Simplified Hydraulic Conceptual
Model for Stormwater
Treatment Bioretention Basin

by Isri Ronald Mangangka

Submission date: 10-May-2023 02:06PM (UTC+0700)

Submission ID: 2089294153

File name: Article_SICEST_2016_-_ISRI_MANGANGKA.pdf (885.64K)
Word count: 4168

Character count: 22579



e
Simplified Hydraulic Conceptual Model for
Stormwater Treatment Bioretention Basin

Isri Ronald Mangangka'
" Department of Civil Engineering, Faculty of Engineering, Sam Ratulangi University, Manado 95115, Indonesia *

5678916

Abstract: A bioretention basin performs as a pollutant removal device using filtration as the main mechanism,
supported §BJevapotranspiration, absorption and biotransformation. This is in addition to attenuation of runoff
peak flow and reduction of runoff volume through detention and retention [1]. Past studies have reported that
pollutant concentration reduction in bioretention basins is poor for a range of pollutant species particularly for
nutrient species [1][2][3][4]. However, a substantial reduction in outflow volume can lead to significant
reduction in pollutant loads [5].

Arange of studies have been conducted for assessing bioretention basin perforn{EEfe and hydraulic and pollutant
removal processes [6][7][8][9][10][11][12]. However, most of the past field studies have been conducted to
evaluate the long term treatment performance while most of the studies which focused on developing an in-depth
understanding of processes have been conducted using laboratory-scale models [ 13][14][15]. This has resulted in
knowledge gaps relating to field performance and associated pollutant removal processes in relation to
bioretention basins.

Asa of this study, a selected operating bioretention basin was evaluated for its hydraulic processes. This
paper focuses on the development of bioretention basin hydraulic conceptual model. The model utiliilsh a range
of conceptual approaches and empirical equations. The model replicates the infiltration processes through the
filter media and water movement within the system from the inlet to the outlet. The model was successfully
calibrated using on-site recorded inflow and outflow data.
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1. INTRODUCTION

Hydraulic processes play an important role in stormwater
pollutants removal by bioretention basins. As pointed out by
numerous researchers (for example [6] and [8]), hydraulic
factors such as residence time and outflow discharge are the
most critical. These factors can be obtained using design
configurations in event-based assessment. However, in-depth
assessments which require variation of these factors within an
event require a modelling approach to generate the relevant
hydraulic factors. Due to this reason, a conceptual model was
developed to estimate hydraulic factors in short time steps. The
developed model contains a range of conceptual approaches
and empirical equations. The modE was developed to replicate
stormwater infiltration through the filter media, and water
movement from the drainage layer exiting the bioretention
basin through the perforated pipes.
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2. THE PRINCIPLES AND ASSUMPTIONS
ADOPTED FOR THE MODEL

Hydraulic characteristics of a bioretention basin are
primarily based on infiltration and percolation of stormwater
through the filter media and can be classified as typical
subsurface flow. Subsurface flow can be best replicated by 3-
dimensional flow models, which are very complex and often
requires numerical analysis [16]. To reduce this complexity, a
range of assumptions was made, primarily to convertfgE)3-
dimensional flow system to a 1-dimensional flow system. In the
conceptual model, the bioretention basin was divided into a
number of equal zones. A trial and error process used suggested
that 10 equal zones were suitable for the model (see Figure 1).
The stormwater movement over the surface was as a flow from
zone | where the inlet structure was located to zone 10 where
the outlet structure was located. Each zone with 24.8 m2
surface area was considered to be a soil column in which the
water flows downward to replicate the infiltration process.
When the storm{§Blr flows on the surface of the assumed soil
column exceeds the infiltration capacity of the soil, the excess
runoff was assumed to be surface flow to the next zone.
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Fig. 1. Simplifying 3-dimensional flow into 1-dimensional
column based flow

The stormwater flow within the bioretention basin (see Figure

2) was modelled according to the processes described in the

following steps:

e Stormwater runoff enters the bioretention basin through the
inlet structure in zone 1 which is assumed as a soil column

(1).
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Fig. 2. The schematic of stormwater flows in the
bioretention basin

e The stormwater runoff then infiltrates into the soil column
). This is replicated using the infiltration model.

e When the inflow rate 1s higher than the soil column
infiltration capacity, the excess runoff becomes surface flow
to the next soil column (3).

e The infiltrated water then percolates until it reaches the
drainage layer in which the stormwater is temporarily stored

.

o Part of stormwater stored in the drainage layer percolates to
the original soil layer underneath (5).

e Through perforated pipes, stormwater in the drainage layer
flows to the outlet structure where the outflow was
monitored (6).

3. MODELLING THE INFILTRATION PROCESS
IN THE SOIL COLUMN FILTER MEDIA

The soil column is considered as a system where water
balance can be applied. This means water entering and leaving
the system is subject to the water balance concept. In this way,
cross interaction between columns and its surrounding columns
were considered negligible. Therefore, any possible seepage
flow from groundwater and infiltration into the sidewall is
negligible. This is acceptable since the soil surrounding the
system is silty clay with low infiltration rate. Adopting the
water balance approach, the soil column was considered as a
storage. The storage volume was replicated to increase or
decrease depending on the volufiJ of stormwater entering and
leaving the storage. This action was replicated using a standard

storage equation in the form of (1).

AS = Spipe —Se = 1AL —0.At (1)

Where AS = change in storage volume (m”)
At = time interval (sec)
St = storage volume (m3) at the beginning of

the time interval Ar

St+Ar = storage volume (1113) at the end of the time
interval At

I = inflow discharge rate (m’/sec)
0 = outflow discharge rate (m’/sec)

The input to the system was infiltration while the output
components of the system are percolation to the drainage layer
EElerneath and evapotranspiration. Infiltration is considered to
be influenced by factors such as soil moisture content, porosity,
soil hydraulic conductivity and soil surface condition including
vegetation cover. A range of equation formats are available to
replicate the infiltration process such as equations proposed by
[17][18][19]. All these equation formats were reviewed and
Philip and Green-Ampt models were preferred for this study.
This is due to the capability of Philip and Green-Ampt models
to incorporate soil (media) characteristics in the equatifE}rather
than the pure mathematical format adopted in Horton’s
infiltration model. However, since the Green-Ampt model
require§El)lesser number of variables compared to the Philip
model, the Green-Ampt model was chosen for the conceptual
model developed.

The principle of Green-Ampt model is based on continuity
and momentum [16]. The conceptual format in which the
Green-Ampt equation was applied in this study is presented in
Figure 3. Considering the zone 1 soil column as a vertical soil
column [segure 3 (a)), the control volume was defined as
the volume of tfZsoil column from the surface to depth L (sce
Figure 3 (b)). As the wetting front progresses, the moisture
content ¢ will increase from the initial value & to » (porosity).
When @ equals #, the soil is fully saturated. When L equals the
thickness of the filter media (m), the whole filter media is
considered fully saturat@In this condition, the wetting front
fully passes the whole filter media and reaches the drainage
layer. Accordingly, infiltration is replaced by percolation. The
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cumulative water depth infiltrating into the soil is expressed by

(2) [16].
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Fig. 3. Vertical soil column and Green-Ampt infiltration
model variables

(Figure 3 (b) adapted from [16]

The developed model divides the infiltration process into
two phases. Phase 1 starts from the beginning of the infiltration
process until it reaches the drainage layer. Phase 2 is the phase
when the @filtrated stormwater contributes to the storage
volume in the drainage layer. In this instance, the drainage
layer was considered as the second storage. The stormwater
entering and leaving this second storage was also replicated
using the water balance approach with a standard storage
equation in the form of (1). Detail modelling of phase | and
phase 2 are explained further as follows:

Phase 1

When the stormwater inflow from the catchment enters
zone | or the exceeded surface flow enters the next zone, the
stormwater begins to infiltrdf into the soil column of the zone
at a certain infiltration rate. The actual infiltration rate is equal
to the inflow rate, if the inflow rate is less than the infiltration
rate caffEfity of the soil column. However, if the inflow rate is
greater than the infiltration rate capacity, the actual infiltration
rate 1s equal to the infiltration rate capacity. The infiltration rate
capacity was calculated using (3) [16]).

Al
SO =k {22 ©
F(n)
Where: f{t) = The infiltration rate capacity (m/h)
F) = Cumulative infiltration (m)
k, = Hydraulic conductivity or saturated soil
permeability coefficient (m/h)
% = tting front soil suction head (m)
Af = The difference between the initial water
content and saturated water content or
porosity (1)

The equation for infiltration rate capacity (3) can be
reformulated for cumulative infiltration capacity equation in the
form of (4)[16]. Equation format shown in (4) requires iterative
solutions to obtain cumulative infiltration capacity F(i).

F(t) = ks-t+1,b£\6-in(1 +%) (4)

Where: ¢ = Time elapsed (h)

Phase 2

Phase 2 begins when the wetting front reaches the drainage
layer and the stormwater in the filter media starts draining to
the drainage layer. It is indicated by the cumulative infiltration
capacity calculated using (4) equals the cumulative infiltration
obtained using (2). This is known as percolation, which is the
movement of water downward in a media which is prof@ted by
gravitational forces. The percolation of stormwater from the
filter media to the drainage layer was also divided into two
conditions. The first condition is when tlfZffilter media is still
unsaturated while the second condition is when the filter media
is fully saturated. The percolation rate in the second condition
was replicfEE) using saturated coefficient of permeability k..
Therefore, the volume of water which percolates during the
modelling time interval A7 can be written as (5).

Vwy, = k- At X A (5)
Where:  Fw, = Volume of water percolating from filter
media column (1113]
At
A = Cross sectional area of the filter media
column (1112]

Time interval (h)

When the filter media is not fully saturated, the saturated
soil permeability coefficient, &, in (5) is replaced by k., as
presented in (6).

Vg, = ky, - AL X A (6)
Where: k, = Unsaturated soil permeability coefficient
(m/h)

To obtain an accurate unsaturated soil permeability
coefficient k,, a field or laboratory experiment is required.
However, [20] has proposed an approximate method to obtain
values for k.., which is presented in (7).

ky =ke xS.5 (7

Where: S, Effective saturation of soil

o

An maical constant, expressed by
o = (2 + 34) / A, where 4 is the pore size
distributicnm:x
Reference [21] suggested pore size distribution index (4) as
equal to infinity for uniform sand, resulting 3.0 for empirical
constant (d). For natural sand deposits, reference [22] suggested
A =4.0, resulting in a § value of 3.5, while for soil and porous
rock, reference [23] proposed 2.0 for 4, resulting in a d value of
4.0. The developed bioretention basin used /. = 10 which gives
3.5. This value was obtained from the calibration.

The effective saturation S, is the ratio of the available moisture
content # — #, to the maximum possible available moisture
content  — ¢, It is written in the form of (8)[16].

_ -6,

Se=rg  ®
Where: S§. = Effective saturation of soil
4 = oisture content
f. = The residual moisture content of soil
after it has thoroughly drained
n = Porosity

The maximum possible available moisture content is called
the effective porosity, reflected by n — 6, = .. The effective
saturation, S, was monitored during the modelling period to




evaluate whether the filter media is in unsaturated or saturated
condition. Once the value of S, reaches 100%, the filter media
is considered to be saturated.

4. WATER LOSSES DUE TO PERCOLATION

Since the type of soil underneath the bioretention basin is
silty clay with a wvery low percolation rate, a constant
percolation rate of 1.8 x 10° m/h as suggested by [24] was
applied in the model throughout the bioretention basin area.
However, during model calibration, this percolation rate was
adjusted to obtain better results.

5. DIRECT PRECIPITATION

Direct precipitation is rainfall which directly falls on the
bioretention basin surface and the area surrounding the
bioretention basin  without entering through the inlet
measurement device. The amount of direct precipitation for a
certain duration is [@sidered as the rainfall depth for that
duration multiplied by the bioretention basin surface arcaEE)
the case where the rainfall falls on the surroundings of the
bioretention basin area and the runoff produced does not flow
through the inlet measurement device, but seeps through the
bioretention basin, runoff was estimated by applying a runoff
coefticient. The initial runoft coefficient of 0.7 was considered
appropriate to compensate for the loss of water due to
interception and infiltration. However, this value was adjusted
during model calibration.

6. MODELLING THE FLOW THROUG
PERFORATED PIPES TO OUTLET

Flow through the perforated pipes was modelled as flow in
a circular open channel. Initially, this flow was assumed as
laminar and later confirmed after calibration. The flow at the
end of the perforated pipe near the outlet was also assumed as
uniform and steady. This assumption was based on the fact that
the longitudinal slope of the perforated pipe is very small
(0.005).

Flow through a circular open channel is explained by a
range of researchers such as by [25][26][27][28]§ERd [29].
Based on the suggestions provided in literature, Manning’s
equation, in the form of (9), was used to simulate flow through
the perforated pipes in the model developed.

Q=2xAxR/3x5": (9)

Where: Q@ = Discharge (m*/scc)

m= Conversion factor (m"¥sec)

n = Manning’s coefficient

A = Wetted cross sectional area of the circular

pipe (m’)

R = Hydraulic radius of the wetted cross sectional
a(m)

§ = Slope of the hydraulic grade line (equal to the

longitudinal slope for uniform flow)

The internal surface of the perforated pipe was considered
as rough dfEJto the presence of perforations. Therefore, the
Manning’s roughness coefficient in the range of 0.012 to 0.017
initially used [29]. The actual Manning’s coefficient was
obtained from the calibration.

7. CALIBRATION OF THE MODEL

Finalised model parameters were obtained by model
calibration. Calibration was undertaken to obtain model
parameters ensuring that the model was performing as close as
possible to the stormwater bioretention basin system. It was
primarily a trial and error changing of parameters until outputs
reach best visual fit to the measured outcomes [30][31]. The
method is widely used and commonly recommended for
complex models [32][33][34].

In order to obtain a good comparison during the calibration
process, a noise suppression technique was required to reduce
the data noise due to(f¥8 sensitivity of the pressure sensor
reading the fluctuating water depth in the V-notch weir boxes.
In this study, the average method was used for noise
suppression, by averaging several data points before and after
cach data point as a corrected data point. The typical
hydrographs before and after reducing noise using the
averaging method are shown in Figure 4.
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Fig. 4. Hydrograph before and after noise suppression

The model calibration was done using data from twelve
storm events during April 2008 to March 2011 period [35], and
the cafEfration results were found to be satisfactory [36]. To
assess the accuracy of the calibrated model, the study adopted a
well-known statistical analysis method developed based on the
regression analysis technique [37][38]). In this method,

fficient of determination (R°) which can be used to measure
M ‘goodness-of-fit’ of the estimated model is calculated based
on regression residual by taking time as the independent
variable (x) and measured and model values as dependent
variables. The residual (i) aiated with each paired data
values (measured and model) is the vertical distance between
the measured value (y,) and model value () which can be
written as ;= y; - % (see Figure 5) [38].

Measured

-]

—  Maodel

X

Fig. 5. Regression residual (Adapted from [38])




The R value is calculated using (10) [37].

SSR = v-)°
Where: R’ = Coefficient of determination

SSR = The sum of the squared residuals and can be
expressed as SSR = ¥ (y; — $)% = ¥ 4,

SST = Total sum of squares and can be expressed
as TV —ﬁ

¥i = Measured value of dependent variable

¥ = Model value of dependent variable

¥ = Mean value of dependent variable

The sum of squared rduals (SSR) represents the
residuals/errors of the model to the measured data while the
total sum of squares (SST) represents the variation of the
dependent variable around its mean. Therefore, % can be
defined as the proportion of the residual to the variation in the
dependent variables. R™ can be written as 1 minus the
proportion of the residual to the variation in the deff@hdent
variable and must be bounded by 0 and 1 (0 < R’ < 1). The
higher the R’ value, the better the model or the closer the value
of R” to 1, the closer the model to the data points [38].

An example of a typical analytical result showing the
goodness-of-fit of the developed wetland conceptual model
hydrograph for the measured data is presented in Figure 6.
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Fig. 6. Bioretention basin measured and modelled discharge
hydrograph

The coefficient of determination (R%) calculated for twelve
monitored rainfall events are shown in Table 1.

Table 1. The goodness-of-fit, coefficient of deter mination R

No. Rainfall event R?
1 29-01-2008 0.89
2 03-02-2008 0.91
3 17-03-2008 0.92
4 18-04-2008 0.91
5 20-05-2008 0.92
6 22-01-2009 0.94
7 29-01-2010 0.98
8 18-04-2010 0.91
9 23-06-2010 0.92
10 19-07-2010 0.88
11 02-03-2011 0.93
12 20-03-2011 0.94

Average 0.92

Note: Minimum R? = 0.88, maximum R® = 0.98 and average R’
=0.92 (printed in bold)
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Table 1 shows that the R’ ranges from 0.88 to 98 with an
average of 0.92. This range was considered satisfactory. This
suggests that the approaches adopted in the model development
are appropriate.

Based on the trial and error procedure, the parameters were
adjusted during the calibration and the best fit parameters were
obtained for the developed model. The parameters obtained and
their final values are given below:

- Hydraulic conductivity of the filter media :0.025 m/hr

- Wetting front soil suction head, y :0.167m
- Porosity of the filter media, 5 :0.501
- Pore size distribution index, & - 10

- Percolation rate of soil underneath the basin : 5 x 107 m/hr
- Manning's coefficient of the perforated pipe : 0.015
- Runoft coefficient 2 0.7

7. C%C LUSION

The treatment processes of stormwater in a bioretention
basin are influenced by a range of hydraulic factors. However,
these influenf}l factors may vary during an event and the
variation can be generated using a detailed modelling approach.
Therefore, i this study a hydraufffijjconceptual model of
bioretension basin which is capable to replicate the hydraulic
conditions within the wetland was developed. The model was
calibrated using trial and error procedure which is the most
robust procedures available.

The model was simplified from 3-dimension flow system to
a 1-dimensional flow system. However, the approaches adopted
to develop the bioretention basin hydraulic conceptual model in
this study are satisfactory. The average coefficient of
determinaZh of model-measured outflow discharge, R? of 0.92
confirms the suitability of the model developed to simulate
hydraulic factors.
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