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Abstract: In several cities, permeable brick pavement (PBP) plays a key role in stormwater
management. Although various hydrological models can be used to analyze the mitigation efficiency
of PBP on rainfall runoff, the majority do not consider the effect of multi-layered pavement on
infiltration in urban areas. Therefore, we developed a coupled model to evaluate the potential effect of
PBP in reducing stormwater runoff at a watershed scale. Specifically, we compared the hydrological
responses (outflow and overflow) of three different PBP scenarios. The potential effects of PBP on peak
flow (PF), total volume (TV), and overflow volume (OV) were investigated for 20 design rainstorms
with different return periods and durations. Our results indicate that an increase in PBP ratio reduces
both PF (4.2–13.5%) and TV (4.2–10.5%) at the outfall as well as the OV (15.4–30.6%) across networks.
The mitigation effect of PBP on OV is linearly correlated to storm return period and duration, but the
effects on PF and TV are inversely correlated to storm duration. These results provide insight on the
effects of infiltration-based infrastructure on urban flooding.

Keywords: permeable brick pavement; SWMM; HYDRUS-1D; outflow reduction; flood mitigation;
design rainstorm

1. Introduction

Extensive impervious surfaces associated with rapid urbanization has greatly exacerbated the
threat of flooding for several cities around the world [1]. In recent decades, both urban flooding and
waterlogging have become common occurrences along the southeastern coast of China, specifically
along watersheds due to the large volume of rainstorm runoff [2]. Within this context, the concept
of a Sponge City (SPC) was proposed to support natural hydrological processes by reducing rainfall
runoff through infiltration, detention, and retention [3]. Several municipalities have implemented
these designs for improved urban permeability by increasing infiltration ability and reducing surface
runoff [4]. Hence, several infrastructure designs are gradually including infiltration as an alternative to
traditional drainage systems. Permeable pavement (PP), for example, is commonly used to reduce
stormwater runoff, thereby increasing soil infiltration and water storage [5]. Accordingly, the effect of
permeable brick pavement (PBP) on reducing rainfall runoff under various conditions associated with
typical watersheds has received increased research interest [6].
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Results from previous studies indicate PBP to be one of the most beneficial types of PP for
urban units (e.g., parking lots and footpaths), due to reductions in runoff volume, peak flow, and the
corresponding pressure on drainage systems [7,8]. A study has reported that the implementation of
PP and other source-control solutions at small urban catchment scales can reduce the peak flows and
the runoff volume by 14–45% and 9–23%, respectively [9]. Indeed, some works have shown that the
reduction performance of stormwater runoff is influenced by the PP application area [10,11].

Although it is generally acknowledged that soil infiltration in PP areas has a positive impact
on urban stormwater problems, the full potential of PP to reduce rainwater runoff as well as the
related effects of various storm characteristics remain unclear [12]. Notably, the efficiency of PBP is
significantly influenced by the total volume and duration of the rainfall. A study in Central Illinois,
USA, discussed the variation of using conversion PP practices (25%, 50%, 75% and 100% levels) to
mitigate the flood risk in urban watersheds [13]. Ren et al. reported that stable infiltration rates (SIR)
and total infiltration (TI) of PBP can effectively mitigate urban flooding for small storms (of the 1-, 5-,
10- and 15-year return periods) [14]. Furthermore, the permeability values for large scale (>10 km2)
urbanized watersheds are not only affected by PBP dimensions and surface types [15], but also by the
specific filling material and soil thickness [16]. Therefore, to investigate the potential of PBP to reduce
rainfall runoff requires the knowledge of the associated variables and tools.

Hydrological models such as storm water management models (SWMM) are widely used
for investigating the mitigating effects of green infrastructure (GI) on surface runoff and drainage
systems [17]. However, the overall effect on infiltration under different rainfall conditions and in
combination with pavement types in urbanized catchment areas has not yet been fully investigated [18].
Although several models such as Soil Conservation Service (SCS) Curve Numbers, Green-Ampt, and
Horton have been used to simulate the infiltration of porous areas during rainfall events [19–21],
there is an increasing need for accurate and physically based descriptions of specific PP type and
filling material for comprehensive urban hydrological modeling [22]. For example, although SWMM
considers sewer systems in the simulation of rainfall runoff for complex land-use areas, it does not
consider soil type and spatial distribution. Furthermore, the HYDRUS-1D model includes multiple
types of paving and filling materials to site scale, but is limited in terms of land-use types due to the
incorporation of sub-catchment runoff processes [23]. Thus, we suggest that a combination of the
SWMM and HYDRUS-1D models is beneficial for analyzing the potential effects of PBP systems at a
watershed scale.

In this study, the hydrological and mitigation effects of PBP on stormwater runoff are quantified
using a coupled model (SWMM/HYDRUS-1D), with the coastal urban watershed of Xiamen, China as
the study area. The main aim of this paper is to investigate and quantitatively evaluate the potential
of PBP in reducing stormwater runoff at watershed scale. The specific objectives of the study are
the following: (1) simulation of the infiltration process and runoff depth variation of PBP during
rainstorms; (2) input of 20 design rainstorms representing various weather conditions in the study
area; (3) quantification of the potential mitigation effect of three hypothetical PBP scenarios on outfall
flow and overflow volume; and (4) comparison of various PBP dimensions under different rainstorm
conditions to reduce urban flooding and waterlogging for sustainable stormwater management.

2. Materials and Methods

2.1. Study Area

The study area consists of the Xinyang flood drainage canal (FDC) watershed that belongs to
the Maluan Bay (China) and lies in the proximity of Xiamen City on the Southeast coast of China
(Figure 1). The study area has a sloping terrain, from the northwest to the southeast, with an average
slope of 1.98%�. The watershed can be divided into six land-use types including residential, industrial,
commercial and public services, transportation, green space, and water bodies, covering the total area
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of 33 km2, of which 52.3% is impervious. Currently, PBP covers 2.19 km2 of the catchment area with
PP systems.
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Figure 1. Location of study area and schematic representation of the Xinyang flood drainage canal
(FDC) watershed.

The soil underlying the Xinyang FDC watershed includes silty clay, sandy clay, silty sand,
and artificial loam, with the groundwater level lying between 1.0–4.5 m. Urban drainage networks
and river canals are 84.6 and 20 km long, respectively, and river and sewerage flow are gravity driven.
Overall, conduits are designed considering rainstorms with return periods (RP) of 5 to 10 years,
resulting in diameters between 0.4 and 2.1 m.

2.2. Coupled Model (SWMM/HYDRUS-1D)

The SWMM developed by the United States Environmental Protection Agency (USEPA) has been
used globally in numerous studies for the simulation of urban flooding [14,24]. Together with the
simulation of hydrological processes in sub-catchments, the model also describes grey infrastructure
stormwater control strategies, such as pipes and storm drains. Using the SWMM, we divided the
Xinyang FDC watershed into 420 sub-catchments, according to the spatial distribution of land-use
types and municipal boundaries. The sub-catchment width was calculated using the formula method
(Table 1) and geographic information systems (GIS). Parameters such as average ground slope as well
as the roughness coefficients of sub-catchments and pipelines or open channels were set according to
reference values obtained from the SWMM user manual [21]. The infiltration process was calculated
using the Horton model [19], and initial infiltration parameters were set according to the spatial
distribution of land-use types and existing case studies [25]. Table 1 lists the primary values of the
physically based parameters for the SWMM.

Table 1. Values selected for coupled model parameters in Xinyang flood drainage canal (FDC) watershed.

Key Parameters Description Reference Initial Value Calibrated Value

Width (k value) Flow width coefficient for
sub-catchment 0.2–5.0 2.0 2.5

N-Imperv Mannings N for impervious area 0.011–0.024 0.011 0.011
N-Perv Mannings N for pervious area 0.02–0.80 0.05 0.06

Dstore-Imperv (mm) Depression storage depth for
impervious area 1.3–2.5 2 2

Dstore-Perv (mm) Depression storage depth for
pervious area 2.5–10.2 5 6

MaxRate (mm/h) Horton’s maximum infiltration rate 50–200 65 75
MinRate (mm/h) Horton’s minimum infiltration rate 0–20 2.0 1.5
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The HYDRUS-1D model is considered an effective tool for solving the Richards’ equation in
one-dimensional finite element models [26,27]. In this study, the rainfall runoff process for a five-layered
PBP system was simulated using HYDRUS-1D. The impervious coefficient can directly influence the
surface runoff quantity. The residual water content (θr), saturated water content (θs), hydraulic shape
parameter (α), hydraulic parameter (n) and saturated hydraulic conductivity (Ks) of each soil layer
were calculated from pedotransfer functions (Neural Network Prediction) which relate easily measured
soil properties such as texture and bulk density with the hydraulic parameters [28]. The pedotransfer
functions used in HYDRUS-1D are those developed by Schaap et al. as incorporated into their Rosetta
module [29]. Based on the results of previous studies and technical standards for local PP construction
in Xiamen [8,30], and then the corresponding values of soil hydraulic parameters were obtained.
The PBP surface material and underground filling material had a total depth profile of 1000 mm,
which corresponds to the parameters reported in Table 2.

The critical hydrological and hydrodynamic processes in the sub-catchments, drainage systems,
and PBP systems were investigated using the SWMM/HYDRUS-1D-coupled model. This model
was developed on a Python platform, linking SWMM and HYDRUS-1D by information exchange at
connecting nodes (or outlets of sub-catchments). Figure 2 shows a schematic representation of the
SWMM/HYDRUS-1D-coupled model framework.
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Table 2. Layered structure and hydraulic parameters of the designed permeable brick pavement (PBP)
from top to bottom layers.

Soil Layer Thickness
(mm)

θr
(m3/m3)

θs
(m3/m3)

α

(1/mm) n Ks
(mm/min)

Permeable brick 60 0.049 0.256 0.003 4.11 3.94
Coarse sand 30 0.045 0.430 0.015 2.68 4.95
Permeable
concrete 160 0.040 0.386 0.004 2.39 2.22

Crushed stone 100 0.053 0.366 0.003 4.63 10.10
Plain fill 650 0.078 0.43 0.004 1.56 0.17

2.3. Calibration and Validation

The history rainfall data used in this study included six events, collected between May 2019 and
August 2019 by the precipitation station at the Xinyang Street, with a resolution of 0.1 mm (Figure 1).
To calibrate the hydrological and hydrodynamic parameters of the coupled model, simulated data were
compared with observed water levels on 20 July 2019 and 24 August 2019. Furthermore, observed and
modeled data for 26 May 2019, 24 June 2019, 22 July 2019 and 17 August 2019 rainfall events were used
for validation (Table 3). River depth was measured every 30 min using a 0.01 m resolution water-level
recorder with a large range of water level (0–20 m). The observed data of river depth were collected
from Wengcuo Dam hydrologic station which located at the outfall of the Xinyang FDC watershed
(Figure 1).

Table 3. Characteristics of the rainfall events simulated during the calibration and validation.

Period Event Date Total Rainfall (mm) Duration (h) Maximum Rainfall Intensity (mm/h)

Calibration
20 July 2019 52.0 14 28.0

24 August 2019 89.4 20 38.7

Validation

26 May 2019 52.4 17 18.7
24 June 2019 37.3 18 12.8
22 July 2019 29.4 4 20.8

17 August 2019 71.6 5 53.6

The Nash-Sutcliffe efficiency (NSE) is a common model performance indicator for evaluating the
goodness-of-fit between simulated and observed values [31] and can be described using the following
formula:

NSE = 1−

∑n
i=1(Si −Oi)

2∑n
i=1

(
Oi −O

)2 (1)

where Si is the simulated depth at the ith time step, Oi is the observed depth at the ith time step, and O
is the mean value of the observed depth. If the NSE value > 0.5, the simulated data can be deemed
acceptable. The closer the NSE value is to 1, the better the performance of the model.

2.4. Development of Different Scenarios

2.4.1. PBP Implementation Scenarios

Four scenarios were investigated using the developed SWMM/HYDRUS-1D-coupled model
including the current scenario (S1) and three PBP scenarios (S2–S4). Scenario S1 represented present
conditions of the study area with a PBP area of 2.19 km2 accounting for approximately 25% of the
total areas allowing the construction of permeable facilities, whereas S2, S3, and S4 represented design
scenarios with 50, 75, and 100% PBP percentages. S1 is assumed as the reference scenario in order to
quantify the impact of the PBP application. Table 4 illustrates the PBP implementation scenarios and
the corresponding paving size and percentage.
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Table 4. Permeable brick pavement (PBP) implementation scenarios.

Item
Scenarios

S1 S2 S3 S4

% of Land–use Area

Residential 6.5 13.0 19.5 26.0
Industrial 5.4 10.8 16.3 21.7

Commercial and Public Services 10.8 21.7 32.5 43.4
Transportation 9.8 19.5 29.3 39.1

Green Space 3.3 6.5 9.8 13.0
PBP Area (km2) 2.19 4.38 6.57 8.75
% of Total Area 6.6 13.3 19.9 26.5

% of Paving Area 25.0 50.0 75.0 100.0

2.4.2. Design Rainstorm Events

Design rainstorms with different RPs under past and future conditions were calculated for Xiamen
according to the following rainstorm intensity formula [2,32], which is widely used for Xiamen city:

q =
928.15(1 + 0.716lgP)

(t + 4.4)0.535 (2)

where q is rainstorm intensity [L/(s·hm2)], t is the design duration of rainfall (min), and P is RP (years).
For the scope of application, 5 min ≤ t ≤ 180 min.

According to the standard of rainstorm runoff calculation for urban storm drainage system
planning and design [32], five rainstorm durations (60, 90, 120, 150, and 180 min) and four RPs (2, 5, 10,
and 20 years) were chosen for the design rainstorms used in this study. As the design rainstorms were
calculated using the same formulas, the rainfall intensity distribution over the entire catchment was
assumed to be uniform. The calculated rainfall and distribution for each rainfall duration and RP are
shown in Figure 3.
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Figure 3. Representation of (a) total rainfall depth and (b) rainfall pattern distribution for the 20 design
rainstorms used in the case study.

3. Results and Discussion

3.1. Model Performance Evaluation

At present, history observed data in an urban area is very limited [2,33]. For instance,
drainage networks flow and overflow depth are not in the contents of conventional hydrological
observation, the observation equipment, and the historic observation datasets are very scarce. So in this
case study, two rainfall events (20 July 2019 and 24 August 2019) and four rainfall events (26 May 2019,
24 June 2019, 22 July 2019 and 17 August 2019) were used for calibration and validation respectively.
The modeled river depth of Xinyang FDC outfall was compared with the measured data in terms of
NSE, which is defined in formula (1). The parameter ranges were determined by experimentation
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and an investigation of the literature [34,35], and the initial values were set by experience [21] by
adjusting the key parameters in their ranges to perform numerical simulation experiments, and then
the calibrated parameters for local rainfall runoff simulation are recommended in Table 1.

Overall, the variation in modeled depth was consistent with the observed depth (Figure 4),
providing credibility for the simulation of rainfall runoff. Furthermore, the 20 July 2019 and
24 August 2019 events showed an NSE value of 0.976 and 0.975, respectively, in the calibration
phase (Figure 4a,b), whereas the estimated parameters resulted in NSE values of 0.910, 0.846, 0.868 and
0.950 for the 26 May 2019, 24 June 2019, 22 July 2019 and 17 August 2019 events, respectively
(Figure 4c–f). Therefore, the calibration and validation process demonstrated the reliability of the
coupled model for rainfall runoff simulation [9,36]. The calibrated values of the primary parameters
for the hydrological and hydrodynamic model are reported in Table 1.
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Figure 4. Modeled (black line) and observed (red diamonds) hydrographs at the outfall site for six
rainfall events (blue bars) during the monitoring period: (a) rainfall event on 20 July 2019; (b) rainfall
event on 24 August 2019; (c) rainfall event on 26 May 2019; (d) rainfall event on 24 June 2019; (e) rainfall
event on 22 July 2019; (f) rainfall event on 17 August 2019.

3.2. Rainstorm Runoff Depth and Infiltration Rate

To evaluate the relationship between rainfall runoff and infiltration for a multi-layered permeable
pavement area, runoff depth (RD) and infiltration rate (IR) were analyzed using HYDRUS-1D (Figure 5).
For the five-layered PBP, RD and IR were inversely proportional across all rainfall conditions. The IR
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increased from the initial value to the maximum value, and then gradually decreased with the
accumulation of total infiltration (TI) until reaching a stable value (15.6 mm/h). No runoff appeared
on the PBP surface prior to the maximum IR (MIR). The variation of RD was similar to that of the
rainstorm patterns (Figure 4b), with RD continuously increasing with a decrease in RI, followed by a
post-peak decrease. Furthermore, our results indicate that temporal changes in IR and TI related to
multi-layered pavement play an important role in the generation of runoff during rainstorms [37,38],
suggesting the need for further studies on infiltration-based solutions to urban flooding.
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Figure 5a–e show that RD and IR changed according to RP and the duration of rainstorm
conditions, despite the SIR remaining the same across all scenarios. Across all rainstorm durations,
the larger the RD, the earlier the initiation of runoff and correspondingly, the earlier the MIR was
reached. With the increase in RP from 2 to 20 years, the resulting SIR of the five-layered PBP under
each condition appeared earlier. Results for rainstorms with more than 120 min duration time are
shown in Figure 5c–e, indicating that at a rainfall intensity of less than the SIR (15.6 mm/h) of the PBP,
IR will gradually decrease and RD will continue to decrease.

Furthermore, we compared runoff generation time, MIR, and SIR across different rainstorm
durations. Overall, the longer the duration of the rainstorm, the longer the RD generation time as
MIR is delayed with increasing duration due to the temporal distribution of rainstorms. Therefore,
increasing the MIR and SIR of various permeable pavement materials may be significant for increasing
cumulative infiltration and reducing rainwater runoff.

3.3. Effect of PBP on Outfall Flow and Drainage Overflow

Twenty design rainstorm events were used to analyze the effect of PBP on hydrological parameters
at the outfall and canal/drainage networks across the following four PBP ratios: 25% (S1), 50% (S2),
75% (S3), and 100% (S4). Flow hydrographs and overflow processes were simulated for each rainstorm
event for the four pavement scenarios using the integrated HYDRUS-SWMM model. Outfall PF
and TV will indirectly bring the latent risk of river flooding and indirectly affect OV for watershed
canal/drainage networks. Figure 6a–c represent the PF, TV, and OV values of the four PBP ratios for
rainstorms with different RPs and durations. These results demonstrate that as storm RP (2–20 years) or
duration time increase, PF and TV at the outfall, as well as OV at canal/drainage networks also increase,
for all PBP ratios. Moreover, results from S1 indicate that the hydrological characteristic values of each
rainstorm were continuously greater than those of S2–S4. Across all storm design scenarios, the larger
the PBP ratio (50–100%), the smaller the corresponding PF, TV, and OV values. This implies that PBP
infrastructure has the potential to greatly reduce stormwater runoff in the study area.

Figure 6a,b show the variation of PF and TV at the Xinyang FDC outfall for all PBP design
scenarios (S1–S4) and across different storm RPs and duration times. Overall, PF and TV increased
with an increase in rainstorm RP and duration, with both the highest PF and TV values corresponding
to the 20-year and 180-min storms. This result is consistent with those of other studies on design
rainstorm characteristics that show rainfall frequency and intensity to have a significant effect on
surface runoff [25,39]. Furthermore, under current conditions (S1), the highest PF was 69.2 m3/s with a
TV of 1.1 × 106 m3. However, with an increase in PBP percentage, the mitigation effect with varying
degrees of PF and TV can be detected in S2–S4. Under 100% PBP (S4), the lowest PF (33.5 m3/s) was
simulated with a 2-year and 60-min storm, resulting in a TV of 4.1 × 105 m3.

Within the 20 design rainstorms across all PBP scenarios (S1–S4), variation in OV of canal/drainage
networks was similar to that of PF and TV (Figure 6c). Across all scenario results, the maximum
and minimum OV occurred in the 20-year, 180-min, and 2-year, 60-min rainstorms, respectively.
These results reveal a linear relationship between OV and RP, as well as between OV and storm
duration. Compared with the other PBP scenarios, the OV of S4 indicated the 100% system to be the
most effective design. Furthermore, these results demonstrate that the pavement ratio of PBP has an
effect on overflow and flooding of drainage networks, with the degree of reduction influenced by
specific rainstorm conditions [40].



Water 2020, 12, 2821 10 of 15
Water 2020, 12, x FOR PEER REVIEW 10 of 15 

 

 
Figure 6. Representations of (a) simulated peak flow; (b) total volume at outfall, and (c) overflow 
volume at drainage and river networks for all design scenarios. 

3.4. Comparison of Potential Runoff Reduction 

Figure 7 shows the reduced PF rates for the designed scenarios (S2–S4) compared to the current 
scenario (S1) during (a) 2-, (b) 5-, (c) 10-, and (d) 20-year rainstorms with different durations. Across 
all scenarios, 100% PBP paving (S4) of the available area was most effective for reducing PF rate. 
Notably, a 4.2–13.5% reduction in PF occurred when PBP was fully constructed, especially for short 
duration rainfall events (<90 min). Overall, the effect of PBP decreased with an increase in rainstorm 
RP, with the largest mitigation rates corresponding to the 2-year and 90-min rainstorms. 

Figure 8a–e depict the reduction in TV across the three PBP scenarios (S2–S4) and 20 design 
rainstorms, with a 2 to 20 year RP compared to current conditions (S1). In general, the results indicate 
that the reduction in TV was always higher in the 100% paving scenario (S4) than in the <75% 
scenarios, and was higher in rainstorms with shorter RPs and longer duration times than in 
rainstorms with RP > 2 years and less than 180 min duration time. This is consistent with the results 
from previous PBP evaluation studies that demonstrate PBP to be more effective in smaller rainfall 
events [41]. Moreover, the largest reduction in TV (10.5%) corresponded to the 2-year, 180-min 
rainstorm reflected in S4 (Figure 8a). When comparing the reduction in TV with that of PF under 
increasing RP (Figure 7), it becomes clear that PBP is not always more effective at decreasing TV than 
PF for 60–180 min storms. For 2–5 year RP storms, PF was reduced by 5.9–13.5% and TV by 5.2–10.5% 
for S4, whereas with a 10–20 year RP, PF was reduced by 2.2–5.5% and TV by 3.1–5.6%, also for S4. 
Similar variations in reduction rates also occurred in S2 and S3. The outfall flow results demonstrate 
that the potential reduction in runoff by PBP was not only affected by the PR but also varied with 
storm duration. 
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3.4. Comparison of Potential Runoff Reduction

Figure 7 shows the reduced PF rates for the designed scenarios (S2–S4) compared to the current
scenario (S1) during (a) 2-, (b) 5-, (c) 10-, and (d) 20-year rainstorms with different durations. Across all
scenarios, 100% PBP paving (S4) of the available area was most effective for reducing PF rate. Notably,
a 4.2–13.5% reduction in PF occurred when PBP was fully constructed, especially for short duration
rainfall events (<90 min). Overall, the effect of PBP decreased with an increase in rainstorm RP, with the
largest mitigation rates corresponding to the 2-year and 90-min rainstorms.

Figure 8a–e depict the reduction in TV across the three PBP scenarios (S2–S4) and 20 design
rainstorms, with a 2 to 20 year RP compared to current conditions (S1). In general, the results indicate
that the reduction in TV was always higher in the 100% paving scenario (S4) than in the <75% scenarios,
and was higher in rainstorms with shorter RPs and longer duration times than in rainstorms with
RP > 2 years and less than 180 min duration time. This is consistent with the results from previous PBP
evaluation studies that demonstrate PBP to be more effective in smaller rainfall events [41]. Moreover,
the largest reduction in TV (10.5%) corresponded to the 2-year, 180-min rainstorm reflected in S4
(Figure 8a). When comparing the reduction in TV with that of PF under increasing RP (Figure 7),
it becomes clear that PBP is not always more effective at decreasing TV than PF for 60–180 min storms.
For 2–5 year RP storms, PF was reduced by 5.9–13.5% and TV by 5.2–10.5% for S4, whereas with a
10–20 year RP, PF was reduced by 2.2–5.5% and TV by 3.1–5.6%, also for S4. Similar variations in
reduction rates also occurred in S2 and S3. The outfall flow results demonstrate that the potential
reduction in runoff by PBP was not only affected by the PR but also varied with storm duration.
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The OV mitigation rates at canal/drainage networks across the entire watershed are shown in
Figure 9a–d. Among the three pavements scenarios, S4 with 100% PBP showed better mitigation
effects on OV than S2 and S3 across all design rainstorms. The most effective scenario (S4) for reducing
OV (15.4–30.6%) was recorded under the 180 min duration storm with 2–20-year RPs. In general,
the impacts of PBP on the reduction of OV were similar to those on outfall flow. The retention efficiency
results of OV in S2, S3, and S4 show that as RP (2–20 years) decreased or storm duration increased,
the mitigation potential for OV increased. Our results also indicate that the reduction in OV was
directly related to the different PBP percentages, as well as rainstorm RP and duration. Notably,
the variation trend included some non-linearity with storm duration for the mitigation effects on PF
and TV at the outfall. Overall, our results are in agreement with those of other PP studies [42].
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3.5. Study Limitations and Future Designed Strategies

In this study, the potential effects of PBP on reducing outflow and overflow were evaluated for
the Xinyang FDC watershed using an integrated model. Although the 100% PBP ratio (S4) showed
the most potential for reducing outlet flow and drainage overflow, evaluating the integrated effects
of the system remains a challenge, due to the synergistic connections and benefits of using two or
multi-infrastructures at the design stage [39]. As for the evaluation results for numerical simulations,
coverage ratio scenarios and associated parameters of coupled model are based on the current land-use
layout on the one hand, and limited design rainstorms with short RP and duration as input conditions
on the other. Although three artificial scenarios (S2–S4) were used in this study to analyze the impact
of different PBP percentages on rainfall runoff at a watershed scale, the combination with other
green and grey infrastructure and benefit–cost scenarios should be considered in further research [43].
Furthermore, several complex factors such as leakage from stormwater pipes, surface flow pathways,
and secondary permeability of impervious areas were beyond the scope of this case study. Therefore,
we suggest that future research focus on the effective optimization and applicability of multiple devices
for stormwater control.

In this section, various PBP implementation scenarios (50–100%) indicated so many hydrological
benefits on the watershed scale. However, the socioeconomic uncertainties of PBP practices area
and material are indispensable in reality [44]. Therefore, an integrated assessments of source control
strategies on potential runoff reduction and cost effectiveness should be proposed in the future urban
stormwater management. Taking rainstorm with an RP of 2 years as an example, the reduction effects
of PBP devices on outfall flow and drainage overflow were explored. For S2–S4 scenarios, the reduction
or mitigation rate for PF, TV and OV of Xinyang FDC watershed could reach 3.8–13.5%, 3.3–10.5% and
10.4–30.6%, respectively. Moreover, the present value of benefit and the present value of cost could
be applied to analyze PBP cost-effectiveness [45]. Integrated assessments should take into account
both hydrological reduction effects and total cost control. The designed strategy is also suggested to
evaluate the effects of PBP aging and clogging because the hydrological performance will decrease
during its service lifetime.

4. Conclusions

Based on our evaluation of the potential effects of PBP in reducing outfall flow and drainage
network overflow at a watershed scale, the following findings were made:

(1) An SIR of 15.6 mm/h was identified for urban areas covered with a five-layer PBP in Xinyang
FDC watershed. The temporal distribution of IR played an important role in surface runoff
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generation. In addition, the initial IR, MIR, and time to stability were affected by the duration
and RP of rainstorms.

(2) A PBP with a paving percentage of over 25% (S1–S4) showed a significant effect on reducing
outfall runoff and drainage nodes overflow. Furthermore, PF, TV, and OV were reduced by
increasing the PBP percentage of available areas as much as possible.

(3) The greatest reduction occurred in scenario (S4) with 100% PBP. Furthermore, PF, TV, and OV
decreased with rainstorm RP, and the mitigation effect of OV (15.4–30.6%) was mostly higher
than that of PF (4.2–13.5%) and TV (4.2–10.5%).

(4) Infiltration based infrastructure related to the SPC strategy could potentially have a positive
impact on stormwater runoff. Results from our watershed-scale hydrological model indicate that
the implementation of PBP can decrease stormwater runoff PF and volume, especially under small
magnitude and short duration rainstorm conditions, thereby reducing the risk of urban flooding.

The change in surface infiltration conditions using multi-layered permeable brick paving directly
affects not only the PF and TV of outfalls, but also the OV of drainage nodes across the entire watershed.
The potential of PBP to reduce outfall and drainage flow is influenced by the size of the paved area as
well as the duration and RP of rainstorms. Notably, our results indicate that the implementation of
PBP has the potential to increase watershed resilience to rainstorms.

The effectiveness of potential rainfall runoff mitigation measures is strongly related to the
infiltration process and design rainstorm characteristics at the watershed scale. We suggest future
studies include a comprehensive investigation of the hydrological effects of green and grey infrastructure
to improve infiltration and rainfall holding capacity of urban catchments. Within this context, PBP is a
resilient infrastructure that can reduce surface runoff and flooding, thereby allowing for integrated
stormwater management in China.
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