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Abstract

:

River floods, dammed lake flood discharge, reservoir discharge, seawater recession, etc. all cause the water level in front of a slope to drop, which changes the original steady-state seepage field in the soil, leading to harmful slope instability. To study this phenomenon, a numerical model was established through theoretical analysis combined with the coupling of the Seep/W and Slope/W modules of the GeoStudio finite element software, and the numerical model was verified by the model test results of indoor medium sand and silt. This paper focuses on the effects when the water level in front of a slope drops at different speeds, different drop ratios, different initial water levels, different filling materials, and matrix suction on the seepage field and slope stability. The conclusions are as follows: (1) the greater the speed at which the water level in front of a slope falls, the greater the downward seepage force formed by the seepage field of the slope to the slope body; (2) the change curve of the safety factor at a higher speed is steeper when the water level falls at different speeds, and the safety factor value when the water level in front of the slope is constant is smaller; (3) the safety factor of the slope decreases with an increase in the drop ratio; when the drop ratio is the same, the loss of stability is worse if the initial water level is lower; (4) when there is a drawdown of water levels in front of the slope, the non-cohesive medium sand slope is more prone to instability failure than the cohesive silt slope; and (5) when this modeling method is applied to matrix suction, the effect of matrix suction increases the safety factor of the slope.






Keywords:


drawdown of water level; slope safety factor; limit equilibrium method; unsaturated–unsteady seepage; model test; GeoStudio












1. Introduction


Landslides are one of the most common geological disasters. In addition to causing heavy economic losses, landslides threaten the lives and safety of the people in the area. Unstable soil slopes cause a large number of landslide accidents [1,2], and 90% of slopes are unstable due to a change in their seepage fields [3]. River flooding [4], dammed lake flood discharge [5], and reservoir discharge [6] can cause the water level to drop in front of a slope. As a result, a large pore water pressure difference is formed between the inside and outside of the slope, which affects slope stability [7,8]. Slopes near rivers and reservoirs are prone to landslides, and there are serious consequences, such as long-distance landslides and flow slip [9,10] because flooding and falling water levels cause unstable seepage fields, and changes in water content within the slope cause the adjustment of matrix suction and slope stress fields [11]. With the construction of a large number of water conservancy projects, slope instability caused by fluctuating water levels has aroused widespread concerns in academic circles [12,13,14,15,16]. There are many methods for analyzing slope stability, including the limit equilibrium method and the finite element method. Many authors [12,17,18,19,20,21,22] have used the traditional limit equilibrium method to analyze the influence of a water level drop on the slope infiltration field and the finite element method to study the influence of a water level drop on stability. Many authors have used the limit equilibrium method to analyze slope stability under different working conditions when the water level falls and studied the unsaturated shear strength model [23,24,25] and the effects of the speed [26,27,28,29] at which the water level drops, the drop height [30,31], and the permeability coefficient [32,33,34] on slope stability. Other authors [34,35] have used the limit equilibrium method to calculate and analyze slope stability based on the two different unsaturated soil shear strength principles of Bishop and Fredlund and compared the results obtained by applying the two different principles. Pakmanesh et al. [36,37,38,39] used the Seep/W module to analyze the seepage field of the slope when the water level drops and verified that the unsaturated model is better at simulating the change in the water level of a dam. A large number of studies [40,41,42,43,44,45,46] calculated the change rule of the slope safety factor when the water level drops using numerical simulation software including Plaxis and FLAC3D and compared the safety factor obtained by transient seepage analysis with that obtained by assuming that the seepage line is a straight line.



Upon analyzing the related research on slope instability caused by falling water levels, it was found that there is little comprehensive research with respect to the influence of different working conditions on the slope seepage field and stability. Therefore, in this study, a numerical model is established through theoretical analysis combined with the coupling of the Seep/W and Slope/W modules in GeoStudio finite element software, and the numerical model is verified by the model test results of indoor medium sand and silt. This paper focuses on the effects when the water level drops at different speeds, different drop ratios, different initial water levels, different filling materials, and matrix suction on the seepage field and slope stability. It provides a reasonable set of reference data to better understand the slope instability caused by a drop in the water level in front of a slope and take more appropriate engineering measures.




2. Unsaturated–Unstable Seepage and Slope Stability Analysis Theory


The drop in the free water level in front of a slope can be divided into three modes [47]: slow drop, sudden drop, and intermediate cases. The pore water pressure in the slope is not able to dissipate quickly when there is a sudden drop or a slow drop–a sudden drop in the water level in front of the slope. As a result, the water level on the slope is higher than that in front of the slope. The penetration force from the inside of the slope to the outside of the slope caused by the pressure difference between the inside and outside of the slope damages the slope, and a landslide accident can occur easily.



The natural flow of water in porous or fractured media such as soil and rock is collectively referred to as seepage. When the soil is saturated, the seepage is stable, and when the soil is unsaturated, the seepage is unstable. Saturated and unsaturated seepage flow is divided into saturated areas and unsaturated areas on the basis of the zero-pressure water headline, that is, the wetting line. Above the wetting line is the unsaturated area, and the pore water pressure shows a negative value, that is, matrix suction. Below the wetting line is the saturated zone, and the pore water pressure is positive. There is a water flow exchange between the saturated zone and the unsaturated zone. Steady seepage means that the basic parameters of seepage at any point in the seepage field do not change with time, and the net flow or the net mass of seepage at any point, that is, the difference between the inflow and the outflow, is equal to zero. Unsteady seepage means that the basic parameters of seepage (water head, velocity, etc.) at any point in the seepage field change with time. The flow rate of seepage through any point is equal to the rate of change of the volume or mass of the fluid flowing into and out of that point over a period of time.



To approximate the falling mode of the water level in front of the slope (from “Seepage Computation Analysis & Control” [47]):




	
When k/μv < 1/10, the wetting surface in the dam still remains about 90% of the total initial water head after the reservoir water level drops.



	
When k/μv > 60, the wetting surface in the dam remains below 10% of the total water head, and the wetting line in the slope is approximately a straight line, which is more consistent with the shape of the wetting line in slow-down mode, and the water level drop is regarded as a slow drop.



	
When the ratio is in the range of 1/10 < k/μv < 60, the mode is the intermediate slow drop–sudden drop category.








In the above, k refers to the slope ratio of the slope, μ is the water supply, and v refers to the speed at which the free water level is falling.



The subsequent research in this paper is based on the water level in the slope lagging behind the head value outside the slope proposed in Ref. [40] to approximately determine the landing mode of the water level in front of the slope.



Free-water level fall will change the original stable seepage field in the slope into an unstable seepage field, and the original saturated area in the slope will also transition into an unsaturated area with time, thus affecting slope stability. At present, the most widely used slope stability analysis method is the limit equilibrium method, which adopts the idea of the slice method: assume several potential slip surfaces, determine the safety factor relative to these slip surfaces, and compare the minimum safety factor corresponding to the most dangerous slip surface. In this paper, the limit equilibrium method is mainly used to analyze slope stability. To analyze slope stability when the water level in front of the slope is falling, first, analyze the unsaturated and unstable seepage field in the slope to determine the position of the infiltration line. Then, taking the infiltration line as the boundary, consider the influence of the change in water content on the matrix suction and weight of the soil.



The natural weight  γ  of the soil in the calculation can be calculated using the porosity  n  and the soil weight    γ s   :


  γ = ( 1 − n )  γ s  + n  s w   γ w   



(1)







In the formula,    s w    is the saturation;    γ w    is saturated gravity.



When the sliding surface of the slope is above the wetting line, it is in the unsaturated zone. Considering the influence of the unsaturated zone in the process of the water level falling, the safety factor of the slope    F s    can be calculated by the following formula [48]:


   F s  =   ∑  c i   l i  +   ∑   n 1     tan  φ i       b i    γ  h  1 i   +  γ  s a t    h  2 i     cos  θ i  −  p  w i    l i    +   ∑   n 2     tan  φ i     b i  γ h cos  θ i  −  p  w i    l i          ∑   n 1      b i    γ  h  1 i   +  γ  s a t    h  2 i     sin  θ i  +   ∑   n 2      b i  γ  h i  sin  θ i         



(2)







In the formula,    n 1    represents the number of soil strips on the slip surface below the wetting line;    n 2    represents the number of soil strips on the slip surface above the wetting line;  θ  is the inclination angle of the bottom surface of the soil strip; h1i is the average height of the first soil strip; h2i is the average height of the second soil strip; bi is the width of the soil strip;    p  w i     is the pore water pressure; li is the arc length of the i-th soil strip;  γ  is the natural weight of the soil; and    γ  s a t     is the saturated weight of the soil. The symbols in the formula are shown in the calculation diagram of the safety factor in Figure 1.




3. Design and Verification of Model Tests and Numerical Simulations


3.1. Slope Model Test


In a model test, the research object is converted into a similar small-scale model and the results obtained from the model test help to indirectly infer the corresponding changes that may occur in the simulated prototype.



In our study, the model test was carried out in a box 2.5 m in length, 1.0 m in width, and 1.2 m in height. The front end of the box was evenly opened with four water outlet holes 2 cm in diameter, and the front end was connected with a rotor water meter with a flow rate of 5 L/h to control the speed at which the water level fell (Figure 2). In this test, we used a micro earth pressure sensor with a diameter of 30 mm, a thickness of 7 mm, and a range of 0.1 MPa and a micro-osmometer with a diameter of 30 mm, a thickness of 6 mm, and a range of 0.05 MPa. In addition, we used a high-definition digital camera to observe the displacement of the marker points when landslide failure occurred. In the model test, medium sand and silt were selected as the materials for simulation (Figure 3).



Its basic physical property distribution was obtained through indoor geotechnical tests, see Table 1.



The medium sand slope and the silt slope were layered by the unified control density method. Part of the working conditions involved in the model test in this paper is shown in Table 2.



The earth pressure box and the osmometer were buried in the layered filling slope through a PVC pipe, and the slope was cut with a scraper to obtain the required slope shape. A camera was used to monitor the change in the slope surface. To minimize the influence of the sensor buried in the soil on the slope behavior, the instrument layout was layered and buried in different positions. Six groups of earth pressure cells and six groups of micro-piezometers were arranged on the slope. Figure 4 presents the sensor layout for medium sand slopes, and Figure 5 displays the layout of the silt slope sensors.




3.2. GeoStudio Numerical Simulation


Due to the limitations of test conditions, the indoor model test cannot completely and accurately collect the dynamic changes in each point on the slope under the condition of free-water level fall.



In this paper, we coupled the Seep/W and Slope/W modules in the GeoStudio finite element analysis software using the Seep/W module to calculate the seepage field of the soil slope when the water level in front of the slope dropped and the variation law of the internal wetting line of the slope and then coupled the calculation results of the Seep/W module with those of the Slope/W module to calculate the safety factor of the slope model when the water level dropped before the slope. Therefore, we were able to simulate the slope seepage field and slope stability when the water level dropped before the slope [49]. Figure S1 (in Supplementary Materials) displays the size of the model and the division of the finite element calculation grid. We coupled the Seep/W and Slope/W modules to study the effects when the water level fell at different speeds, different drop ratios, different initial water levels, different permeability coefficients, and matrix suction on the seepage field and stability of the slope.



In the numerical simulation analysis, the bottom boundary and the boundary on the right were set as impervious boundaries, the top of the model was a free boundary, and the left side of the model was the water level change boundary, and the change in its water level was the same as the change in the water level of the actual design. In the process of drawdown of the water level before the slope, a key issue is the treatment of the unknown seepage surface boundary and the setting of slope boundary conditions. To solve the problem, the Seep/W module “corrects” boundary nodes. The basic idea is as follows: Consider the simplest case that the boundary flow along the seepage surface is 0. In this case, the boundary conditions along the entire potential seepage surface are set to Q = 0 (flow type), indicating that there will be no additional flow into or out of these nodes, and the sum will be checked for this given condition. At the end of the first iterative step after calculating the head along all nodes on the potential seepage surface, Seep/W checks to see whether there are nodes with positive pressure (H > node’s elevation). Because the pressure at the nodes is not allowed to exceed 0, the presence of positive pressure on the surface indicates ponding, which cannot happen on a sloping boundary where water will flow away rather than the pond. However, the given boundary condition of Q = 0 physically means that the water is going to flow out of the system and thus is incorrect. For the water to flow out, Seep/W converts the boundary condition of the node where there is positive pressure to the H = y coordinate (zero water pressure) of the head type and calculates the new result.



Darcy’s law derived from the steady seepage field is also applicable to the unsaturated seepage field caused by the falling water level in front of the slope. The difference is that the permeability coefficient of saturated soil is constant and that of unsaturated soil is a variable value. In addition, due to the existence of the unsaturated zone and the existence of gas in the pores, negative pore–water pressure, that is, matrix suction, appears on the slope. As the volumetric water content of the soil in the unsaturated zone decreases, the amount of gas in the pores increases gradually, the suction of the matrix increases, the cross-section of water passing through gradually decreases, and the permeability of the soil gradually decreases. At the same time, due to the existence of matrix suction, according to theoretical analysis, the shear strength of the slope will be improved. Therefore, considering the characteristics of the unsaturated zone, in the process of numerical analysis, the change in the permeability coefficient with time and the influence of matrix suction on slope stability were considered.



To verify the validity of the established model with respect to slope stability assessment, a classic example given in [50] was analyzed. Figure 6 shows a soil slope; the calculation parameters of the slope geometry and soil are c′/γH = 0.05, φ = 20°, and the slope ratio is 1:2. The bottom boundary is the impermeable boundary. The slope stability was analyzed under the conditions of different drop ratios of the free water level (d/H, where d is the drop height of the water level before the slope, and H is the slope height). This example does not consider the effect of matrix suction on the shear strength of the soil, and the drawdown of the water level pattern remains consistent with the literature, that is, it is assumed that the infiltration line is straight and falls synchronously with the reservoir water level. In this paper, the safety factor when d/H = 0.7 is 1.309, and the safety factor when d/H = 1 is 1.401. According to [50], the safety factor at d/H = 0.7 is 1.309 and the safety factor at d/H = 1 is 1.4. The analysis results obtained in this paper are in good agreement with the results, which proves the effectiveness of the modeling method used in this paper.



The above example assumes that the wetting line is a straight line (slow drawdown). The example does not consider the hysteresis of pore pressure in the slope caused by the drop in the free water level. Jia [49] assumed that the water head of the boundary on the left was fixed and analyzed the seepage field and stability of the slope in the case of a sudden drop in the water level of the boundary on the right. To further verify the validity of the established model in transient analysis, the same model was analyzed and studied.



The change in the stability of the slope from the top of the slope to the bottom of the slope was analyzed. The moment the water level before the slope drops to the bottom of the slope, the safety factor of the slope, is 0.788 because the water pressure inside the slope has no time to dissipate. However, the pore pressure in the slope dissipates continuously, the infiltration line in the slope changes constantly, and finally, the safety factor when the seepage flow is stable, and its value is 0.989. These results are in good agreement with the results in the literature [49] (safety factor = 0.80 at the initial time of the slope, and landslide and safety factor = 0.992 when the seepage is stable).




3.3. Comparison and Verification of Model Test and Numerical Simulation Results


From the model test, the data obtained from the medium sand model test with a slope ratio of 1:2 and the silt model test with a slope ratio of 1:0.7 were selected for analysis. It can be seen from Table 2 that the speed at which the water level drops v = 0.043 cm/s before the slope of the medium sand model test. The model test results of these two different filling materials were compared with the numerical simulation results, as shown in Figure 7. The dotted line in the figure is the numerical simulation calculation value. From Figure 7, it can be concluded that the variation law of the seepage field of the slope measured by the test is in good agreement with the results obtained by the numerical analysis using the Seep/W module during the drop in the water level in front of the slope.





4. Analysis of Influence of Water Level Fall on Slope Stability


The drop in the water level in front of the slope will inevitably cause a continuous change in the seepage field of the slope, and the stable seepage field in the original slope will become an unsaturated and unstable seepage field, that is, there will be a redistribution of pore water in the slope with the change in the water level in front of the slope. The stability of the slope will change with the dissipating hydrostatic pressure outside the slope and the dissipating speed of the pore water pressure inside the slope. Comparison and verification of the model test and numerical simulation results in Section 3.3 and the calculation results of the relevant examples in Section 3.2 prove that the numerical model established can better reflect the variation law of the seepage field and stability in the slope during the drawdown of the water level in front of the slope.



The stability of a slope with a given geometry is influenced by the change in the drawdown of the water level speed outside the slope, the drawdown of the water level ratio, and the mechanical parameters of its soil. To highlight the influence of variables on slope stability, this numerical simulation method uses the same slope size model as the model test (Figure S1). The law of change in the seepage field of the slope and the stability of the slope when there is a change in single variables, such as the water level drop rate before the slope, the water level drop ratio, and the permeability coefficient, is discussed.



4.1. Analysis of Influence of Water Level Falling Speed on Slope Stability


4.1.1. Influence of Falling Speed on Seepage Field


In the model calculation in this section, the physical and mechanical parameters of the silt in the model test were used for analysis. The influence of five free-water level falling velocities (0.001 cm/s, 0.01 cm/s, 0.05 cm/s, 0.1 cm/s, and 0.5 cm/s) on the seepage field of the slope and the stability of the slope was analyzed. Figure S2 shows the contour maps of pore pressure in the slope corresponding to the initial state and different positions after the water level in front of the slope is stabilized. Under the condition of low-speed drop, the pore water pressure near the slope dissipates faster with the drop in the water level in front of the slope. When the deceleration is 0.5 cm/s, the pore pressure at the trailing edge of the slope remains basically unchanged. When the water level before the slope drops to the bottom of the slope, the pore pressure in the slope has not had time to dissipate, and the lag value of the trailing edge water head reaches 94.3%, i.e., a dissipation of only 5.7%. According to the criteria for judging a sudden drop as described in Section 2 [47], it belongs to the sudden drop category. Compared with the assumption that the wetting line in the slope remains unchanged for the sudden drop condition in engineering practice, the pore pressure near the slope surface is lower than the pore pressure at the trailing edge of the slope in the actual simulation. The infiltration line in the slope does not keep the original straight line unchanged, and the pore pressure near the slope is dissipated to a certain extent. When the drop speed is 0.001 cm/s, the lag value of the trailing edge head is about 14%, which is close to the slow drop described in Section 2.



Figure S3 shows the change in the slope infiltration line when the water level drops by 5 cm as the water level falls from the front of the slope to the bottom of the slope. When the water level in front of the slope is close to a slow drop, the infiltration line in the slope is similar to a straight horizontal line. Therefore, when analyzing the working condition of the water level in front of the slope falling slowly, it is assumed that the infiltration line in the slope is a straight line, the error between the obtained result and the real situation is small, and it has a good reference. Water level fall speeds of 0.1 cm/s, 0.05 cm/s, and 0.01 cm/s are in the transitional range from a slow drop to a sudden drop. The infiltration line in the slope is relatively flat at the initial moment of the water level drop. With the continuous decline in the water level in front of the slope, the seepage gradient of the seepage field of the slope gradually increases and the change is more obvious with the increase in the falling speed.



The water pressure difference in the slope caused by the drop in the water level in front of the slope leads to seepage in the slope from the inside of the slope toward the outside, which threatens slope stability. From the vector diagram of the velocity in the slope in Figure S4, it can be seen that the seepage is from the inside of the slope toward the outside. According to “Seepage Computation Analysis & Control” (Ref. [47]), the seepage force per unit volume of soil along the streamlined direction is proportional to the seepage gradient value. It can be seen that the greater the drop speed of the water level in front of the slope, the greater the downward seepage force formed by the seepage field of the slope to the slope body. At the same deceleration, this mentioned penetration force is greater closer to the slope.



To compare the influence of different drop speeds on the lag value of the water head on the slope, Figure 8 shows a comparison of water levels inside and outside the slope at different positions (x = 100 cm, x = 165 cm, and x = 230 cm) on the slope with different drop speeds. A comparison of the inner and outer water levels of different deceleration slopes from Figure 8 shows that as the deceleration increases, the lag of the water level inside the slope relative to the water level outside the slope is more obvious. A comparison of the water levels inside and outside the slope at different positions on the slope shows that the point close to the slope surface has little effect on the hysteresis phenomenon; the closer the area is to the slope, the more obvious the effect of falling speed on the lag difference of water levels inside and outside the slope.




4.1.2. Influence of Water Level Falling Speed on Slope Safety Factor


Figure 9 shows the curve of the slope safety factor changing with the water level in front of the slope when the water level in front of the slope falls. Due to the unloading of the water pressure in front of the slope and the pore pressure difference formed in the slope, the safety factor of the slope generally decreases with a decrease in the water level. It shows that the front part has a large change rate and a steep curve, and the rear part has a small change rate and a slower curve. A comparison of the curves of the safety factor of different decelerations with the water levels in front of the slope shows that the safety factor of the slope decreases with an increase in the falling rate of the water level in front of the slope. The change curve of the safety factor with a larger drop rate is steeper, and the safety factor of the slope falls faster. Among them, under the condition of deceleration of 0.5 cm/s, the maximum drop in the safety factor during the change in the water level is 37%.



For practical engineering, the variations in the safety factor after the water level before the slope is stabilized are also important. Figure 9 shows the variation in the safety factor of the slope with time after the water level in front of the slope is stabilized under different deceleration conditions. Upon combining Figure 9, it can be concluded that when the water level in front of the slope falls, due to the influence of the unloading of the water pressure in front of the slope and inner slope pressure difference, a seepage force appears from the inside of the slope to the outside of the slope, because of which, the safety factor of the slope decreases rapidly. With the continuous decline in the water level of the slope and the continuous expansion of the unsaturated zone with time, the favorable contribution of the matrix suction to the slope stability gradually becomes obvious and the safety factor of the slope also increases. After reaching the steady state, the safety factor of the slope under different deceleration conditions tends to be a constant and common value.





4.2. Influence of Drop Ratio on Slope Stability


4.2.1. Influence of Drop Ratio on Seepage Field of Slope


The change in the external condition of the falling water level before the slope changes slope stability. In practical engineering, in addition to the change in the falling speed, different drop ratios are involved (L/H, where L refers to the landing height, and H refers to the height from the top to the foot of the slope). To understand the influence of the drop ratio on the seepage field of the slope, Figure S5 shows the pore pressure field in the slope under the same initial water level and the drop ratios of 0.2, 0.4, 0.6, 0.8, and 1.0. Figure S6 shows the pore pressure field in the slope under the same drop ratio for different initial water levels. This pressure field will be analyzed together with safety factor analysis. As can be seen from Figure S5, the larger the drop ratio, the steeper the pore pressure contour line formed in the slope, and the lag of the water level difference inside and outside the slope are more obvious.




4.2.2. Influence of Drop Ratio on Safety Factor of Slope


To investigate the influence of the drawdown of the water level ratio on slope stability, Figure 10 and Figure 11 show the variation in the safety factor of the slope with time under the same initial water level with different drop ratios and under the same drop ratio with different initial water levels. It can be seen from Figure 10 that the larger the drop ratio of the water level in front of the slope, the smaller the safety factor of the slope. When L/H = 1.0, the safety factor of the slope is the smallest.



Figure 11 shows the variation in the safety factor of the slope with time after the water level before the slope is stabilized under the different initial water levels (75–42.5 cm and 42.5–20 cm). An examination of Figure S6 and Figure 11 shows that after the water level before the slope is stabilized, with time, the unsaturated area in the slope continues to expand, and the safety factor of the slope shows an upward trend as a whole, finally tending to a constant value. For the same drop ratio, the safety factor of the slope is large under a high initial water level and small under a low initial water level. When the speed at which the water level is constant, the drop ratio is the same, and the initial water level is low; the slope is more prone to instability.





4.3. Influence of Filling Materials on Slope Stability


4.3.1. Influence of Permeability Coefficient on Seepage Field of Slope


The medium sand slope was selected, and the water level before the slope was decelerated at five deceleration speeds: 0.5 cm/s, 0.1 cm/s, 0.05 cm/s, 0.01 cm/s, and 0.001 cm/s. The internal seepage field and slope stability were analyzed. Combined with the hysteresis law of water level inside and outside the three different deceleration downslopes proposed in Section 2, it can be concluded from the change diagram of the seepage field of the slope in Figures S7 and S8 that for medium sand slopes with a large relative permeability coefficient, when the water level falls at the rates of 0.001 cm/s and 0.01 cm/s, the drop is slow. However, when the water level falls at the rates of 0.05 cm/s, 0.1 cm/s, and 0.5 cm/s, it shows an excessive range from a slow drop to a sudden drop. Among these values, when the maximum falling speed is 0.5 cm/s, it is close to a sudden drop. Comparing the variation law of the seepage field of silt in Section 4.1, it is verified once again that a sudden drop is more likely to occur in a slope with a small permeability coefficient when the water level in front of the slope is falling. The hysteresis phenomenon is more obvious; it is easier for seepage to occur when the slope is not stabilized [51].



To further study the influence of the permeability coefficient on the lag difference of water level inside and outside the slope, Figure 12 shows a comparison of water levels at different points inside and outside the medium sand slope with a large permeability coefficient and a silt slope with a small permeability coefficient when the water level falls at a velocity of 0.1 cm/s.



It can be seen from Figure 12 that the two slopes with different permeability coefficients have basically the same pressure difference between the inside and outside of the slope at the position close to the slope point (x = 100 cm). The change in the permeability coefficient has little effect on the pressure difference between the inside of the slope and the outside of the slope near the slope surface, but the closer the position is to the slope, the more obvious it is that the hysteresis phenomenon will occur in the slope with a small permeability coefficient.




4.3.2. Influence of Permeability Coefficient on the Slope Safety Factor


Figure 13 shows the change in the safety factor of the slope with the free water level during the process of drawdown of the water level in the middle sand slope with a large permeability coefficient.



When the water level in front of the slope drops slowly (v = 0.001 cm/s), the minimum safety factor of the slope appears at the water level of 60 cm in front of the slope, which is 80% of the slope height (Figure 13). With the increase in the falling speed of the water level (v = 0.01 cm/s, v = 0.05 cm/s, v = 0.1 cm/s, and v = 0.5 cm/s) before the slope, the minimum safety factor of the slope also changes. Under the four decelerations, the water level inside the slope has different hysteresis values relative to the water level outside the slope. When the minimum safety factor of the slope occurs at different water level fall speeds, the corresponding water levels are relatively similar, and they are all between 30 and 40 cm in front of the slope. The most unfavorable water level is equivalent to 40% to 53% of the slope height. When the deceleration is equal to 0.5 cm/s, the safety factor of the medium sand slope is reduced by 0.65 and the safety factor of the silt slope is reduced by 0.92. The smaller the permeability coefficient, the slower the rate at which the pore pressure in the slope dissipates, and the greater the decline in the slope safety factor.



Figure 13 shows the variation in the safety factor of the slope with time after the water level in front of the slope is stabilized until the seepage in the slope reaches a steady state. The variations in the slope stability with the free water level in the later stage of the water-level drop are similar between the medium sand slope and the silt slope. The principle is that the thrust of the water on the slope in front of the slope no longer changes, resulting in a gradual decrease in the pressure difference and permeability between the inner and outer pores of the slope, the continuous expansion of the saturation area, and the continuous expansion of the contribution of the matrix suction to the slope stability. Therefore, the slope safety factor gradually increases. After reaching the steady-state seepage, the safety factor of the slope under different water level fall speeds tends to a constant value. Comparing the change in slope stability of the medium sand slope in the later stage of the drawdown of the water level in Figure 13 and the change in the slope stability of the silt slope in the later stage of the drawdown of the water level, it can be concluded that due to the good permeability of the medium sand slope, the retention in the slope is low. The pore pressure difference dissipates rapidly with time, and within a short time after the water level before the slope stabilizes, the seepage in the slope reaches a stable state and the slope safety factor does not change.



Different from the silt slope with a small permeability coefficient (where the safety factor first decreases and then increases), in the case of the medium sand slope, the safety factor continuously decreases with the drop in the water level in front of the slope in the process of the drawdown of the water level, which is consistent with the conclusions drawn by some scholars [51,52,53] in the research on the influence of water level changes in front of the slope on the slope stability. Among them, the study performed in Ref. [53] used the traditional saturated soil theory to study the safety factor when the water level in front of the slope drops when the permeability coefficient is a single variable. However, it is not clearly pointed out that the trend that the slope safety factor first decreases and then increases is only applicable to slopes with large permeability coefficients. The study in Ref. [54] pointed out that the fact that the safety factor first decreases and then increases during the drawdown of the water level in front of the slope is only applicable to a slope with a large slope permeability coefficient. However, in practical engineering, the permeability coefficients will be quite different when the soil quality is different, but a single change in the permeability coefficients is not convincing. In this section, the physical and mechanical parameters of medium sand with a large permeability coefficient and silt with a small permeability coefficient measured indoors were selected. A comparison of the variation law of the slope safety factor with the water level before the slope of two different filling materials when the speed at which the water level falls is constant is shown in Figure 9 and Figure 13. It is concluded that (1) for slopes with low permeability, the safety factor of the slope decreases gradually with the drop in the water level in front of the slope, and this law is not affected by the drop speed of the water level in front of the slope and (2) for slopes with high permeability, the safety factor of the slope first decreases and then increases during the water level drop in front of the slope.






5. Practical Application of Modeling Methods


Matrix suction is a special variable in unsaturated soil that changes with a change in the water content in a slope. In saturated soil, the suction of the matrix is zero, and the drop in the water level before the slope makes the original saturated soil transition into unsaturated soil. Therefore, in the analysis of seepage and slope stability, the special variable of matrix suction in unsaturated soil can be considered to make the results more reasonable.



Due to the characteristics of matrix suction in the unsaturated zone, according to the theory of unsaturated soil shear strength, the shear strength of soil will be improved to a certain extent due to matrix suction. To study the influence of matrix suction on slope stability, three drop speeds 0.5 cm/s, 0.05 cm/s, and 0.001 cm/s were selected, representing sudden drop, slow drop–sudden drop, and slow drop, respectively. Under working conditions, the safety factor of the slope was compared and analyzed after the water level in front of the slope dropped. The calculation results according to different classical methods are presented in Table 3.



It can be seen from Table 3 that with an increase in the speed at which the water level in front of the slope falls, the safety factor of the slope gradually decreases, which is the same as the results obtained in the previous analysis (Figure 9 and Figure 13). The safety factor is larger when the influence of matrix suction on slope stability is taken into account than when it is not considered. This is because the effect of matrix suction increases the shear strength of the slope and the safety factor. With a decrease in the speed at which the water level in front of the slope falls, the difference in the safety factor obtained by considering the matrix suction and without considering the matrix suction gradually increases. This is because under the condition of a relatively small deceleration, after the water level before the slope is stabilized, the unsaturated zone formed in the slope is large, and the influence of the matrix suction on the slope stability also increases. It can be seen that when the water level in front of the slope drops slowly, the safety factor of the slope increases to a certain extent when matrix suction is considered. In the engineering safety calculation, its influence on slope safety can be properly considered, and the safety factor when matrix suction is considered is used as a safety reserve.



Comparing different limit equilibrium methods, it can be seen that the Bishop method, which considers the normal force between bars to satisfy the moment balance, and the Morgenstern–Price method, which considers all the interbar forces to satisfy the moment balance and the force balance at the same time, have relatively similar safety factors. The safety factor is relatively small when we consider the normal force between strips and ignore the shear force between strips. The Janbu method only satisfies the force balance condition, and the traditional segment method ignores all the interstrip forces and only satisfies the moment balance equation. This is consistent with [54], as per which, under high pore water pressure, the results obtained by the traditional slicing method are relatively small and have large errors. Under the condition of the drawdown of water levels before the slope, it is more suitable to use the Morgenstern–Price method and the Bishop method for analysis, but in engineering practice, from the perspective of engineering safety, the slope stability obtained by the Janbu method and the traditional slicing method is not suitable for analysis. The results of the analysis should be properly considered.




6. Conclusions


In this paper, the reliability of the numerical model is verified by the test results of two indoor models, one of medium sand and one of silt. Through theoretical analysis combined with the GeoStudio finite element simulation calculation method, the effects of different speeds at which the water level falls, different falling ratios, different initial water levels, different filling materials, and matrix suction on the seepage field of the slope and the stability of the slope are emphatically studied. The following conclusions are drawn:




	
When the water level in front of the slope falls at different speeds, the greater this speed, the greater the downward seepage force formed by the seepage field of the slope to the slope body. When the water level in front of the slope falls at a constant speed, the penetration force is greater at the position closer to the slope.



	
When the speed at which the water level before the slope falls increases, the safety factor of the slope decreases. When the water level in front of the slope falls at different speeds, the change curve of the safety factor is steeper when the speed is more, and the safety factor value of the same water level before the slope is smaller. The safety factor of the slope when the water level falls at a speed of 0.5 cm/s (as studied in this paper) has a maximum falling range of 37% during the water level change process.



	
With an increase in the drop ratio, the safety factor of the slope decreases. When the drop ratio is constant, the loss of stability is worse if the initial water level is lower. Due to the difference in soil mechanical properties, under the condition of the drawdown of water levels in front of the slope, the noncohesive medium sand slope is more prone to instability failure than the cohesive silt slope.



	
When this modeling method is applied to matrix suction, it is found that the effect of matrix suction increases the safety factor of the slope. When the speed of the fall of the water level in front of the slope decreases, after the water level in the front of the slope is stable, the unsaturated area formed in the slope is larger, and the influence of the matrix suction on the stability of the slope also increases.
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Figure 1. Sketch map for calculation of safety factor. 






Figure 1. Sketch map for calculation of safety factor.



[image: Water 15 00216 g001]







[image: Water 15 00216 g002 550] 





Figure 2. The layout of the model box and marking points: (a) model box; (b) mark point arrangement; (c) instrument burial. 
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Figure 3. Medium sand and silt: (a) medium sand; (b) silt. 
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Figure 4. Micro-osmometer and embedded position map of earth pressure box in model test of medium sand slope (m). 
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Figure 5. Model test of silt slope osmometer, earth pressure box buried location map (m). 
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Figure 6. Slope dimension diagram of an example studied after [50]. 
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Figure 7. Comparison of results of different soil model tests and numerical simulation: (a) medium sand; (b) silt. 
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Figure 8. Comparison of water levels inside and outside of the silt slope with different deceleration slopes: (a) x = 230 cm; (b) x = 165 cm; and (c) x = 100 cm. 
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Figure 9. Variation of the safety factor of silt slope with different influence conditions under different water levels: (a) falling speed; (b) time. 
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Figure 10. Changes in slope stability with time for different drop ratios after the water level stabilizes. 
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Figure 11. Changes in slope stability with time at different initial water levels after water level stabilization. 
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Figure 12. Variation of pore pressure at different points in slopes with different materials: (a) x = 100 cm; (b) x = 140 cm; (c) x = 180 cm; (d) x = 220 cm; and (e) x = 250 cm. 
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Figure 13. The safety factor of medium sand slope varies with different influence conditions under different water levels: (a) falling speed and (b) time. 
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Table 1. Physical and mechanical parameters of soil material in model test.
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	Soil
	Natural Weight γ (kN/m3)
	Permeability Coefficient k (cm/s)
	Cohesion c (kPa)
	Friction Angle φ (°)





	Medium sand
	19.4
	2.4 × 10−2
	0
	32



	Silt
	23.0
	1.9 × 10−4
	1.92
	23
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Table 2. Model test part working condition table.
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	Filling Material
	Slope Ratio (Height: Width)
	Slope Height (cm)
	Landing Velocity (cm/s)
	Drop (cm)





	Medium sand
	1:2
	75
	0.043
	54



	Silt
	1:0.7
	90
	0.15
	46
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Table 3. Comparison of the influence of matrix suction on the safety factor of the slope.
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V (cm/s)

	
Bishop

	
Janbu

	
Ordinay

	
Morgenstern–Price




	
Yes

	
No

	
Yes

	
No

	
Yes

	
No

	
Yes

	
No






	
0.5

	
1.555

	
1.553

	
1.432

	
1.428

	
1.449

	
1.446

	
1.553

	
1.550




	
0.05

	
1.606

	
1.594

	
1.485

	
1.458

	
1.493

	
1.469

	
1.604

	
1.592




	
0.001

	
1.762

	
1.713

	
1.654

	
1.559

	
1.660

	
1.597

	
1.761

	
1.711








Note: “Yes” in the table refers to the calculation result considering the influence of matrix suction, and “No” means the calculation result without considering the influence of matrix suction.
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