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Abstract: Making a deep cut on the curb inlet has been used in some sponge-city (SPC) projects for
road-bioretention stripes to manage stormwater runoff since they were easily implemented in the
field. The efficiencies of the deep-cut curb inlets in those projects were unknown for lacking equation
to evaluate their efficiencies. Two kinds of retrofit scenarios are commonly used: (1) The curb-cut
cases when the deep cut is made only over the width of the curb inlet; (2) the road-curb cut cases when
both the curb inlet and a small part of the road surface have a deep cut. An updated two-dimensional
flow simulation program, FullSWOF-ZG, was used to determine two important parameters in road
curb inlet design: The 100% interception curb inlet lengths (LT) and the curb inlet efficiencies (Eci).
Eight-hundred retrofit modeling cases were compared with the no-cut cases to quantify the efficiency
improvement of the deep-cut curb inlets. The simulation results show both LT and Eci of the curb-cut
cases do not improve much. This case study with limited combinations of longitudinal and cross
slopes and inlet lengths demonstrated that Eci of the road-curb cut cases improves to a large extent so
that they can be used in the SPC projects and other urban drainage projects to reduce the flooding
potentials. A general equation used to design and evaluate the road-curb cut inlets can be developed
based on more simulation cases with a wide range of input parameters in a future study.

Keywords: stormwater management; deep-cut curb inlet; two-dimensional overland flow; curb inlet
efficiency; road-bioretention

1. Introduction

Curb inlets are important drainage components for urban stormwater management to traditionally
intercept the surface runoff into underground stormwater pipelines or to capture runoff into
road-bioretention stripes for infiltration and water quality improvement in many recent designs
(Figure 1). The hydraulic performance of undepressed curb inlets (Figure 1b) for roadway drainage
has been studied for more than 60 years, which was reviewed and summarized by Izzard [1],
Li [2], and systematically documented in the Hydraulic Engineering Circular No. 22 (HEC-22) by
Brown et al. [3]. In HEC-22, there are two steps to design curb inlet: (1) Calculate the 100% interception
curb inlet length (LT, the curb-opening length when all upstream inflow is intercepted by the curb
inlet) based on road longitudinal slope (S0), cross slope (Sx), and roughness; (2) calculate the curb inlet
efficiency (Eci, the curb inlet intercepted flow divide by the total inflow from the upstream boundary)
based on curb inlet length (Lci) and LT.
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Figure 1. (a) Cross-section view and dimensions of the curb inlet (b) undepressed (no-cut) curb inlet 
(c) “curb-cut” curb inlet (d) “road-curb cut” curb inlet photos, where Lci is the curb length, S0 and Sx 
are the longitudinal and cross slopes of the road surface, d, w1, and w2 are the deep-cut depth and 
widths. 

The undepressed curb inlets have one cross slope for the road surface including the gutter and 
the curb inlet (Figure 1b). The deep-cut curb inlets (Figure 1c,d) by cutting/deepening curb inlet, were 
used in some of the retrofit sponge city (SPC) projects for that they were easily implemented based 
on engineer’s or designer’s field experience. The implementation of the deep cuts was based on some 
field observations that the undepressed curb inlets could not effectively intercept the runoff from the 
road surface into the bioretention strip along roads. To improve the interception efficiency, the 
undepressed curb inlet was retrofitted by simply cutting the curb inlet deeper to create a local 
depression, for example, making the curb inlet opening area to be 0.10–0.15 m lower than the original 
surface (Figure 1c). This is the first type of deep-cut curb inlets, called “curb-cut inlet” in this study 
(or when w2 = w1 in Figure 1a). The second type of deep-cut curb inlets is called “road-curb cut inlet” 
when an undepressed curb inlet was retrofitted by cutting curb inlet and a small part of the road 
deeper to create a wider local depression (Figure 1d) when w2 > w1 in Figure 1a. The efficiencies of 
both types of deep-cut curb inlets in those projects were unknown because there is no standard 
equation that can be used to calculate their efficiencies. 

To determine inlet efficiency and performance, the reduced-scale physical models were used in 
some studies and based on Froude number scaling, for example, a 3:4 scale model for Hammonds 
and Holley’s study [4], 1:4 for Uyumaz’s research [5], and 1:3 for Guo and Mackenzie’s tests [6]. Only 
Schalla et al. [7] conducted full-scale experiments for the curb inlet. Fang et al. [8] used a three-
dimensional computational fluid dynamics (CFD) software, Flow-3D, to develop the numerical 
models simulating unsteady, free-surface, shallow flow through local depressed curb-opening inlets. 
They demonstrated that an advanced CFD model could be used as a virtual laboratory to evaluate 
the performance of curb inlets with different geometry and inflow conditions. In this study, full-scale 
numerical models were built up and simulated with two-dimensional (2D) FullSWOF-ZG (Li et al. 
2019), which fully (Full) solves shallow water (SW) equations for overland flow (OF) and includes 
submodules modeling infiltration by zones (Z) and flow interception by grate-inlet (G), to study the 
hydraulic performance of curb inlets. 

Compared to undepressed curb inlets, the deep-cut curb inlets at the gutter may have a larger 
interception capacity for the road-bioretention strips [3]. However, the performance of the curb inlets 
with two types of deep cuts (Figure 1c,d) was still not quantified in previous studies. This study aims 

Figure 1. (a) Cross-section view and dimensions of the curb inlet (b) undepressed (no-cut) curb inlet
(c) “curb-cut” curb inlet (d) “road-curb cut” curb inlet photos, where Lci is the curb length, S0 and Sx are
the longitudinal and cross slopes of the road surface, d, w1, and w2 are the deep-cut depth and widths.

The undepressed curb inlets have one cross slope for the road surface including the gutter and
the curb inlet (Figure 1b). The deep-cut curb inlets (Figure 1c,d) by cutting/deepening curb inlet,
were used in some of the retrofit sponge city (SPC) projects for that they were easily implemented
based on engineer’s or designer’s field experience. The implementation of the deep cuts was based
on some field observations that the undepressed curb inlets could not effectively intercept the runoff

from the road surface into the bioretention strip along roads. To improve the interception efficiency,
the undepressed curb inlet was retrofitted by simply cutting the curb inlet deeper to create a local
depression, for example, making the curb inlet opening area to be 0.10–0.15 m lower than the original
surface (Figure 1c). This is the first type of deep-cut curb inlets, called “curb-cut inlet” in this study
(or when w2 = w1 in Figure 1a). The second type of deep-cut curb inlets is called “road-curb cut inlet”
when an undepressed curb inlet was retrofitted by cutting curb inlet and a small part of the road deeper
to create a wider local depression (Figure 1d) when w2 > w1 in Figure 1a. The efficiencies of both types
of deep-cut curb inlets in those projects were unknown because there is no standard equation that can
be used to calculate their efficiencies.

To determine inlet efficiency and performance, the reduced-scale physical models were used in
some studies and based on Froude number scaling, for example, a 3:4 scale model for Hammonds
and Holley’s study [4], 1:4 for Uyumaz’s research [5], and 1:3 for Guo and Mackenzie’s tests [6].
Only Schalla et al. [7] conducted full-scale experiments for the curb inlet. Fang et al. [8] used a
three-dimensional computational fluid dynamics (CFD) software, Flow-3D, to develop the numerical
models simulating unsteady, free-surface, shallow flow through local depressed curb-opening inlets.
They demonstrated that an advanced CFD model could be used as a virtual laboratory to evaluate
the performance of curb inlets with different geometry and inflow conditions. In this study, full-scale
numerical models were built up and simulated with two-dimensional (2D) FullSWOF-ZG (Li et al. 2019),
which fully (Full) solves shallow water (SW) equations for overland flow (OF) and includes submodules
modeling infiltration by zones (Z) and flow interception by grate-inlet (G), to study the hydraulic
performance of curb inlets.

Compared to undepressed curb inlets, the deep-cut curb inlets at the gutter may have a larger
interception capacity for the road-bioretention strips [3]. However, the performance of the curb inlets
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with two types of deep cuts (Figure 1c,d) was still not quantified in previous studies. This study
aims to help more engineers and designers to perform the curb inlet hydraulic design rather than
only design it from a landscape perspective for road-bioretention strips since we can quantify the
performance improvement of the deep-cut inlets based on two-dimensional overland flow simulation
results. Using the FullSWOF-ZG program, it is possible to quantify efficiencies of different types of
curb inlets with hundreds of model parameter combinations. These results provide useful information
on the design and retrofit of curb inlets for the road-bioretention strips and to determine whether and
how the deep-cut should be implemented.

2. Materials and Methods

2.1. Overland flow Simulation Model and Verification Cases

The FullSWOF-ZG was used in this study to simulate the two-dimensional overland flow on the
road surface and developed from FullSWOF_2D (version 1.07, Lab. J. A. Dieudonné & EPU Nice Sophia,
Nice, France) [9]. The submodules for determining infiltration by zones (pervious and impervious zones
in the simulation domain) and grate-inlet drainage from the 2D surface to the 1D pipe were added to the
open-source FullSWOF_2D program. FullSWOF_2D fully solves the shallow-water equations (SWEs)
for overland flow in two dimensions, which is programmed using C++ to describe the rainfall-runoff

and flow distribution progress on the surface in 2D domains [10]. Therefore, the FullSWOF-ZG program
can simulate impervious and pervious surfaces (different infiltration parameters or capabilities in
different zones) simultaneously under rainfall events. The 2D-1D grate-inlet drainage submodule
enables the program to simulate the 2D overland runoff flowing into a grate inlet then to a 1D
underground drainage pipe using the weir equation [11]. The model was tested and validated in the
previous studies [12–14] by comparing it with the collected experimental data.

The two-dimensional SWEs for the FullSWOF_2D program, including the continuity equation
and two momentum equations in the x- and y- directions, is stated as the following equations for each
computational cell (center coordinates x and y):
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where Ri (x, y) (m/s) is the cell’s rainfall intensity; f (x, y) (m/s) is the cell’s infiltration rate; h (m) is the
cell’s water depth; z (m) is the cell topography elevation as a function of the cell location or x- and
y- coordinates; u (m/s) and v (m/s) are the cell’s depth-averaged velocities in the x- and y- directions,
respectively; Sfx and Sfy are the cell’s friction slopes in the x- and y- directions, respectively; g (m/s2) is
the gravity acceleration; and t (s) is time.

The FullSWOF_2D program fully solves SWEs on a structured mesh (square cells) in two
dimensions using the finite volume method that ensures mass conservation compared to the
finite difference method [15]. A well-balanced numerical scheme was adopted to guarantee the
positivity of water depth and the preservation of steady states for specific hydrological features
such as during wet-dry transitions and tiny water depths [9,16]. A modified bi-layer (crust- and
soil-layer) Green–Ampt infiltration model [17] to calculate f(x, y) for Equation (1) was added in the
FullSWOF_2D [15], which enables the program to simulate the overland flow on impervious and
pervious surfaces simultaneously.

FullSWOF_2D was tested against the data from undepressed curb inlet cases in Spaliviero’s [18]
study; local depressed curb inlet cases conducted by Hammonds and Holley [4]; and overland flow on
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previous surface cases observed by Esteves et al. [17]. The differences of simulated and observed curb
inlet interception efficiencies (∆E) ranged from −3.7% to 4.4% with an average ± standard deviation of
0.8% ± 2.6% for undepressed curb inlet cases [19]. The percent differences of simulated and observed
intercepted efficiencies (PDE) ranged from −4.8% to 18.7% with an average ± standard deviation of
3.7% ± 8.3%. The differences, ∆E ranged from −3.2% to 13.2%, with an average ± standard deviation
of 3.5 ± 3.5% for local depressed curb inlet cases. The percent differences, PDE of the simulated and
observed intercepted efficiencies ranged from −6.0% to 28.7%, with an average ± standard deviation
of 6.6 ± 7.3% [12]. In a previous study by Fang et al. [8], the differences ∆E ranged from −7.0% to
17.6%, with an average ± standard deviation of 1.0 ± 4.87% in their 3D FLOW-3D simulations for
local depressed curb inlet. The percent differences, PDE for Fang’s study ranged from −19.7% to
6.1%, with an average ± standard deviation of −0.8 ± 5.7%. These 2D overland flow simulation cases
using the FullSWOF-ZG program were almost as good as the FLOW-3D cases used in the previous
study when trying to simulate the interception efficiency of the local depressed curb inlet cases
under different situations, but the simulation time was much shorter for running 2D FullSWOF-ZG.
The Nash–Sutcliffe Efficiency (NSE) coefficient [20] of FullSWOF-ZG and Esteves’s study ranged from
0.64 to 0.95 (average ± standard deviation as 0.75 ± 0.11) and from 0.46 to 0.93 (0.79 ± 0.15) for overland
flow on pervious surfaces simulation, respectively [14]. The simulated results for undepressed curb
inlet, local depressed curb inlet, and overland flow on previous surface cases were matched well with
the observed data, which proves that the FullSWOD-ZG program can not only simulate overland flow
on pervious and impervious surfaces accurately, but also predict the curb inlet efficiency very precisely.

2.2. Modeling Cases for the Deep-Cut Curb Inlets

Two types of retrofitted curb inlets were simulated in this study: (1) Curb-cut inlets when the deep
cut is made only over the width of the curb inlet (Figures 1b and 2a,b); (2) road-curb cut inlets when both
the curb inlet and a small part of road surface have a deep cut (Figures 1c and 2c,d). The curb width or
thickness for all modeling cases was set at 0.10 m (10 cm) along the cross-slope direction. Typically,
the deep-cut depth d (Figure 1c) could be about 0.05–0.20 m. For the curb-cut inlets, 200 modeling
cases with one longitude slope S0, 10 cross slopes Sx, 10 upstream inflows (Qin, Figure 2) were used in
this study to determine the 100% interception curb inlet lengths, LT with d = 0.10 m or 0.15 m when the
curb or cut width w1 = 0.10 m. Another 200 modeling cases with the same longitude slope and 10 cross
slopes plus 10 curb inlet lengths (Lci, Figure 1d) were used to determine the curb inlet efficiencies Eci
with d = 0.10 m or 0.15 m. For the road-curb cut inlets, the above-mentioned 400 modeling cases were
used to determine either LT or Eci with a cut width on the road surface (w2–w1) equal to 0.05 m or
0.10 m (Figure 1c) when d is set to 0.1 m. Therefore, a total of 800 modeling cases for the deep-cut curb
inlets were designed and modeled using the FullSWOF-ZG program. These cases were compared with
the undepressed curb inlet cases to quantify the efficiency improvement for two types of deep-cut curb
inlets (Figure 1).
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Figure 2. (a) DEM of a curb-cut case for determining LT; (b) DEM of a curb-cut case for determining 
Eci; (c) DEM of a road-curb cut case for determining LT; (d) DEM of a road-curb cut case for 
determining Eci. DEM of the curb inlet for the road is different for undepressed, curb-cut, and road-
curb cut modeling cases while the rest part is the same. Qin, Qci, and Qbp are upstream inflow, 
intercepted flow, and bypassed flow of the curb inlet. 

2.2.1. Determining 100% Interception Curb Inlet Lengths 

Figure 2a shows the modeling case to determine LT for a cut depth d = 0.15 m over the curb inlet. 
The area in the simulation domain for all modeling cases in this study is 15 m in length (x-direction) 
and 6.7 m in width (y-direction) that includes 3 m of the car lane, 1.5 m of the bike lane, 2.1 m of the 
parking lane (1.5 m + 0.6 m gutter), and 0.1 m of the curb. When y = 0, it is the centerline of the road; 
when y = 6.6–6.7 m, it is the curb. The curb lasts 10 m in the x-direction and there is a long curb-inlet 
opening (5 m) at x = 10 m (Figure 2a,c) used to determine LT since the intercepted flow (Qci) of a curb 
inlet is not affected by the downstream curb (i.e., Qci = Qin, bypass flow Qbp = 0). 

The upstream inflow Qin is set at the left boundary of the simulation domain and flows towards 
the downstream to the right boundary. The 100% interception curb inlet length LT is the flow length 
over the curb inlet determined by the numerical model simulation when Qci is equal to Qin. The 
intercepted flow is the total flow left the simulation domain from the top boundary determined by 
the FullSWOF-ZG program. The bypass flow Qbp is the flow left the simulation domain from the 
downstream (right) boundary. In the model set up (Figure 2a,d), the curb opening length was 5 m, 
longer than LT to be determined so that Qbp = 0. 

All cell elevations in the simulation domain were calculated using a MATLAB program when 
the bottom-left-corner reference cell’s elevation (the highest in the domain) was assumed to be 10 m. 
The road surface elevations vary with longitudinal and cross slopes. All cells for the 0.1 m wide curb 
were set 0.2 m higher than the road surface cells. The cell’s elevations inside the curb inlet were first 
calculated using the same cross slope of the road surface and then subtracted by the deep cut depth 
to obtain the final cell’s elevation for the deep cut modeling cases. It was expected to help and allow 
the runoff to flow into the roadside bioretention. The deep cut inside the curb inlet has a local 
depression d from the nearby road surface. It is simple and easy to implement when retrofitting curb 
inlets for the bioretention strip projects to hopefully improve the inlet efficiency. 

Two hundred modeling cases were selected and modeled to determine LT for the combinations 
of 10 Sx, 10 Qin (Table 1), and two d (0.10 and 0.15 m). The cell size of DEMs for all 200 cases was 0.025 
m determined by a sensitivity analysis. The simulated water depth along the curb increases along the 
x-direction first and then starts to decrease after it reaches the curb inlet (x > 10 m) [12]. The depth 
limit equal to 0.2 mm was used to determine LT and already tested and verified in the previous study 
[12]. 

Figure 2. (a) DEM of a curb-cut case for determining LT; (b) DEM of a curb-cut case for determining Eci;
(c) DEM of a road-curb cut case for determining LT; (d) DEM of a road-curb cut case for determining
Eci. DEM of the curb inlet for the road is different for undepressed, curb-cut, and road-curb cut
modeling cases while the rest part is the same. Qin, Qci, and Qbp are upstream inflow, intercepted flow,
and bypassed flow of the curb inlet.

The digital elevation models (DEMs) for the two types of deep-cut curb inlets under different cross
slopes and curb inlet lengths were established using MATLAB [21] code. Figure 2 shows examples
of the plan view and high-resolution DEMs for four modeling cases with S0 = 0.01 and Sx = 0.06.
Therefore, DEMs of the road surface shown in Figure 2a–d are the same for all four cases, and only
DEMs for the inlet and associated cuts on the curb and adjacent road are different and discussed in
more detail in Sections 2.2.1 and 2.2.2. Figure 2a,b is a modeling case for the curb-cut scenarios when
the deep cut only occurs over the curb width (0.10 m). Figure 2c,d is a modeling case for the road-curb
cut scenarios when the deep cut occurs both over the curb (0.10 m) and a small part of road width
(0.05 or 0.10 m).

2.2.1. Determining 100% Interception Curb Inlet Lengths

Figure 2a shows the modeling case to determine LT for a cut depth d = 0.15 m over the curb inlet.
The area in the simulation domain for all modeling cases in this study is 15 m in length (x-direction)
and 6.7 m in width (y-direction) that includes 3 m of the car lane, 1.5 m of the bike lane, 2.1 m of the
parking lane (1.5 m + 0.6 m gutter), and 0.1 m of the curb. When y = 0, it is the centerline of the road;
when y = 6.6–6.7 m, it is the curb. The curb lasts 10 m in the x-direction and there is a long curb-inlet
opening (5 m) at x = 10 m (Figure 2a,c) used to determine LT since the intercepted flow (Qci) of a curb
inlet is not affected by the downstream curb (i.e., Qci = Qin, bypass flow Qbp = 0).

The upstream inflow Qin is set at the left boundary of the simulation domain and flows towards the
downstream to the right boundary. The 100% interception curb inlet length LT is the flow length over the
curb inlet determined by the numerical model simulation when Qci is equal to Qin. The intercepted flow
is the total flow left the simulation domain from the top boundary determined by the FullSWOF-ZG
program. The bypass flow Qbp is the flow left the simulation domain from the downstream (right)
boundary. In the model set up (Figure 2a,d), the curb opening length was 5 m, longer than LT to be
determined so that Qbp = 0.

All cell elevations in the simulation domain were calculated using a MATLAB program when
the bottom-left-corner reference cell’s elevation (the highest in the domain) was assumed to be 10 m.
The road surface elevations vary with longitudinal and cross slopes. All cells for the 0.1 m wide curb
were set 0.2 m higher than the road surface cells. The cell’s elevations inside the curb inlet were first
calculated using the same cross slope of the road surface and then subtracted by the deep cut depth to
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obtain the final cell’s elevation for the deep cut modeling cases. It was expected to help and allow the
runoff to flow into the roadside bioretention. The deep cut inside the curb inlet has a local depression d
from the nearby road surface. It is simple and easy to implement when retrofitting curb inlets for the
bioretention strip projects to hopefully improve the inlet efficiency.

Two hundred modeling cases were selected and modeled to determine LT for the combinations of
10 Sx, 10 Qin (Table 1), and two d (0.10 and 0.15 m). The cell size of DEMs for all 200 cases was 0.025 m
determined by a sensitivity analysis. The simulated water depth along the curb increases along the
x-direction first and then starts to decrease after it reaches the curb inlet (x > 10 m) [12]. The depth limit
equal to 0.2 mm was used to determine LT and already tested and verified in the previous study [12].

Table 1. Sequence numbers and corresponding geometry and inflow parameters of curb inlet
modeling cases.

Sequence No. Sx (%) Modeling Case
Index 1

Modeling Case
Index 2 Qin (L/s) Modeling Case

Index 3
Modeling Case

Index 4 Lci (m)

1 1.5 UDX1Q1 D1X1Q1 6 UDX1L1 D1X1L1 0.15
2 2.0 UDX2Q2 D1X2Q2 8 UDX2L2 D1X2L2 0.30
3 2.5 UDX3Q3 D1X3Q3 10 UDX3L3 D1X3L3 0.45
4 3.0 UDX4Q4 D1X4Q4 12 UDX4L4 D1X4L4 0.60
5 3.5 UDX5Q5 D1X5Q5 14 UDX5L5 D1X5L5 0.75
6 4.0 UDX6Q6 D1X6Q6 16 UDX6L6 D1X6L6 0.90
7 4.5 UDX7Q7 D1X7Q7 18 UDX7L7 D1X7L7 1.05
8 5.0 UDX8Q8 D1X8Q8 20 UDX8L8 D1X8L8 1.20
9 5.5 UDX9Q9 D1X9Q9 22 UDX9L9 D1X9L9 1.35

10 6.0 UDX10Q10 D1X10Q10 24 UDX10L10 D1X10L10 1.50

Note 1—undepressed modeling case for determining LT conducted in the previous study [12], 2—modeling case
for determining LT when cut depth d = 0.1 m, 3—undepressed modeling cases for determining Eci of different Lci
when Qin = 10 L/s conducted in the previous study [12], 4—modeling cases for determining Eci of different Lci when
Qin = 10 L/s when d = 0.1 m.

Commonly used S0 and Sx values in stormwater drainage design were chosen from the HEC-22 [3]
for 100 modeling cases, which have one longitudinal slope S0 = 0.01 (1%), 10 cross slopes Sx = 0.015–0.06
(1.5–6%), and 10 upstream inflows Qin = 6–24 L/s (Table 1). In this case study, the longitudinal slope of
1% was used. In China, many roads were constructed with small longitudinal slopes, and there are
also many roads with steep longitudinal slopes over the world. How the deep cut can affect LT for the
roads with other longitudinal slopes is not comprehensively studied here and should be done in a
future study. As reported in Pavement and Geometric Design Criteria for Minimizing Hydroplaning,
a cross slope of 2% has little effect on driver effort in steering or on friction demand for vehicle stability.
The use of a cross slope steeper than 2% on pavements with a central crown line is not desirable [22].
In areas of intense rainfall, a somewhat steeper cross slope (2.5%) may be used to facilitate drainage as
HEC-22 [3] states.

The first 100 modeling cases have a cut depth d of 0.10 m and the second 100 modeling cases
having d = 0.15 m. The case number was named using the sequence number (1–10) of the parameter’s
choice of Sx and Qin. For example, the modeling case D1X1Q1 means the road having S0 = 0.01 (1%),
a cut depth d = 0.10 m, Sx = 0.015 (1.5%) with Qin = 6 L/s for upstream inflow. The modeling case
D2X1Q1 has a cut depth d = 0.15 m with the same S0, Sx, and Qin for the D1X1Q1 case.

2.2.2. Evaluating the Curb Inlet Efficiency

To evaluate the curb inlet efficiency at different inlet lengths (Figure 2b), the second 200 modeling
cases were selected: 10 choices of Lci, 2 cut depths d (0.10 and 0.15 m), and the same 10 choices for Sx,
which were used for the modeling cases to determine LT. Ten curb inlet opening lengths Lci that range
from 0.15 to 1.5 m with an increase of 0.15 m were adapted based on the curb inlet survey conducted
by Stoolmiller et al. [23]. The imposed upstream inflow Qin was chosen as 10 L/s for the left boundary
condition of the domain for the second 200 modeling cases. A part of the inflow is intercepted by
the curb inlet, i.e., Qci, and the remainder of the inflow is discharged or bypassed downstream along



Water 2020, 12, 3368 7 of 12

the road, i.e., Qbp where the inlet length Lci is less than LT for 100% interception. The modeling case
D1X1L1 means the road having S0 = 0.01 (1%), cut depth d = 0.10 m, Sx = 0.015 (1.5%) with Lci = 0.15 m.
Figure 2b shows DEM and model set up for D1X10L10 (d = 0.1 m, Lci = 1.50 m). An undepressed curb
inlet when d = 0 has been simulated in a previous study [12].

2.3. Modeling Cases for the Road-Curb Cut Curb Inlets

2.3.1. Determining 100% Interception Curb Inlet Lengths

Figure 2c shows the plan view and high-resolution DEM for the modeling case with S0 = 0.01 and
Sx = 0.06 for a road-curb cut scenario. The difference for two groups of the road-curb cut cases is the
cut width w on the road surface (w = w2 − w1) (Figure 1d): 0.05 m or 0.10 m. The road cut width w of
Figure 2c is 0.10 m and the cut depth d over the curb and adjacent road is 0.10 m.

In this part of the case study, the cut depth for the curb inlet and road surface was fixed at 0.10 m
for all cases with S0 = 0.01 (1%). The case number was named using the sequence number (1–10) of the
parameter’s choice of w, Sx, and Qin. For example, the modeling case R1X1Q1 means the road having a
cut width w = 0.05 m, Sx = 0.015 (1.5%), and Qin = 6 L/s for upstream inflow. Ten R1XmQm (m = 1, 2,
. . . , 10) modeling cases and parameters are listed in Table 2. The 100 modeling cases R2XmQn (m or n
= 1, 2, . . . , 10) mean the road has a cut width w = 0.10 m. The curb opening length (5 m) was set large
enough to intercept 100% inflow for these third 200 modeling cases.

Table 2. Sequence numbers and corresponding geometry and inflow parameters of road-curb cut inlet
modeling cases

Sequence No. Sx (%) Modeling
Case Index 1 Qin (L/s) Modeling

Case Index 2 Lci (m)

1 1.5 R1X1Q1 6 R1X1L1 0.15
2 2.0 R1X2Q2 8 R1X2L2 0.30
3 2.5 R1X3Q3 10 R1X3L3 0.45
4 3.0 R1X4Q4 12 R1X4L4 0.60
5 3.5 R1X5Q5 14 R1X5L5 0.75
6 4.0 R1X6Q6 16 R1X6L6 0.90
7 4.5 R1X7Q7 18 R1X7L7 1.05
8 5.0 R1X8Q8 20 R1X8L8 1.20
9 5.5 R1X9Q9 22 R1X9L9 1.35
10 6.0 R1X10Q10 24 R1X10L10 1.50

Note 1—modeling case for determining LT with cut depth d = 0.10 m, 2—modeling cases for determining Eci of
different lengths Lci when Qin = 10 L/s.

2.3.2. Evaluating the Curb Inlet Efficiency

To evaluate the curb inlet efficiency at different inlet lengths (Figure 2d) with different cut widths
over the road and curb inlet, the fourth 200 modeling cases were selected using 10 choices of Lci, 2 cut
widths w (0.05 and 0.1 m), and the same 10 choices for Sx, which were used for the third 200 modeling
cases to determine LT. Ten curb inlet lengths Lci were again ranged from 0.15–1.5 m with an increase of
0.15 m [23]. The imposed upstream inflow Qin was chosen as 10 L/s for the left boundary condition of
the domain. The modeling case R1X1L1 means the road has a cut width w = 0.05 m, Sx = 0.015 (1.5%),
and Lci = 0.15 m (Table 2).

3. Results and Discussion

3.1. 100% Interception Curb Inlet Length for the Curb-Cut and Road-Curb Cut Scenarios

Figure 3 shows the comparison of 100% interception curb inlet length for 100 undepressed cases,
200 curb-cut modeling cases with d = 0.10 m and 0.15 m. The LT for 100 undepressed cases ranges
from 1.91 m to 7.59 m with an average ± standard deviation equal to 3.69 ± 1.24 m. The percentage
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changes of LT between the curb-cut cases (D1 and D2) and the undepressed cases (UD) with the
same S0, Sx, and Qin range from −1.09% to 0.00% with the mean percentage change equal to −0.25%.
The standard deviation of the percentage changes between the undepressed cases and the curb-cut
cases was equal to 0.33%. The 100% interception curb-inlet lengths for the 200 curb-cut cases with
different cut depths were quite similar to the LT for corresponding undepressed cases with the same
cross slope and upstream inflow. It means if the deep cut is only made over the curb inlet width, the cut
depth (d = 0, 0.05, and 0.10 m) does not make much difference in LT for Sx = 1.5–6%.
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curb inlet cases.

Figure 3 also shows the comparison of 100% interception curb inlet lengths for the undepressed
inlets and the road-curb cut inlets with w = 0.05 m and 0.10 m from 100 modeling cases by varying Sx

and Qin. The percentage changes of LT between the R1 road-curb cut cases with w = 0.05 m and the
undepressed cases range from −3.92% to −1.47% with the mean change and its standard deviation of
−2.31% and 0.48%. The percentage changes of LT between the R2 road-curb cut cases with w = 0.1 m
and the undepressed cases range from −6.54% to −3.08% with the mean change and its standard
deviation of −4.45% and 0.78%. The 100% interception curb inlet length sequence from the largest
to smallest was UD > R1 > R2. The maximum reduction of LT for R1 and R2 cases in comparison to
corresponding UD cases is 0.15 and 0.25 m, respectively.

3.2. Curb inlet Efficiency for the Curb-Cut Scenarios

Figure 4 shows the comparison of simulated curb inlet efficiencies for 100 undepressed modeling
cases, 200 curb-cut modeling cases with d = 0.10 m and 0.15 m. The inlet efficiencies for the undepressed
curbs range from 4.68% to 94.47% with an average ± standard deviation equal to 43.68% ± 25.04% when
Lci varied from 0.15 to 1.5 m. The inlet efficiencies for the D1 and D2 curbs range from 5.67% to 94.85%
with an average ± standard deviation equal to 46.06% ± 24.62%. Simulated curb inlet efficiencies are
the same for d = 0.1 m and 0.15 m when other parameters (S0, Sx, and Lci) are the same. The percent
changes of the curb inlet efficiencies between the curb-cut cases (D1 and D2) and the undepressed cases
(UD) range from 0.41% to 26.92% with the mean percentage change of 8.91% and the standard deviation
of 6.87%. Figure 4 shows a slight difference between the undepressed and curb-cut cases when Eci
between 0.2 and 0.6. The Eci changes between the curb-cut cases (D1 and D2) and the undepressed
cases (UD) range from 0.39% to 6.01% and are greater than zero so that the curb-cut inlets only increase
Eci a few percent.
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Figures 3 and 4 show that the differences in modeling cases between the curb-cut and undepressed
curb inlets are very small in terms of the 100% interception curb inlet length and the inlet efficiency.
Therefore, it is not an efficient method to improve the curb inlet efficiency only by cutting the curb
inlet because Eci only increases by 0.39–6.01%. The change of cut depth from 0.10 to 0.15 m has almost
no influence on the 100% interception curb inlet length and the curb inlet efficiency based on the
simulation results.

3.3. Curb inlet Efficiencies Evaluation for the Road-Curb Cut Scenarios

Figure 5a shows the comparison of curb inlet efficiency for undepressed (UD) cases, road-curb cut
cases with w = 0.05 m (R1 cases) and 0.10 m (R2 cases). The change of curb inlet efficiency between
the R1 road-curb cut cases and undepressed cases ranges from 2.79% to 14.16% with the average ±
standard deviation equal to 8.21 ± 2.55%. The percentage changes of curb inlet efficiency between the
R2 road-curb cut cases and undepressed cases range from 4.29% to 27.88% with the average ± standard
deviation equal to 15.63 ± 5.16%.
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Figure 5b plots the ratio of curb inlet efficiency between the road-curb cut cases and corresponding
undepressed cases versus the curb inlet length. It is clearly shown that the curb inlet efficiency
was largely improved for small curb inlet length. For bioretention facilities in Sponge City projects,
many curb inlets have short opening lengths. When Lci is 0.15 m and 0.3 m, the curb inlet efficiency is
average 2.19 and 3.37 times of Eci for undepressed inlets, respectively, when Qin = 10 L/s. The road cut
width w increases from 0.05 m (R1) to 0.10 m (R2), Eci for R2 is 1.0–1.55 times of Eci for R1. Figure 6
shows the curb inlet efficiency Eci for the undepressed cases, the road-curb cut cases with w = 0.05 m
and 0.10 m versus the ratio of Lci/LT. The dark line in Figure 6 shows the calculated efficiencies using
the equation developed in a previous study [12].

Eci = 1−
[
1−

(Lci
LT

)]2.42
(4)

where Eci is the curb inlet efficiency with different curb inlet length, Lci is the curb inlet length, and LT
is the 100% interception curb inlet length.
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A new regression equation of Eci to Lci/LT for R2 cases was developed with an RMSE of 6.26% for
these simulation cases.

Eci = 1−
[
1−

(Lci
LT

)]3.44
(5)

Equation (5) was developed only based on those 100 cases with a longitudinal slope equal to 1%.
A general equation that can be used to calculate the road-curb cut inlet efficiency with a wide range of
parameters for the road surface (So, Sx, and Qin), curb inlet (Lci), and cut width (w) still needs to be
determined based on more simulation cases in a future study.

For Equation (4), the root mean square error (RMSE) between fitted and simulated Eci is 3.93%.
The differences of curb inlet efficiency between the calculated and simulated results for undepressed
cases (UD) range from −2.43% to 7.43% with the average ± standard deviation equal to 4.06 ± 2.34%.
The calculated Eci is therefore on the average 4.06% larger than the simulated Eci (Figure 6). Its RMSE is
4.68%, just slightly larger than the RMSE of Equation (5). It shows the calculated results with Equation
(5) match reasonably well with the undepressed cases.

The differences of curb inlet efficiency between the calculated and simulated results for the R1
road-curb cut cases range from -10.70% to 0.35% with the average ± standard deviation equal to
−3.25 ± 2.28%, which is within the RMSE of Equation (4). The percentage change of curb inlet efficiency
between the calculated and simulated results for the R2 road-curb cut cases ranges from −24.07%
to −4.86% with the average ± standard deviation equal to −9.79 ± 4.50%. Therefore, Equation (4)
underestimated the curb inlet efficiencies for the road-curb cut cases with w = 0.01 m, and the average
difference is more than twice the RMSE of Equation (4).
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4. Conclusions

Two kinds of retrofit scenarios for curb inlets were simulated using the FullSWOF_ZG program in
this case study: (1) The deep cut is made only over the width (0.01 m) of the curb inlet (D1 and D2
cases); (2) both the curb inlet and a small part of the road surface have a deep cut (R1 and R2 cases).
Simulated results of 800 modeling cases were compared with undepressed curb inlet results to explore
and quantify the efficiency improvement of the deep-cut curb inlets. The percentage changes of LT
between the curb-cut cases and the undepressed cases (UD) with the same S0, Sx, and Qin range from
−1.09% to 0.00% with the mean percentage change equal to −0.25%. The LT for curb-cut cases with
different cut depths were quite similar to the LT for corresponding undepressed cases with the same
cross slope and upstream inflow. It means if the deep cut is only made over the curb inlet width, the
cut depth (d = 0, 0.05, and 0.10 m) does not make much difference in LT for Sx = 1.5–6% tested in this
study. The Eci changes between the curb-cut cases and the undepressed cases (UD) range from 0.4% to
6.0% and are greater than zero so that the curb-cut only increases Eci a few percent. Therefore, it is not
an efficient method to improve the curb inlet efficiency only by cutting the curb inlet because Eci only
increases up to 6.0%.

The sequence from the largest to smallest for 100% interception curb inlet length LT was UD > R1
> R2 cases. The maximum reduction of LT for R1 and R2 cases in comparison to corresponding UD
cases is 0.15 and 0.25 m, respectively. The increases of curb inlet efficiency between the road-curb cut
cases R1 or R2 and the undepressed cases range from 2.79% to 14.2% and 4.3% to 27.9%, respectively.
The road-curb cut cases improve the curb inlet efficiency to a large extent so that they can be used in
the SPC retrofit projects or other urban drainage projects to reduce flooding potentials. This case study
used limited combinations of longitudinal slope (1%), 10 cross slopes, 10 upstream inflows, and 10 inlet
lengths to derive the above results. Even the relation of Eci and Lci/LT was explored (Equation (5)),
however, a general equation used to design and evaluate the road-curb cut inlets should be developed
based on more simulation cases with a wide range of input parameters in a future study.
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