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Long-Term Simulation of the Effect of Low Impact
Development for Highly Urbanized Areas on the
Hydrologic Cycle in China
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Abstract—For areas that are urbanized rapidly, the practice
of Low Impact Development (LID) has gained an important
place in stormwater management and urban planning due to its
capability and beneficial effects in restoring the original
hydrological cycle. The performances of LID alternatives can
vary substantially due to different climate conditions. This study
investigated the performances of three LID alternatives under a
semi-arid climate in northern China on water balance. A
numerical model, the storm water management model (SWMM),
was employed to run 10 years’ rainfall events for these
objectives. The efficiency index for water balance (Iw) is also
introduced in this study and three LID alternatives are
evaluated by using the above methodology. According to the
research results, LID facilities have remarkable effects on water
balance.

Index Terms—Low impact development, urban development,
water balance.

. INTRODUCTION

With urban development and the continuously intensified
process of urbanization, people’s destruction to the ecological
system gradually appears. To a large extent, change in urban
land usage and increasingly rising ground cementation index
prevents rainwater from infiltrating and increases rainfall
runoff. This not only results in a waste of water resources but
also has great impact on circulation of the water system,
causing flood and other disasters. Urban flood disaster, water
resource pollution and rainwater resource loss have already
become important issues restraining the development of
Chinese cities. Research has proved that urbanization is
directly correlated with water balance and flood control [1].

At present, LID (low impact development) management
system is widely applied by numerous developed countries in
the control over water balance and flood [2], [3]. LID is a
development philosophy released by America in the 1990s. It
is mainly based on the simulation of natural and hydrologic
conditions, so as to control water sources and pollution of
urban rainfall runoff through small-scale and decentralized
LID facilities, finally reduce the urban impermeable rate,
make circulation of the water system closer to the state before
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urban development, and restore the ecological system to the
maximum extent [4], [5].

LID facilities mainly researched in this paper include
bio-retention [6], [7], grass swale [8] and porous pavement
[9]. These facilities can reduce urban flood and other disasters
caused by rainfall runoff. At the same time, these facilities
also have good social benefits, ecological benefits and
economic benefits. For instance, bio-retention is formed by
planting some shrubs and arbors on manually excavated
depressions. It can be used to collect rainfall runoff, so as to
achieve the effects of reducing runoff, increasing infiltration,
and purifying water through permeation and purification
functions of soil and plants. Bio-retention has obvious effects
on reducing runoff. Moreover, it reduces costs when
compared with traditional rainwater management. Moreover,
bio-retention has good landscape value. Generally, porous
pavement is made of wind-blown sand, argil or cement
concrete. It is of certain permeable and water locking function,
which can increase the infiltration capacity of ground,
absorbing noise, preventing pollution, and alleviating urban
heat island effect. This kind of porous pavement is widely
applied in open-parking grounds in Europe and some
small-sized highways in some cities in England and Sweden.

The storm water management model (SWMM) was
developed by U.S. Environmental Protection Agency in the
1970s [10]. SWMM s used to simulate the rainfall runoff of
single rainfall event or long-term continuous rainfall runoff.
SWMM can be used to load different LID facilities in the
research area and set and commission parameters of different
facilities, so as to make it convenient for the research on the
effects of different LID facilities for water balance and flood
control. It is relatively convenient for the comparison of
results displayed [11].

Il. MATERIALS AND METHODS

The direct impact of the progress of urbanization is to
change the impermeable rate of city. With the intensified
urbanization, the impermeable rate keeps sharply increasing,
thus influencing the circulation of urban water system,
causing damage to both structure and function of the
ecological system, and triggering flood and other natural
disasters.

The new campus of Tianjin University is located in Jinnan
District of Tianjin Municipality, in the middle of Haihe
Education Park between the central urban area of Tianjin and
the core area of coastal new-region, and in the west of the
ecological green gallery as shown in Fig. 1. The new campus
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covers an area of approximately 2.5km? Due to different land
usages, it can be divided into the impermeable area and the
permeable area. The impermeable area is of buildings, roads
and hard pavement plaza, accounting for about 36% of the
total area. Other areas are of greenbelts and water systems.
According to the calculation, the impermeable rate of the
campus is 40%.
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The new campus of Tianjin University
Fig. 1. Geographical location of the study area.

Tianjin belongs to semi-humid continental climate in the
warm temperate zone. According to the rainfall data in the
past 50 years, yearly average precipitation is approximately
550mm, but the rainfall time is unevenly distributed. The
number of days of rainfall and precipitation are mainly
concentrated upon summer. 78.5% annual rainfall is mainly
concentrated in June — August. The flood season appears on
the second half month of July and the first half month of
August. In terms of rainfall duration, the number of times of
rainfall for over 4 hours accounts for more than 75% of the
annual number of times of rainfall. And the average rainfall
depth is 13.9mm for each rainfall event which duration is less
than 4 hours and the average rainfall depth is 27.7mm for each
rainfall event which duration is more than 4 hours. In this
paper, therefore, hourly rainfall data in summer from 2003 to
2012 is taken as typical rainfall in Tianjin. This data is loaded
into SWMM for simulation. In total, the number of times of
rainfall is 261, including 195 times of rainfall lasting for over
4 hours.

In this research, SWMMS5 is used to simulate 261 times of
rainfall in the new campus of Tianjin University from 2003 to
2012, so as to analyze and discuss the difference between the
traditional rainfall management system and the system added
with LID facilities, make a research on the impacts on rainfall
runoff and other indexes after separately loading three LID
facilities (i.e. bio-retention, grass swale and porous pavement),
and further evaluate the performance of the three facilities for
water balance and flood control. By combining the retention
depth, the efficiency index for water balance (lw) is
introduced in this research [12]. This index can reflect the
effect of LID facilities in a more visual way.

d=— 1)

In which d is the storage in depth, mm; V is the total storage
volume of the LID practices, m* A is the area of the
catchment area, m-.

lw=— 2

In which lw is the efficiency index for water balance, R is

the total storage volume of the LID practices, m*; d is the
storage in depth, mm.

The utilized methodology for assessing the performances
of low impact development alternatives by long-term
simulation is presented in Fig. 2.
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Fig. 2. Methodology flow chart of LID analysis.

TABLE I: THE STORAGE VOLUME AND THE STORAGE DEPTH PROVIDED BY
EACH TYPE OF LID ALTERNATIVE

Bio-retention Grass Porous pavement
swales
Surface layer (m®) 17.40 1500.00 15.00
SO|I/Pav3ement 588.24 ) 295,00
layer(m®)
Storage layer(m®) 1102.95 - 1875.00
Total storage in depth 18.74 16.45 2319

(d)(mm)

TABLE Il: CHARACTERISTICS OF THE SELECTED LID FACILITIES
LID Practice Modeling Parameters

Bio-retention Thicknesses of the surface and storage
layers were 20 mm and 500 mm
respectively
0.1 for vegetation factor
0.45 for void ratio
0.15 for slope

Grass swale 2.5:1 for side slope for surface layer
Depth of 500 mm

0.1 for vegetative cover fraction
Depth of 500 mm for swale layer

0.3 for surface roughness

Porous pavement \Woid ratio of 0.45 for the storage layer,
0.31 for the pavement layer

0.04 for surface slope

0.1 for surface roughness

1.30 m for bedrock depth from base of
system

Situated 3.1 m from building
foundations

In the SWMM5 model, sub-catchments were delineated by
the grading of the site plan and the land use data. Thirty-six
sub-catchments were determined with areas ranging from
0. 03 to 0.09 km? by using ArcGIS. Land surface slopes for
these sub-catchments were between 0.2% and 3.9%.
Manning’s roughness values were set to 0.2 for the pervious
surfaces and 0.013 for the impervious surfaces. Depression
storages of the pervious and impervious surfaces were set to
2.5 and 1.0 mm, respectively. The slopes and lengths of
conduits were provided by the storm sewer network design.
The roughness of the conduit was set as 0.013 for circular,
concrete pipes. Different LID facilities are planned into
specific positions according to the features of different plots
in the research area and by combining the scope of application
of LID facilities. Considering local hydrologic conditions in
Tianjin, the selection principle of LID design parameters is
shown as follows: retain water resources as much as possible.
In the research, therefore, the LID retention capacity is set as
the capacity meeting this amount of rainwater. At the same
time, the capacity is set to reduce the impermeable rate,
lengthen the runoff path, and cut down rainwater and flood
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peak. In LID facilities, the size of storage of rainwater is
mainly decided by the retention function of corresponding
LID facilities. For a convenient comparison of the capacity of
different facilities, the retention capacity is converted into
depth for comparison in this research. The information about
the storages provided by these LID alternatives is shown in
Table I.

Table Il lists the design characteristics of these three LID
alternatives selected for the new campus and the associated
parameters implemented in the SWMM5 model.

I1l. RESULTS AND DISCUSSIONS

TABLE I1I: SIMULATING RESULTS FOR RAINFALL EVENTS (DURATION LESS
THAN 4 HOURS)

Hyd_rologlcal No LID Bio-retention Grass Porous
Variables swale pavement
Average 4411 3512 3825  3.402
runoff(mm)

Change of total

runoff(%) 20.382 13.329 22.873
Ratioof 1unoff o 37 553 0275  0.245
precipitation

Rainfall captured

by LID on 0.899 0.586 1.009
site(mm)

Iw 0.048 0.036 0.044

The effects of each LID implementation on the restoration
of hydrological cycle in terms of water balance and peak flow
are presented in Table 11l and Table IV. For rainfall events
with short duration(less than 4 hours), the porous pavement
provided remarkable reduction in total runoff with a reduction
rate of 22.83%, followed by bio-retention of 20.38%. Grass
swale had the minimal effect on average runoff with a rate of
13.32% reduction. In terms of the ratio of runoff to
precipitation, among three LID facilities, porous pavement
had the best effect by reducing the ratio to 0.245, while
considering the efficiency index for water balance (Iw),
bio-retention had the best value of 0.048 and porous
pavement (0.044) and grass swale(0.036) came in second and
third.

TABLE IV: SIMULATING RESULTS FOR RAINFALL EVENTS (DURATION
MORE THAN 4 HOURS)

Hyd.rologlcal NoLID  Bio-retention Grass Porous
Variables swale pavement
Average runoff (mm) 9.091 7.598 7.967 8.345
Change of total

runoff(o6) 16.429 12.366 8.206
Ratioof runoff to 355 go74 0287 0301
precipitation

Rainfall captured by

LID on site(mm) 1.494 1.124 0.747
Iw 0.080 0.068 0.032

For rainfall events with long duration (more than 4 hours),
it can be seen from TABLE IV that bio-retention functioned
significantly in reducing the total runoff, with a reduction rate
of 16.42%. The ratio of runoff to precipitation saw an
opposite trend and bio-retention had the best effect by

reducing the ratio to 0.274. In terms of the efficiency index for
water balance (Iw), bio-retention had the best value of 0.080,
followed by grass swale of 0.068 and porous pavement of
0.032.

IV. CONCLUSIONS

According to the research results, LID facilities have
remarkable effects on lowering rainfall runoff and changing
water balance. Moreover, LID facilities have more obvious
effects for short-term rainfall. In terms of water balance,
bio-retention is of the optimal effect. In terms of flood control,
both bio-retention and porous pavement are of good effects.
According to the efficiency index for water balance provided
by the storage depth and facilities, bio-retention has the most
effective retention performance.

Therefore, LID facilities can be vigorously promoted for
development and construction of Chinese cities and for
reconstruction of old cities. This research provides
performance indexes and scope of application of different
LID facilities for urban planning constructors. Urban
constructors can plan and set different LID facilities
according to local conditions, or use in combination, so as to
achieve the purpose of urban water balance restoration and
flood control. Possible sedimentation and blocking
circumstances of LID facilities should also be taken into
consideration when SWMM is used to simulate rainfall of
long-term sequence. It is recommended to set the performance
degradation factor according to actual conditions, so as to
have more effective and accurate simulation results. This will
also become a significant topic of research.
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