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Abstract: Residential areas are important for the underlying surface of a city, and the sponge con-
struction of a residential area is a key topic in sponge city construction. Taking the Zi-Jing community
as the research case, the SWMM model was established for simulation, and the rainwater runoff
control, collection, and utilization were compared and analyzed before and after the implementation
of sponge transformation for the designed rainfall conditions of once in 3, 5, 10, 20, and 50 years. The
results showed that the water depth of the four outlet pipes was not a full tube at the first peak time.
The full duration time was reduced to 1–5 h at the second peak, and the flow reduction rate at the pipe
outlet was between 30% and 100%. The water storage of sub-catchments A1, A3, and A4 increased
significantly and continued to increase after the peak rainfall occurred, while that of A2 decreased
significantly after the transformation after the transformation. For the whole residential area, the
surface runoff decreased by 37–47%, while the surface water storage and infiltration increased by
8–14% and 23–39% respectively after reconstruction. The direct storage volume of rainwater in
the four sub-catchment areas was filled at least once above a once in 5 years scenario. The main
conclusions were as follows: Sponge transformation in residential areas with 17.46% sunken greenbelt
and 40.85% permeable pavement, and the time of the pipe outlet in full status can be shortened by
30–200 min in different rainfall return periods. With the increase in the rainfall return period, the
improvement range of the infiltration increased from 23.36% to 39.54%, the improvement range of the
storage capacity for rainwater decreased from 14.36% to 8.06%, and the reduction degree of surface
runoff increased from 37.73% to 47.43%. The water consumption for flushing is about 30 m3 per day
for 1000 people, and the rainwater storage volume of 765 m3 in this study can meet the flushing water
demand of 5000 residents in the community for 3–5 days.

Keywords: rainwater harvesting; sponge city; runoff control; rainwater collection and utilization;
residential community; LID

1. Introduction

Since the 1990s, China’s urbanized water problems have become serious and complex,
with prominent manifestations in water shortages, frequent urban floods, serious water
pollution, and serious water ecological damage [1]. The structures of the urban under-
lying surfaces and the interference of artificial activities have changed the hydrological
cycle process of the urban surfaces. Specifically, the surface production and confluence
coefficients have increased, the peak value of the rainwater runoff has increased, and the
peak time of rainwater flooding has advanced [2]. On the other hand, climate change
changes the frequency and intensity of rainfall in cities, increasing the risk of rainstorm and
flood disasters in cities [3] Research on the influence of climate change on urban rainfall
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characteristics and flood disasters has become a hot topic in urban hydrology research [4,5].
Especially in the past 10 years, with the influence of climate change, extreme rainstorms
have occurred frequently in cities, such as the “7.21” heavy rain in Beijing in 2012 and
the “7.20” heavy rain in Zhengzhou in 2021. These extreme rainstorms have caused huge
casualties and property damage in cities [6]. However, urban water resources are in serious
shortage [7]. Taking Beijing as an example, the per capita water resources in Beijing are only
150 m3, which is far lower than the international warning line of extreme water shortage of
500 m3, and it is only 1/8 of the national per capita water resources and 1/32 of the world’s
per capita water resources [8]. After the water supply at the end of 2014, the South-to-North
Water Diversion Project supplied a total of 7.5 billion m3 of water to Beijing, and the average
annual water supply in recent years has been 1.4 billion m3. The same city faces both severe
floods and severe water shortages as well as serious water pollution, water environment
damage, and water ecological damage [9,10]. To solve the urban comprehensive water
problem, the management of rainfall is the key point, and managing the urban rainwater is
a dual-effect measure for solving urban flood disasters and water shortages [11,12].

In order to alleviate and govern the increasingly severe urban water problem, the
Chinese government proposed the sponge city construction strategy at the end of 2013 [13].
Sponge city refers to a city that, like a sponge, has good resilience in adapting to envi-
ronmental changes and coping with natural disasters. The international general term is
“construction of low-impact development rainwater system”. When precipitation happens,
it absorbs water, stores water, seeps water and purges water. When it is needed, the stored
water will be released and utilized to realize the free migration of rainwater in the city [14].
In 2015, the first batch of 16 sponge city pilot constructions began. In 2016, the second
batch of 14 sponge city pilot constructions was approved [13]. In 2021, the Ministry of
Housing and Urban-Rural Development, Ministry of Finance, and Ministry of Water Re-
sources jointly issued the notice to carry out the Systematic and Comprehensive Sponge
City Construction Demonstration Work during the 14th Five-Year Plan Period. Sponge
city construction is a new concept for urban stormwater management that can effectively
relieve urban flooding and promote the usage of rainwater resources [15]. Improving urban
rainwater management infrastructure is an important part of sponge city construction [11],
and the construction of sponge cities is of great strategic significance for solving the urban
water resource problem in the future [16]. The construction and renovation of a sponge city
in residential quarters is an important measure for sponge city construction. Residential
quarters are an important part of the underlying surface of a city, and residential land
usually accounts for 40–50% of the total urban construction land area [17]. The ability of a
residential area to resist floods and waterlogging disasters is an important guarantee of
the safety of residents’ lives and properties [18]. Carrying out a comparative analysis of
the rainwater runoff control, collection, and utilization before and after the construction
and renovation of the sponge in a residential area has an important supporting role in the
evaluation of the effect and benefit of the sponge renovation in the residential area and the
construction of the sponge city [19,20].

There have been many studies on sponge city construction in residential districts.
Hou [21] proposed a refined simulation method for the rainfall–runoff process in a resi-
dential community that could reflect the physical process and quantify the effects of LID
(Low Impact Development) measures. LID is a rainstorm management and non-point
source pollution treatment technology developed in the late 1990s, which aims to con-
trol the runoff and pollution caused by rainstorm through decentralized and small-scale
source control, and make the development area as close as possible to the natural hy-
drological cycle [22]. Lin [23] showed that the building of sponge city facilities in target
residential communities in Shanghai could equal the total quantity of carbon emissions
for 18.8 years in the future. The Curve Number (CN) method was used to determine the
maximum potential of rainwater harvesting (surface runoff), and water cycle management
(WCM) was established for the sustainable exploitation of groundwater for sponge city
construction [24]. For permeable pavement, permeable bricks can effectively improve the
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sustainability performance in sponge city construction more than cement pavement [25].
Seven renovation scenarios (green roof, rain garden, permeable pavement, green roof and
permeable pavement, rain garden and permeable pavement, green roof and rain garden,
green roof and rain garden, and permeable pavement) were set for simulating the possible
effects of sponge city construction in a city based on SWMM, and the simulated results
showed that the potentially available amount of rainwater resources in the main urban area
of Xi’an was close to the annual public water consumption [26]. Scholars have studied the
effect of stormwater runoff control and rainwater utilization after sponge transformation
in residential areas through simulation modeling or statistical analysis; these studies are
mostly carried out with a single LID or sponge city measure, and they are mainly aimed
at the result after reconstruction. The existing research on the combination of various
low-impact development measures and the comparison of effect on rainwater control and
utilization before and after sponge community reconstruction is insufficient.

The main measures of residential area sponge transformation include rain gardens,
roof greening, sunken green spaces, permeable road surfaces, seepage wells, biological
retention pools, constructed wetlands, planting ditches, rain tanks, storage modules, and
drainage system transformation. Among these measures, permeable pavement has the
highest application proportion, being used by 100% of the projects, followed by rain gar-
dens, green roofs, grass ditches, and rainwater collection ponds, which account for 97.9%,
79.4%, 8.2%, and 14.4%, respectively. Related studies have shown that single-sponge mea-
sures and different combinations of sponge measures can achieve the purpose of reducing
the flood peak discharge, the lag peak occurrence time, and the total runoff. However, there
is a lack of comparative analysis and research on rainwater runoff control, flow reduction,
and rainwater storage before and after residential area sponge transformation. What are
the changes in the rainwater management and resources situation before and after sponge
city construction in a region? This is the scientific basis for quantifying the hydrological
effect of sponge reconstruction in a residential area.

The research gap is the comparative study on rainwater runoff reduction, rainwa-
ter storage, rainwater collection and utilization before and after residential area sponge
renovation. Taking the Zi-Jing community as a study case, this research established the
SWMM model before and after sponge transformation in the community, simulated rainfall
production and the confluence process for a typical designed rainfall scenario, analyzed
rainwater runoff reduction and rainwater storage capacity of catchment units in the com-
munity for different rainfall return periods, and analyzed the stormwater runoff reduction,
stormwater storage, rainwater collection and utilization capacity. This was completed
in order to provide technical support and a scientific basis for urban residential area
sponge transformation.

2. Materials and Methods
2.1. Research Method Flow

On the basis of determining the research topic and selecting the research area, the
network data and rainfall data of the research area before and after the reconstruction were
collected, and the SWMM models before and after the reconstruction were established,
respectively. The model parameters were calibrated before and after the reconstruction,
and the simulation and analysis scenarios were set based on the research topic. Then, we
ran a simulation and analysed the effects of residential unit sponge transformation was
carried on rainwater runoff control, rainwater storage, rainwater collection and utilization
under different scenarios. The “B” in the method flow represents before the transformation,
and the “A “represents after the transformation. Figure 1 shows the method flow.
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2.2. Research Area

The Zi-Jing community, located in the Tongzhou District, which is one of the first
batches of sponge city pilot areas to implement sponge city transformation in Beijing. It is
located between Baolong Road in the north, Tonghu Road in the south, the Rose Garden
in the east, and the Peony Garden in the west. Figure 2 shows the location of the Zi-Jing
community in the yellow frame, which is the research area.
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Beijing has a semi-humid and semi-arid monsoon climate in the warm temperate zone.
It is hot and rainy in summer, and it is cold and dry in winter. The annual frost-free period
is 180–200 days, and the western mountainous area has a shorter period. Figure 3 shows the
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annual and flood season rainfall in Beijing from 2011 to 2020. The annual average rainfall
from 2011 to 2020 is 569 mm, of which the annual average rainfall in the flood season
(from June to September) is 453 mm, accounting for 79.68% of the total on average, and the
rainfall exceeds 90% of the annual rainfall in the flood season in some years. The seasonal
distribution of precipitation is uneven, and heavy rain usually occurs in July and August.
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The Zi-Jing community consists of residential land covering an area of 118,000 m2.
Before the transformation, the greening rate of the community was 30.4%, the hardened
ground area rate was 48.0%, the building density was 21.6%, the community had no sunken
green space, and the hardened ground was all impervious. After transformation, 57% of
the green land was converted to sunken greenbelt, and 85% of the hardened ground was
changed to permeable hardened ground. The roofs of the buildings were not transformed
with the sponge transformation, and a new reservoir was built with a total volume of 765 m3.
The underlying surface statistics of the Zi-Jing community for the sponge residential area
before and after reconstruction are shown in Table 1.

Table 1. Underlying surface area characteristics of Zi-Jing community before and after sponge
city transformation.

Item
Green Land Building Roof

Green Land (m2) Sunken Greenbelt (m2) Sunken Greenbelt ratio (%) Roof (m2)

Before transformation 35,900 0 0 25,500
After transformation 15,300 20,600 57 25,500

Item
Hardened Ground Storing Rainwater

Hardened
Ground (m2)

Permeable Hardened
Ground (m2)

Permeable Hardened
Ground Ratio (%) Storage Pond (m3)

Before transformation 56,600 0 0 0
After transformation 8400 48,200 85 765
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2.3. Sponge Community Reconstruction Measures

The LID facilities adopted in the reconstruction of the sponge community for the
Zi-Jing community include a rain garden (biological retention facility), sunken green space,
a permeable parking lot, permeable concrete, a grass planting ditch, and a seepage ditch.
Figure 4 shows the spatial distribution of each measure. The reconstruction of the sponge
residential area was mainly the reconstruction of the pervious pavement of the hardened
ground, including the reconstruction of the pervious parking lot and pervious concrete,
which are both counted as pervious pavement in Table 1. The green land was transformed
into a sunken greenbelt, grass swales, an infiltration ditch, and a rainwater garden, which
are all counted as sunken greenbelt transformations in Table 1. The building roofing was
not modified with sponge measures.
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2.4. Simulation Model and Methods

SWMM is a free open stormwater management model developed by the Environmen-
tal Protection Agency (EPA) in the USA. SWMM is a dynamic precipitation and runoff
simulation model, which is mainly used to simulate a single precipitation event or long-
term water and water quality simulation in urban area, and it is characterized by open
source code, simple operation, and fast simulation speed [27]. SWMM has been widely
used in small-area, multi-feature urban area research due to its advantages of low cost,
small size, fast speed, simple operation, being easy to master, and secondary develop-
ment [28]. The SWMM core is a typical unsteady flow model that includes dynamic rainfall
and runoff calculation modules that can simulate the water quantity and water quality of
urban rainfall and runoff processes instantaneously or continuously in a specified period of
time [29]. LID facilities or sponge measures such as biological retention ponds, permeable
pavement, rain gardens, and sunken green space can be set up in the model, which is very
important for the comparative analysis of hydrological process changes and the study of
rainwater collection and utilization before and after sponge city reconstruction. Addition-
ally, the model can finely simulate the change process after the addition of LID measures.
Because the study area was a residential area that was categorized as a small-scale urban
rain flood simulation, and the main simulation content was a hydrological process and a
hydraulic process with complete basic data and detailed data, the SWMM model was used
for modeling and simulation in this study.

SWMM provides three options for the infiltration equation: the Horton equation, the
Green–AMPT method, and the SCS-CNO method [28]. Among these options, Horton’s
infiltration formula is an empirical formula for calculating the infiltration curve, which
was established by R.E. Horton in 1933 on the basis of a large number of soil infiltration
experiments [30]. Its form is: F = FC + (F0 − FC)e−kt, where FC is infiltration rate, F0
is initial infiltration rate, t is time, and κ is an empirical constant related to soil proper-
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ties. Houghton’s infiltration formula is widely used because its parameters have wide
flexibility and can generally cooperate well with the actual observation data [31]. The
input parameters required for this method include the maximum and minimum infiltration
rates, attenuation coefficients that describe how the rates decline over time, and the time
required for the fully saturated soil to be completely drained. The Green–Ampt method
simulates infiltration and assumes that there is a sharp wet front in the main body of the
soil, and the method separates the soil with some initial moisture content from the upper
saturated soil, which requires a large quantity of soil data. The SCS-CNO model is usually
suitable for a watershed larger than 50 km2. In this study, the Horton equation is used to
simulate infiltration.

For the sub-catchment area demarcating method, according to the direction of the
rainwater gravity flow, the rainwater on a roof is discharged into green space or pavement
through a rainfall pipe, and the rainwater on the green space or pavement is diffused
and discharged onto a road surface and then into rainwater pipe. The roof sub-catchment
area is delimited according to the range of the rainfall pipe water collection, the road face
sub-catchment area is delimited according to the vertical elevation of the road combined
with the rain grate distribution, and the green land and pavement sub-catchment area is
delimited according to the vertical elevation.

2.5. Rainfall Data

Rainfall is a decisive factor affecting the control and utilization of rainwater, and
rainfall data are the basis for determining rainwater source control objectives [32]. The
simulation results are shown during the designed rainfall scenarios of the recurrence period
that occurred once in 3 years, once in 5 years, once in 10 years, once in 20 years, and once in
50 years. Analysis was carried out mainly based on the three aspects of the surface runoff
reduction rate, rainwater storage rate, and rainwater collection and utilization rate.

For the rainfall, the 24 h rain pattern of the rainstorm intensity formula method in
DB11/T969-2016, the standard for Calculating Storm Runoff in Urban Rainwater System
Planning and Design, was adopted, and the recurrence periods were once in 3 years, once in
5 years, once in 10 years, once in 20 years and once in 50 years. The corresponding rainfall
amounts were 116.36 mm, 150.58 mm, 208.70 mm, 264.64 mm, and 339 mm, respectively.
The design rainfall was characterized by bimodal rain, with small front and large rear peaks.
The designed rainfall process for each return period is shown in Figure 5. The rainfall
interval was 5 min, and the rainfall unit was mm.
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3. Model Building and Parameter Selection
3.1. SWMM Model Establishment and Catchment Division

The SWMM model of the Zi-Jing community was established before and after sponge
measure reform, and the model divided the small area into four drainage areas. The SWMM
model divided the Zi-Jing community into four sub-catchment areas, A1, A2, A3, and A4,
which had the same range before and after transformation. Figure 6 shows the SWMM
model and the sub-catchment area division results after the sponge transformation. The
A1 drainage subdivision was distributed with a DN200–DN1000 mm rainwater pipeline,
which was 1545 m in length and was discharged into the downstream tidal river. The A2
drainage division was distributed with a DN200 mm rainwater pipeline, 72 m in length,
which was connected downstream to the municipal pipe network. The A3 drainage area
had distribution with a DN400–DN500 mm current rainwater pipeline, with a length of
160 m and downstream south access to the Tonghu Street current rainwater pipeline. The
A4 drainage partition had a distribution with a DN400–DN500 mm current rainwater
pipeline with a length of 123 m and downstream south access to the Tonghu Street current
rainwater pipeline. The four drainage zones were divided as shown in the following figure.
During the reconstruction of the sponge city, the pipes in the A2 area were thickened, and
the diameter of the renovated rainwater pipe was DN500 mm.
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Table 2, below, shows the changes in the underlying surface of each catchment area
before and after the sponge renovation. The table lists the areas of green space, hardened
ground, and roof before the transformation of each catchment area, and the table lists the
areas of sunken green space and permeable pavement transformed by the sponge measures
as well as the calculation of the area proportion of transformation. The roof was not
modified, and rainwater reservoirs were built in each district. The model of the Bauhinia
Elegant Garden before transformation had the following parameters: catchment area: 674,
current rainwater wells: 70, current pipeline: 1.9 km, pipe diameter DN200–DN1000 mm,
discharge outlets: 4. After sponge transformation, the model had 930 catchment areas,
86 rainwater wells, rainwater pipelines with a total length of 2.2 km, and four outfalls.
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Table 2. Land use structure of catchment subdivision.

Items A1 A2 A3 A4 Total

Green land (m2) 24,600 200 4500 6600 35,800
Sunken greenbelt (m2) 16,300 0.00 1200 3100 20,600

Sunken greenbelt ratio (%) 66.23 0.00 26.67 46.97 57.65
Hardened ground (m2) 36,300 6600 8900 4800 56,600

Permeable hardened ground (m2) 29,200 6300 8500 4200 48,200
Permeable hardened ground ratio (%) 80.44 95.45 95.51 87.50 85.16

Roof (m2) 16,000 3900 2600 3000 25,500
Storage pond volume (m3) 480 117 78 90 765

Storage depth (mm/d) 18.6 33.3 14.7 18.6 19.5
Total area (m2) 76,900 10,500 16,000 14,600 118,000

3.2. Model Parameter Selection

A high-precision DEM (digital elevation model) was used to extract the average
percentage slope of the sub-catchment area with a GIS (Geographic Information System)
spatial analysis tool, and the average slope was determined to be 1.39%. In this study,
the characteristic width of the sub-catchment area was calculated using the measured
maximum overflow characteristic length of the slope in CAD design drawings. Three
periods of rainfall events in 2021 were input into the model, and the simulated results of
the water level and flow were compared with the measured data to verify the model’s
accuracy. The model parameters were determined as shown in Table 3.

Table 3. Calibration results of the model parameters.

Parameters Meaning Unit Calibration Results

Slope Mean percentage slope of
sub-catchment area % 1.39

S-Imperv Storage depth of impervious surface mm 2.54

NSrate- Imperv Percentage of impermeable area
without depression water storage % 25

S-Perv Storage depth of pervious surface mm 5.08

Max Rate Initial infiltration capacity mm/h 76.2

Min Rate Stable infiltration capacity mm/h 3.3

Decay Decay index of infiltration capacity L/h 4

N-Perv Manning coefficient in pervious area /
Permeable pavement 0.1

vegetation or green space 0.2

N-Imperv Manning coefficient in impervious area / Roof/ground:0.02

Roughness Pipeline Manning coefficient / 0.0147

The roughness coefficients in the model included the pipe network and surface rough-
ness coefficients. According to the calibration results of the central city model and the
actual situation of the pipe network and river in the study area, the roughness of the
pipe network was determined to be 0.0147. The surface roughness coefficient referenced
the urban rainwater drainage system planning design storm runoff calculation standards,
weighted according to the different surface areas, which were determined via research
within the scope of the roof, concrete pavement, hardening, permeable asphalt pavement,
permeable brick shop outfit, vegetation cover, grassed swales, seepage channel, and other
different types of surface roughness coefficient values, as shown in Table 4.
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Table 4. LID facility parameters values.

LID Facility Parameter Name Value Basis Values

Bioretention ponds
Sunken greenbelt
Rainwater garden

Dike dam height (mm)
Design drawings

100
Soil layer thickness (mm) 200/500
Aquifer thickness (mm) 400

Vegetation volume fraction Design criteria 0.1
Aquifer porosity ratio

SWMM manual
0.5

Aquifer seepage rate (mm/h) 3.3

Grassed swales

Dike dam height (mm)
Design drawings

300
Surface slope (%) 1.5

Side slope 3
Vegetation volume fraction Design criteria 0.1

Surface roughness 0.02

Permeable parking lot
Permeable concrete

Dike dam height (mm)
Design drawings

0
Surface slope (%) 1.5

Surface layer thickness (mm) 65/80
Impermeable surface fraction Design criteria 0

Surface porosity ratio
Design drawings

0.09/0.11
Surface seepage rate (mm/h) 360

Aquifer thickness (mm) 200
Vegetation volume fraction

SWMM manual

0
Aquifer porosity ratio 0.5

Aquifer seepage rate (mm/h) 3.3
Jam factors 0

Surface roughness Design criteria 0.025/0.02

Infiltration ditch

Dike dam height (mm)
Design drawings

50
Surface slope (%) 1.5

Aquifer thickness (mm) 400
Surface roughness Design criteria 0.02

Aquifer porosity ratio
SWMM manual

0.5
Aquifer seepage rate (mm/h) 3.3

3.3. Evaluation Index Calculation

The flow reduction rate is used to analyze the reduction effect of sponge plot recon-
struction on the runoff of a catchment unit, and the calculation formula is as follows:

RF = 1− FA
FB

(1)

where RF is the flow reduction rate, FA is the flow after sponge transformation, and FB is
the flow before sponge transformation.

Surface storage water is used to analyze the amount of water that can be stored
and retained on the ground surface after the reconstruction of a sponge plot, and it is an
important index for runoff reduction and rainwater control during the reconstruction of a
sponge plot. Its calculation formula is as follows:

VS = VP + VOR −VE −VI −VR (2)

where VS is the stored rainwater on the surface of the catchment area, VP is the amount of
rainfall in this catchment area, VOR is the amount of water flowing into this catchment area
from the adjacent catchment area, VE is the amount of water evaporation during rainfall,
VI is the amount of water seeping into the ground, and VR is the amount of rain flowing
out of this catchment area.
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4. Results
4.1. Runoff Reduction Rate
4.1.1. Water Depth of Outlet Pipe

The runoff depth, outlet pipeline flow, and reduction rate for the outlet of the
four sub-catchment areas were selected to analyze the runoff reduction rate. Figure 7
shows the change process of the water depth at outlets P1, P2, P3, and P4 in different
rainfall return periods. The solid line represents the runoff depth before reconstruction,
and the dotted line represents the runoff depth after reconstruction. Before and after the
reconstruction, under the design rainfall conditions, there were two peak values at the
four exits, from 05:00 to 08:00 and from 17:00 to 21:00.
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The water depth of P1 reached its peak value in the first peak period in the cases of
occurrence in 20 years and occurrence in 50 years, with durations of 35 min and 80 min,
respectively. The durations of the second peak period in the cases of occurrence in 3 years,
occurrence in 5 years, occurrence in 10 years, occurrence in 20 years, and occurrence in
50 years all reached the full tube, and the durations were 65 min, 90 min, 135 min, 200 min,
and 220 min, respectively. After the sponge transformation, only the second peak period
occurred once every 5 years, once every 10 years, once every 20 years, and once every
50 years. The durations were 35 min, 60 min, 75 min, and 90 min, respectively. The first
peak period did not reach the full tube.

Before reconstruction, the water depth of P2 reached its first peak period and second
peak period in the cases of once in 3 years, once in 5 years, once in 10 years, once in 20 years,
once in 50 years, and all reached the full pipe. The durations were 160 min, 220 min,
280 min, 355 min, and 445 min, respectively. After sponge city modification, there was not
a full tube in the two peak periods in each return period.

Before reconstruction, the water depth of P3 reached the peak value in the first peak
period in the cases of occurrence in 20 years and occurrence in 50 years, and the durations
were 25 min and 75 min, respectively. The water depths at the second peak period in the
cases of occurrence in 3 years, occurrence in 5 years, occurrence in 10 years, occurrence
in 20 years, and occurrence in 50 years all reached the full pipe, and the duration times
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were 80 min, 115 min, 160 min, 220 min, and 230 min, respectively. After the sponge city
transformation, the first peak period did not reach the full tube, and the second peak period
occurred once in 3 years, once in 5 years, once in 10 years, once in 20 years and once in
50 years, and the durations were 45 min, 50 min, 65 min, 95 min, and 130 min, respectively.

Before reconstruction, the water depth of P4 reached the peak value in the first peak
period in the case of once in 20 years and once in 50 years, and the durations were 25 min
and 90 min, respectively. The water depths at the second peak period were those in the
cases of once in 3 years, once in 5 years, once in 10 years, once in 20 years, and once in
50 years, and all reached the full pipe. The durations were 75 min, 90 min, 130 min, 165 min,
and 220 min, respectively. After transformation, the first peak period did not reach the
full tube, while the second peak period occurred in the cases of once in 10 years, once in
20 years, and once in 50 years, with durations of 55 min, 75 min, and 80 min, respectively.

4.1.2. Outlet Flow and Reduction Rate

Figure 8 shows the flow process of outlets P1, P2, P3, and P4, as well as the change
process of the runoff reduction rate in each region. The figure on the left side describes
the flow change process of each sub-catchment outlet of the Zi-Jing community before
and after the reconstruction of the sponge plot for different return periods. Compared
with the process before the reconstruction, the overall process of the outlet flow after the
reconstruction was better controlled, especially in the two peak periods of rainfall, and the
outlet flow after the reconstruction was significantly reduced.

A1 was the largest sub-catchment area. The flow peak of P1 at the first peak period
before reconstruction had a recurrence period of more than 0.58 m3/s once in 50 years, and
the peak flow at the same time after reconstruction was only 0.11 m3/s. The peak flow at
the second peak period was similar before and after reconstruction, at 1.42 m3/s before
reconstruction, and 1.41 m3/s after transformation. However, the duration times of the
peak flow and the peak drop times were shortened after transformation. The results of the
outflow reduction rate on the right side showed that the runoff reduction rate fluctuated
between 50 and 100% after reconstruction, the reduction rate at the peak period was mainly
concentrated in the range of 60–80%, and the reduction rate at the first peak period was
higher than that at the second peak period.

A2 was the smallest sub-catchment area. The pipe diameter of the P2 outlet was
increased from 0.2 to 0.5 m in the reconstruction. In terms of the flow process, the first flow
peak disappeared after reconstruction, while the second flow peak was higher than that
before reconstruction for the period of 50 years, which was due to the increase of the pipe
diameter. The flow peak period of the P2 outlet decreased significantly. According to the
flow reduction rate results on the right side, the reduction rate in the first peak period was
100%, the reduction rate in the second period was 50–90%, and the reduction rate lasted
until the end of the simulation.

A3 was larger than that of A2 but smaller than that of A1. Before the modification,
P3 had an obvious bimodal flow process, the first peak value decreased obviously after
modification, and the peak period shrank. The reduction rate of the first peak value
period was close to 100% within the recurrence period of 20 years. The duration of the
second peak period was obviously reduced. The results for the flow reduction rate on
the right side showed that the reduction rate was 100% during the recurrence period
of the first peak within 20 years, and the reduction rate was distributed in the range of
50–90% for the condition of the recurrence period of 50 years. In the second peak period,
the reduction rate ranged from 30% to 70%. With the increase in the return period, the
reduction rate decreased.

P4 had an obvious bimodal flow process before reconstruction. The first peak value
and the duration time decreased significantly after reconstruction. The reduction rate of the
first peak period was close to 100% within the recurrence period of 20 years. The duration
time of the second peak period was obviously reduced, and the flow reduced value was
not significant. The reduction rate results of the flow at the right exit showed that the
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reduction rate of the first peak period was 100% in the recurrence period of fewer than
20 years, and the reduction rate for 50 years was more than 70%. The reduction rate of the
second peak period ranged from 35% to 80%. With the increase in the return period, the
reduction rate decreased.
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4.2. Rainwater Storage Rate

The rainwater storage rate was compared and analyzed for the stormwater storage
amount of the four sub-catchment areas in different return periods before and after the
reconstruction of the sponge community, as well as the stormwater storage, infiltration,
and runoff ratio of the whole community in different return periods before and after the
reconstruction of the sponge community.

Figure 9 shows the variation process of water retention in sub-catchment areas A1, A2,
A3, and A4 before and after reconstruction. The retention water in the figure is calculated
using the equation of regional “rainfall + inflow-evaporation-infiltration–outflow.” The A1,
A3, and A4 peaks flowed from the first to present the rise as well as the situation of the
high return period, water content, and different return period at the same time the water
had an obvious hierarchy. Afterward, the stored water amount once in three years after
the renovation is higher than that once in 50 years before the modification. The variation
process of the water storage in sub-catchment area A2 was not significant in the other three
areas in different return periods. The water storage in the sub-catchment area decreased
after the first flow peak and after the second flow peak. The reason for this might have
been that in the transformation process of A1, A3, and A4, the sunken green spaces were
transformed, including the grass ditches, rain gardens, and biological retention ponds,
which could retain rainwater on the surface. Additionally, the A2 sub-catchment area
was not the area of green land reformation but rather of sponge transformation hardening
and oriented permeable pavement reconstruction, including the transformation of the
waterproof concrete and permeable parking lot, resulting in the hardening of the surface
of the ground storage delay function being lost, so the modified A2 area had less storage
water than before, and the majority of the rainwater infiltrated the ground.
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Figure 10 shows the proportion of rainwater storage, surface runoff, and rainwater
infiltration before and after sponge transformation in the Zi-Jing community for different
return periods. For the same return period, the proportion of rainwater infiltration and
rainwater storage increased significantly, while the proportion of surface runoff decreased
significantly. The rainwater infiltration rate was the highest before and after the recon-
struction during the 3-year recurrence period. The rainwater infiltration rate before and
after the reconstruction during the 50-year recurrence period decreased significantly, by
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nearly 20%, but it decreased only by 3% after the reconstruction. With the increase of the
rainfall return period, the increase rate of the rainwater storage improvement decreased,
the decrease rate of the surface runoff decline increased, and the increase rate of the rainfall
infiltration increased. Based on the results, the comprehensive runoff coefficients of the
plots with different recurrence periods were calculated. Before the reconstruction, the
runoff coefficients for the periods of once in 3 years, once in 5 years, once in 10 years, once
in 20 years, and once in 50 years were 0.46, 0.49, 0.54, 0.58, and 0.64, respectively. After
reconstruction, the runoff coefficients were 0.08 for the period of once in 3 years, 0.1 for the
period of once in 5 years, 0.12 for the period of once in 10 years, 0.14 for the period of once
in 20 years, and 0.17 for the period of once in 50 years.
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4.3. Rainwater Utilization Rate

In this study, only the proportion of rainwater directly used after the collection was
evaluated. The directly utilized water storage was stored in the rainwater reservoir of the
sponge reconstruction construction with the rainwater pipe. The model considered the
loss of rainfall generation and the confluence in the calculation process, and the rainwater
corresponding to rainfall of 5 mm after the rainwater runoff entered the pipe was discarded
as the initial rainwater. After the completion of the abandoned flow, the rainwater was
stored. According to the runoff process, the time of reservoir filling in each sub-catchment
area was recorded. The table below records the time of the first storage filling in the
four sub-catchment areas in different return periods. In the reconstruction of the sponge
residential area, the time cycle of the water discharge of the reservoir was 7 h, so the first
full reservoir could only be used once within 24 h after 17:00. It can be seen from the results
in Table 5 that once every three years, the reservoirs in the A2 and A4 sub-catchment areas
would not be full in 24 h.

Table 5. First fill-up times of each sub-catchment for different rainfall return periods.

3-Year 5-Year 10-Year 20-Year 50-Year

A1 19:00 6:30 5:50 5:30 5:15
A2 \ 17:45 17:40 17:40 17:25
A3 18:10 17:25 17:10 5:50 5:20
A4 \ 17:30 17:20 17:10 6:25
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5. Discussion

The results for the outlet water depth of the four sub-catchment areas showed that
before sponge reconstruction, the four outlets were full packages at the two rainfall peaks,
which indicated that the outlet pipe section had a full load operation at the rainfall peak
period before sponge reconstruction, which caused waterlogging and surface water to a
certain extent. With the increase of the rainfall return period, the duration of the full tube
condition increased [33]. After sponge reconstruction, none of the four outlets appeared to
be in the full tube state in the first rainfall peak, while the second rainfall peak appeared
to have a short full tube state in the high return period. The water depth of the P2 outlet
exceeded that before the reconstruction because the diameter of the P2 pipe was improved
during the reconstruction. It can be seen from the water depth reduction results that
after sponge reconstruction, the water depth reduction effect at the outlet of the four sub-
catchment areas of the residential community was significant, and the full pipe duration
for each return period was shortened, which was similar with the results of case study
in Gui’an New District [34]. The full pipe duration at the outlet of P1 was reduced by
30–130 min, and the full pipe duration at the outlet of P3 was reduced by 35–135 min. The
P4 exit full tube duration was reduced by 35–80 min. After the outlet pipe diameter of
P2 was raised from 0.2 to 0.5, there was no full pipe state, and the peak water depth fall
time was obviously shortened, which was the result of the combined effect of the sponge
reconstruction and pipe diameter raising. This is consistent with the research conclusion
that increasing the drain pipe diameter can effectively reduce the risk of flood disaster in
sponge plot reconstruction [35].

The value of the reduction rate could not be calculated at the initial stage of rainfall
and the period between the two peak values based on the reduction rate on the right side of
Figure 7 because the runoff before reconstruction itself was zero. During the peak rainfall
period, the smaller the runoff after reconstruction was, the greater the runoff reduction rate
was. When the runoff after reconstruction was zero but the runoff before reconstruction
was not zero, the runoff reduction rate was 100%. The 100% runoff reduction rate was more
likely to occur before and after the peak rainfall period, indicating that the reduction rate
of the sponge transformation for a small flow could reach 100%, and the average reduction
rate for the peak rainfall period was also higher than 50%. The related research shows that
the proportion of reduction rate in China is between 20% and 60% [29].

Before the reconstruction, the water storage on the surface showed a temporary peak
at the peak of rainfall because the rainfall on the surface was temporarily stored on the
surface without enough time to enter the pipeline. When the peak of the rainfall passed,
the water storage on the surface decreased rapidly. After the reconstruction, the surface
water storage of the A1, A3, and A4 sub-catchment areas was higher than that before the
reconstruction, and the surface water storage did not decrease rapidly after the rainfall peak
but rather increased slowly with the increase of the rainfall. The main reason for this was
that a large proportion of the green spaces in these three sub-catchments were transformed
into sponge rainwater gardens, grass planting ditches, and biological retention ponds, thus
improving the water storage capacity of the surface [15]. The effect of the surface water
storage in sub-catchment area A2 after sponge reconstruction was different from that of
the other three sub-catchment areas. The surface water storage in sub-catchment area A2
after sponge reconstruction decreased significantly, and the surface water storage in the
sub-catchment area after sponge reconstruction was lower than that before reconstruction,
even in the peak period of rainfall. The main reason for this was that there was no green
space reconstruction in the sponge reconstruction of block A2. The permeable paving of
the 95.45% impervious hardened ground was transformed, which greatly improved the
permeability of the ground and reduced the water storage capacity of the ground [25].

The proportion of rainwater infiltration after sponge transformation can reach 45–74%,
which is similar to Qin’s research result that it can absorb 80% rainwater [36]. Since
Qin’s research is about the water absorption ratio of pervious pavement, this study is
about the comprehensive water absorption or infiltration ratio, so it also indicates that
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the water absorption of pervious pavement is stronger than other sponge measures. In
terms of the proportion of rainwater storage, surface runoff, and infiltration in the whole
residential area, the proportion of infiltration and storage increased during different rainfall
return periods, while the proportion of surface runoff decreased significantly. The main
reason for this was that the pervious pavement of some impervious roads was reformed
in the sponge reconstruction of residential areas, which improved the infiltration capacity.
Rainwater gardens, grass ditches, biological retention ponds, and other sunken green
spaces were transformed to improve the rainwater storage capacity of the surface [37]. With
the increase of the rainfall return period, the proportion of surface runoff increased, but the
increase of the proportion of surface runoff after reconstruction was less than that before
the reconstruction, which indicated that the reconstruction of the sponge plot had a certain
reduction effect on surface runoff [38], and from 3 years to 50 years, the reduction rate
of surface runoff increased from 37.73% to 47.43%. The improvement rate of the rainfall
infiltration also increased from 23.36% to 39.36%.

According to the 7 h drainage plan of the reservoir, the reservoir of A1 could be filled
up three times, while the other sub-catchment areas could only be filled up and used one
time with the rainfall that occurred once in 5 years and once in 10 years. For a 20-year
rainfall, the reservoirs in the A1 and A3 sub-catchment areas could be filled up and utilized
three times. In the event of a 50-year rainfall, the reservoirs in the catchment areas of A1,
A3, and A4 could be filled up and used three times. At the perspective of water demand,
the resident population of Zi-Jing Community was about 5000 people, and the average
daily flushing water consumption was 18 L, so the daily flushing water demand of the
community was 90 m3. The green area of the community was 35,800 m2, the irrigation
water of the single-side area was 2 L/m2, and the irrigation water was 72 m3 per day. The
total water demand of the community after reconstruction was 765 m3, which could be
used for flushing and afforestation irrigation for five days in the community. According to
765 m3 for rainwater use, if only considering rainwater utilization volume on hardened
ground and roof, the rainwater utilization rate is 8.04% in the case of 3 years in a community
after sponge transforming, which is similar with the results of rainwater utilization rate
of 8% [28].

6. Conclusions

Taking the Zi-Jing community as the research case, the SWMM model was established
before and after the sponge transformation for the rainfall runoff simulation analysis, and
3-year, 5-year, 10-year, 20-year, and 50-year rainfall return periods were chosen. This study
compared runoff reduction, rainwater storage, rainwater collection, and utilization ability
before and after the renovation of the residential area. The main conclusions were as follows:

The sponge transformation of the green space, such as the rain garden, grass planting
ditch, biological retention pond, and other sponge measures could greatly improve the
rainwater storage capacity of the green space surface while increasing the infiltration
performance of the green space. After pervious pavement modification, the permeability
of the impervious hardened surface was improved effectively, and the rainwater storage
capacity of the hardened surface was reduced. Sponge transformation in residential areas
with 17.46% sunken greenbelt and 40.85% permeable pavement; the time of the pipe outlet
in full status can be shortened by 30–200 min in different rainfall return periods.

Through the reconstruction of the sponge residential area, the infiltration and storage
capacity of the rainwater could be improved, and the surface runoff could be effectively
reduced. The reduction rate of outlet flow in the sub-catchment area is 30–100%, and the
runoff reduction rate in the peak period is 30–70%. With the increase of the rainfall return
period, the improvement range of the infiltration increased from 23.36% to 39.54%, the
improvement range of the storage capacity for rainwater decreased from 14.36% to 8.06%,
and the reduction degree of surface runoff increased from 37.73% to 47.43%.

The rainwater collected in sponge communities is mainly used for flushing and irriga-
tion. The study of the Zi-Jing residential unit showed that for the rainfall scenario with a



Sustainability 2022, 14, 12372 18 of 19

recurrence period of more than five years, the 24 h rainfall collected by the 765 m3 capacity
could meet the water consumption of 5000 residents for the flushing and afforestation of
the residential unit for 3–5 days. Water scarcity problems in Beijing could be mitigated
through the optimization of the rainwater resource utilization system in the future.
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