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ABSTRACT

With the acceleration of human urbanization process and the changes of hydrological cycle in
cities, urban rainfall runoff pollution has become a problem and should be solved as soon as
possible. Based on the concepts of enhancing infiltration rate of rainwater and reducing runoff
pollutants in source area, a baffled water-holding garden system for processing rainwater in
green building residential district was developed. The system was characterized as a gridized
water-holding area which was composed of baffled guide walls and barrier strips. Collected
rainwater overflowed into the next sub-water-holding area from the former. During the
running process, rainwater was permeated into ground and retained in sub-water-holding
areas; hence, rainwater energy was reduced gradually. Furthermore, runoff erosion to plant-
growing area was buffered effectively. This system can effectively control runoff pollution,
reduce runoff volume, and prolong the rainwater runoff confluence time to reduce down-
stream peak flow. The design method of baffled water-holding garden system was described
through a case study. The results in this case showed that the ratio of water-holding area and
confluence area was 1:48, and the reduction rate of peak flow was up to 50%. The control rate
of annual rainfall runoff volume can reach 83.7% in case area, correspondingly, the removal
efficiency of TSS of annual runoff was estimated by more than 83.7%.

Keywords: Green building; Rainwater; Low-impact development; Baffled water-holding
garden; Design method

1. Introduction extent [1]. Urban commercial and industrial areas,
residential areas, concrete constructions, asphalt
pavements, plazas, parking lots, and other impervious
surface areas are increasing, resulting in the increase
in urban surface runoff and advancing of stormwater
peak flow [2,3]. Due to the urban natural hydrological

With the acceleration of human urbanization
process, natural watershed has been greatly affected,
and the land use pattern has been changed to a large
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cycle changing caused by human activity, urban
waterlogging risk is exacerbated by rainfall runoff, [4]
the groundwater level is decreasing [5] and pollutants
carried in rainfall runoff causes serious surface water
pollution [6-8]. Nowadays, urban runoff pollution as
the second largest non-point source pollution is
increasingly affecting the sustainable development of
cities [9,10].

In the past 20years, rainwater ecological treatment
and utilization, which was used as one of the most
important ways of alleviating water shortage problems
in cities and rehabilitating of urban natural hydrologi-
cal cycle [11,12], were studied by many countries such
as the USA, Australia, France, Germany, Italy, and
Japan. In 1990s, the US stormwater management
experts developed a micro-multi-point rainstorm
control strategy, namely, low-impact development
(LID). This system was based on the concept of rainfall
runoff pollution control in source areas, to simulate
the principle of the natural hydrological conditions
[13,14]. LID focuses on local conditions. The quantity
and quality of urban rainfall runoff is controlled
through a series of ecological treatment measures such
as protectable design, bio-retention, filter penetration,
and runoff storage, etc. [15].

At present, most of the cities in China use
combined or separated sewer system. Combined
sewer system collects rainwater and sewage together
to discharge into the wastewater treatment plant,
while the separated sewer system collects rainwater
and sewage separately and the collected rainwater is
discharged into natural water bodies. But both the
two traditional systems ignore the collection and utili-
zation of rainwater or penetration in source region to
reduce urban rainfall runoff [16]. Currently, some
advanced stormwater management concepts and
measures are available as reference for China, so the
rainwater ecological treatment and utilization in China
have potential good opportunities for development.
LID techniques are widely adopted in Australia, the
USA, and other countries [17-19], and application in
China is rapidly rising.

Rainwater garden is a rainwater ecological
treatment facilities based on the concept of LID [20]
and is also a rainwater bio-retention and purification
engineering facilities located in low-lying green
region. Species of shrubs, flowers and even trees and
other plants are planted in rainwater garden. Soil and
plants in this garden play the main role of filtering
and decomposing pollutants carried in rainwater
runoff. At the same time, collected rainwater is tem-
porarily stranded and then slowly penetrates into the
soil to reduce runoff volume [21-23]. The rain garden
includes two types: one is to mainly control runoff
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pollution, and the other is to mainly control volume
of rainwater runoff. However, both of the two types
are failed to effectively control water quantity and
water quality of rainwater.

On the basis of the researches of LID technology
for rainwater ecological treatment and the traditional
design methods of rainwater garden [24,25], a new
baffled water-holding garden system was developed
to both strengthen rainwater penetration and reduce
runoff pollution, and finally, to achieve the purpose of
effective and synchronous control for rainwater runoff
volume and quality in the whole rainfall source areas.

2. Structure of the baffled water-holding garden
system

The structure of baffled water-holding garden
system is shown in Fig. 1. This system is mainly
composed of annular gap-catchment sink and gridized
water-holding area. The gridized water-holding area
is composed of baffled guide walls, barrier strips, and
plant-growing areas, etc. The baffled water-holding
garden system is built in the lower-lying green area
or the district of low elevation greenbelt of green
building residential districts and close to the collecting
port of municipal storm sewer system or rainwater
utilization system. At the same time, the whole envi-
ronmental coordination between the system and the
residential district should be taken into account, and
the spacing of the system should not be larger than
3m from the basis of the surrounding buildings [26].
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Fig. 1. Schematic of the structure of baffled water-holding
garden system.
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2.1. Annular gap-catchment sink

For rainfall runoff fully or timely flowing into
the baffled water-holding garden, an annular gap-
catchment sink is set outside the baffled water-holding
area. There are many gaps in the shape of inverted
equilateral trapezoid on the outside retaining wall of
the sink, as shown in B-B profile in Fig. 2, and these
gaps are equidistant with each other. Rainwater
collected from residential districts flows into the catch-
ment sink across a special gap, which is close to the
inlet of baffled water-holding area. And the rainfall
runoff of other confluence areas is collected by low
elevation greenbelt and finally flows into the annular
gap-catchment sink across other normal gaps. The bot-
tom of the annular gap-catchment sink is paved with
pebbles, and it also has a certain amount capacities of
rainwater infiltration. Owing to the annular structure
of the catchment sink, collected runoff can be buffered
effectively, furthermore, to ensure the collected rain-
water flows into baffled water-holding area uniformly
and continuously.

2.2. Baffled water-holding area

The entire water-holding area of the system is
divided into several corridors by parallel and staggered
guide walls, and water flowing path in the water-
holding area along the corridors is in the shape of “S”.

The setting of baffled guide walls plays an impor-
tant role in effectively increasing rainwater flowing
time and decreasing rainwater velocity in the water-
holding area, and thus, sharply prolongs the rainwater
confluence time as a whole to reduce the downstream
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Fig. 2. Profiles of baffled water-holding garden system.
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peak flow volume. The baffled guide walls, esthetics
of which should be taken into account at the same
time, are made of permeable concrete or permeable
bricks to enhance rainwater infiltration capacities.

2.3. Barrier strips

By setting several equidistant barrier strips within
each corridor, the corridor is divided into several sub-
water-holding areas. Only the front sub-water-holding
areas being full of water, the excess rainwater will over-
flow barrier strips into the next sub-water-holding area.

The barrier strips are composed of different
gradations of rocks or pebbles. And the middle part
of the barrier strips is made of different gradations of
smaller pebbles and ended with larger volume of
rocks. The barrier strip profile, one side of which
borders on the ground, is in the shape of equilateral
triangle, as shown in A-A profile in Fig. 2. Because
the whole structure of the barrier strip maintains the
triangle stability, it effectively resisted the impact of
rainstorm runoff and plays an important role in runoff
energy dissipation and water retention. Runoff energy
dissipation is useful for decreasing rainwater velocity
and sedimentation of particles in water. At the same
time, its porous structure could intercept and adsorb
pollutants in water effectively. Besides, the baffled
guide wall should be higher than the barrier strips
with a certain height, and the height from 200 to
250 mm is appropriate.

The whole system is characterized as a gridized
water-holding area which is divided by baffled guide
wall and barrier strips. During runoff overflowing the
sub-water-holding areas, water is stored in each sub-
water-holding area and runoff is blocked by barrier
strips. Thus, collected rainwater runoff is retained, per-
meated effectively, and energy-dissipated gradually.

2.4. Planting soil layer and packing layer

The planting soil layer uses modified soil
composed of about 55% sand, 15% topsoil, and 30%
complex soil, and the water minimum permeability
coefficient is not less than 13 mm/h. If planting trees,
planting soil thickness is not less than 1m. Packing
layer under the planting soil layer is composed of
cinder, blast furnace slag, gravel, etc, and its water
minimum permeability coefficient should not be less
than 10 >m/s. The packing layer has a good effect on
filtration and adsorption of pollutants.

2.5. Plants in water-holding area

The choosing of species of plants grew in water-
holding area should give priority to native plants, and
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these kinds of plants should have resistance abilities
against both flood and drought, so more developed
root systems are essential for them. Plant-growing
area has strong pollutant purification ability. Large
particle contaminants are intercepted in the plant-
growing area, and contaminants such as nitrogenous
compounds, phosphorus compounds, heavy metals
are decomposed or absorbed by plants. Besides, plants
of high ornamental value or fragrant flowers deserve
recommendation for plant-growing area.

2.6. Overflow outlet

If rainwater received in baffled water-holding
garden system goes beyond the water-holding design
capacity of the whole system, water can be discharged
from overflow outlet. The front opening of overflow
outlet is provided with a hanging basket for intercept-
ing pollutants. Because rainfall runoff collected from
confluence areas has been used and treated well by
baffled water-holding garden system, and rainwater
volume has been reduced sharply, the excess water
overflowed from the outlet is clean enough to be recy-
cled. This part of excess rainwater can be collected by
a rainwater storage tank for use or discharged into
municipal storm sewer system.

To sum-up, during the running process in the
system, pollutants carried in rainfall runoff such as oil,
salt, nitrogen, phosphorus, toxic substances, and
garbage are reduced effectively through interception,
infiltration, sedimentation, and absorption, and the
quality of excess water discharged from overflow outlet
improves largely as well. In addition, owing to the
gridized structure of water-holding area which is
composed of baffled guide walls and barrier strips,
rainfall runoff collected from confluence areas can be
buffered effectively. During the running process, runoff
energy is gradually dissipated and runoff velocity is
decreased, which prolongs the rainwater runoff conflu-
ence time as a whole to reduce the downstream peak
flow volume. At the same time, collected rainwater
within design return period is retained and permeated
completely, which contributes to reducing the down-
stream peak flow volume as well. Therefore, the baffled
water-holding garden can achieve the purpose of the
effective and synchronous control of rainwater runoff
volume and quality in the whole rainfall source areas.

3. Design method of baffled water-holding garden
system and case analysis

3.1. Design method of the water-holding area

In order to achieve the purpose of the synchro-
nously effective control of rainwater quantity and
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quality in green building residential district, a basic
design method was adopted based on the current
design codes or standards in China [27]. Combined
with case analysis, design as follows:

Roof and ground rainwater collected from a green
building residential district in Western China was
ecological processed with the baffled water-holding
garden system, and the system was located in low
elevation greenbelt. According to the complete water
balance method [25], factors of the infiltrating capacity
of the system, influences of plants in water-holding
area, water storage capacity of interspaces were con-
sidered comprehensively, and the calculation formula
of rainwater confluence area was as follows:

A A{[60KT (d; + h) + hn (1 — f,)d; + nd’] )
4=
Hﬁl’df

where A¢=water-holding area (m?); Aq = confluence
area (m?); H=design rainfall (mm), which is equiva-
lent to the control of runoff volume generated by 90%
of annual rainfall events, the value depends on the
relationship between design rainfall and removal
efficiency of rainfall runoff pollutants and taken as
29.1mm according to hydrological data and specific
requirements for runoff pollutant control in case area
[28]; ¢ =runoff coefficient was estimated to 0.64
according to the weighted average calculation on dif-
ferent surface types in case area; d¢=rainwater garden
depth (m), generally including planting soil layer and
packing layer, taken 1.25m (considering planting
trees, the planting soil layer thickness took 1.0m;
packing layer thickness took 0.25m); K= planting soil
permeability coefficient, taken 4.2 x 10"°m/s accord-
ing to permeability of selected soil in case area;
T =rainfall duration, taken 120 min; %, = the maximum
depth of water-holding layer (m), taken 0.25m;
h=mean design depth of water-holding layer, 1/2 of
its maximum depth (h,) was appropriate, taken
0.125m; f,=proportion of plant cross sectional area
accounting for surface of water-holding area, taken
20%; n=voidage, the average of planting soil layer
and packing layer, taken 0.3 generally.

For a water-holding area of A;=100m> as shown
in Fig. 1 and it was calculated that the confluence area
was Ad=4873.5m2, that is, the ratio of rainwater
confluence area/water-holding area was about 48.7.
Setting five baffled guide walls equidistantly in water-
holding area, and the length of each corridor was
10 m and the distance between walls was B;=2m, and
the height of baffled guide wall took 0.5m and the
width was 120mm. Setting three barrier strips equi-
distantly in each corridor and the distance between
strips was 4.25m, and the height of barrier strips took
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0.25m and the length was 2m. In addition, the baffled
guide walls were made of permeable concrete or
permeable bricks.

3.2. Design method of annular gap-catchment sink

The catchment sink was annular with many gaps
set on the outside retaining wall, as described in 1.1.

The formula of design storm intensity in case area
was as follows:

~2,509(1 + 0.8451g P)
(t + 14.095)"7

(2)

where P=design return period, taken 3a; t=conflu-
ence time, taken 5min.

The formula of rainwater design flow in case area
was as follows:

2,509(1 + 0.84511g P)

Q (t + 14.095)"7°

AdX

~ 10,000 © ®)

Calculation result of Eq. (3) was Q=119.15L/s. The
effective volume of annular gap-catchment sink calcu-
lated with confluence time of 1min, and rainwater
volume was (119.15 x 60)/1,000 =7.15m°>. The width of
gap-catchment sink took B;=1m and the length of
gap-catchment sink was 31.96 m, as shown in Fig. 1. It
was calculated that the depth of collected rainwater in
gap-catchment sink was 0.224 m, taken 0.225m.

The gaps on the outside retaining wall were in the
shape of inverted equilateral trapezoid, and the width
of trapezoid bottom was 0.25m, and the angle of
bevel edge and vertical direction was 30 degrees and
the height of trapezoid was 0.375m. There were five
gaps used for influent set on the outside retaining
wall of each edge of catchment sink. The bottom
width of the special gap used for receiving collected
rainwater from green building residential area was
0.5m. In addition, the bottom of the annular gap-
catchment sink was paved with pebbles of about 5cm
in diameter.

3.3. Control rate of stormwater peak flow

The design rainfall of water-holding area is
H=29.1mm in case area. For a rainfall event, runoff
volume within the design scale of rainfall can be cut
completely by the baffled water-holding garden sys-
tem [29]. Consequently, letting T be the rainfall dura-
tion, calculation formula was as follows:

60 " 2,509(1+0.8451g P)

H=
10,000~ (T + 14.095)"7°

(4)
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It was calculated that T=19.35min. Because of the
retention of the system, confluence time was extended
to (t+T), with rainwater runoff changing to Q" (L/s).

2,509(1 + 0.8451g P)
(t+ T + 14.095)"7

Q Ag X @ % (5)

~ 10,000

It was calculated that Q" =62.89 L/s. Supposed that
excess rainwater beyond the design rainfall took T~
minutes to flow out of the water-holding area.

V =Q/(Ah xBy) (6)

T =L/v (7)

In Egs. (6) and (7), Al (= 0.1 m) was the design height
of water surface of overflow outlet, and L (= 50m) was
the total length of corridors in baffled water-holding
area. The calculation results of Egs. (6) and (7) were as
follows: v=0.32m/s, T"=2.6min. And then, the peak
flow volume in overflow outlet was cut to Q”:

1 o 2,509(1 + 0.84511g P)

= X Agq X
Q"= 10,000 4 (t+T + T’ + 14.095)7

(8)

The calculation results of Eq. (8 were
Q"=59.86L/s. For rainfall events of design return
period p=3a, the reduction rate of peak flow in
baffled water-holding area was as follows:

d=1-0Q"/Q=1-59.86/119.15=49.76%

The design rainfall (H) adopted in this case was
determined with pollutants control rate of rainfall
runoff produced by 90% annual rainfall events in case
area. According to the statistical analysis, when H
took 29.1mm in case area, the control rate of annual
rainfall volume was up to 83.7% correspondingly [28].

For those rainfall events less than the design
rainfall in case area, the rainfall runoff and pollutants
carried in which are completely retained and
removed. Pollutants carried in runoff mainly involve
TSS, while the unique structure of the baffled water-
holding garden system is suitable for controlling TSS
carried in runoff. If taking the average concentration
of TSS of annual rainfall runoff pollutants into
account, the removal efficiency of TSS of annual rain-
fall pollutants is equal to the control rate of annual
rainfall volume. In fact, for a rainfall event, the first
flush carries higher TSS, so the effective control of
initial rainwater runoff means too much for an entire
rainfall event. Moreover, the latter runoff in a rainfall
event carries lower TSS and tends to be stable, and
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the control of runoff of this phase cannot contribute
much more to TSS removing than the first flush for an
entire rainfall event. Therefore, for the rainfall runoff
control rate of 83.7%, TSS carried in an entire rainfall
event can be removed to more than 83.7%.

3.4. Design method of overflow outlet

The overflow outlet adopted broad crest weir, and
the design flow could be calculated according to the
following formula [30]:

Q" = 385b./2gAK*? (9)

where Q" (L/s) was the design overflow of service
area; b (m) was the width of overflow outlet; Ah (m)
was the height of overflow outlet, taken 0.1 m.

It was calculated that b=0.163 m, taken 0.170 m.

4. Results

Baffled water-holding garden system is a kind of
technique of low-impact development, and the system
is characterized as a gridized water-holding area
which is composed of baffled guide walls and barrier
strips. Collected rainwater overflows into the next
sub-water-holding area from the former. During the
running process, rainwater is permeated into ground
and retained in sub-water-holding areas and its
energy is dissipated gradually; furthermore, some
parts of particulate pollutants are settled down or
intercepted, and runoff erosion to plant-growing areas
is buffered effectively. In addition, this system can
effectively control runoff pollution, reduce rainfall
runoff volume, and prolong the rainfall runoff conflu-
ence time as a whole to reduce the downstream peak
flow volume. The results of rainwater ecological
treatment for a green building residential district in
Western China showed that, the ratio of water-holding
area and flow concentration area was 1:48, and the
reduction rate of peak flow was up to 50%. The con-
trol rate of annual rainfall volume can reach 83.7%,
correspondingly, the removal efficiency of TSS of
annual runoff was estimated by more than 83.7%.
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