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Abstract

:

Low-impact development (LID) is increasingly recognized as one of the most important stormwater source controls on a small scale. However, few studies have reported how LID practices affect the generation and control of urban diffuse pollution at the scale of urban drainage units. In this study, paired conventional and LID drainage units (CDU and LDU) were used to distinguish the role of LID practices in urban sediment accumulation and release at a residential drainage units scale (about 1–2 ha). The urban sediment dynamic build-up process, amounts per unit to equilibrium, amount and percentage of urban sediment washed-off by rainfall, pollutant concentrations during rainfall-runoff processes, and discharge water volume and pollution load from drainage units were all notably different between the paired drainage units. These results indicated that (1) LID practices have a combined effect on urban sediments accumulation and release on a drainage unit scale via reduction of the source area, changes in microtopography and formation of a greater sink area; (2) landscape alterations with LID practices within a small catchment reduced and disconnected areas with impervious surfaces, subsequently reducing the kinetic energy of wash-off and transport for urban sediment; (3) LID practices exerted notable hydrological responses and water quality responses at a micro urban catchment scale by reducing the first flush load and entire process discharge load. The results presented herein will facilitate optimal design for reliable treatment performance and assessment of the effectiveness of LID practices on an urban drainage units scale.
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1. Introduction


As the treatment rate of domestic sewage has risen in both China and throughout the world, urban diffuse pollution caused by urban wash-off has become the greatest threat to urban water bodies [1,2,3,4,5,6,7]. Scientific studies have shown that stormwater quality is mainly influenced by urban sediment wash-off during the rainfall-runoff process [8,9,10,11,12,13]. During the rainfall-runoff process, urban sediments contribute the most important sources of suspended solids (SS), heavy metals, and polyaromatic hydrocarbons (PAHs) to stormwater [14,15,16,17]. Additionally, stormwater source control has gained relevance over traditional sewer approaches because of its potential to cope with rapid urbanization and diffuse urban pollution [18,19,20]. Thus, a detailed understanding of the sources and mechanisms of urban sediment transport in urban surface runoff is essential for addressing stormwater source control.



Low Impact Development (LID) is an increasingly popular method for the reduction of adverse hydrological and water quality effects of urbanization that emphasizes on-site, small-scale control of stormwater sources [21,22,23]. This practice utilizes distributed stormwater source control facilities (often green infrastructure) combined with green spaces and natural hydrologic features to mitigate the effects of increased impervious surfaces as well as reduce the runoff volume and peak flow [21,24,25,26,27]. The location, size, quantity, types, and different types of combinations of LID practices have important effects on the reductions in runoff volumes, peaks discharges, and pollutant loads [19,28,29]. Unfortunately, not much is known about how LID practices exert different effects on the sources and mechanisms driving urban sediment release or its transport from land to stormwater runoff in LID (bio-filtration) catchments. In contrast to conventional (piped) catchments, differences, such as the amounts of urban sediment that accumulate during dry weather, the amounts of SS that wash off during rainfall events, and the amounts of SS that are discharged to receiving water, have not yet received adequate attention [30,31,32]. However, understanding the changes in the sources and mechanisms driving urban sediment release and transport resulting from LID practices is critical to their optimal design to ensure reliable treatment performance and effective assessment of LID practices.



Notably, difficulties arise when distinguishing the roles of LID practices in the sources and mechanisms driving urban sediment release and transport. The first difficulty originates from differences in the spatial scales at which studies have been conducted. Specifically, the sources and mechanisms driving urban sediment release and transport from land to stormwater runoff are often investigated as large-scale processes (about 0.5–5 km2); in contrast, the hydrological function and pollutant removal capabilities of LID practices are generally evaluated at small scales (about 102–103 m2) [18,19,33]. The second difficulty originates from differences in research focus; studies as to the hydrological function and pollutant removal capabilities of LID often focus on changes in stormwater volume and pollutants concentration between inflow and outflow on a small scale [20,34], often neglecting urban sediment build-up, wash-off, and transport, regardless of their impact. Accordingly, there is a need for a systematic study of their interaction. The last difficulty comes from the absence of suitable measurements of their interaction. This is because the complexity of urban environments is such that it is impossible to distinguish the influence of individual LID practices on the sources and mechanisms driving urban sediment release and transport [13,33]; thus, there is still a lack of systematic observation about this topic at the urban catchment scale. Many studies have shown that the paired catchment methodology is a well-established research approach for the examination of only the effects of factors of concern, eliminating extraneous data [18,22,30].



In China, source control strategies have received a great deal of attention [35]. In 2013, the Chinese government put the “sponge city” concept forward. This concept is a multi-objective integrated strategy to deal with waterlogging and urban diffuse pollution [36,37]. Current methods applied in sponge cities are still limited to LID and, to date, have concentrated on stormwater source control on a small scale [38]. The current main concern is determining how to design individual LID systems as well as methods for monitoring and evaluation of individual LID systems on a small scale in pilot sponge cities. Furthermore, existing LID programs are mainly in urban areas, where they have an important impact on the sources and transport of urban sediment [28,39]. These changes in the sources and transport of urban sediment will also influence the design for reliable treatment performance and the effectiveness of methods for assessment of LID practices. Unfortunately, this topic has not been given enough attention in China. Thus, there is an urgent need to investigate the interaction of LID practices and urban diffuse pollution on an urban catchment or a drainage unit scale for sponge city construction in China.



Given the importance and lack of the role of LID practice employed at an urban catchment with regard to the source and mechanisms of wash-off and transport, a LID (bio-filtration) catchment and a conventional (piped) catchment were selected as a paired catchment. A comparable evaluation was conducted to characterize the sources and transport of urban sediments in both catchments. The objectives of this study were to (i) quantify the amount of urban sediment that accumulated during dry weather, the amount of SS that washed off during rainfall events, the reduction in SS because of LID facilities, and the amounts discharged through LID facilities; (ii) quantify the effectiveness of LID practices by evaluating hydrological function and removal capabilities at a small catchment scale; (iii) examine the specific role and impact of LID practices when employed in a small urban catchment in the generation and control of urban diffuse pollution.




2. Materials and Methods


2.1. Study Site Description


Zhenjiang is one of the first 16 pilot sponge cities designated in 2014; it is a prefecture-level city in Jiangsu Province, China that lies at the intersection of the Yangtze River and the Beijing-Hangzhou Grand Canal. The mean annual temperature in the city is 15.6 °C and the average annual rainfall is 1088.2 mm. There have been various case studies of LID construction in the city’s traditional residential areas, which provide a robust foundation for this research study. In this study, two drainage units (conventional drainage unit, CDU, 1.19 ha; LID drainage unit, LDU, 1.85 ha) of a typical residential catchment were selected in the Jingkou Districts of Zhenjiang (Figure 1 and Figure 2). On the basis of our site investigation, the two selected drainage units had many points of similairty before LDU modifications, such as land uses, spatial layout and proportion of impervious surface and green space, population density, drainage systems (combined sewer systems), street-cleaning methods and frequencies, and traffic characteristics. Thus, we assume that the CDU and LDU were paired drainage units that could distinguish the role of LID practices in urban sediment build-up, transportation, and its pollutant removal effectiveness, as well as in the reduction of runoff volume. Table 1 provides the paired catchments characteristics. Additionally, the two catchments were separated by a road whose width was less than 30 m. A rain rainfall gauge was installed in LDU.




2.2. Field Observation of Urban Sediment Accumulation and Transport


(1) Urban sediment sampling: To compare the build-up process of urban sediments on road surfaces and parking lots in the CDU and LDU, samples were collected at 1, 7, 11, and 15 days after rainfall events. Urban sediments were collected using a domestic vacuum cleaner (Philips FC 6168). A discrete sampling program was employed to collect urban sediment with 1, 7, 11, and 15 day intervals of antecedent dry periods after the last rainfall event during July and August of 2016. The sampling plot was between the curb and the middle line on the paved areas (road, parking lot, squares) as more urban sediment accumulates along the curb area because of wind and traffic turbulence. All urban sediment samples were dried at room temperature for seven days, then weighed using an electronic scale. The collected urban sediment samples were divided into nine particle sizes (<20, 20–44, 44–62, 62–105, 105–149, 149–250, 250–450, 450–1000, and 1000–2000 µm) using an aerodynamic sifter (Retsch AS200jet, Haan, Germany).



(2) Urban stormwater runoff sampling: Urban stormwater runoff samples were collected from the paired drainage units (CDU and LDU), including roof runoff, road runoff, parking lot runoff, and sewer runoff. Roof runoff was collected from the outlet of the building downpipe using a pan. Road runoff and parking lot runoff were collected from the selected catch basin or before flowing into the LID practice using a pan. Sewer runoff was collected from the drainage outlet using a 1 L plastic beaker. The rainfall dates, volumes, and intensities can be found in Table 2. To obtain the runoff volume, each stormwater runoff sample was collected every 5 min for the initial 10 min after runoff generation. Each stormwater runoff sample was then collected every 10 min for the next 30 min. Other samples were collected every 20 min until runoff ceased. The time and volume of each sample was recorded to determine the total runoff volume.



(3) The retention load and rate: The retention load for a certain pollutant was calculated as the difference of the pollutant discharge load between LID and conventional drainage units. The retention rate was the percentage of the retention load in pollutant discharge load in conventional drainage unit.




2.3. Analytical Methods


The collected stormwater runoff samples were preserved at 4 °C until analysis. Total suspended solids (TSS), chemical oxygen demand (COD), ammonia (NH4+-N), total nitrogen (TN), and total phosphorous (TP) in runoff water were analyzed using 2540-TSS D, 5520-COD C, 4500-NH3 F, 4500-N C and 4500-P E in the Standard Methods [40].





3. Results


3.1. Effects of LID Practices on Urban Sediments Build-Up Process


Variations in the amounts of urban sediments during the four dry weather periods (1, 7, 11, 15 days) are shown in Figure 3. The dynamic accumulation process in the LDU was clearly different from that in the CDU. Both road surfaces and parking lots in the CDU contained larger amounts of sediments than those in the LDU. Furthermore, the amount of sediment retained by the road surfaces and parking lots increased with increasing antecedent dry weather periods in the CDU, while the sediment build-up on road surfaces and parking lots in the LDU reached their equilibrium (road surfaces, 10 g/m2; parking lots, 4.3 g/m2) at around seven days after the last rainfall event. On the basis of our on-site investigation, the construction of LID facilities changed the original relatively smooth ground at a drainage unit scale (hectare scale) and formed several tetragonal or strips of sunken structure. These sunken structures had a greater ability to retain larger amounts of urban sediment than common impervious surfaces and traditional high green space, which changed the spatial distribution patterns and dynamic cumulative equilibrium of urban sediments in the residential catchment. Additionally, the sediment build-up in the CDU was different from that on the main traffic road surfaces because conventional residential areas have no vehicle-induced or other turbulence; therefore, the sediment particles steadily accumulate until the next rainfall event. These results indicate that LID facilities could retain urban sediment by changing the original micro-topography.




3.2. Effects of LID on Variations in Urban Sediment Amount before and After Rainfall Events


The variations in sediment load one day before and after a natural rainfall event were observed in the LDU and CDU concurrently (Figure 4). The sediment loads on road surfaces in the LDU and CDU were reduced significantly by 5.7 g/m2 (from 10.4 to 4.7 g/m2) and 16.0 g/m2 (from 20.5 to 4.5 g/m2) during the heavy rain event (3 August, 39.0 mm), respectively. Furthermore, the sediment wash-off percentages (Fw, %) from road surfaces were 55% and 78% in the LDU and CDU, respectively. For parking lots, the sediment amounts in the LDU and CDU were also reduced significantly by 1.2 g/m2 (from 4.4 to 3.2 g/m2) and 9.3 g/m2 (from 11.4 to 2.1 g/m2), respectively. The sediment wash-off percentages (Fw, %) from the parking lot were 27% and 82% in the LDU and CDU, respectively. Generally, LID facilities played a significant role in sediment release and transport in stormwater runoff. During runoff sampling, we found road surfaces and parking lots in the CDU to generally be the confluence and transmission area of rainwater from roofs and other areas, while these surfaces in the LDU received no other rainwater. As a result, the same rainfall event in the CDU can produce high enough kinetic energy to wash-off these urban sediments, which may explain why urban sediment retained by the CDU could be more easily mobilized by stormwater runoff than that in the LDU. Our results also indirectly confirm that LID facilities on a small scale can be efficient at reducing peak discharges and runoff volume.




3.3. Effects of LID on Changes in the Concentration of Pollutants During the Rainfall-Runoff Process


To compare the effects of LID practices on the reduction in SS and pollutants concentration during the rainfall-runoff process, the concentrations of TSS and other pollutants were investigated in the LDU and CDU. During the two natural rain events, the CDU generally had higher TSS and other pollutant concentrations than the LDU (Figure 5). Furthermore, there were notable differences in the changes in TSS and other pollutants concentrations during the rainfall-runoff process between the LDU and CDU. The concentrations of TSS, COD and TP decreased more sharply in the CDU during the initial period of the rainfall-runoff process than in the LDU. For example, SS concentrations in the CDU decreased sharply from 1490 mg/L and 975 mg/L to 216 mg/L and 220 mg/L, respectively, in the first 20 min during the two rainfall events (39 mm, 1 h; 8.7 mm, 0.5 h). In contrast, those in the LDU decreased from 390 mg/L and 272 mg/L to 68 mg/L and 82 mg/L, respectively. A reasonable explanation for this is that lower initial sediment load and smaller wash-off ability resulted from the reduction in peak flow and flow volume induced by the LID when compared with conventional catchments. These results imply that LID practices have a combined effect on the stormwater runoff pollution via the reduction of kinetic energy to wash-off pollutants during rainy weather and by the reduction of the initial sediment accumulation load during dry weather. Additionally, this combined effect of LID may increase with increased rainfall intensity.




3.4. Effects of LID on the Reduction in Runoff Volume, Pollutant Concentrations, and Load at the Drainage Units Scale


The abilities of LID practices to reduce pollutants and runoff retention were investigated during two natural events (39 mm, 1 h; 8.7 mm, 0.5 h) (Figure 6). We collected the discharge water samples and measured their volumes at the outlets of the paired drainage units. In contrast to the CDU, we found the LID practices effectively reduced runoff volume, duration of elevated outflow rates, and pollutants export. For the small rainfall event (8.7 mm, 0.5 h), there was no discharge flow from the LDU to sewer pipes, indicating that LID practices remove all pollutants and retain all runoff water on sites. For the heavy rainfall event (39.0 mm, 1.0 h), LID practices led to a 95% reduction in runoff volume per unit area in contrast to the CDU and led to a reduction in the concentrations of pollutants. Specifically, the TSS retention was 78.6%, COD retention was 88.2%, NH4+-N retention was 65.0%, TN retention was 78.7%, and TP retention was 80.2%. These results were consistent with those of many other LID investigations [22,41]. It also confirmed that LID practices are effective for pollutants reduction and runoff retention at the drainage unit scale. The excellent performance of the LID in the mitigation of runoff volumes and pollution load was likely because of an overdesign of the LID, which provided sufficient detention capability in the underground detention chamber and the infiltration trenches to capture the 80-mm storm event.





4. Discussions


4.1. The Role of LID Practices During the Entire Process of Urban Sediment Accumulation and Release at a Micro Urban Catchment Scale


Urban residential drainage units at the hectare scale are one of the most important components of urban catchments. Thus, urban sediment accumulation and release in residential drainage units play an important role in urban runoff water quality and pollutant loads. Many researchers agree that urban sediment accumulation and release are affected by various factors including initial sediment load, rainfall intensity, rainfall energy, sediment properties, run-off shear stress, types and composition of impervious areas, microtopography, and surface roughness [11,42,43,44,45,46]. Currently, the impervious surface alterations in response to LID practices within a micro urban catchment may significantly change the factors above. However, the role of LID practices in the entire process of urban sediment accumulation and release in a micro urban catchment has seldom been studied. In this study, the total impervious area decreased from 85% to 42% due to the construction of LID practices (Table 1) in the LDU, and many urban sediments accumulation source areas were converted into sink areas. They also have an important influence on microtopography at the residential drainage unit scale and are often designed as sunken structures located below ground that can retain and attenuate urban sediment and inhibit and trap runoff water. Furthermore, the remaining impervious areas were all disconnected by LID practices, resulting in rainfall in the LDU producing lower kinetic energy. This led to urban sediment wash-off because of the disconnected impervious areas, increased infiltration, and greater retention abilities. There was also an important influence on urban accumulation amount and the period length of dynamic equilibrium in the LDU. The urban sediment amounts and the period length of dynamic equilibrium in the LDU were notably lower and shorter than those in the CDU (Figure 3). Generally, the response of the entire generation of urban diffuse pollution at a micro urban catchment scale is a combination of changes in urban sediment accumulation and release.




4.2. Effect of LID Practices on Hydrologic Responses and Water Quality in a Micro Urban Catchment


The effects of LID practice on hydrologic responses and water quality in micro urban catchments have seldom been studied. Many investigations have revealed that the hydrological performances were scale dependent, and that micro traditional urban catchments have more sensitive rainfall-runoff responses because of their limited drainage areas and shorter drainage lengths [47,48,49]. Thus, landscape alterations with LID practices within them will result in more prominent runoff changes than if similar changes were made in a larger watershed. In this study, paired drainage units (CDU and LDU) were compared with respect to hydrology and water quality. In contrast to CDUs that are designed to quickly move stormwater off impervious surfaces [30,50], we found that 85% of CDUs had directly connected to an impervious area, while LID practices disconnected all impervious areas and significantly reduced direct runoff discharge into stormwater pipelines in the LDU. Additionally, the LDU had an overdesigned system capable of capturing 80.6 mm stormwater (Table 3) to prevent urban waterlogging. These characteristics greatly changed the hydrological performance of imperviousness in a micro urban catchment and were efficient at reducing peak discharges and runoff volume. The LDU produced pollutant loadings were less than 5% of those in the CDU, indicating that LID practices are very effective at controlling urban sediments delivery from source areas and promoting on-site infiltration in a micro catchment.





5. Conclusions


In this study, we investigated the role of low-impact development in the generation and control of urban diffuse pollution within paired micro urban drainage units. The urban sediment accumulation process, the characteristics of its removal by rainfall-runoff, water quality of surface runoff, and discharge loads were comparable between the paired urban drainage units. On the basis of our findings, the following conclusions can be drawn:




	(1)

	
LID practices have an important influence on urban sediment dynamic build-up processes and amounts per unit reaching its equilibrium via reductions in source area, changing microtopography, and formation of more sink areas.




	(2)

	
LID practices have an important influence on urban sediment wash-off and transport processes via disconnection of impervious surface areas followed by reductions in the kinetic energy of wash-off and transport.




	(3)

	
LID practices have notable hydrologic responses and water quality responses at the micro urban catchment level by reducing the first flush load and entire process discharge load.
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Figure 1. Conventional drainage unit (1.19 ha; roof and road runoff systems were collected by a combined pipeline and eventually fed into the sewer line). 
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Figure 2. LID drainage unit (1.85 ha; roof and road runoff systems were collected by rain gardens and the discharge water when overflow through LID facilities occurred eventually drained into the corresponding sewer inlet nodes). 
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Figure 3. The accumulation process of urban sediments during dry weather in the LID and conventional residential catchment. LDU = LID residential drainage unit; CDU = conventional residential drainage unit. 
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Figure 4. Variations in urban sediment amount before and after rainfall events. LDU = LID residential drainage unit; CDU = conventional residential drainage unit. 
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Figure 5. Variations of TSS and other pollutant concentrations during the rainfall-runoff process. LDU = LID residential drainage unit; CDU = conventional residential drainage unit. 
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Figure 6. Role of LID practices in the reduction of runoff volume, pollutants concentration, and load at the drainage unit scale. LDU = LID residential drainage unit; CDU = conventional residential drainage unit. 
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Table 1. Comparison of the composition and proportion of land uses between a paired LID (bio-filtration) and conventional (piped) drainage units (LDU and CDU).
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CDU

	
LDU




	
Land Use

	
Area (m2)

	
Percentage (%)

	
Land Use

	
Area (m2)

	
Percentage (%)






	
Building (concrete tile roof)

	
4680

	
39.33

	
Building (concrete tile roof)

	
7476

	
40.33




	
Road (common concrete)

	
1430

	
12.02

	
Road (common asphalt)

	
465

	
2.51




	
Green space

	
1750

	
14.71

	
Raingarden

	
4056

	
21.87




	
Side pavement (common brick)

	
480

	
4.03

	
Porous pavement

	
4810

	
25.95




	
Square (common concrete)

	
300

	
2.52

	
Square (common brick)

	
330

	
1.78




	
Parking lot (common concrete)

	
3260

	
27.39

	
Porous pavement (plus water storage)

	
1400

	
7.55




	
Total area

	
11,900

	
100

	
Total area

	
18,537

	
100
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Table 2. Rainfall characteristics from July to August in 2016.
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	Date of Rain Event
	Rainfall (mm)
	Duration (min)
	Average Intensity (mm/min)
	Maximum Intensity (mm/min)
	Antecedent Dry Weather Period (d)





	13 July 2016
	18.9
	25
	0.756
	2.13
	7



	2 August 2016
	2.8
	30
	0.093
	0.40
	16



	3 August 2016
	39.0
	60
	0.65
	1.84
	1



	6 August 2016
	8.7
	30
	0.29
	0.80
	3
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Table 3. Theoretical storage capacity of LID system at a residential drainage unit scale.
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	LID Facilities
	Facilities Area/m2
	Control Catchment/m2
	Equation
	Theoretical Storage/m³
	Control Rainfall/mm





	Rain garden a
	4056
	12,327
	Vr = AfHm + RZMF(SAT-FC) + LMS × p
	843.6
	68.4



	Porous pavement b
	4810
	4810
	Vp = AfHm × p
	432.9
	90



	Parking lot (plus water storage) c
	1400
	1400
	Vw = AfHm × p + Vs
	218
	155.7



	Total
	10,266
	18,537
	
	1494.5
	80.6







aVr, storage volume, m3; AfHm, reservoir layer volume, 4056 × 0.1 m3; RZMF, root zone packing volume, 4056 × 0.6 × 0.6 m3; SAT, soil moisture content in saturated soil, 50%; FC, field capacity, 30%; LMS, lower packing layer volume, 4056 × 0.4 × 0.3 m3; p, gravel layer porosity, 30%. b Vp, storage volume, m3; AfHm, gravel layer volume, 4810 × 0.3 m3; p, gravel layer porosity, 30%. c Vw, storage volume, m3; AfHm, gravel layer volume, 1400 × 0.4 m3; p, gravel layer porosity, 30%. Vs, storage module volume, 50 m3.
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