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Abstract

:

With the large-scale application of sponge city facilities, the bioretention facility in urban roads will be one of the key factors affecting the safety of construction facilities in areas with abundant rainfall. In this study, by establishing a three-dimensional finite element model for numerical analysis and combining it with geotechnical tests, the effects of bioretention facility on water pressure distribution, seepage path, and slope stability under rainwater seepage conditions are proposed. In addition, this study puts forward the relationship between the parameters of the bioretention facility and the stability of the slope in combination with the effect of runoff pollution control, which provides direction and basis for the planning, design, and construction of sponge cities in road construction.
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1. Introduction


With the rapid development of cities and the advancement of urbanization, non-point source pollution has begun to become the main factor affecting the urban ecological environment [1]. The gradually developed traffic network leads to a substantial increase in the area of impervious underlying urban surface, and the increase in engineering measures and traffic volume leads to an increase in the emission of pollutants such as dust and tail gas [2,3]. During heavy rains, the surface comprehensive runoff coefficient increases, resulting in increasingly serious surface runoff pollution. This has become one of the important hazards affecting the health of urban water bodies [4,5,6]. In order to reduce the flood disaster in the city during the rainy season and create a green and livable urban ecological environment, the United States first proposed the low-impact development (LID), including bioretention facilities, green roofs, permeable pavement, and other measures, which can effectively control rainwater runoff pollution that is the dominant source of pollution [7,8,9]. To play the natural ecological function, restore the urban ecological environment, and realize the natural collection, storage, penetration, and purification of rainwater, China proposed the concept of “Sponge City” in 2014 and issued relevant guidelines [10]. Since then, China has vigorously promoted the construction of sponge cities to reduce or even remove pollutants in rainwater runoff and realize the coordinated development of water resources and cities [11,12].



Bioretention facilities are an important technical measure in the road construction of sponge city. After introducing rainwater runoff formed by road impervious underlying surface into facilities mainly by gravity flow, they utilize the complex physical, chemical, and biological synergies between plants, soil, and filler to purify the rainwater and simultaneously absorb and reduce in situ rainwater runoff of roads to achieve the purpose of controlling the total amount of rainwater runoff and the peak value of runoff, reduce runoff pollution, and restore the natural hydrological cycle of the site [13,14]. In developed countries such as the United States, the research on bioretention technology started earlier, and much research was conducted on the reduction in peak runoff and the removal of pollutants. Therefore, a relatively complete technical system has been formed so far [15,16,17]. Recently, British scholar Maksimovic and his team put forward the concept of “blue-green dream”, which provides innovative methods for urban planning and transformation through the combination of blue-green components and integrated urban design [18]. With the popularization and application of sponge cities, research on bioretention facilities in China is also gradually deepening. Liang et al. (2020) used numerical simulation to analyze the changes in water content and settlement of the foundation in two bioretention facilities with different lengths of anti-seepage membranes [19]. Meng et al. (2013) summarized the effects of design parameters of bioretention facility on the retention effect and purification effect of road rainwater through years of experimental observations [20]. Pan et al. (2012) studied the total amount of rainwater runoff control, peak reduction, and delay effects of different peak flow in bioretention facilities through simulation experiments [21].



The bioretention facility in Sponge City will absorb most of the surface runoff, effectively reducing the probability of urban waterlogging. Road rainwater runoff enters the bioretention facility through the pavement and curb openings. The structural layer of the bioretention facility is usually composed of the water storage layer, planting layer, filter layer, and drainage system, etc. The typical cross-section is shown in Figure 1. The water storage layer is located on the surface of the facility and acts as temporary retention of rainwater runoff. The planting layer plays the role of infiltration and purification of rainwater runoff and preserves part of the rainwater to meet the need for plant growth. The filter layer can store part of the infiltration runoff and enhance the purification effect of the facility. The drainage system at the bottom is usually composed of a gravel layer and perforated drainage pipes wrapped in it, which serves to enhance the hydraulic conductivity and transport properties of the retention zone.



At present, research on bioretention facilities mainly focuses on the purification mechanism of pollutants and runoff regulation effects. However, few studies pay attention to its influence on the seepage and stability of subgrade slopes. Because most of the carriageways and sidewalks are impervious paving, the rainwater grate on the roadway is easily blocked under heavy rain or continuous rainfall. The biological retention facility will become the main rainwater drainage channel on the road. The influx of a large amount of rainwater caused the biological retention facility to reach saturation. The rainwater seeps into the roadbed and the slope, making the soil of the slope that was originally unsaturated gradually become saturated, the shear strength between the soils reduces. This will further lead to the instability of the road slope [22].



Based on the Green-Ampt model, Pradel et al. (1993) accurately derived the function relationship between rainwater seepage depth and rainfall duration by considering rainfall intensity, rainfall duration, the volume fraction of water in slope soil, and the substrate suction of unsaturated soil [23]. Ng et al. (1998) used the finite element analysis method to analyze the transient seepage changes under different rainfall situations and different initial conditions and analyzed the influence of hydrogeological conditions, slope seepage prevention, and rainfall characteristics on slope stability [24]. Sun et al. (2009) established a finite element model and carried out research with examples, considering slope softening includes damage softening and water-induced softening [25]. The results show that with the increase in water content, the increase in rigidity ratio of soil is the main factor leading to slope instability under rainfall conditions.



When rainwater seepage occurs inside the road slope under the action of rainfall infiltration, the water content of the soil increases, and the shear strength decreases, which has a very negative impact on the stability of the slope. Therefore, it is necessary to consider the influence of pore water pressure when analyzing slope stability. The failure of soil slope manifests as local stability failure and overall stability failure. The former is caused by concentrated seepage or seepage gradient greater than critical gradient, which manifests as internal erosion, leading to piping and flowing soil on slope surface. The latter is caused by pore water pressure prevalent in the seepage field because the pore water pressure, especially the excess pore water pressure, causes the shear strength of the soil to decrease, which leads to instability of the entire slope.



This study focused on the influence of sponge road bioretention facility on the stability of subgrade slope and analyzed the water pressure distribution, seepage path, and slope stability under rainwater seepage conditions by combined use of three-dimensional finite element model and geotechnical tests.




2. Materials and Methods


2.1. Road Runoff Infiltration Analysis


H. Darcy, a French engineer, put forward the famous Darcy’s law through long-term observation, experiment, and deduction to describe saturated flow in homogeneous sand columns. According to Darcy’s law (Equation (1)), there is a proportional relationship between the water velocity and hydraulic gradient in the process of saturated soil seepage:


  v = K J ,   J =   d h   d L    



(1)




where  J  is the hydraulic gradient (−),  h  is the hydraulic head (m), and  L  is the length through which the water flows (m). The proportionality coefficient K quantifies the resistance of the porous medium to the movement of the fluid, and it is called the hydraulic conductivity of the saturated porous medium. K was originally referred to as the permeability coefficient [26]. In the International System of Units (SI), K is expressed in m/s, but in the current practice, the most used unit is m/d.



Rainfall infiltration of soil is a movement of water in the gas of the soil. It is a process of two-phase flow, in which water replaces air in the process of infiltration. After the rain infiltrates the slope, the substrate suction field and pore pressure field of the slope are changed, which causes the redistribution and adjustment of the original stress field of the slope.



Based on Darcy’s law and the mass conservation, Richards (1931) formulated the flow equation under transient conditions for a variably saturated porous medium as a function of the water content  θ  and the pressure head [27]. The hydraulic conductivity is a function of the water content (Equation (2)):


  K = K  ( θ )   



(2)







This is the first time that Darcy’s law has been applied to the analysis of water flow in unsaturated soils. The filling of the urban road subgrade generally controls the degree of soil compaction, which ensures the optimal moisture content of the soil and the unsaturated state of subgrade soil. The volume of water and air contained in unsaturated soils is the key factor affecting rain infiltration. Regardless of thermal, chemical reactions, and electric gradients, the driving force of water seepage in unsaturated soils comes from the positional head and the negative pore water pressure in the soil.




2.2. Project Overview


This paper takes the newly-built municipal sponge city road in Chongqing as the research object. The soil layer in the construction site is mainly quaternary Holocene plain fill (Q4ml) and distributed residual Diluvial silty clay (Q4el+dl); the underlying bedrock is composed of interbedded sandstone and sandy mudstone of the Middle Jurassic Shaximiao Formation (J2s). According to the geological prospecting evaluation, there is no adverse geological phenomenon at the site, and the rock and soil are stable. The newly-built road is an urban trunk road with a design speed of 60 km/h. It is a two-way six-lane standard road with a width of 38 m, of which the sidewalk is 7.5 m wide. The side slope of the roadbed is graded every 8 m, of which the bridle-way is 2 m wide, and the slope rate is 1:1.5 and 1:1.75 from top to bottom.



Biological retention facilities are set up between the sidewalk and the curbs of the road and are arranged longitudinally along the road. According to the requirements of the “Sponge City Planning and Design Guidelines of Chongqing”, the total annual runoff control rate in the region is ≥70%, and the rainwater runoff pollutants reduction rate is ≥50%. The biological retention facility adopts a typical cross-section form with a design width of 3.5 m, in which the depth of the water storage layer, the thickness of the planting layer, the thickness of the filter layer, and the thickness of the gravel layer are 20 cm, 50 cm, 10 cm, and 30 cm, respectively. The anti-seepage membrane is in the form of a half-wrap, and the structure layer is in contact with the roadbed to prevent rainwater from entering the range of the roadbed during the process of rainwater seepage, which affects the quality of the roadbed.




2.3. Calculation Conditions


The three-dimensional finite element program MIDAS/GTS is used for the numerical simulation calculation. The software can simultaneously conduct three-dimensional spatial model analysis, stress analysis by stratum structure method, and stress-seepage coupling analysis considering the influence of groundwater on the structure.



The experiment selects a typical roadbed cross-section with a roadway width of 19 m and a roadbed height of 15 m. The transverse range, vertical range, and length range of the model calculation are 55 m, 25 m, and 60 m, respectively. The calculation model regards the rock and soil as an isotropic ideal elastoplastic material and uses the Mohr–Coulomb yield criterion for analysis. According to the size of the model, the bridle-way in the middle of the slope is selected as the control point 1, the slope foot as the control point 2, 8 m depth below the midpoint of the bioretention facilities as the control point 3, and 8 m depth below the midpoint of the carriageway as the control point 4 (Figure 2).



According to the engineering characteristics of road slopes, this study uses solid element tetrahedral meshes to divide the three-dimensional model, which can perform not only stress-strain analysis on subgrade slopes but also conduct stress-seepage coupling analysis considering the impact of rainwater seepage. The grid division simulation method has become a commonly used numerical analysis method in the engineering field, and the calculation results were verified by actual projects with high credibility [28]. The three-dimensional finite element meshing is shown in Figure 2. The boundary conditions are as follows: for the boundary conditions of the three-dimensional model, the displacement on the left and right sides of the model is constrained in the X direction, the displacement in the front and back directions is constrained in the Y direction, and the displacement in the lower part is constrained in the X, Y, and Z directions. Considering that the bio-retention facility and the slope surface are permeable layers, the rainfall boundary conditions are set at the surface of the bio-retention facility and the side slope surface of the roadbed. The rainfall intensity is selected according to heavy rainfall in the same area of the road project [29], the rainfall duration is 24 h, and the rainfall intensity duration curve is shown in Figure 3.




2.4. Model Parameters


In calculation, according to the compactness of compacted fill in the actual project, the value of compactness of subgrade slope is 94%, and the current soil layer is taken as a silty clay layer. Because the clay cover layer has a low hydraulic conductivity compared to the conductivity of the weathered bedrock, the impact of the rainwater infiltration in the rock formation is not considered. The parameters of the planting soil layer in bioretention facility are consistent with those of subgrade fill, in which the parameters of the lower permeable layer are selected according to the gravel material with higher hydraulic conductivity, and the physical and mechanical parameters are selected according to geological engineering investigation and regional experience, as shown in Table 1.



The hydraulic conductivity curves and soil-water characteristic curves of different materials are shown in Figure 4. The initial pore water pressure distribution and provided in the Supplementary Materials.





3. Results


3.1. Influence of Bioretention on Pore Water Pressure


In order to analyze the influence of bioretention facility on pore water pressure distribution of subgrade slope under rainfall, it is considered that the layer below the slope toe is the current silty clay layer and the moderately weathered bedrock layer, and the subgrade slope soil is unsaturated being above the groundwater table.



Figure 5 shows a cloud diagram of pore water pressure distribution of subgrade slope within 48 h after rainfall without and with bioretention facility.



Pore water pressure curves (Figure 6) at different control points show that the pore water pressure of rock and soil increases continuously with the rainfall time. When pore water pressure is negative, it indicates that the rock of the slope is unsaturated, and there is substrate suction. The substrate suction gradually decreases as the water content in the rock and soil increases. When the pore water pressure is positive, the inter-particle voids in the soil are filled with water and are in a saturated state. At this time, the substrate suction is zero.



At the beginning of rainfall (0–6 h), the pore water pressures at the four control points showed an increasing trend under the conditions of no biological retention facilities and biological retention facilities. Compared with the roadbed slope without biological retention facilities, the pore water pressure of control point 3 and control point 4 increased significantly from −2.1 kPa to 28.9 kPa and −1.7 kPa to 24.8 kPa, respectively, under the condition of biological retention facilities. It suggested that the rainwater infiltration of biological retention facilities has a greater impact on the pore water pressure of the sidewalk and the soil under the roadway, and the impact is basically the same.



In the middle and late stages of the rainfall (6–24 h), the increasing extent of pore water pressure at each control point under the two conditions decreased. Under the condition of biological retention facilities, the pore water pressure of control points 2, 3, and 4 increased from 10.8 kPa to 21.0 kPa, from 28.9 kPa to 37.5 kPa, and from 24.8 kPa to 34.0 kPa, respectively, showing a trend of slowly increasing with the rainfall time.



During the 24–48 h after the end of rainfall, the pore water pressure of control points 1, 3, and 4 showed different decreases. A decrease from 3.03 kPa to −15.4 kPa, from 37.5 kPa to 8.3 kPa, and from 34.0 kPa to 7.8 kPa were observed for three control points. The pore water pressure of control point 2 only slightly decreases from 21.0 kPa to 19.6 kPa. It indicates that after the rainfall ends, the pore water pressure of the soil under the slope, pavement, and roadway decreases with the infiltration of rainwater. The rainwater in the slope gradually concentrates on the slope foot along the seepage field after the rainfall ends so that the pore water pressure at the slope foot does not show a significant downward trend.



For control points without a bioretention facility, the pore water pressure values at points 1, 3, and 4 are all negative, indicating that the soil under the slope, pavement, and roadway is not saturated under this condition. While the pore water pressure value of point 2 is positive, which indicates that during the rainfall period, the rainwater is concentrated at the foot of the slope and reaches a saturated state. For control points with bioretention facility, the pore water pressure values are all positive values, indicating that the rainwater seepage through bioretention facility causes the saturation condition of slope surface, pavement, and soil under roadway, and has an obvious influence on the distribution of pore water pressure in subgrade slope.




3.2. Influence of Bioretention on Flow Velocity


Figure 7 is the cloud diagram of the flow velocity distribution of subgrade slope within 48 h after rainfall without and with bioretention facility.



Figure 8 is a graph of the water flow velocity at different control points. In the figure, a positive value means that the direction of water flow is upward along the Z-axis, and a negative value means that the direction of water flow is downward along the Z-axis. The flow velocity curves of different control points were analyzed. In the initial rainfall period of 0–6 h, the flow velocity of control point 1 increased to 9.97 cm/d, control point 2 to 3.52 cm/d, control point 3 to 18.63 cm/d, and control point 4 to 18.74 cm/d. The flow velocity at all four control points increased linearly with the rainfall time, indicating that the slope soil saturated faster in the early rainfall stage, the flow velocity increased greatly, and the water flow at each control point flowed down to the unsaturated soil along the gravity direction. In the middle and late period of rainfall (6–24 h), the flow velocity at control point 1, control point 3, and control point 4 decreased gradually from 9.97 cm/d to 1.45 cm/d, 18.63 cm/d to 10.57 cm/d, and from 18.74 cm/d to 10.19 cm/d under the condition of no biological retention facilities. The flow velocity at control point 2 gradually increased from 3.52 cm/d to 8.21 cm/d, and meanwhile, the flow at control point 2 changed into upward seepage.



Therefore, in the middle and late stages of rainfall, as the slope surface and the inter-particle pore of soil are gradually filled with water, and the rainfall intensity decreases, the internal seepage velocity of the saturated soil gradually decreases. Under the effect of the seepage field, the rainwater seepage from the subgrade slope gradually concentrates at the foot of the slope, causing the increase in water flow velocity at the foot of the slope and upward seepage. After the end of the rainfall (24–48 h), the flow velocity of all control points gradually decreases and approaches zero. Among them, the time required for control point 2 to reduce the flow rate to 0 is longer than that of other control points due to the concentration of rainwater.



Compared with the point without bioretention facility, the changing trend of water flow velocity and direction at the point with bioretention facility is the same, and the flow velocity increases in different degrees. At the beginning of rain, the difference between the flow velocity of each control point under the two conditions is small, indicating that the rainwater seepage of the bioretention facility at the initial stage of rainfall has little effect on the water flow velocity inside the subgrade slope soil. In the middle and late periods of rain, when there is a bioretention facility, the flow velocity at point 2 increased from 2.88 cm/d to 13.93 cm/d, much higher than that at point 1, point 3, and point 4. It shows that the rainwater seepage in the bioretention facility is concentrated at the foot of the slope through the seepage field and generates a greater flow velocity. In addition, the increased value of control point 3 is the same as that of control point 4, indicating that the impact of rainwater from the bioretention facility on the flow velocity of the soil under the pavement and the roadway is the same.




3.3. Influence of Bioretention on Slope Displacement


Figure 9 and Figure 10 show the horizontal and the vertical displacement distribution of the subgrade slope within 48 h after rainfall without and with bioretention facilities.



Figure 11 shows the horizontal and vertical displacement curves of different control points. In Figure 11, the positive value represents the upward displacement along the Z-axis, and the negative value represents the downward displacement along the Z-axis. The horizontal displacement of the slope conforms to the dynamic characteristics of the circular slip of the soil slope and is consistent with the displacement trend of the conventional soil slope [30,31]. With the change in rainfall time, the horizontal displacement and vertical displacement at each control point of the subgrade slope gradually increase.



Under the condition without biological retention facilities, the horizontal displacement of control points 1, 2, 3, and 4 is increased to 25.1 mm, 39.5 mm, 10.7 mm, and 6.8 mm, respectively. The increase in control point 1 and control point 2 was higher, indicating that the horizontal direction of the slope and the soil of the slope toe was greatly affected by the rainwater infiltration during the rainfall seepage process, and the horizontal displacement changed greatly. In particular, the slope toe of control point 2 is subjected to stress concentration and gradual rainwater seepage concentration, and the horizontal displacement is greater than that at the slope of control point 1.



At the same time, vertical downward displacement of 10.1 mm, 17.2 mm, and 17.7 mm at control point 1, control point 3, and control point 4 were observed. The vertical displacement of control point 3 and control point 4 is greater than that of control point 1. The results show that under the action of gravity and osmotic force, the pores between soil particles decrease, and the gravity and osmotic force at control point 3 and control point 4 are higher, so the vertical displacement of soil mass changes greatly. The maximum displacement at control point 2 is 12.6 mm, indicating that the slope toe heave occurs under the effect of stress concentration and seepage.



Twenty-four to forty-eight hours after the rain ends, the horizontal and vertical displacements of each control point increased slightly, which suggested that the slope surface and internal soil particles gradually became compacted under the effect of gravity and seepage force, and the variation in soil displacement decreases. The influence of infiltrating rainwater on the displacement of subgrade slope and internal soil gradually weakened.



Compared with the displacement value of the subgrade slope without biological retention facilities, under the condition of biological retention facilities, the changing trend of the horizontal and vertical displacements of each control point is basically the same, and there are different degrees of increase on the basis of the displacement value without biological retention facilities. The maximum horizontal displacement of control point 1 increased from 25.9 mm to 45.6 mm, the maximum vertical displacement increased from 10.4 mm to 18.5 mm. The horizontal displacement of control point 2 increased from 40.8 mm to 66.1 mm, and the vertical displacement increased from 13.5 mm to 33.2 mm. The horizontal displacement of control point 3 increased from 11.4 mm to 14.8 mm, and the vertical displacement of control point 3 increased from 18.1 mm to 26.1 mm. The horizontal displacement of control point 4 increased from 7.05 mm to 8.31 mm, and the vertical displacement increased from 18.4 mm to 22.8 mm. The increased value of the horizontal and vertical displacement of control point 2 was significantly greater than that of other control points. It is proved that the rainwater seepage in the bioretention facility concentrates on the slope foot through the seepage field and produces greater stress concentration at the slope foot, resulting in a greater displacement of the soil at the slope foot. In addition, the increase in displacement at point 3 is the same as that at point 4, which indicates that the influence of rainwater seepage from the bioretention facility on the horizontal and vertical displacement of the soil under the pavement and the roadway is the same.





4. Discussion


Compared with the rainwater infiltration of traditional roads, obvious differences exist in that of sponge cities. Traditional rainwater runoff infiltration is dominated by areal infiltration. Rainwater runoff is scattered throughout the area, and the amount of infiltration rainwater accepted per unit area is small. However, rainwater runoff in the sponge city is dominated by concentrated infiltration in points and strips. Generally, the service area of the bioretention facility is 5–20 times that of itself, and the amount of infiltration water increases significantly. The confluence of traditional rainwater runoff gradually disappears after the rainfall ends, and the infiltration also ends quickly. However, the rainwater runoff centralized infiltration facility in the sponge city can store a large amount of runoff rainwater. After the rainfall is over, the infiltration continues for a certain time. During heavy rain or continuous rainfall, a large amount of rainwater intensively infiltrates the side slope of the roadbed, which changes the key factors such as the distribution of water pressure on the side slope of the roadbed, runoff velocity, and the hydraulic slope. Consequently, the displacement and stress of the slope change, leading to the change in the stability of the subgrade slope.



Combined with the project situation and the above analysis results, the rainwater infiltration from the bioretention facility increases the pore water pressure and flow velocity of soil in the subgrade slope, making the soil easier to reach saturation. In the saturated state, the substrate suction of the soil is significantly weakened, which leads to a rapid decrease in soil cohesion and internal friction angle and a large increase in horizontal and vertical displacement. Especially at the slope foot where the slope stress is concentrated, the uplift and destruction of the foot are more likely to occur, thus having a greater impact on the stability of the slope.



Different rainwater runoff regulation requirements, subgrade compaction degrees, slope heights, and slope ratios in sponge roads all affect the pore water pressure, seepage velocity, and displacement of the subgrade slope. When it is necessary to increase rainwater runoff infiltration of sponge road or change the size and type of filler of bioretention facility, the rainwater seepage in the bioretention facility leads to a larger impact range of the subgrade slope seepage field, higher pore water pressure and water flow velocity, faster saturation state of the roadbed soil, and higher slope displacement. When the compaction of the subgrade increases, the migration of rainwater seepage becomes more difficult, the expansion speed slows down [32], and the impact range of infiltration rainwater in bioretention facility, pore water pressure, flow velocity, and slope displacement is reduced, and vice versa. The higher slope height and steeper slope rate produce greater stress concentration, resulting in a greater displacement of the slope. The infiltration of rainwater brought by the bioretention facility aggravates this phenomenon, which makes the slope displacement larger, and has a more adverse effect on the stability of the slope.



According to the above analysis, with the spread of sponge cities nationwide, the impact of rainwater seepage from biological retention facilities varies in different regions, different geological environments, and different building types. For example, in sandy soil areas with a high soil hydraulic conductivity, rainwater can seep quickly, making the soil difficult to reach a saturated state, and the impact of rainwater seeping in biological retention facilities on subgrade slopes is relatively small [33]. In the loess area with strong water sensitivity, the infiltration of rainwater makes the loess soaked into collapsibility, the soil undergoes substantial settlement and deformation, and the shear strength of the soil decreases rapidly, causing serious instability and damage to the roadbed slope [34]. In addition, when the biological retention facilities are applied to the surrounding sites of the building, it also has an impact on the basic structure of the building. Infiltration of rainwater changes the effective stress of the foundation soil of the building, increases the additional settlement of the foundation, and causes the building to sink or tilt. Therefore, it is necessary to adjust the layout of biological retention facilities according to the requirements of building settlement [35].




5. Conclusions


The bioretention facility in the sponge city can effectively control the runoff of road rainwater and improve the utilization rate of water resources. At the same time, the rainwater seepage path, water pressure distribution, and water flow velocity of the subgrade slope are changed, and the slope displacement is affected. Some key findings are as follows:




	(1)

	
Compared with the condition without a bioretention facility, the rainwater seepage from the subgrade slope with a bioretention facility linearly increases the water pressure on the surface and foot of the subgrade slope. At the same time, rainwater seepage makes the soil on the slope, pavement, and roadway saturated, which has a significant impact on the distribution of pore water pressure on the subgrade slope;




	(2)

	
In terms of water flow velocity, the bioretention facility at the beginning of rainfall has little effect on the water flow velocity inside the soil of subgrade slope. In the middle and late stages of rainfall, the rainwater seepage through the seepage field is concentrated on the slope foot, which produces a greater flow velocity at the slope foot and is more likely to cause the soil to soften and uplift;




	(3)

	
The overall horizontal and vertical displacement of the subgrade slope gradually increases with the increase in rainfall time. The rainwater seepage in the bioretention facility concentrates on the slope foot through the seepage field, which produces greater stress concentration at the slope foot and results in a greater displacement of the soil at the slope foot.









The bioretention facility has an impact on the water pressure distribution, water flow velocity, and displacement of the subgrade slope. In particular, it causes a large uplift displacement at the foot of the slope, which adversely affects the stability of the slope. This study shows that the suitable width, depth, and structural layer of the bioretention facility should be selected to ensure the safety and stability of the subgrade slope in careful consideration of runoff control effect, subgrade compactness, slope height, and slope rate.
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Figure 1. Cross-sectional view of road bioretention. 
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Figure 2. Finite element mesh model used in this study, 1–4 in the figure indicates the control points in the model. 
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Figure 3. Rainfall intensity over time. 






Figure 3. Rainfall intensity over time.



[image: Water 13 03466 g003]







[image: Water 13 03466 g004 550] 





Figure 4. Hydraulic conductivity (a) and soil-water characteristic (b) curves of different materials. 
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Figure 5. Comparison of water pressure distribution on subgrade slopes without or with biological retention facilities within 48 h after rainfall: (a,b) 6 h; (c,d) 12 h; (e,f) 24 h; (g,h) 48 h. 
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Figure 6. Pore water pressure curves of different control points. 
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Figure 7. Comparison of water flow rate distribution in subgrade slopes without or with biological retention facilities within 48 h after rainfall: (a,b) 6 h; (c,d) 12 h; (e,f) 24 h; (g,h) 48 h. 
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Figure 8. Flow velocity curves of different control points. 
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Figure 9. Comparison of horizontal displacement distribution in subgrade slopes without or with biological retention facilities within 48 h after rainfall: (a,b) 6 h; (c,d) 12 h; (e,f) 24 h; (g,h) 48 h. 
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Figure 10. Comparison of vertical displacement distribution in subgrade slopes without or with biological retention facilities within 48 h after rainfall: (a,b) 6 h; (c,d) 12 h; (e,f) 24 h; (g,h) 48 h. 
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Figure 11. Horizontal (a) and vertical (b) displacement curves of different control points. 
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Table 1. Mechanical parameters.






Table 1. Mechanical parameters.





	Material
	Elastic Modulus E/MPa
	Poisson Ratio μ
	Density γ/(Kg · m−3)
	Cohesion C/(KPa)
	Internal Friction Angle Φ/(°)





	Subgrade slope
	3200
	0.32
	2000
	5
	25



	Bioretention facility
	8000
	0.25
	2100
	0
	35



	Silty clay
	5500
	0.3
	2050
	20
	16



	Moderately weathered bedrock
	21,000
	0.2
	2500
	330
	38.5
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