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Abstract

:

Urbanization has replaced natural permeable surfaces with roofs, roads, and other sealed surfaces, which convert rainfall into runoff that finally is carried away by the local sewage system. High intensity rainfall can cause flooding when the city sewer system fails to carry the amounts of runoff offsite. Although projects, such as low-impact development and water-sensitive urban design, have been proposed to retain, detain, infiltrate, harvest, evaporate, transpire, or re-use rainwater on-site, urban flooding is still a serious, unresolved problem. This review sequentially discusses runoff reduction facilities installed above the ground, at the ground surface, and underground. Mainstream techniques include green roofs, non-vegetated roofs, permeable pavements, water-retaining pavements, infiltration trenches, trees, rainwater harvest, rain garden, vegetated filter strip, swale, and soakaways. While these techniques function differently, they share a common characteristic; that is, they can effectively reduce runoff for small rainfalls but lead to overflow in the case of heavy rainfalls. In addition, most of these techniques require sizable land areas for construction. The end of this review highlights the necessity of developing novel, discharge-controllable facilities that can attenuate the peak flow of urban runoff by extending the duration of the runoff discharge.
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1. Introduction


Most of rainwater reaching the ground surface either infiltrates the soil or returns to the air by evaporation and evapotranspiration. Urbanization has sealed natural soils by pavements, roofs, and other impervious surfaces, constraining natural infiltration and evapotranspiration and converting rainfall into runoff [1,2]. Runoff from open soils in urbanized areas is also increasing because construction activities have compacted soils to behave like impermeable surfaces [3,4]. Traditionally, engineered facilities such as gutters, channels, and pipes are built to convey runoff from sealed surfaces to centralized detention ponds, retention facilities, and nearby streams as quickly as possible. In heavy rainfall, these facilities usually fail to compete with the superimposed peak flows discharging from different sealed surfaces, leading to overflow and flooding [5].



Across the globe, on-site treatment techniques have been recently applied, either separately or in combination, to retain, detain, infiltrate, harvest, evaporate, transpire, or re-use rainwater on the source and thus to reduce both the urban runoff volume and runoff peak discharge. On-site stormwater treatment approaches are termed as Integrated Urban Water Management [6], Water Sensitive Urban Design [7], low impact development [8], Active Beautiful Clean [9], Sponge Cities [10], Sustainable Urban Drainage system [11], and other similar terminologies. While the terms are different, their planning and designing principles are similar, with the same goal of restoring pre-development hydrology by treating rainwater at the source [12,13]. While some of these approaches may not be purposed primarily to mitigate urban flooding, they have co-benefits of mitigating urban flooding by reducing the runoff volume and attenuating the peak-flow discharge.



Pratt [14] had reviewed rainwater source-control techniques categorizing them into ground-surface and below-ground approaches. Dietz [15] reviewed the practices of low impact development, with a focus on water quality improvement rather than on urban flooding mitigation. Recently, Ahiablame et al. [16] reviewed the benefits related to the practice of low impact development, with a focus on water quality observation and modeling. Which the techniques to mitigate urban flooding are well documented, it is necessary to comprehensively compare the effectiveness of these techniques. This review compares mainstream techniques available to mitigate urban flooding and compiles the wide-range but diffuse literature on the topic of rainwater-runoff reduction and peak-flow attenuation. With this review, engineers, designers, and administrators can overview the mainstream flooding-control techniques. The end of the review highlights the necessity of developing novel, discharge-controllable facilities that can attenuate the peak flow of urban runoff by extending the duration of the runoff discharge.




2. Methodology


The review process includes two steps. First, we searched for articles in Google Scholar (https://scholar.google.com/) using the search strings “urban flooding”, “urban rainwater management”, “runoff reduction”, and “peak flow discharge”. Only journals articles, proceedings, and reports were selected. For those papers published before 2018, only the papers that had been cited more than twice were considered. For those published after 2018, only the papers indexed by Web of Science and/or Engineering Village were candidates. After reading the abstract of each selected paper, the full-text of the paper was downloaded if the abstract is rightly related to the mitigation of urban flooding. The reference section of the downloaded papers was then scanned for any possible related papers on the topic of urban flooding. This process of reading abstract and scanning reference was repeated until no more journals articles, proceedings, and reports related to the topic of urban flooding mitigation were found. Totally, 550 papers were downloaded for deeper reading.



Second, each selected paper was read carefully. It is found that most papers reported on techniques to simultaneously reduce the runoff volume and to improve water quality. Only those papers with the core ideas on urban flooding mitigation, runoff volume reduction, and/or peak flow attenuation were selected. In this process, we found that 353 of the downloaded papers fell marginally on the topic of urban flooding mitigation, and that about 14 papers were replicated. Finally, 183 papers were included. Core findings of these papers were then integrated, synthesized, and compiled. We found that mainstream techniques for urban-flooding mitigation included green roofs, non-vegetated roof, trees, permeable pavements, water-retaining pavements, infiltration trenches, rain barrels, rainwater tanks, bioretentions, soakaways, and underground tanks. While different techniques could be grouped differently, the best way to review these techniques was to categorize them into above-ground techniques, ground-level techniques, and underground techniques (Table 1). As a review of the mainstream techniques for urban flooding mitigation, we did not intend to compare experimental and modeling data in different articles. Instead, the peak-flow attenuation capacity of each technique was schematically analyzed to illustrate the working mechanism of each technique.




3. Above-Ground Techniques


3.1. Green Roofs


Green roofs, known as vegetated roofs, eco-roofs, and natural roofs, are built by adding a plant layer and a growing medium upon to the roof deck of a traditional roof. A typical green roof has six layers including plants, a growing medium, a filter, a drainage layer, a root barrier, and a waterproof membrane (Figure 1). According to the thickness of the roof layers, a green roof with a substrate depth of 10 cm or less is called as an extensive roof. Intensive green roofs have a thicker substrate and a taller plant but are less commonly used than extensive green roofs.



Green roofs offer a serial of environmental benefits such as providing thermal insulation for the buildings [17], creating a habitat for wildlife [18], increasing the aesthetic appeal of the landscape [19], mitigating urban heat islands [20], sequestrating carbon dioxide [21], and others [22]. In addition, a green roof can be used as a source-control facility to reduce urban runoff [23]. Rainwater that falls on a green roof can be detained and retained in the layers of green roofs, except that additional rainwater enters downspouts and finally discharges to local sewer pipes [24]. The green roof subsequently evacuates the absorbed water via soil evaporation and plant transpiration, resetting for absorbing rainwater during the next rainfall [25].



3.1.1. Extensive Green Roof


The rate of rainwater retained and detained by a green roof is widely different, for instance, 13.8–60.8% [26], 12–25% [27], 35.5–100% [28], 32–50.4% [29], and 19–98% [30]. Gregoire and Clausen [31] summarized the rainwater retention of different roofs and found an average retention of 56%. The runoff reduction capacity depends on the plant species, substrate depth, roof slope, antecedent dry period, rainfall depth, as well as the local climate [32]. Different plant species have different water-retaining capacities in an order of grass > sedum > forb [33]. Similar results are reported by [34,35]. Under the plants, a thicker roof substrate retains and detains more water and thus delays the peak flow further [36]. The annual runoff coefficient of a specific roof decreases as the thickness of substrate layer increases [37]. The water retaining capacity of a green roof is also influenced by the roof’s configuration [38]. A green roof with a smaller slope retains more water in the substrate layer and thus leads to the less runoff volume [39]. The water retaining capacity of the substrate also depends on the dry period before the rain, with a longer antecedent dry period resulting in more rainwater retention in the substrate [40]. The ratio of the water retention volume to the rainfall volume decreases as the rainfall depth increases [41]. Similarly, by monitoring the water-retaining capacity of prototyped roofs, Bliss et al. [42] found that the roofs reduced the greatest amount of runoff in case of the light storm with a short duration. As rainfall depth and duration varies seasonally, the water-retaining capacity of a green roof also varies seasonally, with a greater value in summer than that in winter [43].



As the grown media retains water in the pores, the peak flow is reduced accordingly. Fassman et al. [44] measured from the water retention of four extensive green roofs and found that the peak flow is 60–90% lower than the control roof. By studying the runoff volume of a green roof and a conventional ballasted roof, Bliss et al. [42] found that the peak flow from the green roof is 5–70% smaller than that from the ballasted roof. The average runoff coefficient depends highly on the length of the watercourse. As a result, the peak flow can be further reduced if the flow path to the nearby gutter is lengthened and/or if flow-retarding media is used as the substrate [44]. In addition, runoff is delayed because it takes time for the media to be saturated and for rainwater to percolate through the media [45,46]. As the process of a soil being saturated takes hours, a green roof delays the peak flow for hours too [47]. For instance, a delay of half an hour is found in [48,49]; 2 h, in [30,50]; and 2–3 h, in [42]. The true delay of the peak flow depends mainly on the rainfall depth and rainfall intensity [39].



Identification of the peak lag times is difficult and unnecessary because the natural rainfall patterns are irregular and the water storage capacity of a green roof in a specific event varies [51]. A green roof has a high capacity to reduce rainwater especially in case of small rainfall [52]. In case of heavy rainfall, overflow is inevitable after the media are saturated [53]. As urban flooding takes place due to the superposition of the peak flows from different catchments during heavy rainfall, the retention percentage of a green roof at a small rainfall is not important. The importance is the retention depths during a heavy rainfall. As measured by DeNardo et al. [54], the retention and detention depths of a typical green roof are about 1–5 cm, meaning that green roofs inevitably overflow in heavy rainfall. Therefore, green roofs have a marginal ability to mitigate urban flooding in case of frequent, intense, heavy, and extreme rainfall events [55].



There are some contradictory observations related to the water retention of green roofs. Whittinghill et al. [56] observed runoff quantity from traditional sedum- and prairie-covered green roofs over three growing seasons. They found that green roofs covered with prairie reduced a greater amount of runoff than sedum-covered green roofs. Vanuytrecht et al. [33] found that green roofs covered by grass or herb retained rainwater more than green roofs covered by moss sedum did. Similarly, Nagase and Dunnett et al. [35] found that green roofs covered by grass reduce the greatest runoff amount, followed by sedum, and finally forb. It is also found that plants that are taller-stem, larger-canopy, larger-shoots, and deeper-roots retain a greater amount of runoff [35]. Contrary, Buccola and Spolek [36] found that different retention is attributed to the substrate depth rather than plant species, with a thicker roof substrate retaining and detaining a greater amount of rainwater and delaying the peak discharge further. In addition, by quantifying stormwater control of green roofs with different substrate media, Voyde et al. [57] found that the antecedent dry period dictates the water retention of a green roof. This dictation indirectly indicates that the substrate depth dominates the water retention of green roofs because the antecedent dry period determines the moisture content in the substrate soils [58].




3.1.2. Intensive Green Roofs


An intensive green roof has a deeper substrate layer for the growth of taller plants. Compared to an extensive green roof, an intensive green roof requires more routine maintenance, is more expensive, and thus is less used [59]. Monitoring runoff from an aged intensive green roof in Manchester, UK during 69 rainfall events, Speak et al. [60] found an average runoff retention of an extensive roof was 67.5%. Kolb [61] monitored the evaporation and runoff coefficients of an intensive roof as well as those of an extensive roof. It is found that compared to an extensive green roof, an intensive green roof evaporates more but discharges a less amount of runoff. Razzaghmanesh and Beecham [62] monitored the hydrologic performance of intensive and extensive green roofs for two years. They found that both roofs reduce the runoff similarly, but that an intensive green roof attenuates the peak flow greater and retard peak flow longer.





3.2. Other Non-Vegetated Roofs


Non-vegetated roofs such as ballast roofs or soil roofs reduce runoff as well [63]. Van Woert et al. [39] tested the runoff retention of a vegetated roof, a soil roof, and a gravel roof, of which the substrate depths were the same. The test lasted for 14 months in cases of heavy (>6 mm), medium (2–6 mm), and light (<2 mm) rainfall. While the gravel roof retains the lowest percentage of rainwater, it still absorbs a sizable amount of rainwater. In addition, both the gravel-covered roof and the soil roof can delay the start of runoff for a quarter to a half of an hour, depending on the rainfall depth and rainfall intensity. A similar finding is reported by Carpenter and Kaluvakolanu [64], who monitored stormwater runoff of stone-ballasted roof over six months. The stone-ballasted captures about 50% of the rainfall volume, attenuates the peak-flow discharge, and delays the peak discharge for 1.2 h. However, during the observations rainfall depths are small. In case of heavy rainfall, non-vegetated roofs also overflow as vegetated roofs do. While non-vegetated roofs are also optional for rainwater management, they are seldom used when compared to vegetated green roofs because vegetated roofs bring more benefits than non-vegetated roofs.





4. Ground Surface Techniques


4.1. Permeable Pavements


A permeable pavement system has a permeable surface course laid over a base layer, which is filled with open-graded gravels or stones (Figure 2) [65]. A filter fabric is usually placed at the bottom of the surface course for preventing water-carrying fine particles from sneaking into the base reservoir [66]. A perforated pipe is optional at the top of the base to bypass the excessive inflow for avoiding waterlogging. Typical permeable pavements include interlocking permeable pavers; soil-filled grid pavers; porous asphalt slab; porous concrete slab [67,68]. Design of these permeable pavements can be referred elsewhere, e.g. Mullaney and Lucke [65]. As a stormwater management option, permeable pavements offer multiple benefits of water purification [69], natural hydrology restoration [70], and runoff reduction [71], urban heat island mitigation [72], and tire-pavement noise reduction [73].



The hydrological performance of a permeable pavement relies on the water storage of the base and on the saturated hydraulic conductivity of the subgrade soils. The base retains rainwater temperately, which must drain timely for resetting the retention capacity before the next heavy rainfall [74]. A thicker, more-porous base layer stores a greater amount of rainwater and thus reduces possible surface runoff to a greater extent [75]. Where the soil infiltration rate is low, the stored rainwater spreads over a large soil area to infiltrate through a large area [76]. There are two ways to circumvent this problem. One is to increase the thickness of the base to restore more water during the heavy rain. Chai et al. [76] found that a permeable shoulder for a two-lane highway needs a 1.5m aggregate base for the infiltration and restoration of rainwater. The other way is to line perforated pipes in the base to bypass the excessive rainwater to the nearby waterways [77,78]. Lifting up the perforated pipe increases the storage volume and the subgrade infiltration, which is helpful to restore local hydrology [79].



The type of permeable pavement significantly influences the hydrological performance [80]. Hernandez et al. [81] studied four permeable pavement systems with different surface layers and different base materials. Porous concrete overlying a recycled aggregate base retains a greater amount of runoff and delays the peak flow greater than an interlock concrete pavement over an original aggregate base. Interlock concrete blocks result in preferential flow through the gap between blocks, reducing the peak-flow lagtime and the water retention. Similarly, Fontaneda et al. [66] found that although a polymer-modified permeable surface course laid over a crushed-rock base reduces a greater amount of runoff than pervious pavements, the difference is negligible. Except for this small difference, various permeable pavements perform similarly in term of runoff reduction [79,82]. While a permeable pavement delays the infiltration and retains all rainwater in case of small rainfall, it leads to a runoff in case of heavy rain [83]. In addition, rainwater from the roof, car hoods, or other sources could saturate the nearby permeable pavements and lead to local overflow [84]. Overflow from a permeable pavement occurs when the subgrade is of low permeable soils [85].



Permeable concrete systems are prone to be clogged by fine particles [86]. Sands, scraps, organics, and other fine particles carried by runoff from other sources sneak into the cavity of the permeable pavement and lead to a clogging [87]. Implementations of permeable pavements away from soil-disturbed fields is helpful to preserve the permeability of the pavements [88]. Clogging occurred at a rapid rate at locations with high coarse sediments and organic sediment loads [89]. Particulates clogging in the near surface of a permeable pavement can be cleared by vacuum sweeping, power washing, or a combination of both [90]. These techniques, however, are not useful to clean the clog at deep locations [91]. In addition, finer particles that percolate through the permeable surface layer can finally settle at the aggregate-soil interface, reducing the infiltration of the subgrade.




4.2. Water-Retaining Pavements


A water-retaining pavement is either an asphalt- or cement-based paver that holds water at the top layer preferentially and evacuates the water via evaporation (Figure 3). Water-retaining pavements are also called water-holding, water-retentive, and watered pavements, or other identical terminologies [92]. These pavements are fabricated by filling water-retentive media into the pore space of pervious concrete. The fillers can be slag, mortar, moss, hydrophilic tissue, and other water-retentive media [93]. Rainwater falling on this pavement or coming from the nearby sealed surface is held at the surface course, which empties via evaporation. While water-retaining pavements are primarily designed to mitigate urban heat island effect via evaporative cooling [94], they can retain a sizeable amount of water and thus reduce runoff, especially during small rainfall. Depending on the filler materials and the depth of the filler, typically a water-retaining pavement can retain about 15 kg/m2 rainwater [95]. A greater amount can be obtained by optimizing the structure of the water-retaining pavers [96]. This water-retaining capacity means that a dry water-retaining paver can fully absorb a rainfall depth of 1.5 cm without generating runoff [97]. A larger rainfall depth drains to the base or generates runoff when the base and subgrade have saturated. Water-retaining pavements thus also have a limited capacity to reduce the risk of urban flooding.




4.3. Trees


On urban areas, trees are widely found in parks, parking lots, gardens, streets, nature preserves, greenways, shelter-belts, and many others. Urban trees have multiple benefits such as urban heat island mitigation, air quality amendment, and others [98]. As a co-benefit, urban trees also reduce rainwater runoff by intercepting rainfall in the canopy, evaporating water from the leaves, enhancing the infiltration around the trees’ roots, and storing water in trees’ trunks (Figure 4) [99,100]. Runoff at areas with trees is reduced on different timescales. For example, the canopy intercepts rainfall immediately after rainfall starts; throughfall occurs after the canopy saturates; and evapotranspiration lasts for a long time after rainfall stops. During this process, canopy interception and ground infiltration are two main components that reduce rainwater runoff. Evaporation and transpiration of trees return water to the atmosphere, maintain the health of the trees, and restore the interception of the trees before the subsequent rainfall [101].



When rain falls onto a tree, some is intercepted by the canopy, with the remainder reach the ground via throughfall or stemflow. The interception loss is the difference between the throughfall and stemflow from the gross precipitation. The interception loss of trees is found about 10–50% of seasonal or annual total rainfall [102], influenced by tree species [103] and local climate [104]. Inkiläinen et al. [105] found that the potential reduction of stormwater runoff is about 9.1–21.4%. Xiao [106] found a rainfall interception of 15.3% for a small Jacaranda mimosifolia to 66.5% for a mature Tristania conferta. Conifers generally intercept more rainwater on the plant canopy than broadleaf trees do [107], possibly because the former has greater specific areas to intercept rainwater than the latter. For instance, Xiao et al. [104] found that the interception is about 15% of gross precipitation for a pear tree, but 27% for an oak tree. An interception loss by a tree is also greatly influenced by climate factors such as rainfall intensity, wind speed, rainfall duration, rainfall depth, and rainfall frequency [104,108]. As different trees are applicable to different climate, planting the right trees in the right place has to be considered in urban greening [109].



A tree further reduces stormwater runoff via infiltration and detention when rainwater reaches the ground surface. Armson et al. [110] studied the infiltration into a pit with a small tree and found that the tree reduces about 60% of runoff compared to the control asphalt lot. A tree also enhances the infiltration of the underlying soils because tree roots provide conduits to convey rainwater to deep layers. The soils around a pit can be replaced by a thick porous structural soil, which serves as a reservoir to retain rainwater and to support the growth of the tree. By experimentally studying different roots growth in structural soils in the lab, Bartens et al. [111] found that the roots penetrate into compacted soils and that the infiltration of the soils increases about 150% [112]. When designed, a tree pit should be concave to host rainwater from the nearby impervious areas for promoting rainwater natural drawdown. Although urban trees can be designed to reduce the runoff volume, they are effective in intercepting rainwater in case of small rainfall only. In case of heavy rainfall, overflow is inevitable. Urban trees are thus more meaningful to improve urban water quality than to mitigate urban flooding [113].




4.4. Rainwater Barrels


A rain barrel is a small chamber installed nearby a private building to collect rainwater from a roof downspout for later non-potable uses (Figure 5) [114]. A rain barrel is usually connected to an infiltrating lot such as a rain garden or a gravel-filled dry well. A case study by Jennings et al. [115] found that a 189 L rain barrel used to store rainwater from a 186 m2 roof is sufficient to irrigate 14 m2 garden in Cleveland (OH, USA), reducing 1.4–3.2% annual runoff from the roof. Similarly, a model studied by Litofsky and Jennings [116] found that a 235 L rain barrel can reduce 3–44% runoff from a traditional roof, depending on the local weather and the rainfall depth. For small rainfall, all rainwater would be retained in an empty barrel. But a rain barrel, once filled, does little to reduce excessive runoff and to store rainwater in the next rainfall [117]. In addition, homeowners are often demanded to empty the barrel routinely to restore the water retention of the barrel [115]. The use of rain barrel is thus challenged not only by barrel size but also homeowner participations [118]. For instance, Guo et al. [119] found that people who are aware of rainwater conservation are more willing to adopt rain barrels.




4.5. Infiltration Trenches


An infiltration trench, also called an infiltration ditch or a percolation trench, is a channel filled with stones or crushed rocks for storing rainwater (Figure 6) [120]. The cavities of the rocks and stones detain rainwater temporarily, which gradually infiltrates through the soil-rock interface. As the cavities of the rock are limited, infiltration trenches usually lead to overflow in case of heavy rain. Whether the water in the trench can be fully evacuated before the next heavy rainfall depends on the hydrological conductivity of the soils and on the depth of the groundwater table. An infiltration trench is feasible to the areas where the subsoils are highly permeable and where the groundwater table and the bedrock sit some meters below the bottom of the trench [121]. To maintain the permeability of the underlying soils, rainwater runoff should be pretreated by a swale (Figure 6), by a settling basin before entering the trench, or by an underdrain pipe carrying stormwater into the trench. If fine particles and settlements are not kept off the trench, especially during construction, there would be a permanent clogging. Warnaars et al. [122] monitored the runoff quantity of infiltration trenches in an urbanized area for about 3 years and found that a slight clog has decreased the infiltration of the trenches. Similar results are reported by Siriwardene et al. [123]. In addition, the use of infiltration trenches is limited by other two factors. One is that water infiltration may jeopardize the safety of the nearby buildings. The other is that most urban soils are relatively-poor infiltration.




4.6. Bioretention


4.6.1. Rain Gardens


Rain gardens, or bioretention areas or biofilters, are being adopted in public and private lands in urban areas to reduce stormwater volume, to attenuate peak flow, and to infiltrate rainwater that otherwise enters local sewer pipes without treatments [124,125,126]. Typically a rain garden is built by replacing natural soils with porous media to form a depression shallow pit for vegetated plants growth and for holding runoff from nearby sealed surfaces (Figure 7) [127,128]. A rain garden should be dry rapidly after the rain for preventing the breeding of mosquitoes. Rain gardens are often located near a building, serving as an endpoint for percolating the runoff from building roofs, patios or lawns. This process reduces local runoff, decreases the peak-flow discharge, and recharges local groundwater. Dietz and Clausen [129] built a rain garden composing of a 0.6 m depth well-permeable soil with a perforated pipe underlain. They found that only 0.8% of inflow left the gardens as overflow, meaning that most of the inflow (99.2%) finally discharges as subsurface flow [129]. The hydrological performance of a real rain garden also depends on local climate [130] and the garden design [131]. While a rain garden retains a sizable amount of water and reduces the risk of overflow, the reduction was small at heavy rainfall. Therefore, a rain garden has limited capacity to reduce urban flooding [132].




4.6.2. Vegetated Filter Strips


A vegetative filter strip, also called biofiltration strip, filter strip and buffer strip, is a stormwater control technique that disperses rainwater uniformly as an overland sheet flow through a mildly-sloped vegetated area to promote infiltration (Figure 8) [133]. Typically the vegetated area is a filter strip with dwarf turf grass, grassy meadow or small wood for making the runoff flowing uniformly through the strip surface. Infiltration and retention of a vegetated filter strip are thus influenced by the slope, length, and plant species of the strip [134,135]. However, as a vegetative filter strip is primarily designed to intercept and slow runoff for improving the quality of the runoff, the ability of a vegetative filter strip to reduce runoff is limited. The vegetated filter strip must be pruned periodically to keep an overland sheet flow on the strip [136]. In addition, a vegetative filter strip requires lands for construction, so the most suitable place for such a strip is the side slope of a roadway embankment [136].



Vegetative filter strips have been refined to level-spreader vegetative filter strips, which introduce a concrete channel with a level spreader that disperses runoff to a vegetated filter strip for further promoting infiltrations [137]. The deployment of a level-spreader vegetative filter strip system can be referred to elsewhere [138]. This system has to be designed upon high permeable soils for infiltrating stormwater effectively [139]. The level spreader slows down rainwater flow rate for promoting infiltration, reducing runoff volume and attenuating peak flow [140]. Hunt et al. [141] monitored the hydrological performance of a level spreader-vegetated filter strip. It is found that the strip can eliminate outflow from 20 of 23 rain events and that the total runoff volume reduction is 85%. Similarly, Line and Hunt [142] monitored a level spreader-grass filter strip over 14 storm events and found that the runoff volume is cut by 49% and that the peak flow is attenuated by 23%. In some cases, peak flows were reduced by an order of magnitude [140]. However, as the rainfall depth increases, the peak flow cannot further decrease as the underlying soil became saturated.




4.6.3. Swales


Swales, also called bioswales, bio-retention basins, and ecology ditch, are excavated lands backfilled with a vegetated surface layer and a filter intermediate layer upon natural soils to pond rainwater for subsequent infiltration (Figure 9) [143]. The filler in the excavated bowl is the storage zone to retain rainwater [144]. Water passing through the filler infiltrates to the subsoils. In the areas with low-permeable soils, underdrained pipes are buried in the swales to divert the excessive water to nearby sewer pipes [145]. At the areas where the groundwater stays shallow, a groundwater mound usually forms under the swale, reducing the infiltration rate [146,147]. In this circumstance, perforated pipes are usually buried at the bottom of the swale to divert excessive water to nearby waterways. Abida and Sabourin [148] found that total seasonal discharge from a swale with underdrain perforated pipes is 2.7–13 times lower than the discharge from a swale without underdrain. A swale with a thick filter intermediate layer performs better in peak-flow attenuation and runoff reduction. The retention and infiltration of the filter layer should be optimized to retain water and to avoid overflow simultaneously [149]. While a swale can fully intercept rainwater during small or medium rainfall, overflow is inevitable under heavy and continual rainfall events [71]. The amount of overflow decreases when the internal water storage zone increases [144]. This amount also depends on the rainfall duration and the rainfall intensity and on the drainable capacity of the underlying soils [150].



The clog of a swale is deleterious to the hydrological performance of the swale. By monitoring the hydraulic conductivity of stormwater biofilters, Le Coustumer et al. [151] found that a biofilter with an initial low conductivity decreases negligibly over time but that with an initial high conductivity drops greatly. The decreases of the conductivity over time are likely caused by sediments depositing at the soil-air interface and by the hydraulic compaction (consolidation) of the growth media. Unlike non-vegetated infiltrated trenches which tend to be clogged permanently due to the settlement of fine particle carried by rainwater [151], bio-retention filter is less likely being fully clogged because vegetated roots provide conduits for water infiltration [152]. Similar findings are reported by Dechesne et al. [153], which found a swale still has good infiltration after 20-year operations. The risk of clogging can be reduced by installing a check dams on the upstream of the swale to slow the velocity of the runoff and to allow sediments to settle [154].






5. Underground Techniques


5.1. Soakaways


Soakaways are small-scale underground chambers filled with gravel and stones, which detain rainwater for subsequent infiltration to the local soils [155]. With respect to water detention and infiltration, soakaways are similar to infiltration trenches. However, a soakaway is buried underground, which does not sacrifice lands for construction. Soakaways are built locally in a rain garden or backyard, where water from the downspouts and from other sealed surfaces can enter the soakaway via gravitational flow (Figure 10) [156]. A soakaway is often combined with a pipe to lead excessive inflow water to the local sewers for avoiding flooding during extreme rainfall. By slowly releasing the detained rainwater to the local soils, a soakaway reduces local runoff volume and attenuates the peak flow. As soakaways do not sacrifice land uses, they are often recommended to high-density urbanized areas.



However, there are some constraints on the use of a soakaway. First, a soakaway must be constructed in a permeable soil for timely draining the detained rainwater before the next heavy storm events. Second, groundwater is important to consider in the implementation of soakaways. In the area groundwater situates shallow, there is a groundwater mound under the soakaway, which may not evacuate the detained rainwater before the next storm event [157,158]. In this situation, pipes are usually placed at the top of the soakaway to carry off the excessive water [159]. Currently, most of researches are focusing on modeling the hydrological performance of soakaways, but few report the long-term performance of soakaways. The long-term retention and detention of water in soakaways is simulated by assuming that the drainage of the soakaways is changed during its lifetime [159,160]. However, during the lifetime of a soakaway, fine particles carried by rainwater would settle on the interface between permeable soils and gravel filters, potentially reducing the infiltration capacity of the soakaways. In addition, as most soils in urbanized areas are compacted and low-permeable, there are very few places for construction soakaways for rainwater infiltration.




5.2. Underground Tanks


Different from rain barrels, rainwater tanks are installed to harvest rainwater runoff from roofs and other sealed surfaces for subsequent non-potable water uses [161,162]. Depending on the source of the runoff, the tank can be placed on the ground surface or underground as long as the rainwater can enter the tank via gravitational flow. If the tank is placed on the ground surface, lands must be sacrificed [163] and the overflow from the tank can be connected to a rain garden for infiltration. This further sacrifices the land use so it is preferred to bury the tank underground and to convey the overflow from the tank to the local sewers (Figure 11).



Similar to rain barrels, the effectiveness of using a rainwater tank to mitigate urban flooding depends on the tank’s size, the homeowners’ participation, and rain depth [164,165]. For instance, Khastagir and Jayasuriya [166] found that a 100 m2 impervious roof with a 3 kL tank for harvesting water for toilet flushing, garden irrigation, and laundry demand reduces runoff volume about 70%. The runoff reduction volume is also influenced by the use of the harvested rainwater [167]. If the tank is built to harvest rainwater for multi-end water uses, the tank would be more effective than that for a single use [168,169]. In addition, if the use of water during the intermission between two adjacent heavy rainfall cannot empty the tank, the tank would fail to reset for storing rainwater in the next heavy rainfall [170]. While a community accept to install rainwater tanks for rainwater use, it is less interested in maintaining rainwater tanks routinely [171]. At heavy rain, a rainwater tank has limited capacity to reduce the peak flow of the runoff [172]. Therefore, the adoption of rainwater tanks is challenged both by the tank’s size, homeowner participation, and the rain depth.



A rainwater tank is used indispensably with flow regulators, pipes, faucets, a pump, and other devices [173]. Additional energy must be continuously supplied for lifting the rainwater in the tank to the user ends. This lift involves both capital investments and maintenance costs. Gowland and Younos [174] studied the feasibility of rainwater-harvesting tanks and found that the pumping cost is the greatest capital investment. They found that the installation of a rainwater tank can be re-paid by harvesting rainwater for non-potable water uses [162]. The payback period is jointly affected by the tank’s size [175], the water usage [176], the local water price [177], the locations [178], and the whole life cost [179].





6. Discussion


While some mainstream techniques mentioned above are used in combination for further reducing the runoff volume and attenuating peak flow, a technique that is used in combination with others plays the same role as it works individually [180,181]. Combinations of these techniques are thus not discussed further. While current mainstream stormwater-management techniques can mitigate the urban flooding caused by small rainfalls, in most cases they fail do so for a heavy rainfall. During heavy rainfall, runoff from unsealed and sealed surfaces superimposes, causing the peak flow to overwhelm the carrying capacity of the local sewers. While some of these techniques can be implemented during the retrofit process, the implementation of the rain garden, vegetative filter strip, bioswale would sacrifice lands and tense the land use problems in urbanized areas. Other techniques such as permeable pavements are suitable only to low-volume light-duty paving areas such as parking lots and pedestrian lanes. Therefore, as urban flooding takes place at heavy rainfall events only, current technologies do little to mitigate urban flooding.



To find a solution for urban flooding, we must understand that runoffs from sealed and unsealed surfaces merge together and make the superimposed peak flow overwhelm the carrying capacity of local sewers (Figure 12a). For instance, in Figure 12a, the runoff from catchments of B, C, and D merge together, generating a peak flow (hydrograph A) that is substantially greater than the carrying-capacity of the local sewer. To void the peak flow exceeding the carrying capacity of local sewers, the peak flow must be attenuated substantially [182]. Assuming the hydrographs can be simplified to a triangle and the area of the triangle represents the total runoff [5], the peak flow must be attenuated by extending the discharge duration proportionally (Figure 12b). That is, if the peak flow is intended to be attenuated 50%, the discharge duration must be increased twice. While green roofs, permeable pavements, bioswales, and other techniques can extend the discharge duration to some extent, they cannot prolong the discharge duration dramatically, especially during a heavy rainfall. A soakaways can detain a sizeable of water volume and discharge it later to the local soils [157,160], but the detained volume of a soakaway is small because water is mainly stored in the pore of the soakaway’s filler. In addition, the discharge rate from a soakaway is uncontrollable; a fast discharge rate may unlawfully transfer the flooding problems to low-lying locations [183]. Therefore, future research should focus on the development of novel, discharge-controllable facilities to attenuate the peak flow of urban runoff by extending the discharge duration. These facilities must reset their capacity of peak-flow attenuation automatically before the next heavy rainfall.



As an example, Qin et al. [182] proposed a leak tank that can temperately detain rainwater and then slowly release it to the nearby sewers. A schematic of the leak tank can be seen Figure 13. Rainwater is routed to the tank though a large pipe that is set above the tank, while the outlet orifice is set at the side of the tank and at a height above the tank’s bottom to avoid being clogged by debris. Rainwater from sealed pavements, rooftops, or other surfaces can be routed to the tank via gravitational flow without directly entering the local sewers. When the tank is empty, rainwater is detained in the tank. When the water in the tank levels above the leak orifice, a portion of inflow remains detained in the tank while the remaining surplus water drains from the leak orifice. After the inflow ceases, the water above the leak orifice continuously releases until the water in the tank levels with the orifice. Finally, the tank is re-set to detain rainwater inflow at the subsequent rain event without manual interventions. Assuming a catchment area of 100 m2, and runoff coefficient of 0.8, a tank base’s area of 2 m, and a tank’s height of 1.5 m and assuming a 10 cm depth of rain whose instantaneous rainfall intensity is a gamma distribution with a duration of 0.25 hour, Qin et al. [182] found that the peak flow can be attenuated about 45% and the peak flow is retard about a quarter of hour (Figure 14). As a 10 cm rain depth and a 0.25 hour rain duration can be deemed as an extremely heavy rain, it is believed that the urban flooding can be greatly mitigated if a serial of leak tanks with proper sizes is designed to the right places to detain rainwater on the source. While such tanks seem promising, their long-term hydrological performances are still awaiting further studies.




7. Conclusions


This paper briefly reviews mainstream techniques for urban flooding mitigation. Techniques are categorized into aboveground ones, including vegetated and non-vegetated roofs; ground-surface ones, including permeable pavements, water-retaining pavements, trees, bio-retention, infiltration trenches; and underground ones, including soakaways and other underground water storage units. Water barrels and water tanks are used to harvest rainwater for non-potable uses but they must be frequently emptied by homeowners to continually reset them. Vegetated and non-vegetated roofs, permeable pavements, water-retaining pavements, trees, bio-retention, and infiltration trenches have great ability to retain and detain rainwater in case of a small rain. Clogs of permeable pavements, infiltration trenches, and soakaways degrade their hydrological performance, which can be restored by frequent maintenance. Techniques like green roofs, urban trees, swales, and bio-retention can maintain good infiltration over time because roots of vegetated species, urban trees, swale grass, bio-retention plants loosen the growth media for water infiltration.



While mainstream techniques effectively retain, store and/or infiltrate rainwater during small rainfalls, they lead to great overflows during heavy rain. As urban flooding takes place when the overflows from different catchments superimpose to a degree that exceeds the carrying capacity of local sewer pipes, current mainstream techniques are insufficient to mitigate urban flooding. To mitigate urban flooding, in case of a heavy rainfall, the peak flow must be attenuated substantially and the discharge duration must be extended proportionally. New studies shall focus on the development of novel, discharge-controllable devices that can attenuate the peak flow in case of heavy rainfalls by extending the duration of the runoff discharge. Leak tanks that can detain rainwater at the source and discharge it slowly for a longer duration than the rain duration are promising options to attenuate the peak flow of urban runoff and to reset tanks automatically. Further studies are necessary to understand the long-term hydrological performance of the leak tanks.
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Figure 1. Rainwater falling on a green roof is retained and detained by plants and soils; additional rainfall leads to overflow. 
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Figure 2. Rainwater falling on a permeable pavement is infiltrated to the base, which serves as a reservoir to store and infiltrate rainwater. 
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Figure 3. A water-retaining pavement holds water at the surface layer; additional water is drained to the base. 
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Figure 4. Rainfall falling on a tree is partitioned to interception, throughfall, infiltration, and soil retention, with the excessive water discharging as runoff. 
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Figure 5. A rain barrel is a small chamber installed nearby a building for collecting rainwater from the downspout. The overflow can be discharged to the rain garden. 
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Figure 6. An infiltration trench is a channel filled with stones and gravels to detain runoff for infiltration. 
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Figure 7. A rain garden is built by replacing natural soils with growth media for vegetated plants growth, which retains and filters rainwater. 
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Figure 8. A vegetative filter strip is usually built nearby an impervious surface to allow runoff from the impervious surface flowing evenly through the strip for intercepting and slowing runoff. 
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Figure 9. A swale is a depressed vegetated layer over a filter intermediate layer upon natural permeable soils to pond rainwater for promoting infiltration. 
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Figure 10. A soakaway is a small-scale underground cell filled with gravel and stones to store rainwater for infiltration. 
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Figure 11. An underground tank stores rainwater from the above sealed surfaces for subsequent non-potable uses. Overflow from the tank is led to local sewers. 
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Figure 12. Attenuating the peak flow should be done by extending the discharge time proportionally. (a) The runoff from catchments of B, C, and D merge together, resulting a greater runoff A (b) Peak flow of hydrographs are dwarfed by extending the discharge duration [182]. 
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Figure 13. A buffer tank that detains rainwater temperately and releases it slowly at the side of the tank. The release orifice is set some elevation above the bottom of the tank to avoid clog. 
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Figure 14. A leak tank attenuates the peak flow of runoff and retards the peak flow effectively. The simulation assumes a catchment area of 100 m2, a runoff coefficient of 0.8, a tank base’s area of 2 m, and a tank’s height of 1.5 m and assuming a 10 cm depth of rain whose rainfall intensity is a gamma distribution. Rain duration is 0.25 hour. qi = inflow; qo = outflow; θ = peak flow attenuation rate. 
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Table 1. Runoff can be controlled above, on and below the ground.
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	Runoff-Control Sites
	Facilities





	Above the ground
	green roofs, non-vegetated roof



	On the ground
	trees, pervious pavements, water-retaining pavements, infiltration trenches, rain barrels, rainwater tanks, bioretentions



	Below the ground
	soakaways, and underground cisterns
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