greater rainfall intensity lead to smaller safety factors;




	v.

	
Due to the restriction of the experimental conditions and time, various safety factors affecting slope stability could not be studied. Only the model test of a slope under rainfall was studied, and the centrifugal model test corresponding to the effects of rainfall infiltration on a slope remains an area of further study. It was necessary to ensure that the experimental data corresponded with the analysis and validation of the numerical simulation.
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Figure 1. Model slope fabrication. 
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Figure 2. Slope sign layout. 
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Figure 3. Change in pore water pressure in the slope under rainfall. 
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Figure 4. Change in soil pressure inside the slope during rainfall. 
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Figure 5. Size of slope. 
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Figure 6. Grid distribution of the model. 
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Figure 7. Hydraulic conductivity function at a permeability coefficient of 1.9 × 10−4 m/s. 
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Figure 8. Volumetric moisture content. 
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Figure 9. Changes of the slope phreatic line and seepage field after 1 h of rainwater infiltration. 
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Figure 10. Changes of the slope phreatic line and seepage field after 2 h of rainwater infiltration. 
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Figure 11. Changes of the slope phreatic line and seepage field after 3 h of rainwater infiltration. 
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Figure 12. Changes of the slope phreatic line and seepage field after 4 h of rainwater infiltration. 
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Figure 13. The slope sliding surface in 1 h. 
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Figure 14. The slope sliding surface in 2 h. 
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Figure 15. The slope sliding surface in 3 h. 
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Figure 16. The slope sliding surface in 4 h. 
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Figure 17. The diagram of safety factor under different time under rainfall. 
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Figure 18. The slope sliding surface of the test: (a) the sliding surface of test at initial time; (b) failure mode of sliding surface at the end of slope. 
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Table 1. Physical and mechanical parameters of soil mass.
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	Soil
	Test Weight γ (kN/m3)
	Permeability Coefficient k (cm/s)
	Cohesion c (kPa)
	Friction Angle φ (°)





	Silt
	23.0
	1.9 × 10−4
	1.92
	23
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