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Abstract

This paper describes the evaluation of water storing capacity of a household stormwater
detention system based on field data. Collection of field data is often sidelined due to the cost

and human capital incurred. However, the true value of field data is demonstrated here by
comparing the observed and design data. A field test is completed in a real-life terrace house,
utilizing the house's 95m? side canopy as roof catchment and 4.40m x 4.70m car porch area to
station a detention tank. Precast concrete modular units with 3.9m? effective storage volume are
assembled within the tank. Downpipe with 0.1m diameter is installed to connect the roof gutter
to the detention tank; while pipeline with 0.05m diameter is installed as the outlet from tank to
the house perimeter drain. The mentioned setup is subjected to actual rainfalls from December
2019 till February 2020 that corresponded with the peak of Northeast Monsoon season. Ten
observed storm events with peak hourly total rainfall readings ranging from 22 to 48mm are
selected for analysis. Rainfall and water level readings from the field test allow the derivation of
roof runoff volume and detained water volume in the tank. It is found that the household
stormwater detention system is able to capture about 50+ of the roof runoff. However, the current
setup is found to cause flooding for rainfall over 40mm. The flooding issue, however, is
undetected by the design data that underestimated the water storing capacity. This is due to the
use of uncommon precast concrete modular units that may not have its flow characteristics
represented by existing formula and model. No matter how uncommon the modular units be,

various types and forms of stormwater detention system are becoming the new normal in the
industry and field test is the best tool to validate their performances.
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Introduction

Stormwater detention systems are manmade facilities to stop and store urban surface water
in an identified spot from running in the towns or cities [1],[2]. In the context of this paper,
it is a detention system specifically designed for household application (Figure 1). The
concept is to have each household to capture parts of running water within their car porch,
so that a large accummulated water from a human settlement could be delayed into the
urban environment [3],[4]. This could mitigate the happening of flash flood and soil
erosion [5]. As such, the main performance for such a system is its water storage capability
[6], in which this paper is evaluating the detention volume of a household stormwater
detention system using field data.
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Figure 1. Household stormwater detention system, a) Sketchup 3D drawing, and b) Actual
field test

A field test depicted in Figure 1 is constructed within a terrace house in Kuching
city, Sarawak, Malaysia with the permission of the property owner. By design, it is
supposed to be underground. It is erected on the existing car porch’s concrete surface for
easy removal later. Parts of the house’s roof (95m?) that could drain water to the car
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porch is delineated as the catchment. The surface area occupied by the detention system
is 4.40m x 4.70m that allows the parking of two cars. Within the system, it is laid with a
series of precast concrete modular units, in which the product is named StormPav Green
Pavement System, or in short, StormPav [7],[8]. The depth of the system is 0.45m,
illustrated in Figure 2 as the total height of a single StormPav modular unit.
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Figure 2. StormPav Green Pavement System

Materials and Methods

Engineering Design

Referring to Figure 3 as a guide, a simple rectangular stormwater detention tank receives
water from an inlet and discharges water through an outlet. According to the Law of Mass
Conservation, the inflow of the tank, Qin equals to outflow, Qout. As the roof is 100%
impervious, the rainfall is 100% converted to runoff with an assumption that loss is
negligible.

Rate of water G Law of Mass
entering system, Conservation
Qin Qin = Qout
Watelr Lev Rate of water
leaving system,
Qout

Figure 3. Schematics of Stormwater Detention Tank

Previous studies [3],[4] with similar roof catchment and tank sizes have
simulated flows through the inlet and inlet with circular pipe sizes available in the market.
The roof runoff is channelled to 0.1m x 0.1m roof gutter and 0.1m diamater downpipe
that is tested to avoid surcharges. The downpipe also functions as the inlet to the
household stormwater detention system. A 0.05m diameter pipeline functions as the
outlet that is tested to avoid flow congestion. By having a smaller outlet size, Qout iS
intentionally made small so that slow release is obtained and in return, a water detention
is achieved.

To maintain the mass conservation due to the relatively higher Qin, the water
level due to the water mass confined by the geometry of the tank increases. For an empty
tank, by knowing the surface area occupied by the tank, a water level reading could give
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the water mass (or volume of detained water) associated with the water level at the time
of reading. In this case with the tank being filled with precast concrete modular units, its
effective storage volume is applied by substracting the volume of solid concrete from gross
tank volume [9].

The procedures for designing a stormwater detention system are referred to
design manuals in [10],[11]. For a stormwater system intended for household purposes,
it is defined as a minor system designed to 10-year average recurrent interval (ARI). The
design rainfall values are calculated based on a polynomial approximation equation for
Kuching city provided by the Malaysian Department of Irrigation and Drainage [11]. As
the 95m? roof is considered as small catchment, it is suggested to consider short design
storm durations between 5 to 15 minutes. Its design parameters are calculated and
presented in Table 1.

Table 1. Stormwater Detention Design due to 10-year ARI Design Rainfall

Rainfall | Storm Design | Inflow | Outflow | Roof Water Calculated
Intensity | Duration | Rainfall | (m%s) | (m%s) | Runoff | Levelin Detained
(Min) Depth Volume | Tank (m) | Water (mq)
(mm) (m?)
5 23 0.007 | 0.0005 2.19 0.22 2.03
10-year 10 36 0.006 | 0.0006 3.42 0.28 2.58
ARI
15 46 0.005 | 0.0007 4.37 0.35 3.22

Based on Table 1, the 5-min 10-year ARI design rainfall is estimated at 23mm
that resulted in 0.22m design water level and 2.03m? water storage (93% of roof runoff
is captured). The 10-min 10-year ARI design rainfall is estimated at 36mm that resulted
in 0.28m design water level and 2.58m?® water storage (75% of roof runoff is captured).
Lastly, the 15-min 10-year ARI design rainfall is estimated at 46mm that resulted in
0.35m design water level and 3.22m?® water storage (74% of roof runoff is captured).

Observed Rainfall

A rain gauge is installed at the field test site to record the actual rainfall on the roof. The
period is from December 2019 to February 2020, in which the three months are coincided
with the Northeast Monsoon experienced in this region. These are the wettest months in
Sarawak [12]. Based on Figure 4, three marks are set at 20, 30 and 40mm. It is observed
90% of the hourly total rainfalls are below 20mm, 5% between 20-30mm, 4% between
30-40mm and 1% between 40-50mm.

These hourly total rainfall groups are created in line with the design rainfall
depths in Table 1. The 20-30mm group is close to the 5-min 10-year ARI design rainfall
(23mm). The 30-40mm group is close to the 10-min 10-year ARI design rainfall (36mm),
while the the 40-50mm is close to the 15-min 10-year ARI design rainfall (46mm). The
0-20mm group is lower than the range of determined design rainfall depths, and therefore
excluded for further analysis.
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Figure 4. Hourly Total Rainfall Patterns for a) December 2019, b) January 2020 and c)
February 2020

Observed Water Level

A level sensor is installed in the household stormwater detention tank to record the rise
and fall of water level in the tank. Although the tank, in this case, is filled with precast
concrete modular units, these units are not sealed or glued together but each rests freely
on each others. The modular units are designed as such for maintenance purposes that
allow the unit to be change if required. The detained water is observed to take the shape
of the tank, and the water level readings are uniform at four corners of the tank
[3].[13].[14].

Results and Discussion

Ten observed storm events are presented in Figure 5, highligting its hourly total rainfall
hyetographs (in bars) and resulted hourly water level hydrographs (in lines) for each
storm event. The observed peak hourly total rainfalls range from 22 to 48mm, while the
observed peak hourly water levels range from 0.2 to 0.5m.
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Figure 5. Observed Hourly Total Rainfall Hydrograph and Hourly Water Level
Hydrograph for a) 22 December 2019, b)19 January 2020, ¢) 10 January 2020, d) 8&9
December 2019, e) 1 December 2019, f) 7 December 2019, g) 18 January 2020, h) 20

January 2020, i) 16 January 2020 and j) 22 February 2020 Storm Events

A summary of the selected ten storm events are tabulated in Table 2. These include
observed data (peak rainfall, total rainfall and water level) and calculated data (roof runoff
volume, detained water volume and percentage of roof runoff being captured).
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Table 2. Parameters for Observed Storm Events

No | Storm Event Peak Total Roof Peak | Calculated | Remarks
Hourly | Rainfall | Runoff | Water | Detained (% of
Total per Volume | Level Water Roof
Rainfall | Storm (m?3) * in (m?3) * Runoff)
(mm) (mm) Tank *
(m)
1 | 22 Dec 2019 21.9 60.0 5.70 0.22 2.03 36
2 | 19 Jan 2020 22.8 60.0 5.70 0.24 2.21 39
3 | 10 Jan 2020 25.8 84.8 8.06 0.26 2.39 30
4 | 8&9 Dec 2019 28.8 57.8 5.49 0.29 2.67 49
5 | 1 Dec 2019 29.5 42.5 4.04 0.30 2.76 68
6 | 7 Dec 2019 325 48.5 4.61 0.30 2.76 60
7 | 18 Jan 2020 34.4 66.4 6.31 0.34 3.13 50
8 | 20 Jan 2020 37.2 85.6 8.13 0.37 3.41 42
9 | 16 Jan 2020 41.6 52.6 5.00 0.40 3.68 74
10 | 22 Feb 2020 47.6 117.5 11.16 0.47 4.33 39

Note: = By calculation

These selected storms are mostly from December 2019 and January 2020. One can
observe in Figure 4 that the monsoon season peaks in the said two months. December has a
monthly total rainfall 687.3mm and January, 883.4mm. The following month of February
has a drastic drop to 499.9mm but the month has the most heavy storm event on 22 February,
which is selected as storm event No 10 in Table 2.

The storm events are arranged from No 1 to 10 according to its peak hourly total
rainfalls. Engineering hydrology stresses on the peak rainfall, peak flow and peak water level.
Although flow hydrograph is excluded, one can observe in Figure 5 that the peak hourly total
rainfalls (the longest bar) and the peak hourly water levels (the highest tips of lines) are the
most prominent features. Thus, it is a common practice to refer an event based on its peak.
For example, 21.9mm peak hourly total rainfall of storm event No 1 (22 December 2019)
could be relate to the 23mm design rainfall of 5-min 10-year ARI. In this case, all storm
events display both peaks at the same time frame, in which it may not be so in other cases.

However, each of the storm lasts for different time spans, from 4 hours to 11 hours
in Figure 5. When the hourly total rainfall of an individual storm event is added up, it results
in the total rainfall per storm. It is demonstrated that storm events under the same group have
a diverse values in total rainfall per storm. Referring to storm events No 1 to 5, the 1
December 2019 event has a total rainfall per storm of 42.5mm. Even though the event has
the highest peak rainfall among the five events but it is found with the least total rainfall.
This is the reality of actual rainfall that is non-uniformly distributed in nature.

The total rainfall per storm values are needed to calculate the amount of roof runoff
volume by multiplying the accumulated rainfall depth with the roof area. Whilst, the
observed hourly water levels are needed to calculate the amount of detained water in the tank.
Percentages of how much roof runoffs that are being captured in the detention tank are also
provided in Table 2.

The percentages tabulated are varied from storm to storm. Logically, the smaller
the total rainfall per storm, the less the generated roof runoff, and this lesser amount of roof
runoff when detained constitutes to a higher percentage of detention. This is the case of storm
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event No 5. The larger the total rainfall per storm, the more the generated roof runoff that is
observed to overwhelm the existing capacity of detention tank. This could be observed in
storm event No 10, in which this event has the largest total rainfall per storm but having a
lesser achievement in detention volume.

Generally, the percentages of roof runoff captured range from the lowest 30%
(storm event No 3) to the highest 68% (storm event No 5). A pattern could be observed that
the household stormwater detention system could detain an average of 48.7m? of runoff,
close to 50% based on the selected ten storm events. This observation is bounded by the
existing setup of catchment, tank, inlet and outlet under 20-50mm of rainfall.

The design detention volumes in Table 1 are plotted together with the detention
volumes derived from the field data in Table 2 for comparison. Figure 6 shows the two
datasets, namely the design detention volumes are termed as design dataset in square markers
and dotted line; while the detention volumes derived from field data are termed as field
datasets in circular markers and solid line. Another mark is added to indicate the maximum
effective storage of the detention tank at 3.9m°.
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Figure 6. Detention VVolumes according to Observed Rainfall Depths

At one glance, it is clearly indicated that the design dataset are underestimated for
having all its data points lower than the other dataset. The field dataset are not without fault.
One point from the field dataset is exceeding the maximum tank capacity (storm event No
10) and another point is too near to the maximum tank capacity (storm event No 9). It
indicates that the existing setup of the household stormwater detention system is posing flood
risk to its end users once the system receives rainfall over 40mm. Improvement is needed to
lower the field dataset so that no near or exceeding of maximum tank capacity to occur. This
observation is similar to the finding of [15] that stresses the importance of field monitoring
to validate the design data.
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Conclusions

The evaluation of household stormwater detention system is made possible with the
availability of a fied test. The field test allows the collection of first-hand data in terms of
the amount of rainfall, rate of water entering and leaving the system as well as the water
level in the tank. However, there are parameters that could not be measured directly. The
amount of roof runoff generated and the amount of water detained in the tank are derived
from the field data. On top of these data, it should be noted the detention system is limitted
by its current setup of roof catchment, effective storage of tank, the inlet and outlet sizes. In
the sense of the mentioned limitations, it is found the household stormwater detention system
is able to detain in average about 50% of runoff generated from the contributing catchment.

Being designed to 5-15 minutes short design storm durations, the system is
expected to withstand the magnitudes of runoff generated by these design storm durations.
The observed storm events, however, demonstrate that the system is only safe for 5- and 10-
minute storm durations that equivalent to 23 and 36mm rainfall depths respectively. It is
found unsafe for having overflow of floodwaters in 15-minute storm duration that equivalent
to 46mm rainfall depth. Although by comparison of occurrence frequency that the over
40mm rainfall depth storms constitutes to only 1%, improvement is needed as to ensure the
comfortability and to boost the confident of end users.
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