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Abstract


This study presented the conceptual framework of the water-management analysis module (WMAM) to derive effective physical specifications for the design and planning of low-impact development (LID) practices using the storm-water management model (SWMM). This decision-support system can be used for six LID types and has the following key capabilities: determining relevant LID design parameters within the SWMM that critically influence the hydrological cycle components using a simple sensitivity analysis and determining the best hydrological values for LID planning specification. This study analyzed a highly urbanized university campus as a case study to determine the design and planning specifications for an infiltration trench and permeable pavement. In addition, the performance of different LID practices during high-intensity rainfall events was compared. The results indicate that the WMAM can be very useful in determining many LID design and planning parameters.
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1. Introduction


Over the past several decades, floods have become more prevalent and streamflow has been reduced or depleted due to increased runoff and higher peak flow caused by an increased impervious surface ratio. In addition, water quality within large urban streams has deteriorated dramatically. To prevent these negative impacts, implementation of low-impact development (LID) practices has become a popular way of mitigating against frequent natural disasters [1]. Thus, LID practices have been proposed to maintain the pre-development hydrological features of urbanized districts, thereby mitigating the negative effects on receiving waters and watersheds [2]. LID practices used at a catchment level have been demonstrated to significantly reduce runoff volumes, peak flows and mass exports of several pollutants in storm water relative to traditional development [3,4].



However, there has been great ambiguity in the determination of physical LID specifications that support efficient design and planning [5], e.g., what values of specific LID components should be selected, or what sizes or numbers of LID practices should be used. Specific design and planning values for LID practices are difficult to achieve because different LID types and sizes can have similar effects on hydrological components [6]. Thus, various studies to find the best solution for LID design and planning have been performed [7,8,9,10,11,12].



Several hydrological models that analyze LID practices have been developed [13], including the best management-practice decision-support system (BMPDSS) [14], BMPs SELECTion expert system [15], rainfall–watershed bioretention (RWB) model [16], diagnostic decision-support system [17] and water-management prioritization module [18]. However, very few hydrologic models can simulate LID performance. The storm-water management model (SWMM) developed by the Environmental Protection Agency (EPA) has been updated to assess the hydrological performance of various LID types and supports a function that compares simulation results before and after the installation of LID practices.



The PCSWMM, XPSWMM and others have been greatly improved based on the original SWMM concept and program. Although they have their own unique advantages, including the integration of GIS and 2D/3D hydraulic analyses, they are unable to inform the best physical specifications of LID design and planning for urbanized study regions. Although they support effective tools for simulating the hydrological effects of various LID types, they cannot simulate multiple scenarios for LID designs and planning parameters [18]. Recent studies on LID applications incorporating the aforementioned decision-support systems (DSS) have been limited to applications for effectively mitigating flood risks and reducing runoff and pollutant levels in urban areas [19,20,21].



This study developed a web-based DSS named the water-management analysis module (WMAM) to determine the best specifications for LID design and planning in any urban area. The WMAM was applied to a university campus in South Korea that has been heavily urbanized. A highly urbanized area of Seoul was selected as the study area.




2. Materials and Methods


2.1. Description of the Storm-Water Management Model (SWMM) Low-Impact Development (LID) Function


The EPA SWMM [22] is a program that has been widely used to simulate urban runoff quantity and quality [23] and has also been frequently used to evaluate the effects of storm-water management based on conventional drainage systems [24] or LID designs [25]. The current version (5.1.012) provides a modeling platform for studying the hydrologic responses of various LID practices such as rain barrels, swales, permeable pavements, green roofs, rain gardens, bio-retention cells and infiltration trenches. LID control modules that provide detention storage, enhanced infiltration and evapotranspiration of runoff from localized surrounding areas have been implemented in the SWMM to simulate the hydrological behavior of such source control technologies since 2005 [26].



LID controls are represented by a combination of vertical layers whose properties include thickness, void volume, hydraulic conductivity, and underdrain characteristics; these properties are defined on a per-unit-area basis [25]. These LID controls can then be placed within selected subcatchments at any desired size or areal coverage.



The SWMM consists of an ‘LID control editor’, ‘LID group editor’, and ‘LID usage editor’. The LID control editor is used to define a LID physical specification that can be deployed throughout a study area to store, infiltrate, and evaporate subcatchment runoff. The LID group editor is used to add any type of LID controls to a specific subcatchment. In the end, the LID usage editor is used to describe how each LID control added to a LID group is deployed within the group’s subcatchment. In this LID usage editor, ‘percent of initially saturated’, ‘percent impervious area treated’, ‘area of each unit’, ‘number of replicate units’ and ‘return all outflow to pervious area’ are defined in a quantitative and qualitative way [26].




2.2. Sensitivity Analysis


Sensitivity analysis quantifies the uncertainty that can be defined as a relative variation in the output of a model (numerical or otherwise) according to variations in the input of a model [27]. The sensitivity analyses can be performed for the following purposes: first, to determine which parameters need to be analyzed, thereby reducing output uncertainty; second, to determine which parameters are irrelevant and can thus be removed from the final model; third, to determine which inputs contribute most to output variability; fourth, to determine which parameters are most highly correlated with the output; and fifth, once the model is in use, to determine the consequences of changing a given input parameter [28]. There are many different ways to conduct sensitivity analyses; however, when answering such questions, various analyses may not produce identical results.



A sensitivity analysis was performed in order to identify which parameters would be most effective in minimizing differences between before and after variations. Parametric sensitivity can be mathematically expressed as:
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where     S   P i       is the sensitivity of parameter     P i    ,   Q   is the output function, and     P i     is the parameter of the system response function under consideration [29].



This study used a one-at-a-time sensitivity index to quantify sensitivity by varying one parameter at a time while holding the others fixed. That is, it means the rate of change in one output component with respect to a change in the input parameters, such as berm height, vegetation volume fraction, and flow coefficient.




2.3. Study Area and Data Used


The WMAM was formulated in a highly urbanized area in Seoul, Korea, as described in Figure 1, which shows a SWMM modeling map. The study region is located between latitude 37° N and longitude 127° E. The entire area is 508,690 m2, and its urban area ratio is 92.7%. The study area is largely covered by buildings, roads and parking lots. Subcatchment S5 was selected from among 18 subcatchments for the construction of an infiltration trench because its imperviousness percentage exceeded 80%, and the area was thus more likely to be developed. Daily rainfall data for 17–26 August 2014, for the Seoul observatory were utilized in this study. A small rainfall event was used, as it proved more appropriate for the LID performance analysis. S5 covers an area of 9.14 ac (approximately 37,000 m2), which corresponds to approximately 7% of the total area. Its slope is 0.5%, and its imperviousness area ratio is approximately 80%, as S5 is primarily covered by an asphalt road. Manning’s N for the impervious and pervious areas was estimated at 0.013 and 0.38, respectively, and had been previously calibrated in urban areas of South Korea. The depth of depression storage in the impervious and pervious areas. was assumed to be 2.338 mm [30]. This value can be calibrated for precise simulations based on field discharge measurements.



The study area was simplified to 18 subcatchments and 10 junctions according to elevation, drainage system and stream network (Figure 1). The physical information was collected from a digital-elevation model (DEM), Google Earth (pro) and a land-use map, and meteorological data were obtained from the Korea Meteorological Administration.





3. Systematic Water-Management Analysis Module (WMAM) Procedure


The WMAM is a DSS used to identify the design and planning parameter specifications for LID practices and is based on the SWMM 5.1. There are six types of LID practices with between 5 and 23 design parameters each; the WMAM was developed to guide users through the automatic generation and simulation of the various LID design-parameter combinations. In addition, six LID practice planning parameters are included in the SWMM, resulting in many available combinations. A scenario analysis was conducted to estimate whether a case was good or bad and thus better define a given effect by comparing various cases. The analysis was designed to facilitate improved decision making by enabling outcomes and their implications to be considered. Six types of LID practices—bio-retention cells, rain gardens, green roofs, rain barrels, permeable pavement, and infiltration trenches—are available for use in the WMAM. The module’s primary function is to determine the most effective SWMM parameters for the design and planning of LID practices based on sensitivity and multi-scenario analyses of various hydrological components. Sensitive and effective parameters that critically influence total runoff, peak flows, infiltration and other factors can be identified through sensitivity analyses, and various cases can be simulated in detail through multi-scenario analyses.



The procedure developed in this study utilizes the SWMM to determine all effective design and planning parameters related to LID practices based on automatic SWMM simulation results [10]. A flowchart of the WMAM and its details is presented in Figure 2. The WMAM includes 10 steps divided into four systematic parts: (1) loading the SWMM file and selecting the target subcatchment and LID type; (2) sensitivity analysis of the LID design parameters; (3) multiple scenario analysis of the LID design parameters; and (4) multiple scenario analysis of the LID planning parameters. The WMAM ‘procedure’ describes the 10 steps that users should follow for the developed DSS; its ‘systematic algorithm’ describes the logic of how the WMAM functions to determine the best LID design and planning. The ‘details’ section in Figure 2 describes the scenario generation and operation process based on the SWMM using the input information.



Part 1: For the WMAM, an SWMM input file, hereinafter referred to as SWMM_i, containing each LID practice should be constructed for the area of interest. Once the SWMM_i is loaded and the target subcatchment and LID types are selected in steps 1 and 2, respectively, SWMM_i is modified to another form. It excludes other information on LID types, except for the selected subcatchment and LID type.



Part 2: The WMAM automatically generates and simulates all SWMM input files corresponding to the values added in step 3, and a sensitivity analysis of the design parameters is conducted. In the third step, because the necessary parameters for all LID types differ, they automatically appear according to the selected LID type. To generate all possible scenarios for sensitivity analysis, minimum and maximum parameter values and the number of scenarios considered should be defined in this step. For example, if there are i design parameters related to the selected LID type and if the number used for the analysis of each design parameter is 11, the WMAM runs i × 11 times to simulate all cases. If there are different values for each parameter (j, k, l, and m), the total number of cases used in the SWMM simulation will be the sum of the given values (j + k + l + m). In the fourth step, the WMAM simulates all defined scenarios in step 3 with a single click and then analyzes all results. Hydrological results (e.g., total runoff, peak runoff, runoff coefficient, infiltration loss, surface outflow and final storage) are illustrated in graphs and tables. Users are able to know which design parameters influence the hydrological results most, and critical LID design parameters significantly affecting the hydrological components can be identified and screened by the user. In addition, any parameter showing no or slight effects on the important hydrological component can be removed from further analysis. This step can significantly reduce the number of all available scenarios that are not meaningful.



Part 3: The WMAM automatically generates various scenarios of the LID design parameters and simulates SWMM based on values entered in step 5. In the fifth step, the selected LID design parameters from the fourth step automatically appear, and users are then asked to re-enter all value ranges of the selected parameters. Target scenarios are defined in the same way as in the third step by entering minimum, maximum, and total numbers. However, this step considers all possible combined scenarios of design parameters. For example, assume that four design parameters are selected from the sensitivity analysis and that their quantities of plausible scenarios are q, r, s, and t. The WMAM will simulate the SWMM q × r × s × t times to analyze all possible combined cases of effective LID design. In the sixth step, the graph of relative frequency appears after many calculations, and users can then identify the distribution of hydrological performance. Additional simulations and calculations can be performed if users wish to find narrower value ranges for the design parameters. In the seventh step, users can recalculate all results for a specific hydrological component, and the top performance scenario can be identified.



Part 4: The WMAM automatically generates various scenarios of the LID planning parameters and runs the SWMM based on the values entered in step 9 and the scenario selected in step 8. In the eighth step, users must select the most effective scenario for LID design. Because some of the scenarios perform the same for all hydrological factors, users can choose any scenario based on other criteria, such as economic efficiency or social preferences. In the ninth step, users must enter all possible ranges of planning parameters to determine the parameters’ degrees of sensitivity to hydrological variables. Scenarios are defined as in step 5. All available combined scenarios of all planning parameters are included in this step. Because most planning parameters affect purchase and installation costs, proper numbers and sizes should be carefully determined. For example, assume that four planning parameters are selected as important criteria for LID planning and that their quantities of plausible scenarios are a, b, c, and d. The WMAM will perform the SWMM a × b × c × d times to analyze all possible combined cases of LID planning. In the tenth step, relative frequency graphs of the selected hydrological variables are presented. Users can thus choose the appropriate LID planning parameters based on their satisfactory performance. Of course, SWMM input and output files produced during this step can be downloaded for further analysis in the SWMM. The WMAM automatically generates various scenarios based on the values entered in step 9. In the end, one design and one planning parameter set will be derived from these four parts.



Thus, the WMAM can simulate numerous combinations of LID design and planning parameters and identify the most efficient scenario through a systematic process. Any step can be repeated to reduce the available value range. In future years, additional steps will be enhanced to determine the economic efficiencies of multiple LID planning scenarios based on cost-effectiveness ratios. In step 11, users enter approximate fixed and variable costs of feasible scenarios into hydrological criteria and the duration of the LID practice. The cost-effectiveness ratios for all hydrological components are then calculated. Finally, the proposed LID planning specification can be determined based on economic feasibility levels.




4. Results.


4.1. Simulation Results With and Without Infiltration Trenches


This study used the WMAM to quickly compare all simulated results from various cases with and without the installation of an LID practice. The construction of an infiltration trench, a frequently used LID practice, in a selected subcatchment was proposed in this case study. Infiltration trenches are narrow ditches filled with gravel that intercept runoff from upslope impervious areas. In this study, peak runoff and total infiltration amounts were compared for every case and were determined to be much more effective when peak runoff decreases and total infiltration increases.



The study area without an infiltration trench was first simulated. An infiltration trench was then designed and planned within subcatchment S5 using the SWMM. Design and planning parameters were estimated and entered based on field conditions. Finally, the WMAM was used to analyze diverse design and planning scenarios for the installed infiltration trench in subcatchment S5.



Total runoff, peak runoff and total infiltration results for subcatchment S5 are listed in the first row of Table 1. Total runoff was recorded as 101.87 (mm), peak runoff was recorded as 15.21 (LPS), and total infiltration was recorded as 6.48 (mm). It is assumed that total runoff and peak runoff results will decrease when an infiltration trench is constructed in subcatchment S5.




4.2. Infiltration-Trench Simulation Results


To compare the SWMM simulation results without and with an infiltration trench in subcatchment S5, an infiltration trench was added to the SWMM input file used in Section 4.1. Relatively certain values obtained from previous studies [28] were added to the design parameters for the infiltration trench in this study (Table 2). Berm height, vegetation volume fraction, surface roughness, and surface slope, which are affiliated with the surface layer, were set at 150.0 (mm), 0.0, 0.013, and 5 (%), respectively. Thickness, void ratio, seepage rate, and clogging factor, which are affiliated with the storage layer, were set at 750 (mm), 0.4, 210 (mm/h), and 0, respectively. The flow coefficient, flow exponent, and offset height, which are affiliated with the drain layer, were set at 0.0, 0.5, and 0.0 (mm), respectively.



The planning parameters for the infiltration trench were calculated to exceed 10% of subcatchment area S5 (Table 2) for infiltration trench construction in the undeveloped area of S5. Ten infiltration trenches were planned for construction in subcatchment S5. Each infiltration trench covered 460 m2 and had a surface width of 1 m per unit. The percentage of treated impervious area and that of the initially saturated area were both set to 0.



The construction results for the S5 infiltration trench are listed in the second row of Table 1. Total runoff reached 93.8 (mm), peak runoff reached 14.04 (LPS), and total infiltration reached 16.58 (mm). Total and peak runoff decreased, and total infiltration increased after infiltration-trench installation.




4.3. WMAM Application


The infiltration trench’s performance can be simulated via repeated runs of the EPA’s SWMM 5.1. However, the number of simulations required would become too large, as the best design and planning specifications must be carefully determined. The WMAM can be used to reduce the time and effort required from common users through automatic input-file generation and output-file analyses.



The SWMM input file constructed for the study area was loaded during step 1. Subcatchment S5 and the infiltration trench were selected as the target area and LID type, respectively, during the second step. In the third step, a simple sensitivity analysis was performed for 11 infiltration-trench design parameters. Maximum and minimum values and the number (n) of considered values were defined, and then 11n scenarios were automatically simulated and analyzed using the SWMM. According to the sensitivity principle, the SWMM simulates every case with a change in a single design parameter while the other parameters remain fixed. In the fourth step, the flow coefficient, seepage rate, thickness, and void ratio were found to be very sensitive parameters that influenced the hydrological component results, as shown in Figure 3 and Table 3. The inserted seepage rate values for the sensitivity analysis reached a minimum of 0.01 and a maximum of 5 and were found to be sensitive, while infiltration losses varied from 2.52 (mm) to 131.43 (mm) per the SWMM results. Thickness, void ratio, and flow coefficient values were effective at changing infiltration losses. As several design parameters are related to a single LID type, this step is very important. When the best design LID parameters are identified, combinations of highly effective parameters should be considered. The number of possible simulation scenarios becomes very high when ineffective design parameters are not ignored. Therefore, critical LID design parameters for the study area must be screened through a sensitivity analysis so that meaningful LID design cases can be identified.



Sensitive LID design parameters were used in our multiple scenario analysis. In the fifth step, after the addition of maximum and minimum values and the number of considered scenarios for the selected parameters, 168 combined scenarios were generated and automatically simulated. From the relative frequency graph generated in the sixth step, we can determine how many scenarios exhibit high or low performance according to our analyses of the 168 SWMM simulation results. As shown in Figure 4, approximately 0.006% of the 168 scenarios presented the highest value of total infiltration. As a result, a single scenario was found to provide the best set of LID design parameters. The relative frequency graphs show all results for total runoff, peak runoff, final storage, runoff coefficient, surface outflow and others. This procedure can thus help identify better combinations through a brief examination.



In the seventh step, details of the multi-scenario analysis were outlined. Multiple results of hydrological components can be selected and compared. Combined LID design-parameter values were simulated by the WMAM, and the corresponding results were calculated (Table 4). The highest total infiltration value was 15.67 (mm) when the flow coefficient (FC), seepage rate (SR), thickness (T), and void ratio (VR) were 0.3, 50, 450 and 0.75, respectively. All SWMM input and output files for the considered scenarios are available for download. This step is useful because it efficiently generates various scenarios and simulates the SWMM quickly. Moreover, users can compare target results based on a supporting list of results and use (load) downloaded files of the EPA’s SWMM 5.1 for further analysis.



The best scenario for infiltration loss (FC: 0.3; SR: 50; T: 450; and VR: 0.75) was selected in the eighth step. In the ninth step, users can employ all plausible LID planning scenario specifications using the number of scenarios considered and minimum and maximum values, as shown in Table 5. For example, if three numbers (30, 70, and 3) are entered for the initially saturated (PoIS) value percentages, the values used to combine scenarios will be [30, 50, 70]. Accordingly, Table 5 shows that (0, 50, 100), (1000, 2400), (3, 5) and (1, 2) were used for the percentage of impervious area treated (PoIAT), the area of each unit (AoEU), the number of units (NoU), and the surface width per unit (SWPU), respectively. Finally, (0, 1) was set as the return for all outflows to the previous area (RAOTPA). In this study, zero is positive and 1 is negative. In the end, 144 scenarios for LID planning parameters were generated and simulated.



All simulated LID planning scenario results were analyzed as shown in Table 6. Users can thus check the final hydrological component results of various LID planning parameters. Specifically, users can compare results by changing target hydrological components and scenarios that exhibit the best results. This step involves generating and automatically simulating scenarios and supporting SWMM input and output files for download. Relative frequency graphs help users identify the most effective scenarios. In the end, the WMAM results include LID designs and planning parameters.



One of the best LID design and planning scenarios of the 144 scenarios generated was derived using the WMAM as shown in Table 7. The corresponding results are listed in the third row of Table 1. Total runoff reached 48.76 (mm), peak runoff reached 7.28 (LPS), and total infiltration reached 67.87 (mm). These results show that use of the WMAM can reduce the time and effort required through a comparison of all simulated results with the various cases shown in Section 4.2 and Section 4.3. Total and peak runoff decreased significantly without an infiltration trench. Moreover, the derived WMAM results present better design and planning conditions than the individual SWMM simulation results with IT; and the change ratios associated with total and peak runoff were found to be −48% and −48.12%, respectively. In addition, the total infiltration estimated by the WMAM increased by 307.35% relative to the general SWMM LID simulation results with IT.



Hydrographs of the three case studies (the SWMM results without LID practices, the SWMM results with LID practices, and the WMAM application) are shown in Figure 5. As shown in the figure, the results of the WMAM application reveal significant efficiency in decreasing the discharge among the three case studies. Although each case used the same rainfall data, the peak of each graph indicates that runoff may decrease when LID practices are implemented and may decrease substantially more when the WMAM is used to design and plan the implementation of LID practices.




4.4. Application for High-Intensity Rainfall Event


This study was conducted based on a low-intensity rainfall event that resulted in 110 mm of rainfall over 10 days (17–26 August 2014) according to observations from the Seoul observatory.



The WMAM can also be used for high-intensity rainfall events. A real rainfall event from the same observatory that resulted in 374.5 mm of rainfall over 10 days (13–22 August 2012) was selected and simulated, as shown in Table 8. The maximum rainfall intensity during the heavy-rainfall event was 137 mm/day (21 August 2012). The total infiltration increased from 38 (mm) to 181.21 (mm), and the total runoff and peak runoff decreased from 307.49 (mm) to 167.89 (mm) and from 52.93 (LPS) to 29.7 (LPS), respectively, when the WMAM was used. However, compared to the low-intensity rainfall data, the relative change in the total infiltration was higher, whereas those of the total and peak runoffs were slightly lower under heavy-rainfall conditions. Although the relative changes in the total and peak runoff decreased, actual runoff decreased by factors of approximately 2.9 to 3.4. Figure 6 illustrates part of the subcatchment S5 hydrograph during the high-intensity rainfall event. The solid black bar on the top of the graph represents the high-intensity rainfall. The shapes of the graph differ because different rainfall data were used. The peak and total discharge were higher when the heavy rainfall event was used. Moreover, compared to the low-intensity rainfall event, the increase in the discharge rate was much greater when the high-intensity rainfall event was used. However, compared to the application with no LID practices and with a manually entered infiltration trench, the WMAM was found to be significantly more effective in decreasing the peak and total discharge. Therefore, the WMAM results indicate high efficiencies for both major and minor rainfall events.



Although only infiltration trenches were applied to this study, the WMAM can determine the optimal specifications for the other five LID types. In this study, the results for permeable pavement are shown in Table 9. Permeable pavements are excavated areas filled with gravel and paved over with a porous concrete or asphalt mix. The design and planning parameters for the permeable pavement were nearly the same as those of the infiltration trench, and new parameter values that refer to the soil and pavement layers were determined through the application of the WMAM. According to the sensitivity analysis of the WMAM, thickness (soil layer, 450 mm) and porosity (0.3) were additionally selected as sensitive parameters. The total infiltration increased by approximately 26.06% when the WMAM was used.



However, the relative changes in the total and peak runoffs using the WMAM compared to the manual simulation were only −13.44% and −0.78%, respectively. Figure 6 illustrates the hydrograph of the WMAM results for subcatchment S5 when using infiltration trenches and permeable pavements as LID practices. The peak and total discharge amounts increased when permeable pavement was used as the LID practice in place of infiltration trenches. Because there are differences between infiltration trenches and permeable pavement in the context of their design parameters, further studies are planned.





5. Conclusions


Many countries have suffered from floods, and the resulting damage has been tremendous. Therefore, LID practices have been considered to mitigate flood damages in urban areas. In addition, LID practices such as bio-retention cells, infiltration trenches, rain barrels, and pervious pavement have various positive functions, which include enhancement of water quality, aesthetic benefits, minor water supply, and groundwater recharge. Thus, in developed countries, the preference is to install LID practices when an area is being newly developed or re-developed. These practices can attenuate peak flows and increase lags in the timing of peaks which increase and decrease, respectively, due to urbanization. However, it is not easy to validate LID practices and find optimal hydrological design specifications.



The EPA’s SWMM and other extensions have been frequently used to simulate the hydrological function of LID practices. However, they cannot easily be used to identify the best LID design and planning specifications, as such extensions require the completion of numerous simulations and manual comparisons by changing all important parameters of LID design and planning to determine hydrological performance. The WMAM, a DSS based on the EPA’s SWMM 5.1 for LID design and planning, was developed in 2015 based on a 10-step systematic procedure and was applied to a real area to determine the most effective LID design and planning parameters. The WMAM offers a user-friendly web-based system that supports automatic scenario generation, SWMM simulation and results analysis. Specifically, the WMAM offers the following capabilities: (1) determining significant LID design parameters that critically influence the hydrological components of a study area via a simple sensitivity analysis; and (2) determining the best LID planning parameters for any hydrological aspect.



The case study shows that the WMAM supports a tool by which to determine effective LID design and planning parameters of various types by decreasing total and peak runoffs and by increasing infiltration. These results were compared with manually selected parameters. Finally, those superior scenarios with the best LID design and planning parameter values were identified by the WMAM, illustrating that the WMAM can be used in urban planning and urban-watershed management.
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Figure 1. Storm-water management model (SWMM) modeling map of the study area. 
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Figure 2. Detailed water-management analysis module (WMAM) procedure. 
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Figure 3. Sensitivity analysis of the sensitive design parameters. 
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Figure 4. Graph of the relative frequencies of the simulated scenarios. 






Figure 4. Graph of the relative frequencies of the simulated scenarios.



[image: Water 10 00146 g004]







[image: Water 10 00146 g005] 





Figure 5. Hydrographs of subcatchment S5 for the three case studies. 
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Figure 6. Hydrographs of subcatchment S5 using high-intensity rainfall data. 
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Table 1. Comparison of total runoff, peak runoff and total infiltration for three cases.
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	Case
	Total Runoff (mm)
	Peak Runoff (LPS)
	Total Infiltration (mm)





	Without infiltration trench
	101.87
	15.21
	6.48



	With infiltration trench (default value)
	93.8
	14.04
	16.58



	With infiltration trench from WMAM
	48.76
	7.28
	67.87










 





Table 2. Applied design and planning parameters for infiltration trench.
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Layer

	
Parameter

	
Unit

	
Value

	
Sensitivity






	
Design parameters

	
Surface

	
Berm height

	
mm

	
150

	
X




	
Vegetation volume fraction

	

	
0.0

	
X




	
Surface roughness

	
Manning’s n

	
0.013

	
X




	
Surface slope

	
%

	
5

	
X




	
Storage

	
Thickness

	
mm

	
750

	
O




	
Void ratio

	

	
0.4

	
O




	
Seepage rate

	
mm/h

	
210

	
O




	
Clogging factor

	

	
0

	
X




	
Drain

	
Flow coefficient

	

	
0

	
O




	
Flow exponent

	

	
0.5

	
X




	
Offset height

	
mm

	
0

	
X




	
Planning parameters

	

	
Area of each unit

	
m2

	
460

	
-




	
Number of units

	
EA

	
10

	
-




	
Surface width per unit

	
m

	
1

	
-




	
% initially saturated

	
%

	
0

	
-




	
% of impervious area treated

	
%

	
0

	
-











 





Table 3. Sensitivity analysis results for infiltration loss.
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Design Parameter

	
Inserted Value

	
Infiltration Loss




	
Min

	
Max

	
Min

	
Max






	
Flow coefficient

	
0

	
1

	
94.29

	
131.43




	
Seepage rate

	
0.01

	
50

	
2.52

	
131.43




	
Thickness

	
150

	
450

	
114.29

	
122.86




	
Void ratio

	
0.5

	
0.75

	
135

	
142.14











 





Table 4. Results of the simulated scenarios for the low-impact development (LID) design parameters (step 7 of the WMAM).
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	Flow Coefficient
	Seepage Rate
	Thickness
	Void Ratio
	Total Infiltration (mm)
	Total Runoff (mm)
	Peak Runoff (LPS)





	0.3
	50
	450
	0.75
	15.67
	94.53
	14.1



	0.3
	50
	450
	0.7
	15.6
	94.54
	14.1



	0.3
	50
	450
	0.65
	15.52
	94.55
	14.11



	0.3
	50
	400
	0.75
	15.51
	94.52
	14.1



	0.3
	50
	400
	0.7
	15.44
	94.53
	14.1



	0.3
	50
	450
	0.6
	15.44
	94.56
	14.11



	0.3
	50
	400
	0.65
	15.37
	94.54
	14.11



	0.3
	50
	350
	0.75
	15.35
	94.51
	14.1



	0.3
	50
	450
	0.55
	15.35
	94.58
	14.11



	0.3
	50
	400
	0.6
	15.3
	94.56
	14.11










 





Table 5. Entered values for generating LID planning scenarios (step 9 of the WMAM).
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	LID Usage
	Unit
	Min
	Max
	Count





	% initially saturated
	%
	30
	70
	3



	% of impervious area treated
	%
	0
	100
	3



	Area of each unit
	m2
	1000
	2400
	2



	Number of replicate units
	
	3
	5
	2



	Return all outflow to previous area
	y/n
	0
	1
	2



	Surface width per unit
	m
	1
	2
	2










 





Table 6. Results of the simulated scenarios for the LID planning parameters (step 10 of the WMAM).
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	Percent of Initially Saturated (%)
	Percent of Impervious Area Treated (%)
	Area of Each Unit (m2)
	Number of Replicate Units (EA)
	Return All Outflow to Pervious Area (y/n)
	Surface Width Per Unit (m)
	Total Infiltration (mm)
	Total Runoff (mm)
	Peak Runoff (LPS)





	30
	50
	1000
	3
	y
	2
	62.54
	50.79
	7.64



	30
	50
	1000
	3
	n
	1
	62.41
	50.79
	7.64



	30
	50
	1000
	5
	n
	1
	67.87
	48.76
	7.28



	30
	50
	1000
	5
	n
	2
	67.87
	48.76
	7.28



	50
	0
	2400
	5
	y
	1
	66.98
	73.61
	15



	50
	0
	2400
	5
	y
	2
	66.98
	73.61
	15



	50
	0
	2400
	5
	n
	1
	66.98
	73.61
	15



	50
	0
	2400
	5
	n
	2
	66.98
	73.61
	15



	50
	50
	1000
	3
	y
	1
	65.38
	51.07
	7.64



	50
	50
	1000
	3
	y
	2
	65.38
	51.07
	7.64



	50
	50
	1000
	3
	n
	1
	65.38
	51.07
	7.64



	50
	50
	1000
	3
	n
	2
	65.38
	51.07
	7.64










 





Table 7. Results of the derived best LID design and planning scenario using the WMAM.
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Design Parameters




	
Surface

	
Berm height (mm)

	
Vegetative volume fraction

	
Surface roughness (Manning’s n)

	
Surface slope (%)




	

	
0

	
0

	
0.1

	
1




	
Storage

	
Thickness (mm)

	
Void ratio

	
Seepage rate (mm/h)

	
Clogging factor




	

	
450

	
0.75

	
50

	
0




	
Drain

	
Flow coefficient

	
Flow exponent

	
Offset height (mm)

	




	

	
0.3

	
0.5

	
6

	




	
Planning Parameters




	
AoEU (m2)

	
NoU (EA)

	
SWPU (m)

	
PIS (%)

	
PoIAT (%)

	
RAOTPA (y/n)




	
1000

	
5

	
1

	
30

	
50

	
n




	
Relative Changes in the WMAM Results Compared to SWMM with IT




	
Total runoff

	
Peak runoff

	
Total infiltration




	
−48%

	
−48.12%

	
307.35%











 





Table 8. Comparison of the WMAM results to a high-rainfall event.
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Case

	
This Study

	
High Rainfall Event




	
LID Type

	
Infiltration Trench




	
Total Rainfall

	
110 mm

	
374.5 mm




	
Unit

	
Total Infiltration (mm)

	
Total Runoff (mm)

	
Peak Runoff (LPS)

	
Total Infiltration (mm)

	
Total Runoff (mm)

	
Peak Runoff (LPS)






	
With LID

	
16.58

	
96.8

	
14.04

	
38

	
307.49

	
52.93




	
WMAM

	
67.87

	
48.76

	
7.28

	
181.21

	
167.89

	
29.7




	
Relative change

	
309.35%

	
−48%

	
−48.14%

	
376.86%

	
−45.4%

	
−44.88%











 





Table 9. Comparison of the WMAM results to different LID types.
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Case

	
This Study

	
Different LID




	
LID Type

	
Infiltration Trench

	
Permeable Pavement




	
Total Rainfall

	
110 mm




	
Hydrologic Component (Unit)

	
Total Infiltration (mm)

	
Total Runoff (mm)

	
Peak Runoff (LPS)

	
Total Infiltration (mm)

	
Total Runoff (mm)

	
Peak Runoff (LPS)






	
With LID

	
16.58

	
96.8

	
14.04

	
15.04

	
93.83

	
14.04




	
WMAM

	
67.87

	
48.76

	
7.28

	
18.96

	
81.22

	
13.93




	
Relative change

	
309.35%

	
−48%

	
−48.14%

	
26.06%

	
−13.44%

	
−0.78%
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