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Abstract

:

The current study was aimed to investigate the filler layer structure in modified bioretention systems. Three different structural layers in bioretention were proposed to evaluate their hydrologic performance and pollutant removal efficiency under different rainfall intensities. These layers were as follows: all three layers (filter, transition, and drainage layers), without transition layer, and without drainage layer. Synthetic stormwater was used for experimental purpose in current work. Results revealed that compared with “all three layers”, runoff control rate of “without transition layer” and “without drainage layer” was reduced by 0 to 7.4%, 0 to 10.1%, and outflow start time was advanced by 6 to 8 min and 1.5 to 4.5 min, respectively. Moreover, CODcr (chemical oxygen demand), NH4+-N (ammonium nitrogen), TN (total nitrogen) and TP (total phosphorus) removal rates were 86.0%, 85.4%, 71.8%, and 68.0%, respectively. Particle size distribution of the fillers revealed that during operation, particle moved downward were mainly within 0.16–0.63 mm size. Findings showed that transition and drainage layer played an important role in runoff control, and total height of the filler layer should not be less than 800 mm. Filter layer effectively reduce runoff pollution but the thickness of the filter layer should not be less than 500 mm. Whereas, transition layer has the function of preventing the filler loss of the filter layer; therefore, proper measures must be taken into consideration during structural optimization.
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1. Introduction


With the rapid economic development and urbanization process in China, the urban landscape is rapidly expanding and associated with a series of problems, such as urban waterlogging and deterioration of water quality. The suspended solids, organic matter, nitrogen, phosphorus, heavy metals, oils, and other pollutants directly enter to the rivers and lakes by rainwater runoff, which are predominant causing agents of water pollution [1]. The US Environmental Protection Agency found that the urban stormwater runoff is the third largest source of pollution in US lakes and rivers [2]. More than 90% of the freshwater bodies in China are highly polluted, and have black odor or algal blooms, which is reducing the livability of cities [3]. The urban design and infrastructure are guided by “fast transportation”; stormwater is directed away from urban areas. Recently, China gave high priority to the retention of rainwater, drainage by natural forces, and the construction of sponge cities with natural accumulation, infiltration, and purification [4]. In 2014, the "Technical Guidelines for Sponge city Construction of the Ministry of Housing and Construction—Construction of Rainwater System for Low Impact Development" (hereinafter referred to as "Guidelines") was officially introduced in China [4]. At present, China is vigorously promoting the construction of sponge cities to solve the problem of urban waterlogging, reduce the non-point source of urban pollution, create a good landscape effect, and improve the livability of the city.



Bioretention systems are one of the most common technical measures for sponge city construction and urban low impact development [5]. It is widely used in various terrain and soil conditions, aiming to store and purify runoff rainwater through plants, soil, and microbial systems [4,5,6]. However, the construction of bioretention units require to fill, compact, level, and control the elevation—layer by layer—with many processes and specific times. Hence, it is very complex to design and construct bioretention units. Studying and developing a simple bioretention unit structure without reducing performance and increasing cost is an important developmental direction for bioretention technology in the future, which will promote a larger range of bioretention system utilization. Bioretention can effectively remove various pollutants from runoff, including suspended solids, nitrogen, phosphorus, oil, heavy metals, pathogens etc. Bioretention units can remove more than 90% of suspended matter and are not affected by temperature [7,8] and the removal rate of nitrogen can exceed up to 60% [9]. The particulate phosphorus is mostly retained in the filler by means of interception, while the dissolved phosphorus can be taken up by plants and microorganisms, and the phosphorus ions can be blocked by fillers by ion exchange, adsorption, complexation, etc. [10]. The oils and fats in rainwater runoff include oil, antifreeze, corrosion inhibitor, pesticide, etc., which are classified as hydrophobic organic matter, are removed through microbial absorption degradation [11]. The removal of heavy metals in rainwater is mainly caused by sedimentation and filtration. In addition, some plants can remove certain metals through enrich and fix processes [12]. The bioretention facilities are configured with different vegetation from the traditional greening to create a unique color and aesthetic feeling, complemented by a high and low layout, to achieve a multi-element of vitality. The combination makes the whole green landscape more vibrant [13].



Earlier research studies mainly focus on the hydrological effects under different climates and seasons [14,15]; water quality improvement for suspended solids (SS), chemical oxygen demand (CODcr), total phosphorus (TP), ammonium nitrogen (NH4+-N), and especially total nitrogen (TN) [16,17,18]; and bioretention model, to evaluate and predict the performance of real or designed bioretention systems [19,20]. Similarly, Ayers [21] emphasized the importance of bioretention soil and ecosystems, and noted that their impact on bioretention performance may be significant. Gao et al. [22] have used a numerical simulation method to study the effects of structural layer parameters of bioretention systems on the effects of water accumulation, runoff, and runoff regulation under four rainfall events. The results showed that the runoff control level of the retaining zone was significantly affected by the depth of the aquifer. Pan et al. [23] and Zhang et al. [24] analyzed the problems related to the filling structure and influencing factors on the hydrological performance of bioretention. They obtained the optimum data of the filling mix ratio, the filling depth, and the pollutant removal effect, and proposed that the hydrological effect was related to the structure, depth, filler composition, and the proportion between bioretention and catchment area.



At present, all types of bioretention systems revealed high performance for pollutant reduction and runoff control. However, during the construction of the sponge city facilities in China (Kunshan and Lianyungang cities), it was found that the drainage, transition, and filtration layers of the bioretention system should be filled, compacted, leveled, and controlled by a layer depth, and the drainage pipeline should be installed before filling the filler. The construction procedure was unmanageable with the long construction time and high construction requirements. Such situation can increase the construction cost and reduce the construction efficiency. Therefore, there is a need to carry out research on the performance of bioretention systems with simple structure, less construction time, low cost, and improve the construction efficiency. At the same time, it should not reduce the hydrological performance and increase the construction cost of bioretention systems.



Moreover, the function of each structural layer is not clear, especially about the role of the transition and drainage layers for the hydrological performance and effect of the transition layer in preventing loss of filler material to keep the structural stability. It is also unclear what kind of changes occur and their influence on the structural layers during the operation period. Which structural layer is better functional, and what kind of functions should be strengthened, also requires proper investigation. Moreover, the technical and theoretical support required to optimize the structural form of the bioretention system is not enough at present, and there are still many challenges in design and development of bioretention systems with a simple structure. Therefore, the current study focuses on the functions of the filter, transition, and drainage layers to control runoff, to reduce pollution, and to prevent filter material loss in bioretention.




2. Materials and Methods


2.1. Experimental Site


This study was conducted in the laboratory of the Kunshan Construction Engineering Quality Testing Center, Kunshan city, China, which is located in the core of the Yangtze River delta, adjacent to Shanghai and Suzhou cities. Kunshan is also one of the first pilot cities selected for the implementation of sponge city construction and development projects in Jiangsu Province, China.




2.2. Bioretention Units


Three lab-scale bioretention units A1, A2, and A3 with an inner diameter of 200 mm were constructed according to the conventional bioretention structure at the experimental site in Kunshan city, as presented in Figure 1. A1 was a conventional structure comprising a 200 mm drainage layer, a 100 mm transition layer, and a 500 mm filter layer. A2 was not provided with a transition layer, only a 200 mm drainage layer, and a 500 mm filter layer, and a layer of permeable geotextile was placed between filter and drainage layers. A3 did not have a drainage layer, only a 100 mm transition layer, and a 500 mm filter layer, and a 50 mm thick gravel was placed under the transition layer for smoothly discharge the runoff. The experiment used a peristaltic pump to enter the water. The effluent and overflow were caught by a plastic bucket. The mass and the water temperature were measured to calculate the water volume, the overflow start time and the runoff time were measured by using a code table. The filler consist graded filter material, mixture of coarse, fine, and ultrafine sand in 5:2:3 ratio, with 3% of the nutrient soil. The transition layer filler was coarse sand, and the drainage layer filler was gravel, which had a particle diameter of 3–5 mm. The 200 mm perforated drain pipe at the bottom of the bioretention system made of DN20 PVC pipe.




2.3. Hydrological Effects of Each Structural Layer


Experimental conditions for rainfall return period and rainfall duration were as follows:




	
Rainstorm return period of 0.5 a, 2 a, 10 a, 50 a, and the rainfall duration of 60 min were selected to carry out for different rainfall intensity, set rainfall intermittent periods as 1 day, and compared the hydrological effect of different bioretention systems under different rainfall intensities.



	
Rainstorm return period of 0.5 a, and the rainfall duration of 60 min were selected as the experimental rainfall intensity. The rainfall intermittent periods was 1 day, and the rainfall duration was set to 60 min, 30 min, and 15 min. Hydrological effect of different bioretention systems was compared under different rainfall durations, and sum up the contribution of transition layer and drainage layer in runoff control.



	
Rainstorm return period of 0.5 a, and the rainfall duration of 60 min were selected as the experimental rainfall intensity. The rainfall intermittent periods was set to 1 day, 3 days, and 7 days. Hydrological effect of different bioretention systems was compared under different rainfall intervals, and sum up the contribution of transition layer and drainage layer in runoff control.









2.4. Water Quality Effects of Each Structural Layer


A separate bioretention unit with 200 mm diameter size (Figure 2) was set up to simulate the initial stormwater runoff (CODcr 200 mg/L, NH4+-N 5 mg/L, TN 7 mg/L and TP 0.5 mg/L). Many previous research studies revealed that total suspended solids (TSS) mainly removed within the very top layers (surface to 50–200 mm depth) [25,26], but it will lead to the clogging of surface media [27], with a decline of hydrologic conductivity. A pretreatment chamber of suspended solid showed a high removal rate of TSS [28] and it can be a good solution to control the clogging problem in future research. Additionally, the current study mainly focused on the function of different layers, especially the transition layer and drainage layer, and suspended solids have no influence on these two layers. Therefore, investigation on TSS was not involved in this study.



After the completion of the filling, the bioretention unit was continuously fed with tap water for 10 hours to stabilize the internal structure. Inlet water period of 5 days was 1 cycle, and the water was continuously fed for 2 hours at the same time every day for 4 days before each cycle. The water was suspended on the 5th day, and the water was fed for 8 cycles. On the first and third days of each cycle, the effluent quality of the outlets at different heights of the bioretention system was measured, the pollutant removal efficiency was calculated, the distribution of pollutant concentration in the vertical direction of the bioretention system was studied, and the effect of the structural layers of the bioretention on the water quality effect was analyzed.




2.5. Particle Size Distribution of Each Structural Layer Filler during Operation


Four conventional bioretention systems with an inner diameter of 200 mm were set, and the flow was continuously flowed for 2 hours at a flow rate of 0.0126 m3/h for one hour, and suspended for 1 day from every 4 days. Each bioretention system was split every 10 days, and the filler was taken out for screening. The particle size distribution of each structural layer filler was analyzed during the operation, and the role of the transition layer in the conventional structural bioretention cell was discussed.




2.6. Evaluation Methods for Hydrologic and Water Quality Parameters


2.6.1. Hydrologic Effect


Hydrological effects of bioretention systems were evaluated by using five indicators: outflow start time, overflow start time, peak flow reduction rate, runoff control rate, and runoff reduction rate:




	
Outflow start time



This indicator is the time for the outflow of the bioretention system; it is also the time when the bioretention outflow lags behind the runoff in the small-scale test. It can be read by the chronograph, and in the pilot-scale test it can be directly read out in the flow curve of the bioretention.



	
Overflow start time



This indicator is the time when the bioretention system overflows, which can be read by the chronograph in the small-scale test, and can be directly read by the electromagnetic flowmeter, or read by the chronograph.



	
Peak flow reduction rate



The index is mainly used to characterize the reduction of runoff peak value by the bioretention system, which is the ratio of the difference between the runoff peak flow minus the outflow peak flow and the runoff peak flow.



Runoff control rate



	
This indicator is mainly used to characterize the runoff controlled by the bioretention system under a single rainfall event. It was calculated according to Equation (1).


  η  1 =     P − R   P  ×  100 %   



(1)




where:   η 1   = runoff control rate (%); P = runoff (m3); R = total overflow (m3).



	
Runoff reduction rate



This indicator is mainly used to characterize the runoff absorbed by bioretention under a single rainfall event. Its value is equal to the difference of runoff P minus total outflow F minus total overflow R divided by total runoff. It was calculated according to Equation (2).


  η  2 =     P − F − R   P  ×  100 %   



(2)




where:   η 2   = runoff reduction rate (%); P = runoff (m3); F is the total overflow (m3); and R = total overflow (m3).









2.6.2. Water Quality Analysis


The experimental water sample was a synthetic water sample. The water quality indicators were the average concentration of pollutants in the initial runoff of road stormwater measured in Kunshan city (Table 1). For the analysis of water quality effect of the bioretention unit in the small-scale test, the rainfall intensity with rainfall return period of 0.5 year and rainfall duration of 120 min was calculated according to the heavy rain intensity formula of Kunshan city, and the influent area was calculated with total catchment area and integrated runoff coefficient. The peristaltic pump was controlled to ensure the stability of inlet water flow during the experiment. Water samples were collected from each outlet using 500 ml Polyvinyl chloride (PVC) sampling bottles after outflow was stable, and stored in a refrigerator at 4 °C to avoid any fluctuation in sample quality.






3. Results and Discussion


3.1. Hydrological Effects of Each Structural Layer


3.1.1. Runoff Control Effect under Different Rainfall Intensities


The runoff control effects of each bioretention system under different rainfall intensities were shown in Table 2. Results revealed that with the increase of rainfall intensity, the runoff contributing time and runoff control rate of A1, A2, and A3 decreased, and the runoff reduction rate showed an increasing trend. The change of runoff contributing time was less, respectively decreased by 2.5 min, 1 min, 30 s. The runoff control rate was changed, which was reduced by 41.7%, 42.8%, and 36.5%, respectively. The runoff reduction rate increased by 3.1%, 2.7%, and 3.3%, respectively. The decrease in the runoff contributing time was due to the increase of the rainfall intensity, which accelerates the increase of the temporary water depth on the surface of the bioretention system, which increases the hydrostatic pressure of the filler; thereby, increasing the runoff infiltration rate and finally shortening the time of runoff to the bottom perforated drainage pipe. The runoff control rate greatly reduced because the temporary water depth rise rate on the surface of the bioretention system increases with the increase of the rainfall intensity, resulting in a rapid shortening of the overflow start time and a large increase in the overflow, lead to increase in the proportion of overflow in the total amount of runoff, and the runoff control rate is reduced. The runoff reduction rate increased slightly with the increase of rainfall intensity, which is consistent with the previous studies [29,30]. However, the reduction of runoff in the whole bioretention system was limited, and the runoff reduction rate of the three systems A1, A2, and A3 varied between 17.8% and 30.9%. In practical engineering, after the completion and operation of bioretention system, runoff reduction will also depend on the evapotranspiration of plants and the evaporation of fillers during the interval of two rainfall periods, while the evapotranspiration of bioretention system has a greater relationship with season and temperature [31,32].



Comparing the results of A2 and A3 with A1, it can be seen that A1 was better than A2 and A3 in terms of outflow start time, overflow start time, runoff control rate, and runoff reduction rate, indicating that the role of the transition layer and drainage layer in runoff control cannot be ignored. The runoff contributing time of A1 was the longest, due to the larger total height of the filler layer of A1 and the longest time for the runoff to reach the bottom. The runoff contributing time of A3 was 2–4 min, which was less than A1, because A3 has 200 mm less drainage layer than A1, and the runoff has less drainage layer and shorter infiltration distance, which shortens the runoff contributing time. The runoff contributing time of A2 is 6.5–8 min, which was less than A1 and A3 (4–4.5 min). It is because the particle size of the filter layer and the transition layer filler was small when the runoff was infiltrated, which provides more resistance, and the thickness of A2 after deducting the drainage layer was 500 mm, which was smaller than 600 mm of A3. There was a layer of permeable geotextile between the filter layer and the drainage layer of A2. During the operation of the bioretention system, the fine particle filler moving with the runoff cannot pass through the permeable geotextile and remains on the upper surface of the permeable geotextile, forming a structure in which the upper half of the gap was large and the lower half it was very less [33], so that the runoff can be infiltrated faster. The permeable geotextile can increase the moisture content of the filter layer filler after the end of the outflow, shortening both the internal wetting phase of the bioretention system and outflow start time.



Unit A1 has the largest runoff reduction and control rate, followed by A2 and A3, with lack of a transition layer (A2) and drainage layer (A3). To some extent, it can be concluded that the 200 mm drainage layer plays a better role in the runoff control than the 100 mm transition layer. Under different rainfall intensities (0.5a, 2a, 10a, 50a), the runoff reduction rate of A2 was 6%, 6.5%, 6.5%, and 6.4%, which are lower than A1, respectively. The runoff control rate of A2 was 2.1%, 1.6%, 0.9%, and 3.2% are lower than that of A1, indicating that the transition layer plays a role in runoff control under different rainfall intensities. The runoff reduction rate of A3 was reduced by 10.0%, 8.2%, 8.3%, and 7.8%, respectively compared with A1. The runoff control rate of A3 was reduced by 9.7%, 9.7%, 7.3%, and 4.5%, respectively compared with A1, indicating that the drainage layer plays a major role in controlling runoff under different rainfall intensities. As the rainfall intensity increases, the difference of the runoff reduction rate between A1, A2, and A3 minimized, indicating that the runoff control effect of the transition layer and the drainage layer becomes smaller when the rainfall intensity increased. Under different rainfall intensities, structural layers of conventional bioretention significantly contribute to runoff control, but the role of transition layer and drainage layer cannot be ignored.




3.1.2. Runoff Control Effect under Different Rainfall Durations


The runoff control effects of each bioretention system under different rainfall durations are shown in Table 3. It can be seen that, with the decrease of rainfall duration, the runoff control rate and runoff reduction rate increased, and the runoff control rate reached 100% in the 30 min and 15 min rainfall durations. The rainfall duration would not change the runoff contributing time of A2. With the decrease of rainfall duration, the runoff control rate and runoff reduction rate increased; the runoff control rate reached 100% in the 15 min rainfall durations and there was no overflow. The rainfall duration would not change the runoff contributing time of A3.



As the rainfall duration decreased, the runoff reduction rate and the runoff control rate became larger, because when the rainfall intensity was constant, the runoff that A1, A2, and A3 could absorb was nearly constant, and the increase of rainfall duration was bound to the increase of the total amount of runoff. The runoff reduction rate and runoff control rate increased with the decrease of rainfall duration. However, there was no relationship between runoff production and rain duration, because when the rainfall intensity was constant, the hydrostatic pressure on the surface of the bioretention system was constant, and the runoff infiltration rate was also constant.



Results revealed that performance of unit A1 was superior to A2 and A3 in terms of outflow start time, runoff reduction rate and runoff control rate. It also shows that the transition layer and drainage layer was slightly control the runoff. The rainfall duration has no absolute impact on the outflow start time, and the reason for the different outflow start time could be the structural difference of the three bioretention systems. The runoff control rate and runoff reduction rate of A2 was better than A3. It can be showed that the 200 mm drainage layer has a slightly larger effect on the hydrological effect than the 100 mm transition layer. Under different rainfall durations, the different runoff control effects of A1, A2 and A3 are obviously different, indicating that the transition layer and the drainage layer play a crucial role in prolonging the runoff time, reducing runoff control and reducing overflow.




3.1.3. Runoff Control Effect under Different Rainfall Intermittent Periods


The control effect of the runoff of each bioretention system under different rainfall intermittent periods is shown in Table 4. With extension of the intermittent period of rainfall, the runoff control rate, and runoff reduction rate of A1, A2, and A3 were estimated as an increasing trend, because the evaporation of the bioretention system filler increased with the extension of the rainfall interval, so that the filler layer absorbed more runoff. At the same time, the combined water inside the filler evaporated to make the gap of the filler larger, and the infiltration velocity of the runoff increased, which was better for the runoff control effect. The outflow start times were not changed regularly with the intermittent period of rainfall, and it cannot be explained that there was a correlation between the intermittent period of rainfall and outflow start times. Similarly, A1 was better than A2 and A3 in terms of outflow start time, runoff reduction rate, and runoff control rate. Under different rainfall intermittent conditions, the drainage layer and the transition layer played their own role in the runoff control. Considering the hydrological effect, the drainage layer and the transition layer cannot be directly eliminated when the bioretention filler layer structure is optimized.





3.2. Water Quality Effect of Each Structural Layer


The effluent concentrations of the outlet at different heights of the bioretention system and pollutant removal rate are presented in Table 5 and Figure 3. Results revealed that the highest removal rates among the four pollutants were estimated high in CODcr, followed by NH4+-N, TN, and TP. Current findings for NH4+-N and TP are showing the similar trend with the results of Singh et al. [34] who demonstrated that NH4+-N and TP have good removal effects. Davis et al. [35] used sand as a filler to remove nitrogen and phosphorus pollutants from runoff by bioretention systems, which was a stated better removal rate of TP. In addition, another previous study [29] revealed that bioretention facilities had a poor effect on TN removal due to the lack of oxygenation conditions required for the survival of denitrifying bacteria in the bioretention system. After consumption of NH4+-N, a large amount of NO3−-N was produced, but NO3−-N was not removed, which is the reason for low removal of TN compared to NH4+-N. Current findings are consistent with this. In addition, the removal rate of TP in the current study was lower due to the low influent concentration of TP (0.5 mg/L). Moreover, the average removal rate of each pollutant after passing through the transition and the drainage layer was limited, and the pollutants have been effectively removed after passing through the 500 mm filter layer. It shows that the filter layer is very crucial for the water quality effect of the bioretention system.




3.3. Particle Size Distribution of Each Structural Layer Filler during Operation


3.3.1. Changes in Particle Size Distribution in Filler Layer


The particle size distribution of the filter layer (0–50 mm) during the operation of the bioretention is shown in Figure 4. It could be seen that the proportion of fillers in the particle size range of 5–10 mm, 2.5–5 mm, 1.25–2.5 mm, and 0.63–1.25 mm showed an increasing trend, and the increase was larger in the initial stage of operation. The proportion of fillers in the particle size range of 0.315–0.63 mm, 0.16–0.315 mm, 0.08–0.16 mm, and <0.08 mm showed a gradual decline. During operation, the proportion of filler in the filter layer below 0.63 mm decreased, and mainly concentrated in the range of 0.16–0.63 mm. The magnitude of the change in particle size distribution from 0–10 days was greater than the change in particle size distribution over the same period of time after 10 days of operation.



The reason behind this particle size distribution trend in the filter layer is that the internal structure of the bioretention system was unstable in the initial stage of operation (0–10 days), and the amount of the filler moves down with the runoff. After 10 days of operation, the internal structure tends to be stable, and the amount of filler that migrates under the same influent load becomes smaller. The filler with particle size less than 0.63 mm is easy to move downward with the runoff. The filler with larger particle size has stronger stability and is not easy to move down with the runoff. Therefore, the filler with the particle size range below 0.63 mm moves downward during the operation of the bioretention system. The amount of the shifting of the filler in the particle size range of 0.16–0.63 mm was large, which changes the internal microstructure of the retaining system.




3.3.2. Change of Particle Size Distribution of Transition Layer Filler


The particle size distribution of the transition layer filler during the operation of the bioretention system is shown in Figure 5. It could be seen that the proportion of the filler in the particle size range of 5–10 mm was basically unchanged after the first increase, and the operation of 10 days increased by 0.5% compared with that before the operation, while the proportion of the operation of 40 days and the operation of 10 days only increased by 0.1%. The fillers in the 2.5–5 mm, 1.25–2.5 mm, and 0.63–125 mm particle size ranges increased from the pre-operation to the 10 days stage of operation, and then the proportion decreased, and the decrease gradually decreased. The fillers in the range of 0.315–0.63 mm and 0.16–0.315 mm showed a gradual increase, and the amount of increase gradually decreased. The fillers in the 0.08–0.16 mm and <0.08 mm particle size range showed a tendency to decrease at first and then increase.



The possible reason for the change of the particle size distribution of the transition layer filler could be that the internal structure of the bioretention system was unstable at the initial stage of operation, and the fillers of each particle size range in the filter layer and the transition layer moved down. The fillers with the particle sizes of 5–10 mm, 2.5–5 mm, 1.25–2.5 mm, 0.63–125 mm, and 0.315–0.63 mm showed an upward trend at the initial stage (0–10 days). The filler of transition layer, especially with a particle size of <0.315 mm, moved down to the drainage layer, resulting in a decrease in the proportion of fillers in the ranges of 0.16–0.315 mm, 0.08–0.16 mm, and <0.08 mm. After running for a period of time (0–10 days), the internal structure of the bioretention system was stable, the transition layer filler no longer moved down to the drainage layer, while the filter layer filler moved down, and the particle size distribution was below 0.63 mm. The downward moving filter layer filler was intercepted by the transition layer, so that the proportion of fillers in the particle size ranges of 5–10 mm, 2.5–5 mm, 1.25–2.5 mm, and 0.63–1.25 mm were reduced. The proportion of fillers in the particle size ranges of 0.315–0.63 mm, 0.16–0.315 mm, 0.08–0.16 mm, and <0.08 mm increased (Figure 5). As the running time increases, the internal structure of the bioretention system becomes more stable, and the change in the particle size distribution of the transition layer gets smaller.



The particle size distribution of the drainage layer filler during the operation of the bioretention system was shown in Table 6 and Figure 6. It could be seen that the particle size distribution of the drainage layer varied greatly in the initial stage of operation. The specific filler with particle size >2.5 mm decreased by 2.69%, while it decreased by 0.30% during the operation period of 10–40 days. The fillers with particle size <2.5 mm increased after 10 days, but they did not exceed 0.80%, and then fluctuated within 0.05%. The change of pattern in the particle size distribution in drainage layer filler occurs due to the unstable internal structure of the bioretention system at the initial stage of operation, and the filler with the transition layer particle size <2.5 mm moves down with the runoff, resulting in an increase in the proportion of filler in the particle size range of the drainage layer. After a stable operation, the transition layer can effectively intercept the filter layer and move the filler downward, but filler material might not move substantially. Therefore, the filler with a small particle size in the drainage layer has a slight increase. During the operation of the bioretention cell, the filler with a particle size distribution of 0.16–0.63 mm moved down with the runoff. After 40 days of operation, the proportion of filler in the particle size range increased by 5.0%. The transition layer can effectively intercept the fine particle filler moving down in the filter layer, prevent the filler from entering the drainage layer, and then flow out with the perforated drainage pipe, or blocking the perforated drainage pipe, to ensure long-term stable operation of the bioretention system.



Findings in this study revealed that the role of all three layers of bioretention systems have great importance in selection of the filler layer structure in the bioretention systems. Based on these findings, future research could be focused on simplifying the bioretention structure and reducing the construction costs, while ensuring long-term performance. However, the influence of plant and temperature was not taken into consideration in the current study, and needs further research.






4. Conclusions


The current study shows that the transition layer and drainage layer play an important role in runoff control. Results reveal that if the filler materials and dimensions of these two layers need to be changed during structural optimization, the total height of the filler layer should not be < 800 mm. The filter layer plays a vital role in reducing runoff pollution. The thickness of the filter layer should not be less than 500 mm when optimizing the structure. Whereas, the transition layer has the function of preventing the filler loss of the filter layer. The filter material, with particle size, mainly within 0.16–0.63 mm, moved down to the transition layer, and the particle size distribution of the drainage layer changed slightly after prolonged operation.
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Figure 1. Schematic of bioretention units for hydrologic performance experiments. 
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Figure 2. Schematic of bioretention units for water quality performance experiments. 
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Figure 3. Concentration of CODcr, NH4+-N, TN, and TP from different outlets of the same bioretention system. 
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Figure 4. Change in particle size distribution of filter layer (0–50 mm) during operation. 
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Figure 5. Change in particle size distribution of transition layer filler during operation. 
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Figure 6. Change in particle size distribution of drainage layer filler during operation. 
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Table 1. Simulated water sample preparation method and index determination method.
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	Pollutants
	Chemicals/Reagents
	Concentration (mg/L)
	Methods





	CODcr
	Glucose
	200
	Dichromate method



	TP
	Potassium dihydrogen phosphate
	0.5
	Potassium persulfate digestion-molybdenum and antimony anti-spectrophotometry



	TN
	
	7
	Potassium persulfate oxidation-Ultraviolet spectrophotometry



	NH4+-N
	Ammonium chloride
	5
	Nessler reagent photometry



	NO3−-N
	Potassium nitrate
	2
	-
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Table 2. Runoff control effects of each bioretention units under different rainfall intensities.
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	A1
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	0.5 a, 60 min
	14 min
	38.5 min
	85.1%
	27.8%



	2 a, 60 min
	14 min
	24 min
	71.6%
	29.3%



	10 a, 60 min
	12 min
	17 min
	61.5%
	30.2%



	50 a, 60 min
	11.5 min
	11 min
	43.4%
	30.9%



	A2
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	0.5 a, 60 min
	6 min
	35 min
	83.0%
	21.8%



	2 a, 60 min
	6 min
	23 min
	70.0%
	22.8%



	10 a, 60 min
	5.5 min
	16.5 min
	60.6%
	23.7%



	50 a, 60 min
	5 min
	10 min
	40.2%
	24.5%



	A3
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	0.5 a, 60 min
	10 min
	28 min
	75.4%
	17.8%



	2 a, 60 min
	10 min
	16.5 min
	61.9%
	21.1%



	10 a, 60 min
	10 min
	12 min
	54.2%
	21.9%



	50 a, 60 min
	9.5 min
	8.5 min
	38.9%
	23.1%
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Table 3. Runoff control effects of each bioretention units under different rainfall durations.
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	A1
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	60 min
	12.5 min
	39 min
	87.2%
	29.1%



	30 min
	13.5 min
	
	100%
	36.5%



	15 min
	13 min
	
	100%
	43.0%



	A2
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	60 min
	6 min
	36.5 min
	83.9%
	22.1%



	30 min
	6 min
	
	100%
	30.3%



	15 min
	6 min
	
	100%
	33.2%



	A3
	Outflow Start Time
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	60 min
	11 min
	27 min
	77.1%
	18.7%



	30 min
	11 min
	28 min
	97.9%
	24.8%



	15 min
	11 min
	
	100%
	30.1%
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Table 4. Control effects of runoff of each bioretention system under different rainfall intermittent periods.
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	A1
	Outflow StartTime
	Overflow Start Time
	Runoff Control Rate
	Runoff reduction Rate



	1 day
	14 min
	42 min
	87.2%
	29.1%



	3 days
	13 min
	46 min
	90.8%
	30.4%



	7 days
	13 min
	
	100%
	32.7%



	A2
	Outflow StartTime
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	1 day
	6 min
	36.5 min
	83.9%
	22.1%



	3 days
	6 min
	42.5 min
	87.8%
	23.5%



	7 days
	6 min
	53 min
	97.3%
	25.3%



	A3
	Outflow StartTime
	Overflow Start Time
	Runoff Control Rate
	Runoff Reduction Rate



	1 day
	11 min
	27.5 min
	72.4%
	17.1%



	3 days
	11 min
	29 min
	75.6%
	20.5%



	7 days
	11.5 min
	35 min
	84.5%
	22.9%
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Table 5. Concentration of effluent pollutants at different depths of bioretention system (unit: mg/L).
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2 (100 mm)

	
3 (300 mm)

	
4 (500 mm)

	
5 (600 mm)

	
6 (800 mm)




	
Conc.

	
Removal Rate

	
Conc.

	
Removal Rate

	
Conc.

	
Removal Rate

	
Conc.

	
Removal Rate

	
Conc.

	
Removal Rate






	
CODcr

	
147 ± 3.46

	
26.5%

	
87 ± 2.65

	
56.5%

	
36 ± 2.52

	
82.0%

	
30 ± 2.00

	
85.0%

	
28 ± 2.00

	
86.0%




	
NH4+-N

	
3.16 ± 0.14

	
35.0%

	
1.78 ± 0.07

	
63.4%

	
1.00 ± 0.01

	
79.4%

	
0.88 + 0.05

	
81.9%

	
0.71 ± 0.06

	
85.4%




	
TN

	
4.83 ± 0.04

	
29.4%

	
2.60 ± 0.03

	
62.0%

	
2.15 ± 0.03

	
68.6%

	
2.08 ± 0.03

	
69.6%

	
1.93 ± 0.03

	
71.8%




	
TP

	
0.44 ± 0.03

	
12.0%

	
0.31 ± 0.03

	
38.0%

	
0.23 ± 0.01

	
54.0%

	
0.19 ± 0.01

	
62.0%

	
0.16 ± 0.02

	
68.0%
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Table 6. Change in particle size distribution of drainage layer filler during operation.
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Initial

	
Run 10 Days

	
Run 20 Days

	
Run 30 Days

	
Run 40 Days






	
<0.08 mm

	
-

	
0.03%

	
0.04%

	
0.05%

	
0.07%




	
0.08–0.16 mm

	
0.03%

	
0.04%

	
0.04%

	
0.07%




	
0.16–0.315 mm

	
0.52%

	
0.56%

	
0.58%

	
0.58%




	
0.315–0.63 mm

	
0.69%

	
0.75%

	
0.78%

	
0.71%




	
0.63–1.25 mm

	
0.64%

	
0.72%

	
0.76%

	
0.78%




	
1.25–2.5 mm

	
0.77%

	
0.74%

	
0.73%

	
0.77%




	
2.5–10 mm

	
100%

	
97.31%

	
97.15%

	
97.06%

	
97.01%
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