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Abstract: Roadside bio-retention (RBR) facilities are low impact development practices, which control
urban runoff primarily from road pavements. Using hydrologic models, such as the US EPA Storm
Water Management Model (SWMM), RBR are typically designed with some fundamental assumptions,
including where runoff completely enters the facilities and fully utilizes the whole surface area for
percolation, detention, filtration, and infiltration to the surrounding soils. This paper highlights
the importance of inlet hydraulics and the spatial distribution of inflow along a RBR, and proposes
an integrated hydraulic and hydrologic modelling approach to simulate its overall runoff control
performance. The integrated hydraulic/hydrologic modelling approach consists of three components:
(1) A dual drainage hydrologic model to simulate runoff generation, runoff hydrographs entering and
bypassing a storm inlet, and the outflow hydrograph from a fully utilized RBR; (2) a computational
fluid dynamic model to determine the inflow distribution along a RBR; and (3) an overall runoff

control performance analysis of RBR by considering the inlet efficiency, and the partially and fully
utilized RBR during a storm event. A case study of an underground RBR in the City of Toronto was
used to demonstrate the integrated modelling approach. It is concluded that; (1) inlet efficiency of a
RBR will determine the overall runoff control performance; and (2) the inflow distribution will dictate
the effective length of a RBR, which may affect the overall runoff control performance.

Keywords: bio-retention; green infrastructure; runoff control performance; storm inlet hydraulics;
flow distribution hydraulics

1. Introduction

In order to control runoff problems (e.g., increased flooding, deterioration of water quality,
receiving channel erosion) associated with urban development, low impact development (LID) aims at
restoration of pre-development hydrology by utilizing spatially distributed LID practices throughout a
drainage catchment [1]. LID practices have been recognized to harness natural hydrologic processes,
in order to “manage rainfall at the source, using uniformly distributed decentralized micro-scale
control”; [2] and can be divided into lot-based, road right-of-way-based, and area-based types [1].
Lot-based LID practices are facilities on a single parcel of land, such as a building lot. Right-of-way
(ROW)-based LID practices are facilities within the area of land that is acquired for or devoted to
the provision of a road [3]. Area-based LID practices, also known as multi-lot LIDs, are located on
large pieces of land such as parks. Among all these different types of LIDs, ROW-based LIDs are the
most difficult facilities to implement, due to lack of space and the layout of the road drainage and
surrounding utility system. Nevertheless, storm runoff along ROW should be controlled because
the total road drainage area of some highly urbanized cities or regions can be as large as adjacent
building lots and open space. Several innovative structural techniques to control ROW runoff include
bio-retentions, porous pavement, catch basin filters, sewer trench exfiltration systems, perforated
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sewers, and exfiltration tanks [1,4–6]. Among all these techniques, ROW-based LIDs, such as roadside
bio-retentions (RBR) are becoming popular and can be integrated into roadside landscaping green
space. RBR has two common types:

(1) Conventional surface RBR with a surface plant soil layer

Storm runoff, generates from a section of the ROW, is captured by one or multiple inlets (e.g.,
curb cuts or openings) to a RBR, either on a sidewalk or the median of the road. It can be
integrated into the neighborhood green space or flower beds. A typical RBR consists of the top
vegetation layer, intermediate filter media (e.g., sandy loam), intermediate transition layer (e.g.,
coarse sand), a drainage layer (e.g., coarse sand and gravel) with, and without, a perforated
underdrain collection pipe [7]. Runoff entering the RBR can temporarily pond at the surface
layer and subsequently infiltrate into the various layers of the bio-retention cell. There may be an
overflow pipe at the surface layer for excess runoff conveyance. The percolated runoff can go,
either to the surrounding native soil, or an underdrain pipe connecting back to the road storm
sewer [8].

(2) Underground RBR without a surface layer (Figure 1)

The layout of this RBR is similar to the conventional one except the absence of the top soil-plant
layer. This type of RBR is commonly used in highly urbanized area. The inlets can be in the form
of a grate and/or curb opening catch basin, which conveys the captured runoff to the bio-retention
cell through an upper perforated flow distribution pipe. The percolated runoff can go either to
the surrounding native soil and/or an underdrain pipe connecting back to the road storm sewer.
It is useful for highly urbanized areas, since it can be constructed under the sidewalk and part of
the road without affecting parking space [9].

Current research studies on RBR, as summarized below, have focused primarily on runoff

volume-controlled, water pollutant removal, enhanced soil mix, and clogging using laboratory, and
field scale investigations and mathematical modeling.

(1) Laboratory scale research

Laboratory studies of RBR using bio-retention boxes and columns have focused on hydrologic
performance [10,11], water quality treatment [12], heavy metal removal efficiency [13,14],
organic carbon removal efficiency [15,16], nutrient removal efficiency [17,18], effect of salts
on performance [13,19,20], and root effect on infiltration rates [11].

(2) Field scale research

Field studies of RBR have been conducted to investigate the effect of plant and fungal contributions
to performance [21], soil phosphorus release [22], treatment efficiency of runoff highway
bridge deck [23], heavy metal removal efficiency [24–26], nitrogen removal efficiency [27,28],
greenhouse gas release [29,30], hydraulic properties and infiltration rates [31] and operation and
maintenance [32,33].

(3) Mathematical modeling research

Mathematical modeling studies of RBR have focused on sizing and optimization methods [25,34–36];
hydrologic performance [37–39], and hydraulic and hydrologic performance [40–44].

Research of storm inlet hydraulics has dated back to 1950s [45–47], continued through 1990s [48],
and in the last 10 years [49–54]. However, the effect of inlet hydraulics on the overall performance of
RBR has only been investigated recently [55,56]. This paper focuses on this research gap and further
investigates the captured inflow distribution, along an underground RBR using laboratory experiments,
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computational fluid dynamic (CFD) simulations, and hydrological modelling. A case study of an
underground RBR in Toronto (Figures 1 and 2) is used as a demonstration of the integrated hydraulic
and hydrologic approach to model the overall performance evaluation of the RBR. The case study RBR
was designed as a treatment LID without infiltration and all percolated runoff was collected by an
underdrain to the street storm sewer.Water 2018, 10, x FOR PEER REVIEW  3 of 25 
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2. Materials and Methods

The integrated hydraulic and hydrologic modelling approach for the overall performance analysis
of an underground RBR is based on the tracking of runoff from a road drainage area, which enters a
storm inlet and the RBR, and exits the RBR by, either infiltration to the surrounding soil, or conveyance
through a bottom underdrain to the storm sewer. It consists of three consecutive components:
(1) Development of a dual drainage hydrologic model, which simulates runoff hydrographs entering
and bypassing a RBR and the runoff control performance of a fully utilized RBR; (2) hydraulic
simulations of the inflow distribution along a RBR; and (3) determination of the overall runoff control
performance of a RBR with outflow adjustments for partially utilization of the RBR during a storm
event. A case study of an underground RBR without a surface layer implemented at the City of Toronto
is used to illustrate the integrated modelling approach.

2.1. A Dual Drainage Hydrologic Model for a Fully Utilized Underground RBR

SWMM [57] is a popular hydrological analysis model for urban drainage planning and design.
The PCSWMM software (Computational Hydraulics International, Guelph, ON, Canada) [58], utilizing
the SWMM computational engine, can be used to develop a dual drainage hydrologic model for an
underground RBR. PCSWMM simulates runoff along a street and to a storm sewer by specifying the
section characteristic of a street (e.g., length, width, curb height, cross-slope, bank-slope and bank-height)
and the sewer characteristics (e.g., length, roughness, inlet and outlet elevations, cross-section and
geometry). Runoff enters a storm inlet longitudinally along the road gutter (i.e., frontal flow) and
laterally from the side of a road (i.e., side flow). The captured runoff by a storm inlet becomes the
inflow to a RBR. The total capacity of storm inlets is normally designed to match the storm sewer
capacity (e.g., runoff rate associated with a storm of two or five year return period in Canada). For each
type of inlets, there is an inlet capacity curve (e.g., Figure 3), which defines the total intercepting flow
(e.g., outflow in Figure 3 on the Y-axis) at different hydraulic heads above the inlet (e.g., X-axis in
Figure 3). Using an inlet capacity curve, a dual drainage model can be developed to determine the
captured and bypassed runoff hydrographs at a storm inlet. The PCSWMM also has a LID module
which can be used to model the infiltration and the underdrain flow of a RBR. As a result, PCWMM
has the flow simulation mechanisms to track runoff generated from a road drainage area, the bypassed
and captured runoff at a storm inlet, and the inflow and outflow of an underground RBR.Water 2018, 10, x FOR PEER REVIEW  5 of 25 
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As an example, the dual drainage model of the Toronto RBR is shown in Figure 4 and Tables 1–3.
Chicago design storms (Figure 5) with different return periods (2-, 5-, 10-, 25-, and 100-year) were used
as rainfall inputs to the PCSWMM dual drainage model, which simulated the runoff hydrograph from
the drainage area, the storm inlet bypass hydrograph, the inflow and outflow hydrographs of the RBR
for different design storm conditions. All these simulated hydrographs were used to determine the
overall runoff control performance of the RBR.
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Table 1. Input parameters for the drainage area.

Inputs Drainage-Area Bioretention

Area (ha) 0.1074 0.0059
Flow Length (m) 74.554 18.081

Width (m) 14.352 3.2
Slope (%) 0.8 0.5

Imperv. (%) 100 0
N Imperv 0.011 0.011

N Perv 0.1 0.24
Dstore Imperv (mm) 1.25 0.127

Dstore Perv (mm) 2.5 0.508
Zero Imperv (%) 100 0

Table 2. Input parameters for the street and the sewer.

Inputs Street Sewer1

Length (m) 74.552 70
Roughness 0.016 0.011

Inlet Elevation (m) 91.03 90.43
Outlet Elevation (m) 90.43 89.87

Cross-Section Irregular Circular
Geom 1 (m) Transect: Street1 0.5

Table 3. Input parameters for the bioretention.

Surface Layer

Berm Height
(mm) Vegetation Volume (fraction) Surface Roughness

(Manning’s n) Surface Slope (%)

0.001 0 0.1 0.001

Soil Layer

Thickness
(mm)

Porosity
(volume
fraction)

Field Capacity
(volume
fraction)

Witling Point
(volume
fraction)

Conductivity
(mm/h)

Conductivity
Slope Suction

Head (mm)

600 0.437 0.105 0.047 29.97 10 60.96

Storage Layer

Thickness
(mm) Void Ratio (voids/solids) Seepage Rate (mm/h) Clogging Factor

600 0.5 0 0

Underdrain

Drain
Coefficient

(mm/h)
Drain Exponent Drain Offset Height (mm)

339.17 0.5 0
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2.2. Hydraulic Simulations of the Inflow Distribution along an Underground RBR

As shown in Figure 1, the captured runoff from a storm inlet enters the RBR through an upper
perforated pipe. Depending on the perforation size, its orientation around the circumstance, the
distance between perforations, and the pipe slope, the runoff can distribute non-uniformly along the
pipe. The water profiles under different inflow rates determine the spread of runoff along a RBR. If the
water profile ends before the end of the pipe, due to the perforation arrangement, only a partial portion
of the RBR is utilized for detention, filtration, and chemical/biological exchange of runoff quantity and
quality. In order to maximize the usage of a RBR for runoff management, the perforation arrangement
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should be designed properly to spread the flow throughout a RBR under a design storm condition.
Nevertheless, it is seldom considered in the design of an RBR.

The perforated flow distribution pipe is an important feature of LID, including the underground
RBR. Duchene and McBean [59] investigated the full pipe discharged characteristics of smooth-wall
and corrugated perforated pipes for use in infiltration trenches, and calibrated the orifice coefficient
(0.65) of an equivalent orifice with good agreement with experimental measurements. Afrin et al. [60]
developed CFD models using the software FLUENT (ANSYS Inc., Canonsburg, PA, USA) to simulate the
hydraulic performance of perforated pipe underdrains surrounded by loose aggregates. Liu et al. [61]
developed analytical equations for outflow, along the flow in a perforated fluid distribution pipe,
based on momentum conservation method. Qin et al. [62] studied the flow velocity distribution along
perforated pipes and found the laying slope could be used to promote uniform velocity distribution
along the perforated pipes. Paul et al. [63] applied the EPANET software (US Environmental Protection
Agency Research, Durham, NC, USA) and assessed discharge uniformity from perforated pipes in
constructed wetlands.

All of the above research studies concentrated on full pipe discharge characteristics. On the other
hand, this research focuses on the partial flow characteristics of a perforated distribution pipe, resulting
in under-utilization of a RBR. A physical hydraulic model was used to collect data for the calibration
of a CFD water profile model, which was subsequently used to simulate the flow profiles along an
RBR under different inflow conditions.

2.2.1. Experimental Investigations of Water Profiles along a Perforated Pipe

A physical hydraulic model was used to analyze the water profiles along a 6.7 m long section of a
150 mm corrugated High-Density Polyethylene (HDPE) perforated pipe supplied by Armtec Inc. as
per American Association of State Highway and Transportation Officials (AASHTO) M252 Type C
standard. Four perforations were cut into the groove of the pipe, at 90 degrees apart, at the factory.
Two perforation sizes were investigated: 25 mm by 25 mm, and 50 mm by 50 mm. The total number
of perforation sets were 275. Additional, the pipe was wrapped in woven geotextile (important for
application in the soil layer of a RBR). As shown in Figure 6, the experimental apparatus comprised
of an upper reservoir, made of a 30 cm semi-transparent barrel with a 150 mm rigid pipe protruding
out near the bottom to serve as an outlet. The lower reservoir was made up of four interconnecting
plastic water tanks of 1.2 m in diameter. The perforated pipe was connected to the upstream upper
reservoir using a watertight rubber corrugated rigid pipe coupling (Part No.: 1070-66), supplied by
Fernco Connectors Ltd. (Sarnia, ON, Canada), while its downstream end was capped using the same
coupling. Four piers supported the whole setup, while the perforated pipe was fastened to two by four
wood studs by plastic straps. The perforated pipe slope was adjusted to almost level. Water circulation
was provided by an IntelliflowXF variable speed pump (Pentair Inc., Minneapolis, MN, USA) through
a 50 mm Poly Vinyl Chloride (PVC) rigid pipe. The flow rate was measured downstream of the pump
using a F-1000 paddle wheel flowmeter manufactured by the Blue-White industries, Ltd. (Huntington
Beach, CA, USA). As the water level at the upper reservoir rose, the flow inside the perforated pipe
exfiltrated through the perforations, collected by a gutter system and returned to the lower reservoir.
Four 6 mm holes were drilled manually at the bottom of the pipe at 1.5 m apart, starting from the
entrance of the perforated pipe. The screw thread at the top of Omega PX309 pressure transducers
(Omega Environmental, St-Eustache, QC, Canada) screwed tightly into the four 6 mm holes and wired
to a Sutron 9210 Xlite Data Logger (OTT Hydromet GmbH, Kempten, Germany). Figure 7 shows a
photograph of the experimental setup. Repeated measurements of the water depths (at least 3 times)
were taken at 5 min intervals up to 20 min along the perforated pipe for flows ranging from 0.63 to
10.28 L/s. The measured water profiles under different inflows were used to calibrate a water profile
simulation model described in the next subsection.
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2.2.2. CFD Simulation of Water Profiles Long a Perforated Pipe

The FLOW-3D software [64] (Flow Science Inc., Santa Fe, NM, USA) was used to model the
water profiles along the experimental perforated pipe under five inflow rates (from 0.62 to 10.28 L/s).
Based on the finite-volume method, the Reynolds-averaged Navier Stokes equation was solved by the
FLOW-3D. The computational domain of the pipe was divided into rectangular three dimensional
computational grid of cells. The geometry of the perforated pipe and the perforations were drawn
by AutoCAD-3D and imported to the FLOW-3D software. A large block of mesh was applied for
the entire perforated pipe and small meshes were used for the perforation area. Since two-phase
simulations were not used, the boundary condition in this research was the inner wall of the perforated
pipe. The FLOW-3D model was calibrated using the measured water profiles in the experiments.
The calibrated FLOW-3D model was then used to simulate the lengths of the partially filled perforated
pipe of the Toronto RBR under different inflow rates. These simulated lengths were then used to
determine the outflow adjustments for the Toronto RBR under partial inflow distribution conditions.
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2.3. Overall Runoff Control Performance Analysis of a RBR with Outflow Adjustment for the Partially Filled
Distribution Pipe

Many hydrologic models, which were developed to simulate the runoff control performance of
RBR, were based on the assumption of a fully utilized RBR [27–29,40–44]. Depending upon the inflow
rate, the inflow may, or may not, reach the full length of a RBR. For the underground RBR in Figure 1,
it is important to determine the critical inflow rate at which the water profile will extend to the full
length of a RBR, resulting in the full utilization of a RBR for runoff control. Any inflow less than this
critical inflow rate will affect the runoff control performance because only a fraction of the RBR will be
utilized for runoff control.

The calibrated CFD model, described in the previous subsection, was used to determine the
critical inflow rate of the Toronto RBR at which the inflow would spread over the entire length of the
perforated distribution pipe. Using the dual drainage model described in Section 2.1, the outflow
hydrographs of different effective lengths of the Toronto RBR were analyzed. If the inflow rate of the
RBR was less the critical inflow rate, the outflow hydrograph of a partially utilized RBR was used.
Otherwise, the outflow hydrograph of the fully utilized RBR was adopted. Finally, the overall runoff

control performance (e.g., volume and peak flow controlled) for different design storm conditions was
determined by comparing the total runoff and the adjusted outflow hydrographs of the RBR.

3. Results

For the Toronto RBR case study, the integrated hydraulic and hydrologic approach was used
to investigate: (1) Effect of catch basin types on the bypassed and captured runoff hydrographs
and the runoff control performance; and (2) effect of inflow distribution on the overall runoff

control performance.

3.1. Effect of Catch Basin Types on the Bypassed and Captured Runoff Hydrographs

Four types of inlets [65] were investigated for the 18 m long RBR: (a) single horizontal bar/fishbone
catch basins; (b) OPSD400.01 catch basin; (c) single and twin grid catch basins; and (d) single and twin
honeycomb catch basins. The PCSWMM model developed for the Toronto RBR was used to analyze
(1) the bypassed and captured hydrographs at the catch basin; (2) the inlet and outlet hydrographs of
the RBR; and (3) the peak runoff rate reduction (i.e., % reduction of the peak runoff rate) and the runoff

volume controlled (% reduction of the total runoff volume) of the RBR for different design storms.

3.1.1. Single and Twin Horizontal Bar/Fishbone Catch Basins

Figure 8 shows the inlet and outlet hydrographs of the RBR and the bypassed hydrograph at
the catch basin for 4-h design storms of 2 to 100 year return periods. The bypassed hydrographs
(Figure 8b) of 2-, and 100-year storms have peak flow rates 2 and 10 times higher than those of the inlet
hydrographs (Figure 8a). The peak runoff, captured by the catch basin, occurs after almost 90 min for
all storms, while the peak outflow occurs after 8 h and 6 h for 2-, and 100-year storms, respectively.
The peak outflow from the RBR is about 0.4 L/s for a 2-year storm, since the soil percolation rate reaches
the hydraulic conductivity of loamy sand soil of 30 mm/h. For all storms, it takes almost 72 h for runoff

to drain out of the RBR. As shown in Table 4, the peak runoff rate reduction and the runoff volume
controlled are about 24% and 36% and 13% and 33% for 2-, and 100-year storms, respectively. Most of
the runoff bypasses the catch basin, resulting in relatively low runoff control performance.
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Table 4. Runoff control performances of single & twin horizontal bar/fishbone catch basin.

Single & Twin Horizontal
Bar/Fishbone Catch Basins 2-Year 5-Year 10-Year 25-Year 100-Year

Peak Runoff Rate Reduction (%) 24.3 20.2 17.8 16.6 12.6

Runoff Volume Controlled (%) 35.6 32.8 32.2 32.1 32.8

3.1.2. OPSD400.01 Catch Basins

Figure 9 shows the inlet and outlet hydrographs of the RBR and the bypassed hydrograph at
the catch basin for 4-h design storms of 2 to 100 year return periods. The bypassed hydrographs
(Figure 9b) of 2-, and 100-year storms have peak flow rates 6.5 and 13.6 times higher than those of the
inlet hydrographs (Figure 9a). The peak runoff captured by the catch basin occurs after almost 90 min
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for all storms while the peak outflow occurs after 5.5 h and 8 h for 2-, and 100-year storms, respectively.
For this catch basin, the soil percolation rate does not reach the hydraulic conductivity of loamy sand
soil. As shown in Table 5, the peak runoff rate reduction and the runoff volume controlled are about
13% and 43% and 7% and 34% for 2-, and 100-year storms, respectively. Most of the runoff bypasses
the catch basin, resulting in relatively low runoff control performance.Water 2018, 10, x FOR PEER REVIEW  14 of 25 
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Table 5. Runoff control performances of OPSD400.01 catch basin.

OPSD400.01 Catch Basin 2-Year 5-Year 10-Year 25-Year 100-Year

Peak Runoff Rate Reduction (%) 13.4 10.1 9.1 8.2 7.1

Runoff Volume Controlled (%) 42.8 38.8 37.2 35.8 33.7
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3.1.3. Single and Twin Grid Catch Basins

Figure 10 shows the inlet and outlet hydrographs of the RBR and the bypassed hydrograph at
the catch basin for 4-h design storms of 2 to 100 year return periods. The bypassed hydrographs
(Figure 10b) of 2-, and 100-year storms have peak flow rates 3.2 and 7.3 times higher than those of the
inlet hydrographs (Figure 10a). The results of this type are similar to that of the horizontal bar/fishbone
catch basins. The maximum peak outflow is 0.48 L/s when the soil percolation rate reaches the hydraulic
conductivity of loamy sand soil. As shown in Table 6, the peak runoff rate reduction and the runoff

volume controlled are about 22% and 36% and 13% and 32% for 2-, and 100- year storms, respectively.
Most of the runoff bypasses the catch basin, resulting in relatively low runoff control performance.
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Table 6. Runoff control performances of single and twin grid catch basin.

Single & Twin Grid Catch Basins 2-Year 5-Year 10-Year 25-Year 100-Year

Peak Runoff Rate Reduction (%) 22.2 17.8 16.1 14.2 12.5

Runoff Volume Controlled (%) 36.4 33.2 32.5 32 32.3

3.1.4. Single and Twin Honeycomb Catch Basins

Figure 11 shows the inlet and outlet hydrographs of the RBR and the bypassed hydrograph at
the catch basin for 4-h design storms of 2- to 100-year return periods. The bypassed hydrographs
(Figure 11b) of 2-, and 100-year storms have peak flow rates 6 and 15 times higher than those of the
inlet hydrographs (Figure 11a). This honeycomb catch basin has a high capacity for capturing runoff

compared to that of horizontal bar and grid catch basins. The peak outflows range from 0.15 to 0.45 L/s.
As shown in Table 7, the peak runoff rate reduction and the runoff volume controlled are about 12%
and 44% and 6% and 35% for 2-, and 100-year storms, respectively. Most of the runoff bypasses the
catch basin, resulting in relatively low runoff control performance.
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Table 7. Runoff control performances of single and twin honeycomb catch basin.

Single & Twin Honeycomb Catch Basins 2-Year 5-Year 10-Year 25-Year 100-Year

Peak Runoff Rate Reduction (%) 12.3 9.6 7.9 7.6 6.3

Runoff Volume Controlled (%) 43.9 39.9 38.3 36.8 34.5

3.1.5. Performance Comparison of All Catch Basins

Among the four types of catch basins, the single and twin horizontal bar/fishbone catch basin
performs the best with the highest peak flow reduction, while the single and twin honeycomb catch
basin performs the best with the highest runoff volume controlled. By comparing the inlet and outlet
hydrographs of horizontal bar/fishbone catch basin (Figure 8) with those of the honeycomb catch basin
(Figure 11), it is clear that the peak inlet flow (6 L/s for a 2-year storm) of the fishbone catch basin is
greater than that (3 L/s for a 2-year storm) of the honeycomb catch basin, resulting in higher peak
flow reduction. Fishbone catch basin has a higher interception capacity (e.g., 0.014 m3/s at 0.065 m
head) than that (0.005 m3/s at 0.065 m head) of the honeycomb catch basin [65]. On the other hand, the
outlet hydrograph of the fishbone catch basin has larger volume (Figure 8) than that (Figure 11) of the
honeycomb catch basin, resulting in lower runoff volume controlled. Nevertheless, none of the catch
basins can intercept sufficient runoff to the RBR, resulting in runoff control performance of the RBR
less than 45% for a 2-year storm (Tables 4–7).

3.2. Effect of Inflow Distribution on the Overall Runoff Control Performance of the RBR

Effective length of a RBR, defined as the extent at which the captured runoff at a catch basin is
distributed along a RBR, affect the overall runoff control performance. It depends upon the inflow rate
and the perforation arrangement of the inflow distribution pipe. The calibration of the FLOW-3D model
was based on (1) mesh sizes of the pipe and the perforations; (2) physics model coefficients such as the
turbulence mixing length parameter; (3) boundary conditions such the pipe alignment and perforation
locations; and (4) options for volume-of-fluid methods. An accepted goodness of fit criterion of 15%
was also assumed to account for the uncertainty of the experimental pipe inner wall boundary and
slope, perforation size, orientation, spacing, and level and flow sensors. As indicated in Figure 12, the
measured water profiles along the perforated pipe (with 25 mm sized perforations) are non-uniform
and the FLOW-3D model simulated water profiles generally match the laboratory measurements
(within 10–15%) over the test flow range of 0.63 to 10.28 L/s. For lower inflows (less than 8.08 L/s),
the goodness of fit between the measured and the simulated water profiles are consistent. Under the
partially surcharged condition (at 10.28 L/s), there is a clear discrepancy between the measured and
modelled water profile near the entrance. Given the focus of this study is the free surface water profiles,
the calibration is considered acceptable.

The calibrated FLOW-3D model was used to simulate water profiles along the inflow distribution
pipe of the Toronto RBR under different inflow rate conditions. The Toronto RBR’s inflow distributed
pipe has the following characteristics: 150 mm perforated pipe with a total length of 18 m, 19 sets
of 10 mm perforations at a distance of 0.9 m apart. Figure 13 shows the simulated water profiles
ranging from 2 to 10 L/s. It is noted that the water profiles at 4 L/s or below are gradually varied and
do not distribute over the whole length of the pipe. The critical (minimum) inflow, which distributes
fully and non-uniformly over the 18 m was found to be about 6 L/s. Two alternative effective lengths,
12 m (67% of 18 m) and 16 m (88% of 18 m), and the full length (i.e., 100%) of the inflow pipe were
investigated for the Toronto RBR using the dual drainage PCSWMM model. Figure 14 shows the
inflow and outflow hydrographs of 100% (18 m), 88% (16 m), 67% (12 m) of the RBR. For the 2-year
design storm (Figure 14a), the inflow hydrograph was increasingly attenuated as the effective length
increases (i.e., 67% > 88% > 100%). However, the effect of different effective lengths on the outflow
hydrograph is negligible for the 5-year design storm (Figure 14b). Since the difference between the
16 m and 18 m outflow hydrographs is relatively small, the outflow hydrograph of 12 m (67% of the
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full length) was used to represent the outflow hydrograph for inflow rate less than 6 L/s. As shown in
Figure 15, the blue columns are the times that 100% of the RBR would be utilized. The captured inflow
only exceeded 6 L/s 2 times for the 2-year storm and 14 times for the 100-year storm. As a result, the
outflow hydrographs for 2-, and 100-year storms were adjusted to 67% effective length for those time
periods less than 6 L/s while the rest of the outflow hydrographs were assumed to be 100% full length.
For the 2-year storm condition, the peak flow reduction and the runoff volume controlled of RBR with
outflow adjustment are about 2% less than those without outflow adjustment. There is negligible
difference for the 100-year storm condition.
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4. Discussion

The first investigation of catch basin effects has demonstated the importance of a catch basin inlet
on the overall runoff control performance of a RBR. Although, the number of catch basins along a
road are designed to match the drainage capacity of a storm sewer (e.g., runoff of a 2-year storm), an
underground RBR is typically aligned with one catch basin. For the four types of catch basins in the
Toronto case study, the peak flow rate reduction and the runoff volume controlled for 100-, and 2-year
design storms were 12–24%, and 36–44%, respectively because the majority of the runoff bypassed the
inlet of the RBR. This case study finding is similar to the intercepting efficiency (35–48%) simulated by
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a detailed two-dimensional (2D) overland flow simulation model FullSWOF_2D (with grate-inlet and
one-dimensional pipe flow) and 20 storm inlet monitored results reported by Li et al. [56].

The second investigation of effective length or effective utilization of a RBR has indicated
that water profiles along the inflow distribution pipe can be spatially varied and the hydraulics of
inflow distribution pipe affects the runoff control performance of a RBR. However, the inflow pipe
characteristics (e.g., number and size of perforations, distance between perforations) of the Toronto
RBR do not cause a significant difference of the runoff peak flow reduction and the runoff volume
controlled (2% difference for a 2-year storm and negligible difference for a 100-year storm) even the
effective length of the RBR was taken into consideration.

5. Conclusions and Recommendations

Based on the aforementioned research, the following conclusions are drawn and recommendations
are suggested:

1. No matter how well a RBR is designed (e.g., soil porosity, types of soil, and other outlet features),
the inlet dictates its overall runoff control performance. Catch basins are storm inlets and their
intercepting capacities vary according to their design (longitudinal and cross slope of road, grate
openings and orientation, curb openings). In order to capture more runoff to a RBR, double curb
and grate catch basins or multiple inlets should be considered. Recent research studies [49,53,54]
also indicate that the traditional hydraulic calculations of catch basin efficiencies may not be
adequate. Thus, future investigations of RBR performance should update the traditional inlet
efficiency curves of currently available catch basins.

2. The overall runoff control performance of RBR is dependent upon the distribution of inflow over
the RBR. In order to fully utilize a RBR, a detailed hydraulic analysis of the inflow distribution
pipe, including the perforation size, orientation, spacing, should be performed. Although the
case study does not show any significant difference in runoff control performance between
the partially and fully utilized RBR, there are situations in which the partially utilized RBR
may be important. For instance, if the perforation size is large and their spacing is short,
short-curcuiting of flow through the RBR may occur, resulting in large periods of partially utilized
RBR and low runoff control performance. Perforated pipes are increasing used as conveyanace
and exfiltration components in LIDs, such as grass swale-perforated pipes [66], infiltration
trenches [59], exfiltration storage systems [6] and bioretentions [7]. Unfortunately, detailed
perforated pipe hydraulic analyses [60,61] are rarely considered in LID modeling. Future research
of RBR should not only focus on the associated chemical and biological processes but also the
hydraulics of flows at the inlet and perforated distribution pipes.
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