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ABSTRACT

Outlet size influences the detention volume that is crucial in a stormwater system. This
paper describes an application of improving the outlet size of such a system. A field test is
built in a terraced house that consists of a 4.40m x 4.70m x 0.45m multi-chamber stormwater
detention tank connected to 0.lm diameter inlet and 0.05m diameter outlet. During field
monitoring, an overtopping event is observed that puts a quest to re-look into its design. The
field test has enabled the data collection of ten storm events with peak rainfall ranging from
20-48mm. A stormwater detention model is developed using the US Environmental Protection
Agency’s Storm Water Management Model (SWMM). Calibration of the model with the
observed storm events has returned with good matches with R Square values more than 0.9.
With the calibrated model, investigations into the outlet sizes of 0.050m, 0.055m and 0.063m
are carried out. The existing field test setup with the outlet size of 0.050m has water levels in
the detention tank higher than the expected design values; and therefore, overtopping is
observed for rainfall depth over 40mm. By simulating a scenario of enlarging the outlet size to
0.055m, the system is improved to accommodate rainfall depth up to 45mm, but overtopping
is expected for rainfall depth over 45mm. By simulating another scenario of enlarging the
outlet size further to 0.063m, the possibility of overtopping is eliminated but at a cost of
achieving only in average 10% of attenuation between peak inflow and peak outflow. It is the
least attenuation rate compared to average 30% for 0.050m and 20% for 0.055m. In short, the
modelling efforts are demonstrated as a practical solution to the improvement of the intended
stormwater detention system.
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1. Introduction

Stormwater detention systems are
basically water storage devices used to
control the rate and volume of running
water in urban areas [1-2]. The appropriate
size of their outlets contributes to
controlling the quantity and quality of urban
stormwater at the minimum cost [3]. With
the outlets, free-flowing water are
transformed to regulated flow that allows
measurement and control of flow rates and
relevant parameters [4]. Lucas and Sample
[5] applied the outlet controls to mitigate a
sewer overflowing situation. Moreover,
Kong et al. [6] showed further application of
the outlets to provide optimization patterns
for future urban growth in terms of
hydrological responses to land use changes.

This paper is  written after
overtopping of a field test of multi-chamber
stormwater detention system is observed
(Fig. 1). The detention system is designed
according to the theoretical method;
however, field data analysis often points out
differences between theoretical and actual
performances [7-9]. Efforts are made to
improve the system by exploring the outlet
sizes.

Fig. 1. Field test of multi-chamber stormwater
detention system.

The field test depicted in Fig. 1 is a
tank constructed at the car porch of a
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terraced house in Kuching, Sarawak,
Malaysia. Extending from initial studies in
[10-11], it is the first in-field prototype for
such a household-based system. The tank is
supposed to be underground. In mind of
dismantling upon completion of study, it is
constructed aboveground upon the existing
ground level. StormPav precast concrete
modular units [12] depicted in Fig. 2, are
installed within the tank. The modular units
create multiple chambers for water storage.

0.50

Fig. 2. Dimensions of StormPav precast concrete
modular unit.

The tank is 4.40m in width, 4.70m in
length and 0.45m in depth. A total number
of 114 full modular units and 12 half
modular units are utilized that constitute an
effective storage volume of 3.97m’. The
tank receives water via an inlet that could be
traced to the house’s 95m? front roof, 0.1m
x 0.lm roof gutter and 0.lm diameter
downpipe. It releases water via an outlet that
consists of a 0.05m diameter pipeline
discharging to a nearby drain.

The working mechanism of the tank
is depicted in Fig. 3. According to the
principle of mass balance, the rate of water
entering the tank, Qi,, is equal to the rate of
water leaving the tank, Q.u. As water
continues to flow in, the volume of water in
the tank increases. To maintain the mass
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balance, water level in the tank increases
due to the volume of water. Under normal
circumstances, water continues to flow out
to cause the water level to decrease over
time until the tank is emptied.

I Qin = Qout

Rate of water

entering, Qi Rate of
Water level due Tvatgr
to detained SAVIDE,
volume of water Qout

Fig. 3. Concept of a draining tank.

Under unfavorable circumstances, the
rate of water flowing out is overwhelmed by
the volume of water that causes the water
level to continue to rise until overtopping. It
means flooding that inconveniences the
residents hosting the detention system. To
avoid overtopping, either the tank size or the
outlet size could be improved.

In the case of our field test, the
precast concrete modular units are not
cemented but rested freely on each other.
Detained water mass is taking the shape of
the tank, filling the empty chambers
provided by the modular units. Therefore,
the effective storage volume is applied here
[13-14]. The current tank size and effective
storage volume are considered at best
limited by the spaces available at any
terraced house [10]. However, the outlet
size that is commercially available could be
explored to lower occurrence possibility of
overtopping [15].

2. Materials and Methods
2.1 Design method

Design procedures for stormwater
detention tanks are referred to design
manuals in [16-17]. The field test in a
terraced house is classified as a minor
system to be designed to 10-year average
recurrent interval (ARI) design rainfall. Its
associated storm duration is designed for
short duration storms, usually between 5 to
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15 minutes. The amount of runoff,
generated by the design rainfall within the
selected storm duration, is routed through
the tank. As a result, design inflow, outflow
and retained water levels could be produced.
The rule of thumb is the tank must be able
to withstand consequences due to the design
rainfall [18]. The 10-year ARI design
rainfall values are calculated at 23mm for 5-
min, 36mm for 10-min and 46mm for 15-
min storm durations.

2.2 Field test

The field test setup is illustrated in
Fig. 4. The stormwater system starts with
rainfall. A rainfall gauge is used to record
the amount of rainfall at the field test site.
Once they land on the roof, raindrops turn
into running water that flows into the roof
gutter and downpipe. A flowmeter is
installed at the downpipe before the running
water enters the tank to record its inflow
rate. A second flowmeter is installed at the
outlet pipe to record its outflow rate. Water
accumulated in the tank is sensed by a level
indicator. As such, the field test provides
first-hand data in terms of rainfall, inflow,
outflow and water level (in Fig. 6).

Legend:
Y — Rain gauge
Roof lowmeter
~Level sensor
Dpwn = 7
pipe Tank > L= Outlet

Fig. 4. Schematic diagram of field test setup.

2.3 Model building

Modification to the existing tank
could destroy the water resistance layer on
the tank while the data collection is still on-
going at the time of writing. The authors
therefore attempted computer simulation to
address the overtopping issue. SWMM is
used for modelling the system [19-20]. The
model building is illustrated in Fig. 5.
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Rainfall

o )| Outlet 0.050m

Roof |:> Tank |:> Outlet 0.055m I:>Outfall
|:> Outlet 0.063m

Fig. 5. Schematic diagram of model building.

The roof is represented as a
catchment in SWMM that receives the
rainfall. The tank is represented as a storage
unit in SWMM, while the outlet is
represented as a bottom orifice attached to
the storage wunit. Three scenarios are
presented here, for the outlet size of 0.050m
which is the current setup in the field test,
while the remaining two proposed sizes are
modelled for investigation.

2.4 Model calibration

Model calibration is made possible
with the availability of field data. Ten
observed storm events are selected with
peak rainfalls ranging from 22-48mm that
are in line with the design rainfall values.
Among the ten, 16 Jan 2020 and 22 Feb
2020 storm events were the heaviest rainfall

0 21.9mm

Flow (m?/s)

b) ~  Event: 19 Jan 2020
Peak rainfall:
22.8mm

/s)

Flow (m

Water Level {m)

Water Level (m)

events recorded during the monitoring
period.

These storm events are run through
SWMM and comparisons are made between
the model and field datasets. Fig. 6 shows
the graphical representations of
inflow/outflow and water level hydrographs
in two separate sub-figures for each storm
event. Visually, the graphs are found to
have close match. Goodness of fit for the
datasets is quantified via scatter plots of
observed and predicted values in Fig. 7. The
matches are better informed, in which the
plots for inflow, outflow and water level are
separated into three sub-figures for each
storm event.

Coefficients of determination, R’
values are inserted the sub-figures. The R?
values range from the lowest 0.91 to the
highest 0.99. They indicate acceptable small
differences between the observed and the
model’s predicted values. It also means that
the model datasets are found with good fit
with the field datasets and therefore,
calibration is deemed completed.

" Event:22Dec2019 e o

A"‘A

Hydrological Hour

<ee@ee Fild-Water Level

- Model-Water Level

6 7
Hydrological Hour

Fig. 6. Model calibration for a) 22 Dec 2019, b) 19 Jan 2020, ¢) 10 Jan 2020, d) 8&9 Dec 2019, ¢) 1
Dec 2019, f) 7 Dec 2019, g) 18 Jan 2020, h)20 Jan 2020, i) 16 Jan 2020 and j) 22 Feb 2020 storm

events.
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Fig. 6. (Continued).

81

Water Level (m) Water Level (m) Water Level (m) Water Level (m) Water Level {m)

Water Level (m)

03

025

0.2

025
0.2
0.15
0.1

035
03
0.25
0.2
0.15
01
0.05

04
035
03
025
0.2
015
0.1
0.05

04
0.35
03
0.25
0.2
0.15
0.1
0.05

Event: 10 Jan 2020 ~* fedwaelee

Mode-Water Level

e
8 s 10 1
Hydrological Hour
«ege- Field-Water Level
ModeWater Level
5
[EE ST °
6

7 8
Hydrological Hour

Event: 1 Dec 2019 «+@.« Field-Waer Level

Model-Water Level

3 7
Hydrological Hour

e es Field-Waer Level

Model-Water Level

Event: 7 Dec 2019

5
Hydrological Hour

«+sg++ Field-Water Level

Model-Water Level

Event: 18 Jan 2020

traalnnnn

-

7 8
Hydrological Hour

<@ Field-Waer Level

Mode-Water Level

Event: 20 Jan 2020

7 8
Hydrological Hour



D.Y.S. Mah et al. | Science & Technology Asia | Vol.26 No.3 July - September 2021

) 0.0012 —e—FisicHinfiow 045 «w@ee Field-Water Level
1) 0.001 m  Modekinfiow 0 LR
s Field-Outflow 0.35 Mode-Water Level
0.0008 4 ModelOutfiow € 03 .
Iy = 025 %
= 0.0006 s -
E JEvent: 16 Jan 2020 = ©°2 ", Event: 16 Jan 2020
% 0.0004 : g 015 . .
s Peak rainfall: 2 °° :
£ o
0.0002 41.6mm 005 k
0 0 o g
1 2 3 4 1 2 3 4
Hydrological Hour Hydrological Hour
) 0.002 —e—Fieid-infiow 05 . < vven. Fild-Water Level
J ®  ModeHnflow ST
00015 R 04 Modet-Water Leve
» 4 Model-Outfiow T o0s
= 0001 3
£ LB Event: 22 Feb 2020 = | s s Event: 22 Feb 2020
S 0000 Peak rainfall: 2
\ 47.6mm = °
- ] o .
(] e - 0 §enn < e @---nn ®-nnn °
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Hydrological Hour Hydrological Hour

Fig. 6. (Continued).
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Fig. 7. Scatter plots of observed and predicted values for a) 22 Dec 2019, b) 19 Jan 2020, c) 10 Jan
2020, d) 8&9 Dec 2019, e) 1 Dec 2019, f) 7 Dec 2019, g) 18 Jan 2020, h)20 Jan 2020, i) 16 Jan 2020
and j) 22 Feb 2020 storm events.
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Observed Values

)

Fig. 7. (Continued).

3. Results and Discussion Based on the sub-figure of
With the confidence gained from the inflow/outflow plot, the difference of peak
K-S tests, the calibrated SWMM model is inflow and peak outflow is termed the

then applied to investigate the impacts of attenuation. Attenuation is an indication of
other outlet sizes. Two pipeline sizes bigger =~ how well a system could detain water, in
than the current setup (0.050m) are 0.055m which the greater the attenuation, the greater
and 0.063m are selected for being readily detention could be achieved. Based on the
available in the market (following the sub-figure of water level plot, the level
recommendation in Ref. [15]). Outflow and could be used to calculate the detention
water level hydrographs as a result of the volume of water in the tank because of the
three outlet sizes are plotted in Fig. 8. Outlet fixed and known geometry of the precast
size does not influence the inflow, but concrete modular units.

inflow hydrographs are plotted along. In order to better gauge the
Generally, it is observed the bigger the size effectiveness of the outlet sizes, the authors
of outlet, the faster the release of water from are referring to the two parameters, namely
the tank. As such, the outflow and water the attenuation (Fig. 9) and detention
level values decrease with the enlarging volume (Fig. 10). Discussion of their
outlet sizes. suitability is therefore based on the two

parameters as selection criteria.
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Fig. 8. Modelling outputs of outlets for a) 22 Dec 2019, b) 19 Jan 2020, c) 10 Jan 2020, d) 8&9 Dec
2019, e) 1 Dec 2019, f) 7 Dec 2019, g) 18 Jan 2020, h)20 Jan 2020, i) 16 Jan 2020 and j) 22 Feb 2020
storm events.
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B e
M a
A
® — “®
-
o Lo & S—¢————""
p————— | === A — e o —
: ® _ -~ AT " A A A — =
P el g —
-0 - - - -
—A
25 30 35 40 42 45 48 50
Rainfall Depth (mm)
Field Data B DesignData A Outlet 0.055m Outlet 0.060m
Linear (Field Datg) = ««eveeees Linear (Design Data) — = = Linear (Outket 0.055m) —— - - Linear (Outlet 0.060m)

Fig. 9. Relationships of rainfall depth and attenuation according to outlet sizes.

85



D.Y.S. Mah et al. | Science & Technology Asia | Vol.26 No.3 July - September 2021

Effective storage = 3.97m*

0
n

on Volume (m?)

Detenti

n

Design Data

e FieldData

—— Linear (Field Data)

Linear (Design Data)

10 45 50

Rainfall Depth (mm)

Outlet 0.055m Outlet 0.060m

Linear (Outlet 0.055m) Linear (Outlet 0.060m)

Fig. 10. Relationships of rainfall depth and detention volume according to outlet sizes.

3.1 Attenuation

Fig. 9 is bounded to the field test
setup that is subjected to different rainfall
depths and outlet sizes. Design data (of 5-
minute storm duration under the intensity of
10-year ARI) are estimating attenuation of
between 80-90% which is apparently an
overestimation. The difference is due to the
computation assumption made in the design
rainfall, in which the estimated design

rainfall is assumed to be constant
throughout the short storm duration that
resulted in higher inflow. Such a

phenomena does not exist in actual rainfall
that observed a lower inflow. This lower
inflow causes the attenuation values for
cases of the three outlets.

Despite this, the design data plotted in
the figure illustrates that the attenuation
rates decrease with the increase of rainfall
depths. Theoretically, the higher the rainfall
depth, the higher the water level and
detention volume. This causes the peak of
outflow to increase and, subsequently, the
attenuation rate to decrease. A decreasing
pattern is portrayed by the design data plot
that is taken as the theorized pattern. The
authors would like to point out that the
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decreases are small as the data are tightly
ranged between 80-90%.

On the other hand, the plots from the
three inlet sizes seem to portray an opposite
pattern compared with the design data. The
authors are going to discuss below the
outputs separately according to outlet sizes.
Firstly, we look at the field data with the
circular markers. Ignoring the trendline, the
data are also tightly ranged between 20-
30%, a characteristic similar to the design
dataset. More circular points are found to be
centered around 30%.

Secondly, the predicted values for the
outlet size of 0.055m are presented in
triangular markers. A repeated pattern from
the field data could be observed, in which
the data are tightly ranged between 10-20%
with more of its triangular markers
concentrated around 20%. The authors
would like to mention that there is an
attenuation point that may be over-estimated
at rainfall depth of 48mm. This point has
caused the trendline to incline upward
instead of the expected downward trend.

Thirdly, the predicted values for
outlet size of 0.060m are presented in X
markers. It can be said that the data are
tightly ranged between 10-20% but centered
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more around 10%. The attenuation point at
rainfall depth of 48mm is predicted higher
and secluded from other points. Similar to
the second scenario above, this point has
caused the trendline to incline upward from
left to right.

As such, the authors deduce that the
trendlines are only for crude references. The
outputs for the three outlet sizes are based
on actual rainfall with varied intensity. It is
different from the constant design rainfall.
Therefore, the output plots are more
scattered than the design data. Furthermore,
the trait of tightly ranged data produced by
the current field test setup may make it
difficult to discern a clear upward or
downward trend within the scattered plot.
The general patterns still bear resemblance
to the theorized pattern.

The attenuation point at 48mm above
is referring to the 22 Feb 2020 storm event.
Together with the 16 Jan 2020 storm (point
at 42mm), these two are the only heavy
rainfall events (more than 40mm) that
coincided with the 2019/2020 Northeast
Monsoon season that the research team
managed to collect. The authors assume the
two storm events as extreme events. It is a
limitation of this study for having only two
extreme events and the shortcoming is
reflected in the trendlines. Having a few
more points (more than 40mm) would have
improved the trendlines. However, the
authors can only continue to collect field
data in the following 2020/2021 Northeast
Monsoon season in hope of supplementing
the analysis.

3.2 Detention volume

Fig. 10 is also bounded to the field
test setup but subjected to different rainfall
depths and detention volumes. The design
data are estimating 2-3.2m’ detention
volumes that are underestimated compared
to observed field data. The field data are
found ranging from 2-4.3m’ due to higher
observed water levels.

Taking the effective storage volume
of 3.97m’ in mind, there is one point (22
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Feb 2020 storm event) that is found
exceeding the effective storage volume,
namely the overtopping event. By enlarging
the outlet size to 0.055m, this small 0.005m
increase (compared to field test) has the
detention volume lowered and contained.
By enlarging the outlet further to 0.063m,
the 0.013m increase (compared to field test)
has a drastic drop of detention volume to
below the design data. As such, the 0.063m
outlet would result in the smallest detention
volume making it again the least favorable
choice.

4. Conclusion

This work is realized with the field
data and computer simulation model. Based
on the principle that the SWMM model is
mimicking well the actual behaviors of a
multi-chamber stormwater detention system,
investigation into the three outlet sizes is
successfully carried out. The results show
that the 0.055m outlet gives reasonable
performance in withstanding rainfall depths
between 20-45mm which are equivalent to
5-, 10- and 15-min 10-year ARI design
rainfall. Unfortunately, it is too near the
limit of the effective storage volume for
rainfall depth over 45mm. In the absence of
a better solution, the 0.055m outlet appears
a more subtle choice than the 0.063m one
under a consideration on attenuation.
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