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Abstract: Bioswales are commonly constructed along roadways to control stormwater runoff. Many
factors can affect the performance of a bioswale such as the size of the bioswale and its associ-
ated drainage area, rainfall characteristics, site conditions, soil properties, and deterioration of the
bioswale’s condition over usage. Transportation agencies and engineering communities need a
reliable and convenient method for predicting the effectiveness of bioswale. Although available
software tools can be used to model and analyze design options, input values for a large number of
variables and highly skilled modelers are required to handle these sophisticated modeling tools. The
objective of this study was to develop a simplified and easy-to-use mathematical model for predicting
the effectiveness of bioswales through empirical predictions of stormwater runoff as a function of four
key parameters: area ratio (bioswale surface area to its drainage service area), rainfall depth, rainfall
intensity, and sediment accumulation (build-up) on bioswale’s surface area. A PCSWMM model was
developed to simulate the physical conditions of a field-scale bioswale. This PCSWMM tool was
also used to simulate an idealized (conceptual) catchment model that represents common highway
geometries and characteristics. A total of 72 scenarios were simulated on various combinations of
the four studied parameters: area ratio (9%, 13%); rainfall depth (2.54, 5.08, 7.62, 10.16 cm); rainfall
intensity (2.54, 5.08, 10.16 cm/h); and sediment accumulation (0, 0.25, 1.78 cm). Half of the total
scenarios (i.e., 36 scenarios) were used to develop a new simplified mathematical model, and the
other 36 scenarios were used to calibrate and validate this newly developed model. The analysis re-
vealed a reasonable correlation (R2 = 0.967) between modelled predictions and PCSWMM-simulated
results, indicating the newly developed mathematical model can serve as an adequate alternative for
simulating bioswales’ performance for stormwater runoff control.

Keywords: stormwater run-off; PCSWMM; bioswale; sedimentation

1. Introduction

Best Management Practices (BMPs) [1–31] have been widely used for reducing the
adverse impacts of stormwater runoff on receiving waters [2,16,26]. BMPs can be used to
treat stormwater for the reduction of pollutants in the runoff. BMPs can also be used to
lower the quantity of runoff, therefore, to reduce pollution loading on receiving waters.
One of the most commonly used BMPs is bioswales. As a linear BMP, bioswales are very
suitable to be installed along roadways to control stormwater runoff from road surfaces,
regardless of the roads being urban roads or rural highways [12,17,18,29].

The effectiveness of bioswales for stormwater runoff control is affected by many
factors such as drainage service area, rainfall depth, rainfall intensity, surface vegetative
cover, and soil infiltration rates [18–20]). Poresky et al. (2011) [26] reported that, based
on monitored performance, stormwater volume reduction by bioswales ranged from 35%
to 65%. Geosyntec (2008) [8] and Caltrans (2004) [5] indicated that the performances of
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bioswales are affected by specifics of the installed units, such as sizes of the bioswales,
rainfall characteristics, geometrical and topographical conditions of the sites, properties
of the soils, vegetation of the surface cover, and the physical condition and age of the
bioswales at the time the BMP performance was evaluated. It was recognized that most
of the bioswales evaluated by Poresky et al. (2011) [26] were installed during 1980s or
1990s. Therefore, their reported 35–65% runoff reductions are expected to be lower than
the percent runoff reduction performance when the bioswales are newly installed [7]. The
uncertainty about the effect of the age of bioswale on runoff reduction was not reported by
Clary et al. (2012) [7].

Transportation administration agencies and engineering communities need an easy-to-
use, reliable, and convenient tool for adequately predicting the effectiveness of a bioswale’s
control on stormwater runoff from roadways, so that cost-effective measures of stormwater
runoff control and pollution reduction can be developed and implemented. However,
such a tool presently is not available [23]. Transportation agencies and engineers can
use modeling software tools such as the Storm Water Management Model (SWMM) to
build a physical model and simulate project specifics and analyze design options. Such
a modeling approach requires appropriately pre-defined input values for an extensive
number of variables (e.g., more than 20 variables for SWMM) and highly skilled and
experienced modelers with specialized engineering or hydrologic backgrounds to handle
such a sophisticated modeling tool.

The objective of the study described in this paper was to develop a simplified, reliable,
and easy-to-use mathematical model for predicting the effectiveness of a bioswale’s control
on stormwater runoff from roadways.

A large number of studies revealed that the ratio of the bioswale’s surface area
to its drainage service area (area ratio, AR), rainfall depth (RD), rainfall intensity (RI),
and sediment accumulation (SA) or build-up on bioswale’s surface area are among the
most important factors affecting a bioswale’s performance [4,6,9,11,22,32] because AR
and rainfall (RD, RI) determine the amount of stormwater run onto a given bioswale and
accumulated sediments directly affect the infiltration rate of the bioswale’s medium [3].
The simplified mathematical model by this study was intended to establish empirical
predictions of stormwater runoff as a function of four key parameters: AR, RD, RI, and SA.

2. Systematic Approach to Develop a Simplified Mathematical Model

To develop a simplified mathematical model, the following approach was taken:

• A field-scale bioswale testing facility was designed and constructed.
• A Personal Computer Storm Water Management Model (PCSWMM) numerical model

based on the physical conditions of this field-scale bioswale was developed. PC-
SWMM is derived from SWMM. Although software tools have the same hydraulic
and hydrologic analysis capability, PCSWMM offers enhanced graphic user interfaces
that are much improved from USEPA SWMM 5. PCSWMM was chosen for this
research work.

• The PCSWMM model was validated using the experimental data from testing the
field-scale bioswale [23]

• An idealized (conceptual) catchment model that represents typical highway geome-
tries and characteristics was developed for PCSWMM modeling and simulations.

• A matrix of simulated conditions of the studied factors (i.e., AR, RD, RI, SA) was developed.
• Results from half of PCSWMM’s simulated scenarios were used to develop a simplified

mathematical model for predicting the bioswale’s control of stormwater runoff.
• The newly developed mathematical model was used to predict the bioswale’s control

of stormwater runoff, which was compared to results from the second half of the
PCSWMM-simulated scenarios.

• The applications of the newly developed mathematical model were discussed. Each
of the above tasks and components are discussed in detail in the following sections.
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3. Field-Scale Bioswale Testing Facility

Set-up and physical conditions of the field-testing facility: Three testing units of
bioswale were constructed on the campus of Southern Illinois University Edwardsville
(SIUE) (Osouli et al., 2017b). The plan and section views of one testing unit are illustrated in
Figure 1. Each testing unit consists of a trench of 1.2 m (4 ft) in depth, 2.4 m (8 ft) in length
and 0.9 m (3 ft) in width. The three testing units are separated by 5 m of in-between spacing.
Each trench was filled with 0.9 m (3 ft) of aggregates of not more than 2.54 cm (1 inch) in
particle size, which were placed in loose condition. After a non-woven geofabric filter layer
was placed on top of the aggregates, each trench was filled with growth medium of 0.3 m
(1 ft) to its surface level. The medium was obtained from a local market in Edwardsville, IL.
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Figure 1. Field-tested Bioswale Unit: (a) Plan View; (b) Section View (modified after [23]).

USGS data indicate that native soils at this SIUE testing site are mainly sandy lean
clay. The infiltration rate of the native soil was measured at a depth of 1.3 m below the
ground surface (Figure 1b) by a Turf-Tec infiltrometer immediately after excavation of the
site before placement of the aggregate. Major properties of the materials used in bioswale
testing units are summarized in Table 1.

Table 1. Material description (LL = Liquid Limit, PL = Plastic Limit).

Material Infiltration
Rate (cm/min)

Specific
Gravity Void Ratio Bulk Density

(kg/m3) LL (%) PL (%) Soil Description

Natural Soil 0.5 2.65 0.56 1723 30 20 Sandy Lean Clay
Growing Medium - - 0.45 - 0 0 Highly Organic

Aggregate - 2.63 0.42 - 0 0 Crushed Gravel

Operation of the Testing Facility

Rainfalls and Stormwater Runoff (i.e., run-on to the tested bioswale units): the
bioswale performance was tested by applying controlled amounts and flow rates of water
to the surface of each unit, which correspond to the tested rainfall conditions.

The Illinois Environmental Protection Agency (IEPA) expects on-site control of stormwater
runoff resulting from the first 2.54 cm (1 inch) of rainfall, which represents the 90th per-
centile of total rainfall depth from rainfalls of 24 h duration in Illinois [14]. For this total
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rainfall depth, the Intensity-Duration-Frequency (IDF) data of Southwest Illinois, where
SIUE campus is located, are used [13] to obtain rainfall intensities under several rainfall
returns for this study. Three rainfall return frequencies (10 year, 2 year, and 9 month) were
chosen to develop rainfall intensities and durations that correspond to the total rainfall
depth of 2.54 cm (1 inch), which are shown in Table 2. Based on a drainage area of 15.2 m
(50 ft) in length and 2.44 m (8 ft) in width for each bioswale unit, and a rainfall depth of
2.54 cm (1 inch), the amount of water for each bioswale unit was 945 L.

Table 2. Rainfalls for Bioswale Field Testing.

Rainfalls Volume (L) Duration (Min) Intensity (cm/h)

10-year-return 945 10 15.24
2-year-return 945 20 7.62

9-month-return 945 45 3.39

Applying Stormwater to Bioswale Units: The amount of water shown in Table 2 was
pumped to each bioswale unit through a piping system. The flow rates of the applied
water were controlled by a valve and a flow meter, and were recorded throughout the
testing. The water was distributed through perforated pipes that were installed at surface
level along two longitudinal sides of the bioswale as shown in Figure 1. In the process of
water infiltration into the growth medium, when the standing water build-up was 40 mm
higher than the surface level of the growth medium, the standing water was pumped out
and discarded. The quantity of the pumped-out water was recorded and was taken as the
runoff from the tested bioswale unit.

The water infiltration process along the vertical direction of the bioswale was mon-
itored by recording water levels in an observation well, which was a 0.2 m diameter of
perforated pipe installed along the entire depth of each bioswale as shown in Figure 1b. The
recording was conducted by both a HOBO U20L sensor (for both depth and temperature
of the water) installed at the bottom of the observation well, and by manual measurement
of water levels in the well. The monitoring covered the entire period until the water in the
observation well completely drained into the soils at the bottom of the well.

Applying Sediments to Bioswale Units: to evaluate the impact of sediment build-up
on the bioswale’s performance, various amounts of sediments were applied on the surface
of the growth medium. The amounts of the sediments were chosen by using the unversisal
soil loss equation (USLE) method shown in Equation (1) [21].

Universal Soil Loss Equation (A) = R × K × LS × C × P (1)

where A is average annual soil loss (kg/m2/Year), R is rainfall-runoff erosivity factor, K
is soil erodibility factor, LS is length-slope factor, C is cover-management factor, and P is
support practice factor. The input values of these parameters were selected from technical
references [31] that are appropriate for the conditions of the site in the Madison county
of Illinois [23,24]. For soil losses along roadways, almost the whole amount is from the
fore-slope and level areas off the roads, and a minimal amount is from the paved surfaces of
roads. The USLE calculation for this study assumed that there is no atmospheric deposition
of sediments or washed-off sediments from hillsides or mountains to the roads [28].

The USLE calculation indicated that soil loss from a typical developed area was
0.19 kg/m2/year. In comparison, the soil loss for the Madison County of Illinois that was
specified by Madison County Soil and Water Conservation District (SWCD) and the typical
soil loss in stabilized small watershed areas with fine-textured soils that was specified by
the National Conservation District Employees Association (NCDEA) was 0.22 kg/m2/year.
For this study, a soil loss of 0.19 kg/m2/year was used. Based on the drainage area for the
tested bioswale, it is expected that newly built, 2-year-old, and 10-year-old of bioswales
would have sediment build-ups of 0 cm, 0.25 cm, and 1.78 cm on the surface of the growth
medium, respectively [23]. For the field testing, the simulated sediment build-ups were
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prepared from natural soils taken at the study site, which were sieved by No. 8 sieve.
Such prepared soils were placed evenly and loosely atop the growth medium to various
thicknesses to simulate the aging of the bioswale. The infiltration rate of these three
sediment build-ups were measured by a Turf-Tec infiltrometer, and were found to be
181.2 cm/h, 54.4 cm/h, and 19.1 cm/h, respectively.

To provide an easy-to-use term for facilitating technical comparison, instead of using
thickness of accumulated sediments, the travel time (TT) that water takes to pass through
the thickness of the sediment layer is used to quantity the sediment build-up for the
purpose of this paper. For example, at an infiltration rate of 19.1 cm/h for the 10-year-old
bioswale, it takes water 5.6 min to pass through the 1.78 cm of sediment build-up layer. By
this definition, the TTs for New, 2-year-old, and 10-year-old bioswales are 0 min, 0.3 min,
and 5.6 min, respectively.

PCSWMM modeling of field-scale bioswale: A PCSWMM model (v.6.1.2015) was
developed to simulate the SIUE field-scale bioswales. Runoffs were simulated with PC-
SWMM’s dynamic rainfall-runoff and Green-AMP method. The physical layout of field-
scale bioswale for PCSWMM modeling is shown in Figure 2. The PCSWMM’s model
layout consists of sub-catchment, conduits, and junctions. The input values of the modeled
parameters are described hereafter. The drainage area (i.e., 15.5 m of horizontal length and
2.4 m of width, as shown in Figure 2) was set to have 100% imperviousness. The bioswale
(i.e., the field-tested unit) was placed in the level area at 0.9 m of width (i.e., 0% slope in
Figure 2), and is modeled with PCSWMM as the BMP unit. Further details are described in
James et al. (2010), UDFCD (2008), Akhavan Bloorchian (2018), and Osouli et al. (2017a,
2017b, 2017c) [3,15,22–24,31]. The infiltration rates measured for the tested conditions were
used in PCSWMM model simulations.
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Figure 2. PCSWMM Modelled Field-Tested Bioswale Unit (a) Plan view; (b) Section view [23].

Validating the PCSWMM model: The simulated stormwater runoffs resulting from
the PCSWMM modeling of field-tested bioswale units were compared to the measured
stormwater runoffs from the field-tested bioswale unit. The field testing used 945 L of
water as the total input of stormwater. For the newly-built bioswale, under all tested
rainfall conditions shown in Table 2, both field-measured and PCSWMM-simulated results
indicated zero runoffs. For 2-year-old and 10-year-old bioswales, as shown in Figure 3,
under low rainfall events such as 9-month-return and 2-year-return, there were noticeable
differences between field-measured and PCSWMM-simulated runoffs. For example, under
2-year-return of rainfall, for the 2-year-old bioswale, the field-measured runoff was 332 L,
which was 47% lower than the PCSWMM-simulated runoff of 628 L; for the 10-year-old
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bioswale, the field-measured runoff was 568 L, which was 31% lower than the PCSWMM-
simulated runoff of 821 L. However, under moderate rainfall event such as 10-year-return,
the field-measured and PCSWMM-simulated runoffs matched with each other very well.
In particular, for the 2-year-old bioswale, the field-measured runoff was 690 L, which is 8%
lower than the PCSWMM-simulated runoff of 750 L; and for the 10-year-old bioswale, the
field-measured runoff was 823 L, which is 6% lower than the PCSWMM-simulated runoff
of 878 L. It was anticipated that field-measured runoffs were lower than the PCSWMM-
simulated runoffs because of the unavoidable water loss from wetting the interior surface
of pipes and parts, from water filling gaps in pumps, joints, and fittings, and from initial
abstraction of the field system. As shown in Figure 3, the impact of such water loss on field
measurement results were increasingly larger at lower rainfall events (e.g., 2-year-return
vs. 10-year-return), because of the lower intensity and longer duration resulting small
runoff volume. Even reasonable water loss would result in a relatively large percentage
difference between field-measured and PCSWMM-simulated results. Given the storm
runoff control was mainly concerned about runoff at moderate and large rainfall events,
the 10-year-return rainfall event would provide more sound evaluation for validating
the PCSWMM model. It also provides a better estimate in even smaller storm returns
when the bioswale is aged. For example, for 10-year-old bioswale, the difference between
field-measured and PCSWMM-simulated results for 2-year return and nine-month return
are 46% and 22%, respectively, while for 2-year-old bioswale the difference becomes larger.
Therefore, the PCSWMM model is accepted as validated and can be used for developing a
simplified mathematical model for generalized stormwater runoff analyses.
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Developing an idealized (conceptual) catchment model: To develop a simplified
mathematical model on stormwater runoff from bioswales along typical highways, an
idealized (conceptual) catchment model was utilized to describe an eight-lane interstate
highway and its right of way [1]. The prior-validated PCSWMM modeling tool was applied
to this idealized catchment to conduct extensive simulations. This physical model sets four
lanes on each direction with bioswales installed along both sides of the highway. Each lane
was 3.6 m (12 ft) in width [1,10]. On each side of the highway, there is 3.05 m (10 ft) of
shoulder. As shown in Figure 4, each bioswale along one side of the highway is to take
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stormwater runoff from an area of 17.7 m in width (58 ft = 4 lanes × 12 ft/lane + 10 ft
shoulder, i.e., the P1 section in Figure 4). A 1.5% of cross-slope of the paved areas was used
to drain runoff from highway lanes [1,10,18].
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Figure 4. Idealized (conceptual) catchment model for highways.

As shown in Figure 4, four subcatchment areas are considered in the modeling: paved
road surface (P1), foreslope (P2), level ground (P3), and backslope (P4). The bioswale is
placed within the area of the P3 subcatchment. The runoff from P1 discharges to P2, then
to P3, and eventually to an outfall; or from P4 to P3, then to an outfall. For the analysis of
this linear infrastructure, all of the subcatchments and associated analysis results are based
on the unit length of highway.

The surface slopes of the foreslope (P2), level ground (P3), and backslope (P4) are set
to be 33% (3H:1V), 0% (level), and 17% (6H:1V), respectively [25]. The embankment of the
P2 area is set to be 2.1 m (7 ft) of elevation drop across the foreslope area. The bioswale unit
in the P3 area is set to have a bottom width of 1.52 m (5 ft), 33% (3H:1V) side slope, 0.5%
slope along the longitude direction of the bioswale, 0% imperviousness, 0.24 of Manning
coefficient, 1.27 cm in the depth of depression storage in the bioswale, 30 cm maximum
allowed depth of storage, and vegetative volume fraction of 0.2 [22,23]. For this study, the
surface cover of unpaved areas was set as turf grass cover, which is typically found in
Midwest USA. The coefficients for various modeling parameters were selected based on
reported earlier studies [1,10,22,25]. It is recognized that the configurations of the studied
sites, surface properties, the transition among various subcatchment areas will all affect
the set-up and associated coefficients of the idealized catchment model and PCSWMM
modeling. Different types of surface properties will result in different inputs of Manning
roughness coefficients for hydraulic analysis of the modeling. When the surface cover of
the unpaved areas is not turf grass, adjustment factors should be applied to the modeling,
as shown in Osouli et al. (2017c) [24], in which three different vegetation covers (bare soil,
turf grass, prairie grass) and eleven different types of soil conditions were evaluated.

4. Modeled Conditions of AR, RD, RI, and SA

For practical considerations, this study modelled two ARs for the idealized catchment
model at 9% and 13%, which are typical for highways of one to four lanes with a right of
way of about 18 m [4,6,9,32].

The modelled RDs were 2.54, 5.08, 7.67, and 10.16 cm (1, 2, 3, 4 inches, repectively),
which are based on 88–99 percentile of rainfalls that were measured during last 10 years
at Belleville in the State of Illinois. Based on Southwest Illinois IDF table, RIs of 2.54, 5.08,
and 10.16 cm/h (1, 2, 4 inch/h, repectively) were used in the modeling. The modelled SA
(i.e., sediment build-ups) were 0, 0.25, and 1.78 cm (or TT 0, 0.3, and 5.6 min., respectively),
which represent the thickeness of the sediment layers on the surface of the bioswales. A
total of 72 scenarios were simulated, which include 36 scenarios for each of AR at 9% and
13%. These 36 scenarios are identical except AR and are illustrated in Figure 5. Results from
half of the simulated scenarios (i.e., the shaded scenarios in Figure 5 for each AR) were used
to develop the mathematical model. Results from the other half of simulated scenarios (i.e.,
those not shaded in Figure 5 for each AR) were used to validate the developed mathematical
model. Further information of these simulated scenarios is summarized in Table 3.
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Figure 5. Simulated scenarios for developing a simplified mathematical model. SA = Sediment Accumulation (i.e., Build-up),
RI = Rainfall Intensity, RD = Rainfall Depth.

Table 3. Developing and optimizing a simplified mathematical model.

36 Scenarios for Developing the Model
AR RD RI TT Runoff
(%) (cm) (cm/h) (min) (L)

9 2.54 2.54 0 2.05
9 2.54 10.16 0 7.57
9 5.08 5.08 0 12.43
9 7.62 2.54 0 14.42
9 7.62 10.16 0 36.66
9 10.16 5.08 0 31.42
9 2.54 2.54 0.3 12.88
9 2.54 10.16 0.3 59.20
9 5.08 5.08 0.3 125.30
9 7.62 2.54 0.3 40.98
9 7.62 10.16 0.3 328.40
9 10.16 5.08 0.3 265.30
9 2.54 2.54 5.6 45.56
9 2.54 10.16 5.6 107.05
9 5.08 5.08 5.6 253.70
9 7.62 2.54 5.6 271.39
9 7.62 10.16 5.6 512.61
9 10.16 5.08 5.6 568.95
13 2.54 2.54 0 1.38
13 2.54 10.16 0 2.84
13 5.08 4.572 0 5.40
13 7.62 2.54 0 1.24
13 7.62 10.16 0 16.78
13 10.16 5.08 0 9.96
13 2.54 2.54 0.3 0.00
13 2.54 10.16 0.3 14.57
13 5.08 4.572 0.3 29.48
13 7.62 2.54 0.3 32.74
13 7.62 10.16 0.3 157.53
13 10.16 5.08 0.3 84.50
13 2.54 2.54 5.6 4.63
13 2.54 10.16 5.6 35.96
13 5.08 4.572 5.6 107.00
13 7.62 2.54 5.6 92.05
13 7.62 10.16 5.6 282.95
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Table 3. Cont.

36 Scenarios for Developing the Model
AR RD RI TT Runoff
(%) (cm) (cm/h) (min) (L)

13 10.16 5.08 5.6 289.92
9 2.54 5.08 0 1.89
9 5.08 2.54 0 8.20
9 5.08 10.16 0 22.93
9 7.62 5.08 0 22.84
9 10.16 2.54 0 12.35
9 10.16 10.16 0 48.89
9 2.54 5.08 0.3 28.20
9 5.08 2.54 0.3 18.10
9 5.08 10.16 0.3 169.35
9 7.62 5.08 0.3 206.26
9 10.16 2.54 0.3 95.05
9 10.16 10.16 0.3 464.91
9 2.54 5.08 5.6 73.44
9 5.08 2.54 5.6 151.38
9 5.08 10.16 5.6 285.20
9 7.62 5.08 5.6 417.03
9 10.16 2.54 5.6 428.55
9 10.16 10.16 5.6 717.30
13 2.54 5.08 0 1.39
13 5.08 2.54 0 3.22
13 5.08 10.16 0 14.78
13 7.62 5.08 0 0.87
13 10.16 2.794 0 5.06
13 10.16 10.16 0 14.52
13 2.54 5.08 0.3 5.68
13 5.08 2.54 0.3 0.00
13 5.08 10.16 0.3 21.03
13 7.62 5.08 0.3 69.78
13 10.16 2.794 0.3 85.31
13 10.16 10.16 0.3 229.24
13 2.54 5.08 5.6 18.43
13 5.08 2.54 5.6 40.85
13 5.08 10.16 5.6 146.61
13 7.62 5.08 5.6 209.80
13 10.16 2.794 5.6 186.35
13 10.16 10.16 5.6 406.76

5. Simulation Results of Runoffs from the Idealized Catchment Area

Results of the 72 simulated scenarios on stormwater runoffs are illustrated in Figures 6–8.
The runoffs are from the bioswales that capture the stormwater runoffs from the idealized
catchment areas shown in Figure 4.

Figure 6 illustrates the effect of RD on the runoffs from the bioswales under the impact
of three SA and two AR conditions. Each sub-figure of Figure 6 illustrates one of four
simulated RDs. Figure 6 reveals that the positive correlations between runoffs from the
bioswales and RI and AR are best described by a polynomial equation, instead of a linear
equation. The incremental increase of bioswale runoffs becomes increasingly prominent at
higher RI and increased RD.

As indicated in Figure 6, when there is no sediment build-up (i.e., TT 0 min), a change
of AR from 9% to 13% did not result in a noticeable difference in runoffs from the bioswale.
At RIs of 5.08 cm/h or lower, bioswale runoffs were affected predominantly by the soil’s
infiltration rate and the amount of stormwater run-ons to the bioswale. When the bioswale
are covered with sediment build-ups (i.e., TT 0.3 and 5.6 min), under conditions of larger
rainfalls (i.e., RI of 5.08 cm/h or higher, RD of 7.62 cm or higher), AR has a large impact on
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bioswale runoffs: the runoff at AR 9% was more than twice of the runoff at AR 13%, because
the unit surface area of the bioswale at AR 9% received 44.4% more stormwater runoffs than
that at AR 13%. The soil infiltration rate limits the rate of draining the stormwater run-ons
into the bioswale under the conditions of large rainfalls, resulting in larger stormwater
runoffs from the bioswales as revealed from the simulations results. At conditions of low
rainfall (i.e., RI of lower than 5.08 cm/h, RD of lower than 7.62 cm), the difference in
bioswale runoffs between AR 9% and AR 13% was negligible, indicating soil infiltration
rate was adequate to rapidly drain the stormwater run-ons to bioswale that occurred at
these low rainfall conditions.
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Figure 6. Effect of RI on runoffs from bioswales, under various TT and AR conditions at RD of (a) 2.54 cm, (b) 5.08 cm,
(c) 7.62 cm, (d) 10.16 cm.
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Figure 7. Effect of sediment build-up (travel time) on runoffs from bioswales, under RI and AR conditions at RD of
(a) 2.54 cm, (b) 5.08 cm, (c) 7.62 cm, (d) 10.16 cm.

Results shown in Figure 7 indicated that when there is no sediment build-up (i.e., TT
0 min), the amount of bioswale runoffs was insignificant. At the highest simulated RI of
10.16 cm/h, the runoff was approximately only 8.5% (i.e., 80 L) of the 942 L run-on to the
bioswale; and there was no significant difference in bioswale runoffs between AR 9% and
AR 13%. However, bioswale runoffs increase substantially when there are sediment build-
ups on the surface of the bioswales (i.e., TT 0.3 min or 5.6 min). The increase of runoffs
appears to fit a power-law relationship between bioswale runoffs and simulated TTs.

The effect of the RD on bioswale runoffs are shown in Figure 8. Higher RI or RD
resulted in increased runoffs. Apparently, RD has a larger impact than RI on the runoff. As
an example, at AR 9% and TT of 5.6 min., when the RD increased from 2.54 cm to 10.16 cm,
at the RI of 2.54 cm/h, the runoffs increased from 50 L to 425 L (Figure 8a); while at RI of
10.16 cm/h, the runoffs increased from 125 L to 710 L (Figure 8c). The correlation between
runoff and RD appears to follow a second-degree polynomial relationship.
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Figure 8. Effect of rainfall depth on runoffs from bioswales, under various TT and AR conditions at rainfall intensity of
(a) 2.54 cm/h, (b) 5.08 cm/h, (c) 10.16 cm/h.

6. Developing a Simplified Mathematical Model for Runoff Prediction

Among the 72 studied scenarios, PCSWMM simulation results of 36 scenarios that
were randomly selected (columns 1–5 of Table 3) were used to develop a preliminary
mathematical model; PCSWMM simulation results of the remaining 36 scenarios (columns
6–10 of Table 3) were used to optimize and validate the model. Four parameters (AR,
RD, RI, TT) that are most influential on bioswale runoffs were included in the simplified
mathematical model.

To develop the mathematical model, MATLAB curve-fitting command was used to de-
velop the most fitting mathematical relationship. Results from PCSWMM simulation were
used as input values of the MATLAB curve-fitting program to generate the runoff equation
and coefficients for each of four parameters. The MATLAB program minimizes the differ-
ence between the PCSWMM-simulated runoffs and the mathematically-calculated runoffs.

The developed mathematical equation was optimized further by comparing PC-
SWMM runoffs of the second set of 36 scenarios with mathematical model-calculated
runoffs. When major differences were found, the coefficients of the equations were ad-
justed until difference was minimized and reached a highest possible R-squared value.
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The R-squared value of the Equation (2) is 0.967. The developed mathematical models are
shown in Equations (2)–(6):

Runoff = f1(AR)× f2(TT)× f3(RD)× f4(RI) (2)

f1(AR) = −0.26 × AR + 4.44 (3)

f2(TT) = 0.181 × TT0.39 + 0.023 (4)

f3(RD) = 0.035 × RD2 + 3 × RD − 4.41 (5)

f4(RI) = −0.28 × RI2 + 6.11 × RI + 1.03 (6)

where,
Runoff : Runoff (L),
AR : Area Ratio (%),
TT : Traveling Time (min),
RD : Rainfall Depth (cm),
RI: Rainfall Intensity (cm/h),
The comparisons between the runoffs calculated by the newly developed mathematical

equation and the runoffs simulated by PCSWMM are illustrated in Figure 9. The first and
second set of 36 scenarios which were used for model development and testing are shown
in black and gray symbols, respectively. The solid line shows the line of 1:1 agreement
between math equation-predicted runoffs and PCSWMM-simulated runoffs. The two
dashed lines show the 95% confidence intervals of the mathematical equation. The Mean
Absolute Percentage Error (MAPE) between the calculated runoffs using the mathematical
equation and the simulated runoffs with PCSWMM of the 72 scenarios is less than 18%,
which shows a reasonable estimate of the mathematical model.
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The applicable range of the equation based on the finding in this study is presented
in Table 4. It is noted that the soil condition was set as clay in PCSWMM modeling of
the idealized catchment areas. Because clay’s water infiltration rate is the lowest among
commonly encountered other types of soils, the calculated runoffs using Equation (2) will
predict the maximum amount of runoff from a given site.

Table 4. Suitable range of parameters by the new mathematical equation.

Area Ratio (AR) Traveling Time (TT) Rainfall Depth (RD) Rainfall Intensity (RI)

(%) (Min) (cm) (cm/h)

Up to 17 Up to time of concentration Greater than 1.45 Up to 21.9

7. Engineering Application of the New Mathematical Model

It is important to predict bioswale’s abilities to reduce stormwater runoffs from roadways.
Although SWMM is a valuable tool that can simulate project-specific conditions in support
of engineering designs, the complexity and required special modeling skills make it difficult
to conduct routine SWMM modeling and simulations. A simple mathematical equation
can provide a reliable and easy-to-use tool for predicting a bioswale’s performance. For
this purpose, a set of nomographs, developed by using the newly developed mathematical
equations, are illustrated in Figure 10. Engineering designers and stormwater managers can
use these nomographs to predict stormwater runoffs based on the conditions of their key
design parameters (AR, RD, RI, SA). The graphs can be used to calculate the runoff produced
from linear bioswales along highways subjected to RI of 2 to 10 cm/h, RD of 3 to 10 cm, and
traveling time (TT) of 0 to 5 min. The TT of 0 represents new bioswales. The TT of 5 min
represents represent 1.78 cm-thick layer of sediments with permeability of 150 cm/h that
were accumulated during 10 years with 0.19 kg/m2/year sediment accumulation rates.
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The limitations of this newly developed mathematical model in its current form are
recognized. The coefficients in Equations (3)–(6) are affected by specific conditions of key
parameters that were used for developing the mathematical model, such as Southwest
Illinois-based rainfall data, turf type of vegetation cover for unpaved areas, clay soils,
sediment accumulation rate and pattern, the geometric layout of the idealized catchment
model, and the design of the bioswale including the area ratio. However, the methodology
presented by this study can be used to develop applicable mathematical equations and
nomographs from a range of conditions such as different rainfall patterns across the country
and various types of surface vegetation cover and soil. An atlas can be developed from
such expanded work, which can provide a valuable tool to stormwater and environmental
professionals and the engineering community.

8. Summary and Conclusions

This study investigated the effects of area ratio, rainfall depth, rainfall intensity, and
sediment accumulation on stormwater runoff reduction by bioswales. PCSWMM was used
to simulate various scenarios of these parameters. The PCSWMM model was validated
with measured results of field testing.

Findings from this study indicate that higher sediment accumulation resulted in
increased runoff from the bioswale. Such an effect was intensified when the effects of
rainfall depth and rainfall intensity were incorporated in the analysis. At area ratios of 9%
and 13%, the runoffs were comparable and were nearly zero under rainfalls of less than
5 cm/h with the travel time of 0 min (i.e., no sediment accumulation). However, increases
in travel time to 0.3 and 5.6 min resulted in increase in runoffs at area ratios of both 9%
and 13% under rainfalls of more than 5 cm/h. The runoff from area ratio of 9% was more
than twice of the runoff from area ratio of 13%. Furthermore, under a rainfall intensity
of 2.54 cm/h, area ratio of 9%, and travel time of 5 min (i.e., sediment accumulation of
1.78 cm), a rainfall depth of 10.16 cm resulted in a runoff of 8.5 times the runoff from a
rainfall depth of 2.54 cm.

This study has developed a simplified mathematical model for predicting the effective-
ness of a bioswale’s control on stormwater runoff from roadways and a set of associated
nomographs that engineering designers and stormwater managers can use to predict
stormwater runoffs based on the conditions of their key design parameters. Such a simpli-
fied model can help to alleviate the difficulties of securing specialized technical expertise
for handling sophisticated modeling tools. It is recommended that the work presented in
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this study be expanded to address a broad range of hydrologic and site conditions to benefit
wide application of this newly developed model for use by stormwater and environmental
professionals and the engineering community.
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