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Abstract: Urbanization caused hydrological change and increased stormwater runoff volumes, which led to flooding, erosion
and the degradation of instream ecosystem health. Low impact development ( LID) options had been proposed as an
alternative approach to mimic the natural flow regime by using decentralized designs to control stormwater runoff at the
source, rather than at a centralized location in the watershed. Hydrological regulation performances of these LID practices
can be influenced by rainfall characteristics, such as rainfall intensity and duration. To evaluate the impacts of different
rainfall reappearance periods, rainfall analysis was conducted to determine the rainfall characteristics and SCS II type was
selected for the analysis. A modeling approach based on SWMM was described to incorporate these LID practices into an
existing hydrological model to estimate the impacts of LID practices on the surface runoff. Results demonstrated that the LID
practices led to significant stormwater control for different rainfall reappearance periods. Hydrological regulation
performances of the LID practices were varied with rainfall reappearance periods. For LID practices with the same surface
area, the detention pond performed the best in reducing peak flow rate, which was followed by infiltration trench,
bioretention cell and porous pavement. Detention pond was capable to reduce the peak flow rate of 100鄄year storm to the
value of 10鄄year storm, indicating significant performances. Differences in peak flow reduction were due to structure
differences in the LID practices. For the infiltration regulation performances, infiltration trench had the highest recharge
ratio for all the rainfall reappearance periods, followed by bioretention cell and porous pavement. Porous pavement, though
made of 100% pervious material, infiltrated small runoff which was limited by the native soil infiltration rate when the
rainfall volume exceeded the storage capacity. Deep analysis was conducted to determine the reasons that the LID practices
performed differently when they had the same surface area. Results showed that the “ effective storage冶, which was the
water volume that a facility can contain, was the crucial factor. When rainfall intensity was larger than native soil infiltration
rate, the excessive water was stored in the facility, and then it was released or infiltrated to the groundwater, depending on
the facility structure. Consequently, the water exceeded the “effective storage冶 was flowed over the LID practices and made
contribution to the surface runoff directly. Calculation results showed that the “effective storage冶 for the detention pond was
1 861郾 20 m3, which was the largest among the four LID practices, and it explained the reason that detention pond worked
the best in peak flow reduction. The “effective storage冶 for the infiltration trench, porous pavement and bioretention cell
were 744郾 48 m3, 80郾 37 m3 and 565郾 14 m3, respectively.
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0摇 Introduction

摇 The process of urbanization transforms natural
landscape into impervious land cover, affecting the
ecosystem health of receiving water bodies and
downstream communities by changing the timing and
volumes of the natural flow regime[1 - 5] . Urban flooding
is one of those typical problems caused by

urbanization[6] . In order to minimize the negative
effects caused by urbanization and to meet the new
stormwater rules, strategies, such as low impact
development (LID), put forward by Prince George爷 s
County in 1980s, that employ infiltration are
increasingly adapted. The goal of LID is to plan and
construct a site so that the hydrology and water quality
mimic that of the initial undeveloped site[7 - 11] .



Currently, the main LID practices include bioretention
facilities, green roof and porous pavement, which have
been studied from different scales, say, lab,
residential site or parking lot. The hydrological
performances, design methods of these LID practices
have been the learned from both the modeling approach
and based on the field observation data[10 - 15] .
However, hydrological performances researches of LID
practices mainly focus on a specific rainfall events, few
analyzed impacts of rainfall characteristics and rainfall
magnitude on the hydrological performances of LID
practices[16 - 21] . The goal of this research was to
discuss the hydrological performances of LID practices
under different rainfall events and tried to analyze how
they varied by the rainfall magnitude. The results may
help to know the hydrological performances of LID
practices and enlighten the urban drainage system
design.
摇 Taking a parking lot in Lenexa City, Kansas as the
study area andusing different modules of EPA SWMM,
this paper presented hydrological simulation approaches
of typical LID practices and evaluated their
hydrological performances using the SWMM models
developed. A series of hydrological indicators
attempting to represent the entire spectrum of rainfall
events were used to evaluate impacts of LID practices
of detention pond, infiltration trench, bioretention cell
and porous pavement.

1摇 Case study area

摇 The study area is located within Little Mill Creek
watershed in Lenexa, Kansas, USA. The Kansas City
region is generally characterized by Soil Conservation
Service ( SCS) Type II storm distribution. The study
area here is located to the north of W87th street of
Lenexa City and is composed of a parking lot and
buildings, shown in Fig. 1. The study area is
0郾 017 km2, moderately sloped at a three percent grade
with a high imperviousness of 86% . Soils are
characterized as hydrologic soil groups of C with low
infiltration rate. By analyzing the soil condition and
appropriate building condition of LID practices, the
open green space in the lower part of the study area
was selected as the proposed LID area, which will
receive the runoff from all over the study area. The
proposed LID area is 846 m2 . Typical LID practices of

detention pond, infiltration trench, bioretention cell
and porous pavement were chosen and drained out to
the drainage system.

Fig. 1摇 Location of study area
摇

摇 Hydrologic modelof study area has been developed
and implemented using U. S. Environmental Protection
Agency ( US EPA) Stormwater Management Model
(SWMM) for hydrologic simulation. Use of this site as
the case study area can save the effort to build and
calibrate the initial SWMM models.

2摇 Methodology

2. 1摇 Introduction to SWMM
摇 The EPA Storm Water Management Model (SWMM)
is a dynamic rainfall - runoff simulation model used for
single event or long - term (continuous) simulation of
runoff quantity and quality from primarily urban areas.
The runoff component of SWMM operates on a
collection of subcatchment areas that receive
precipitation and generate runoff and pollutant loads.
SWMM was first developed in 1971 and has undergone
several major upgrades since then. Infiltration of
rainfall from the pervious area of a subcatchment into
the unsaturated upper soil zone can be described using
three different models: Horton infiltration, Green
Ampt infiltration and Curve number infiltration. Based
on the flow continuity and Manning爷 s equation, each
subcatchment surface is treated as a nonlinear reservoir
to calculate the surface runoff. Three methods of steady
flow routing, kinematic wave routing and dynamic wave
routing can be used to solve the equations of flow
routing[22] .
摇 Since its inception, SWMM has been used in
thousands of sewer and stormwater studies throughout
the world, especially in design and sizing of drainage
system components for flood control anddesigning
control strategies for the stromwater management
practices.
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2. 2摇 Rainfall events and evaporation
摇 To study the impact[23 - 24] of rainfall events with
different return periods, a series of designed rainfall
events with the return periods of 2 years, 5 years,
10 years, 20 years and 100 years were selected.
Hourly rainfall data extending from August, 1948 to
February, 2010 for the Kansas City downtown (KCD)
Airport (gage number 234359) is available on National
Climatic Data Center ( NCDC), USA. By analyzing
the frequency, duration and intensity of the rainfall
events, a SCSII distribution was selected. The rainfall
were 9郾 1 cm, 12郾 5 cm, 13郾 7 cm, 15郾 6 cm, 17郾 4 cm
and 19郾 7 cm respectively. Since the single rainfall
events was studied, an average evaporation rate of
5郾 1 mm / d was used, recorded by U. S. National
Oceanic and Administration Association (NOAA).
2. 3摇 Parameters of SWMM subcatchment
摇 Based on the calibrated SWMM model, main
parameters of the subcatchment without LID were listed
in Tab. 1. When LID practice applied, the
subcatchment area needed to deduct the LID practice
area and the area was 0郾 016 km2 .

Tab. 1摇 Main input parameters of SWMM

Parameters Value

Area / km2 0. 016
Imperviousness / % 86
Subcatchment width / m 120
Slope / % 1
Depression depth on impervious area / cm 0. 15
Depression depth on pervious area / cm 1. 27

Horton
infiltration

Maximum infiltration rate / (cm·h - 1) 11. 43

Minimum infiltration rate / (cm·h - 1) 0. 76
Decay constant 4. 14

2. 4摇 Modeled scenarios
摇 Hydrological performances analysis of LID practices
needs an comparison between the runoff control values
with and without LID practices controlled. Five
scenarios of “ undeveloped 冶, “ detention pond 冶,
“ infiltration trench 冶, “ porous pavement 冶 and
“bioretention cell冶 were modeled. SWMM models were
developed for each scenario and a duration of 24 hours
with time step of minute for all the rainfall events with
different return periods were simulated. The peak flow,
flow duration curve were summarized based on the
simulation results. The modeled scenarios are
discussed as follows:

摇 (1) Developed uncontrolled. The study area was
modeled as a high鄄density commercial development
with eighty鄄seven percent direct connection impervious
area ( DCIA). No stormwater management practices
were applied to the study area in this scenario.
摇 ( 2 ) Detention pond. In the detention Pond
scenario, runoff from the high鄄densitycommercial
development described above was routed through a
detention pond in the BMPS / LID area. Detention pond
is a typical storage structure to store water temporarily
and then release it according to the design criteria. In
this study, detention pond is simulated to release a
100鄄year storm within 48 h. The largest surface area of
the detention pond is 846 m2 with the maximum depth
of 2郾 20 m. The simulation of detention pond scenario
in SWMM was illustrated in Fig. 2a.
摇 (3) Infiltration trench. Runoff from the high鄄density
commercial development described above was routed
through an infiltration trench in the BMPS / LID area.
Infiltration trenches are excavations backfilled with
stone aggregate used to capture runoff and infiltrate it
to the ground. It can be simulated as a rectangular,
fully pervious subcatchment whose depression storage
depth equals the equivalent depth of the pore space
available within the trench. In this study, the
infiltration trench was simulated as a 100% pervious
rectangular area of 846 m2 . For comparison purpose,
the infiltration trench depth is set as same as the depth
of detention pond of 2郾 2 m which generated a valid
depression depth of 0郾 88 m with the porosity is 0郾 40.
Schematic representation of an infiltration trench in
SWMM is shown in Fig. 2b.
摇 ( 4 ) Porous pavement. According to the suitable
area, the parking lot can be replaces by porous
pavement, which is different from the other three
scenarios. To analyze the hydrologcial differences of
LID practices while they have the same surface area,
the porous pavement was simulated in the LID area,
with a depth of 15郾 8 cm. The runoff flows into the
porous pavement eventually. The porosity of the porous
pavement is 0郾 6, which makes the actual depression
depth of 9郾 5 cm. Porous pavement was simulated by
100% pervious subcatchment, illustrated in Fig. 2c.
摇 ( 5 ) Bioretention cell. In the Bioretention cell
scenario, runoff from the high鄄density commercial
development area described above was routed through a
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bioretention cell in the LID area. Due to the
complicated process of water movement in bioretention,
simulation of bioretention in SWMM is limited. As a
consequent, we used an external model of RECARGA
to simulate the water movement of the bioretention and
then the results are incorporated into SWMM using an
outlet structure with obtained time鄄flow series. Tab. 2
listed the design elements of bioretention.

Tab. 2摇 Design parameters of bioretention cell

Parameters Value

Bioretention surface area / m2 846
Ponding depth / cm 15

Saturated infiltration rate of planting soil / (cm·h - 1) 6. 12
Depth of planting soil / cm 122

Saturated infiltration rate of planting soil / (cm·h - 1) 15. 0
Depth of gravel layer / cm 30

Saturated infiltration rate of native soil / (cm·h - 1) 21. 01

Fig. 2摇 Modeling of each regulation practices in SWMM
摇

3摇 Hydrological performances analysis

摇 Single rainfall events with the return periods of 2, 5,
10,20,50 and 100 years were used to test their impact
on LID practices. The hydrological performances
indicator included hydrograph shapes, peak flow
reduction and recharge ratio. Peak flow reduction was
the ratio of peak flow reduced by the LID practice to
the peak runoff under the “ developed uncontrolled
scenario冶, and recharge ratio referred to the ratio of
the infiltrated runoff to the total surface runoff under
each scenario.
3. 1摇 Detention pond
摇 Tab. 3 listed the peak flow reduction results for the
detention pond under different rainfall events. It
showed that for the two鄄year rainfall event, the peak
flow reduction was 68郾 11% , reduced by 0郾 174 m3 / s.
When it came to the 100鄄year rainfall event, the peak
flow reduction was 39郾 41% , reduced by 0郾 235 m3 / s.
The tendency showed that with increase of return
periods, peak flow reduction decreased, which can be
explained because the larger return period always
brings the larger peak flow at the same time. However,
it was noted that reduced peak flow increased at the
same time, indicting a better hydrological
performances. Taking 100鄄year rainfall event as the
example, the peak flow was close to the value of

10鄄year rainfall event, which implied that detention
pond reduced the peak flow under 100鄄year rainfall
event to the level of 10鄄year return period, even when
the detention pond area was only 5% of the impervious
area. However, the detention pond can not infiltrate
runoff, consequently, detention pond can not decrease
the surface runoff.

Tab. 3摇 Peak flow reduction of detention pond at
different reapperance periods

Return
periods /
year

Developed
uncontrolled
peak flow /

(m3·s - 1)

Detention
pond controlled

peak flow /

(m3·s - 1)

Peak
flow

reduction / %

2 0. 255 0. 081 68. 11
5 0. 387 0. 182 52. 97
10 0. 433 0. 214 50. 52
20 0. 524 0. 288 45. 04
50 0. 609 0. 351 42. 36
100 0. 725 0. 439 39. 41

摇 Fig. 3 displayed the hydrographs under the scenarios
of “ developed uncontrolled 冶 and “ detention pond
controlled冶. It can be seen from Fig. 3 that the
detention pond controlled hydrograph was smooth with
obvious peak flow delay for the 2鄄year rainfall event.
With the increase of return periods, the hydrographs
were similar to the 2鄄year rainfall events, but the
increase and decrease slopes were gradually steeper.
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For all the rainfall events, a small flow after detention
pond controlled remained a long time when the flow

under the “ developed uncontrolled冶 scenario reached
zero.

Fig. 3摇 Uncontrolled and detention pond controlled hydrographs at different reappearance periods
摇

3. 2摇 Infiltration trench
摇 Tab. 4 listed the peak flow reduction results for the
infiltration trench under different rainfall events. It
showed that for the 2鄄year rainfall event, the peak flow
reduction was 73郾 67% , reduced by 0郾 188 m3 / s,
higher than the detention pond. However, with the
increase of return periods, and for the 5鄄year rainfall
event, the peak flow reduction was smaller than the
detention pond controlled value. The reason was that
infiltration trench decreased the peak flow by storing
runoff temporarily and infiltrated it to the native soil.
Consequently, when the rainfall intensity was small
enough and close to the native soil infiltration rate, the
peak flow reduction was high. When the rainfall
intensity exceeded the native soil infiltration rate and
the infiltration trench could not store any more water,
the peak flow flow reduction decreased and
consequently the infiltrated water decreased. The
recharge ratio decreased with the increase of return
periods and the infiltrated water did not show an
obvious change for all the rainfall events. The possible
reason was that the runoff generated by a 2鄄year rainfall
event had exceeded the storage capacity the infiltration
trench can store. When the native soil infiltration rate
was low, infiltration trench had a smaller peak flow
reduction compared with detention pond for the large
rainfall events. However, most of the rainfall events
belong to the small ones and infiltration trench is still a

very good stormwater practice for the area with
groundwater recharge demand.

Tab. 4摇 Hydrological regulation performances of
infiltration trench at different reappearance periods

Return
periods /
year

Developed
uncontrolled
peak flow /

(m3·s - 1)

Infiltration trench
controlled
peak flow /

(m3·s - 1)

Peak flow
reduction /

%

Recharge
ratio /
%

2 0. 255 0. 067 73. 67 63. 42
5 0. 387 0. 214 44. 70 43. 92
10 0. 433 0. 267 38. 30 41. 66
20 0. 524 0. 383 26. 91 33. 96
50 0. 609 0. 500 17. 90 29. 71
100 0. 725 0. 632 12. 84 27. 31

摇 Fig. 4 displayed the “ uncontrolled developed冶 and
“ infiltration trench controlled 冶 hydrographs under
different rainfall events. Infiltration trench worked
differently from detention pond, and thus generated a
different hydrograph. As seen from Fig. 4, controlled
by infiltration trench, the flow was 0 until it reached a
moment when the flow increased sharply and
afterwards, the hydrograph was similar to the
“ developed uncontrolled冶 scenario. The reason this
phenomenon appeared was that infiltration trench was
simulated by a 100% pervious subcatchment. Before
the depression depth of the pervious area was filled, all
the generated runoff was used to fill the pore area in
the infiltration trench without generating surface runoff.
As soon as the depression area was filled, the
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infiltration rate was the saturated native soil infiltration
rate and the runoff generation mechanism was the same
to the “ developed uncontrolled 冶 scenario. This

explained why the “ infiltration trench controlled 冶
hydrograph was similar to the “ developed
uncontrolled冶 for the late period of a rainfall event.

Fig. 4摇 Uncontrolled and infiltration trench controlled hydrographs at different reappearance periods
摇

3. 3摇 Porous pavement
摇 Porous pavement is a design strategy converting
impervious into pervious area and increases the
depression depth on pervious area. The parking lot in
the study area is the best place to be simulated as
porous pavement, and the imperviousness will be
reduced to 38郾 5% from 86% , which confirmed that
porous pavement was a typical LID practice by
reducing the area imperviousness. Additionally, the
depression depth increased on the pervious area and
the stored water will infiltrated into groundwater instead
of becoming surface runoff. By increasing depression
depth, porous pavement can control the surface runoff
more efficiently. To compare the hydrological
performances of porous pavement with other LID
practices, the simulated porous pavement was located
in the LID area, and the porous pavement surface area
was only 5% impervious area and the depression depth
was only 9郾 5 cm, much smaller than the depression
depth of infiltration trench.
摇 As a result, when simulated with the same surface
area, the hydrological performance of porous pavement
controlled was not significant for all the rainfall events.
It can be seen from Tab. 5 that, the peak flow
reduction was 9郾 73% , reduced by 0郾 025 m3 / s. With
the increase of return periods, the reduced peak flow
increased to 0郾 079 m3 / s, which was small compared to
the value under “ developed uncontrolled冶 scenario.

Overall, peak flow reduction was 10% and varied by
return periods, without a certain increasing or
decreasing tendency. As far as the infiltrated runoff
was concerned, the infiltrated runoff were 13郾 36 cm
and 15郾 29 cm respectively for the 2鄄year and 100鄄year
rainfall event and little difference was observed. The
reason was that the surface area and depth of porous
pavement was small and had a limited control capacity.

Tab. 5摇 Hydrological regulation performances of porous

pavement at different reappearance periods

Return
periods /
year

Developed
uncontrolled
peak flow /

(m3·s - 1)

Porous Pavement
controlled
peak flow /

(m3·s - 1)

Peak flow
reduction /

%

Recharge
ratio /
%

2 0. 255 0. 230 9. 73 21. 59
5 0. 387 0. 353 8. 66 15. 98
10 0. 433 0. 388 10. 41 14. 91
20 0. 524 0. 467 10. 96 12. 93
50 0. 609 0. 543 10. 92 11. 61
100 0. 725 0. 646 10. 90 10. 24

摇 Fig. 5 displayed the hydrographs of scenarios of and
“ developed uncontrolled 冶 and “ porous pavement
controlled 冶. Fig. 5 reflected the hydrological
performances of porous pavement like Tab. 5. But it is
noted that, the pervious concrete material is
expensive, which costs more than detention pond,
infiltration trench and biortention cell. Additionally,
the retrofit area is generally the whole parking lot and
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the high cost has limited the development of porous
pavement. It has been an important research topic to

develop the porous concrete material with reasonable
price.

Fig. 5摇 Uncontrolled and porous pavement controlled hydrographs at different reappearance periods
摇

3. 4摇 Bioretention cell
摇 Same as infiltration trench, bioretention cell
controlled the runoff by infiltration. However, different
from infiltration trench, the structure of bioretention
cell was more complicated and root soil storage and
plant evapotranspiration were also included.
RECARGA, a model designed to simulate the water
movement of bioretention facilities was used to simulate
the hydrological performances of bioretention cell.
Peak flow reduction and recharge ratio for all the
rainfall events were summarized in Tab. 6. The results
showed that the peak flow reduction was 58郾 04% ,
reduced by 0郾 148 m3 / s for the 2鄄year rainfall event.
For the 100鄄year rainfall event, peak flow reduction
barely changed but the reduced peak flow was 0郾 389
m3 / s. Meanwhile, recharge ratio decreased with the
increase of return periods. For the 2鄄year and 10鄄year
rainfall event, the infiltrated runoff was 10郾 86 cm and
10郾 63 cm respectively and no obvious change was
observed.
摇 Peak flow reduction increased with the increase of
return period, however, no obvious change in recharge
ratio was noticed. The reason was that an underdrain
was set to guarantee the water stored in the bioretention
cell drain out within 48 hours for the 10鄄year rainfall
event. A large ratio of water will drain out through the
underdrain facility and can not infiltrate to the
groundwater, which will reduce the peak flow reduction
but not promote the infiltration.

Tab. 6摇 Hydrological regulation performances of
bioretention at different reappearance periods

Return
periods /
year

Developed
uncontrolled
peak flow /

(m3·s - 1)

Bioretention
cell controlled
peak flow /

(m3·s - 1)

Peak flow
reduction /

%

Recharge
ratio /
%

2 0. 255 0. 107 58. 04 17. 54
5 0. 387 0. 169 56. 33 14. 36
10 0. 433 0. 193 55. 43 11. 78
20 0. 524 0. 237 54. 77 10. 01
50 0. 609 0. 279 54. 19 8. 79
100 0. 725 0. 336 53. 66 7. 12

摇 Fig. 6 displayed the hydrographs for the scenarios of
“ developed unctrolled 冶 and “ bioretention cell
controlled冶. It can be seen from Fig. 6 that the
hydrographs displayed here were similar to the
hydrographs under the scenario of “ detention pond
controlled冶. The difference was that the hydrograph
controlled by bioretention cell was smoother due to the
fact that the outflow consisted underdrain flow and
surface overflow. The underdrain flow works the same
way as the orifice of detention pond, which determined
that part of the hydrograph was similar to the detention
pond. Surface overflow appeared when the runoff
flowing into the bioretention cell exceeded the ponding
depth. The hydrograph caused by surface flow was
smooth and accounted for most part of the outflow,
which made the hydrograph smooth. Compared with
other LID practices, bioretention cell also has
environment aesthetic function and significant pollutant
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Fig. 6摇 Uncontrolled and bioretention cell controlled hydrographs at different appearance periods
摇

removal function. It is also cheap compared with the
porous pavement. For the 2鄄year rainfall event, the
recharge ratio was only 17郾 54% , but it was still widely
used because most of the rainfall events are small ones.

4摇 Diccussion

摇 Further analysis about the impact of design elements
on the hydrological performances of LID practices
showed that, the efficient storage, which is the
maximum water the practice could store is the dominant
factor influencing the hydrological performances. When
the rainfall intensity exceeds the native soil infiltration
rate, the excessive rainfall will store in the facility and
then flows out or infiltrates into groundwater no matter
what specific design of LID practices are. As soon as
the efficient storage is filled, the rainfall will become
surface runoff. Results from this study showed that the
efficient storage for the infiltration trench, porous
pavement and bioretention cell were 744郾 48 m3,
80郾 37 m3 and 565郾 14 m3 respectively, and
consequently, infiltration trench, with the largest
efficient storage had the highest peak flow reduction
and recharge ratio, followed by bioretention cell and
porous pavement. The findings here is important in
guiding the construction of LID practices.
摇 Hydrological performances of LID practices also
relied on the area land cover, imperviousness, native
soil infiltration and duration, intensity of rainfall
events. In this study, only one rainfall type of SCS 域
with different magnitudes were discussed, how LID
practices perform under other factors needs further

research.

5摇 Conclusion

摇 (1) Designed with the same surface area, detention
pond performed best in peak flow reduction and
reduced peak flow decreased with increase of return
periods, followed by infiltration trench, bioretention
cell and porous pavement.
摇 (2) Designed with the same surface area,
infiltration trench performed best in infiltration and the
recharge ratio decreased with the increase of return
periods while the infiltrated runoff remained the same,
followed by bioretention cell and porous pavement.
摇 (3) The efficient storage, which is the maximum
water the practice could store is the dominant factor
influencing the hydrological performances.

References
[1]摇 JACOBSON C R. Identification and quantification of the

hydrological impacts of imperviousness in urban
catchments: a review [ J ]. Journal of Environmental
Management, 2011,92(6): 1438 - 1448.

[2]摇 WHITEA M D, GREER K A. The effects of watershed
urbanization on the stream hydrology and riparian
vegetation of Los Penasquitos Creek, California [ J ].
Landscape and Urban Planning, 2006,74 (2): 125 -
138.

[3]摇 RHEA L, JARNAGIN T, HOGAN D, et al. Effects of
urbanization and stormwater control measures on
streamflows in the vicinity of Clarksburg, Maryland, USA
[J]. Hydrological Processes, 2015,29 (20 ): 4413 -
4426.

8 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY摇 摇 摇 摇 摇 摇 摇 摇 2016



[4]摇 XING Zhenxiang, LIU Meixin, FU Qiang, et al. Analysis
of runoff variation and impacting factors in Naoli River
Basin [ J ]. Transactions of the Chinese Society for
Agricultural Machinery, 2015, 46 ( 9 ): 178 - 187. ( in
Chinese)

[5]摇 GUO Aijun, CHANG Jianxia, WANG Yimin, et al.
Variation characteristics of rainfall鄄runoff relationship and
driving factors analysis in Jinghe river basin in nearly 50
years[ J]. Transactions of the CSAE, 2015, 31 (14):
165 - 171. (in Chinese)

[6]摇 ZHANG Jianyun. The vital problems for the urbanization
and urban hydrology today [ J ]. Hydro鄄Science and
Engineering, 2012(1): 1 - 4. (in Chinese)

[7]摇 AHIABLAME L M, ENGEL B A, CHAUBEY I.
Effectiveness of low impact development practices:
literature review and suggestions for future research[ J].
Water Air and Soil Pollution, 2012,223 (7):4253 -
4273.

[8]摇 LEE J M, HYUN K H, CHOI J S. Analysis of the impact
of low impact development on runoff from a new district in
Korea[J]. Water Science and Technology, 2013,68(6):
1315 - 1321.

[9]摇 MARTIN鄄MIKLE C J, DE BERUS K M, JULIAN J P, et
al. Identifying priority sites for low impact development
(LID) in a mixed鄄use watershed [ J]. Landscape and
Urban Planning, 2015,140:29 - 41.

[10]摇 WILSON C E, HUNT W F, WINSTON R J, et al.
Comparison of runoff quality and quantity from a
commercial low impact and conventional development in
Raleigh, North Carolina[ J]. Journal of Environmental
Engineering, 2015,141(2):2910 - 2923.

[11]摇 DAMODARAM C, ZECHMAN E M. Simulation鄄
optimization approach to design low impact development
for managing peak flow alterations in urbanizing
watersheds[ J]. Journal of Water Resources Planning
and Management, 2015,139(3):290 - 298.

[12]摇 FASSMAN E A, BLACKBOURN S. Urban runoff
mitigation by a permeable pavement system over
impermeable soils [ J ]. Journal of Hydrologic
Engineering, 2010,15(6):475 - 485.

[13]摇 IGNECCO I, PALLA A, LANZA L G, et al. The role
of green roofs as a source / sink of pollutants in storm
water outflows [ J ]. Water Resources Management,
2013,27(14):4715 - 4730.

[14]摇 PAN Guoyan, XIA Jun, ZHANG Xiang, et al.

Research on simulation test of hydrological effect of
bioretention units [ J]. Water Resources and Power,
2012,30(5):13 - 15. (in Chinese)

[15]摇 LI Jiake, LI Ya, SHEN Bing, et al. Simulation of rain
garden effects in urbanized area based on SWMM [J].
Journal of Hydroelectric Engineering, 2014,33(4): 60 -
67. (in Chinese)

[16]摇 DAVIS A P. Field performance of bioretention: hydrology
impacts [ J]. Journal of Hydrologic Engineering, 2008,
13(2): 90 -95.

[17]摇 CHAPMAN C, HORNER R R. Performance assessment
of a street鄄drainage bioretention system [ J ]. Water
Environment Research, 2010, 82(2): 109 - 119.

[18]摇 PALLA A, GNECCO I. Hydrologic modeling of low
impact development systems at the urban catchment
scale[J]. Journal of Hydrology, 2015,528:361 - 368.

[19]摇 DAMODARAM C, GIACOMONI M, KHEDUN C P, et
al. Simulation of combined best management practices
and low impact development for sustainable stormwater
management[J]. Journal of the American Water Resources
Association, 2010,46(5):907 -918.

[20]摇 WANG Wenliang,LI Junqi,GONG Yongwei, et al. LID
stormwater control effect simulation based on SWMM
[J]. China Water & Wastewater, 2012,28(21):42 -
44. (in Chinese)

[21]摇 BURSZTA鄄ADAMIAK E, MROWIEC M. Modeling of
green roofs 爷 hydrologic performance using EPA 爷 s
SWMM[ J]. Water Science and Technology, 2013,68
(1):36 - 42.

[22]摇 SUN Yanwei, BA Duoduo,WANG Wenchuan, et al.
Global sensitivity analysis of runoff parameters of SWMM
model [ J ]. Transactions of the Chinese Society for
Agricultural Machinery, 2012, 43 (7 ): 42 - 49. ( in
Chinese)

[23]摇 LI Guifang, ZHENG Fenli, LU Jia, et al. Effects of
rainfall and topography on soil erosion processes of black
soil hillslope[J]. Transactions of the Chinese Society for
Agricultural Machinery,2015,46 (4):147 - 154,182.
(in Chinese)

[24]摇 YAN Qinghong, YUAN Cuiping, LEI Tingwu, et al.
Effect of rainstorm patterns and soil erosion control
practices on soil and water loss in small watershed on
loess plateau[J]. Transactions of the Chinese Society for
Agricultural Machinery,2014,45 (2):169 - 175. ( in
Chinese)

9No. 6摇 摇 Sun Yanwei, et al: Hydrological Regulation Performances of LID Practices Based on Different Rainfall Reappearance Periods



２０１６年 ６月 农 业 机 械 学 报 第 ４７卷 第 ６期

ｄｏｉ：１０．６０４１／ｊ．ｉｓｓｎ．１０００１２９８．２０１６．０６．０２３

基于不同重现期降水的 ＬＩＤ措施水文调控性能研究
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摘要：作为最典型的土地利用变化过程之一，城市化进程通过改变该地区的下垫面条件，改变了天然状态下的水文

机制，并进而产生一系列水环境问题。低影响开发（ＬＩＤ）的雨洪调控措施通过在源头上消纳径流，被视为解决城市

雨洪问题的新方法。通过 ＳＷＭＭ（Ｓｔｏｒｍｗａｔｅｒｍａｎａｇｅｍｅｎｔｍｏｄｅｌ）软件建立模型，对不同重现期降水的典型 ＬＩＤ措

施截流池、入渗带、透水性路面和生物滞留池进行了模拟。模拟结果表明，各 ＬＩＤ措施的调控性能随着降水重现期

的不同而产生明显的变化；随着降水量的增大，各措施的洪峰流量消减率及入渗补给率（截流池除外）均有不同程

度的下降，但洪峰流量消减量随着降水量的增大而增大，入渗量基本保持不变（截流池除外）；当采用相同的表面面

积设计时，滞留池的洪峰流量消减性能最好，入渗带的入渗补给性能最好；决定其调控性能最主要的因素本质上为

其“有效容积”，即各措施所能容纳的水量。

关键词：低影响开发；径流；ＳＷＭＭ；重现期
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ｐｏｒｏｕｓｐａｖｅｍｅｎｔａｎｄｂｉｏｒｅｔｅｎｔｉｏｎｃｅｌｌｗｅｒｅ７４４４８ｍ３，８０３７ｍ３ａｎｄ５６５１４ｍ３，ｒｅｓｐｅｃｔｉｖｅｌｙ．
Ｋｅｙｗｏｒｄｓ：ｌｏｗｉｍｐａｃｔｄｅｖｅｌｏｐｍｅｎｔ；ｒｕｎｏｆｆ；ＳＷＭＭ；ｒｅｔｕｒｎｐｅｒｉｏｄ

　　引言

城镇化建设中，土地利用形式的不同使得流域

下垫面发生了急剧的变化，透水性的农田及森林转

化为不透水性的路面，对水系及其所在流域的自然

水文循环造成严重的干扰、破坏，并由此引发了一系

列问题
［１－５］

，其中以洪涝灾害为典型代表的水资源

问题愈来愈突出
［６］
。基于此，美国马里兰州的普润

丝·乔治县于 ２０世纪 ９０年代提出了低影响开发
（Ｌｏｗｉｍｐａｃｔｄｅｖｅｌｏｐｍｅｎｔ，ＬＩＤ）的设计策略，通过一
系列分布式的雨洪调控措施创造与天然状态下功能

相当的水文和土地景观，从而实现雨洪调控和生态

环境保护的双重功能
［７－１１］

。目前，国内外 ＬＩＤ措施
的研究主要为生物滞留池、绿色屋顶和透水性路面，

并基于实验室尺度、住宅社区或者停车场为主的小

尺度以及模型模拟方法对其水文调控性能、设计方

法进行了实测及模拟研究
［１０－１５］

。虽然 ＬＩＤ措施的
研究已经相对深入，但目前国内外还是主要对 ＬＩＤ
措施在特定降水条件下的水文调控性能进行分析，

缺乏对降水特征以及降水量的分析
［１６－２１］

。因此，

从不同重现期降水的角度出发，分析探讨各 ＬＩＤ
措施的雨洪调控性能随降水量的变化情况，可深

入认识其水文调控性能，并能启发城市排涝防洪

系统的设计。

本文以位于美国堪萨斯州 Ｌｅｎｅｘａ市的一个停
车场为例，通过设置不同的 ＬＩＤ措施，采用具有不
同重现期的单个降水事件，利用能够反映不同土

地利用情景的 ＳＷＭＭ软件，针对 ＬＩＤ典型措施中
的截流池、入渗带、生物滞留池和透水性路面建立

模型，从流量过程线的形状、入渗以及洪峰流量等

方面来揭示不同 ＬＩＤ措施对不同重现期降水的水
文响应。

１　研究区概况

研究区位于美国堪萨斯州 Ｌｅｎｅｘａ市 Ｇｉｌｌｅｔｔｅ街
道和 Ｗ８７ｔｈ街道附近，是一个主要由停车场和建筑
物构成的不透水性面积比例极高的区域，如图 １所
示。研究区面积为００１７ｋｍ２，不透水性面积比例为
８６％，区域坡度为１％，土壤主要为透水性系数比较
低的粘土。目前，该研究区已建有一个截流池，根据

Ｌｅｎｅｘａ市的要求，该截流池将在原有的基础上进行
扩建改造，使其在能够容纳水质控制体积（Ｗａｔｅｒ
ｑｕａｌｉｔｙｃａｐｔｕｒｅｖｏｌｕｍｅ）的基础上，可以对更大的径
流量进行调蓄处理。原有截流池面积为 ２１８ｍ２，拟
扩建后的截流池面积为 ８４６ｍ２，几乎占据了研究区
可利用的全部面积。在对研究区土壤情况和各调控

措施的适宜修建条件进行分析的基础上，根据研究

区域的坡度及径流走向，使各调控措施能充分接纳

场地所产径流，并充分考虑用地情况，选定位于区域

下方的开放性绿地作为各调控措施模拟的区域，并选

定截流池、入渗带、生物滞留池和透水性路面作为拟模

拟ＬＩＤ的调控措施，其径流出口与市政雨水管网系统
相连。除此之外，研究区为 Ｌｅｎｅｘａ市《Ｌｅｎｅｘａ市截流
池报告》中一个汇水子区域，且已经建立有 ＳＷＭＭ模
型并已根据实测数据进行了校核，因此，选取该区为研

究区域，可以节约模型建立和校核的时间。

２　模型模拟

２１　ＳＷＭＭ 模型简介
ＳＷＭＭ首次被美国环保署（ＥＰＡ）于 １９７１年提

出，是基于单个降水事件或者长期降水序列的降水

径流模拟软件，通过气象要素、地表要素、含水层要

素和传输要素４个环境要素来实现对城市发展区域
的水量或水质的动态模拟。在产汇流方面，ＳＷＭＭ
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图 １　研究区地理位置

Ｆｉｇ．１　Ｌｏｃａｔｉｏｎｏｆｓｔｕｄｙａｒｅａ
　

利用 Ｈｏｒｔｏｎ、Ｇｒｅｅｎ Ａｍｐｔ和 Ｃｕｒｖｅｎｕｍｂｅｒ３种入渗
模型实现区域降水的入渗；并在水流连续性方程及

曼宁公式的基础上，通过建立一个非线性水库来模

拟径流的形成过程；利用稳定流法、动态波法和

Ｋｉｎｅｍａｔｉｃ法模拟汇流过程［２２］
。

由于其强大的功能，ＳＷＭＭ目前已经在世界范
围内城市排水系统设计以及雨洪调控措施的设计和

计算方面得到了广泛的应用。

２２　降水量及蒸发量
降水量及降水特征的不同对于产汇流的影响非

常大
［２３－２４］

。为了体现不同重现期降水对各 ＬＩＤ措
施调控性能的影响，拟采用重现期为 ２、５、１０、２０、
５０、１００ａ的单个降水事件对各调控措施的性能进行
分析 比 较。美 国 国 家 气 象 资 料 中 心 （Ｎａｔｉｏｎａｌ
ｃｌｉｍａｔｉｃｄａｔａｃｅｎｔｅｒ，ＮＣＤＣ）记录了距研究区 １９ｋｍ
处 Ｋａｎｓａｓ市国际机场自 １９４８年 ８月—２０１４年 １２
月间隔为小时的降水数据，其监测 站 站 号 为

２３４３５９。在对降水数据进行频率、历时、强度等降
水特征分析的基础上，从对雨洪调控措施最不利的

角度出发，确定研究区的降水类型主要为 ＳＣＳＩＩ型
分布，其中，重现期２、５、１０、２０、５０、１００ａ的降水量分
别为９１、１２５、１３７、１５６、１７４、１９７ｃｍ。由于针
对单个降水事件进行模拟，因此，蒸发量采用美国国

家 海 洋 及 管 理 协 会 （Ｎａｔｉｏｎａｌ ｏｃｅａｎｉｃ ａｎｄ
ａｄｍｉｎｉｓｔｒａｔｉｏｎａｓｓｏｃｉａｔｉｏｎ，ＮＯＡＡ）记录的全年蒸发量
的平均值，为５１ｍｍ／ｄ。
２３　ＳＷＭＭ 子区域的输入参数

依据已建且校核后的 ＳＷＭＭ模型，未添加任何
ＬＩＤ措施的子区域输入参数如表 １所示。当采用
ＬＩＤ措施进行模拟时，其区域面积为原来的面积减
去调控措施的面积，为００１６ｋｍ２。
２４　模拟情景

对各 ＬＩＤ措施的调控性能进行分析需要将其与
区域没有采取任何调控措施情景下的结果进行对

比，因此，针对研究区拟模拟的雨洪调控措施，共设

定５种情景，分别为：无调控措施、截流池调控、入渗

表 １　ＳＷＭＭ 模型主要输入参数

Ｔａｂ．１　ＭａｉｎｉｎｐｕｔｐａｒａｍｅｔｅｒｓｏｆＳＷＭＭ

参数 数值

面积／ｋｍ２ ００１６

不透水性面积比例／％ ８６

区域宽度／ｍ １２０

平均坡度／％ １

不透水区域的积水深度／ｃｍ ０１５

透水区域的积水深度／ｃｍ １２７

最大入渗速率／（ｃｍ·ｈ－１） １１４３

Ｈｏｒｔｏｎ入渗参数 最小入渗速率／（ｃｍ·ｈ－１） ０７６

消减系数 ４１４

带调控、透水性路面调控和生物滞留池调控。通过

对各调控措施建立 ＳＷＭＭ模型，模拟其不同降水重
现期下历时２４ｈ、时间间隔为 １ｍｉｎ的产汇流过程，
并绘制其流量过程线，得到其洪峰流量及峰现时间。

各模拟情景的具体描述如下：

（１）无调控措施：对现状不采取任何雨洪调控
措施的研究区进行模拟。其中，研究区为高密度的

商业区域，不透水性面积比例为８６％。
（２）截流池：在该种情景下，研究区的产流最后

汇到位于 ＬＩＤ措施模拟区的截流池中。截流池是一
种典型的暂时存放雨水，再以一定流量排向排泄管

道的蓄流装置。在本研究中，截流池采取其典型设

计，即在 ４８ｈ内能流出重现期 １００ａ降水的产流。
截流池的表面积为 ８４６ｍ２，最大深度为 ２２ｍ。其
中，截流池在 ＳＷＭＭ中的模拟如图２ａ所示。

（３）入渗带：在该种情境下，研究区的产流最后
汇到位于 ＬＩＤ措施模拟区的入渗带中。入渗带是一
个由卵石填充的狭长区域，用来对径流实现储存和

入渗。入渗带在 ＳＷＭＭ中的模拟可以通过一个
１００％透水性区域得以实现。本研究中，入渗带被模
拟为一个面积为 ８４６ｍ２的 １００％透水性子区域，其
厚度用可透水性区域的积水深度来表示。为了达到

比较的目的，模拟入渗带的深度与截流池的深度相

同，均为２２０ｍ，入渗带的孔隙度为 ０４０，则实际积
水深度为０８８ｍ。入渗带在 ＳＷＭＭ中的模拟示意
图如图２ｂ所示。

（４）透水性路面：根据透水性路面的适宜安装
区域，研究区中停车场可进行透水性铺装；该区域与

其他３种措施所在区域不同。为了分析当不同措施
具有相同设计表面面积时其水文调控性能的不同，

从模型模拟及可比性的角度出发，在 ＬＩＤ措施模拟
区进行了透水性路面的模拟，其厚度为 １５８ｃｍ。
在该情景下，研究区产流最后汇到位于 ＬＩＤ措施模
拟区的透水性路面中。由于透水性路面的材料为大

分子混凝土，其孔隙度为 ０６０，则实际积水深度为
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图 ２　各调控措施在 ＳＷＭＭ中的模拟

Ｆｉｇ．２　ＭｏｄｅｌｉｎｇｏｆｅａｃｈｒｅｇｕｌａｔｉｏｎｐｒａｃｔｉｃｅｓｉｎＳＷＭＭ
　
９５ｃｍ。透水性路面在 ＳＷＭＭ中的模拟也通过一
个透水性为１００％的区域实现，如图２ｃ所示。

（５）生物滞留池：在该情景下，研究区的产流最
后流入到位于 ＬＩＤ措施模拟区的生物滞留池中。其
中，生物滞留池的设计参数如表 ２所示。考虑到生
物滞留池内水分运动的复杂性，首先利用 ＳＷＭＭ生
成进入生物滞留池的径流序列，之后在专门进行生

物滞留池设计和模拟的软件 ＲＥＣＡＲＧＡ中对生物滞
留池内的水分运动进行模拟，最后将其结果嵌入到

ＳＷＭＭ中进行分析。

表 ２　生物滞留池的设计参数

Ｔａｂ．２　Ｄｅｓｉｇｎｐａｒａｍｅｔｅｒｓｏｆｂｉｏｒｅｔｅｎｔｉｏｎｃｅｌｌ

参数 数值

表面积／ｍ２ ８４６

积水深度／ｃｍ １５

根系层饱和入渗率／（ｃｍ·ｈ－１） ６１２

根系层深度／ｃｍ １２２

砂砾层饱和入渗率／（ｃｍ·ｈ－１） １５０

砂砾层厚度／ｃｍ ３０

天然土壤饱和入渗率／（ｃｍ·ｈ－１） ２１０１

３　水文效应分析

选用重现期分别为２、５、１０、２０、５０、１００ａ的单个
降水事件对各 ＬＩＤ措施调控下的水文效应分析，主
要包括对流量过程线的形状、洪峰流量消减率以及

入渗补给比例分析。其中，洪峰流量消减率为经各

措施调控后的洪峰流量减小量占区域无调控措施下

所产生的洪峰流量的比例；入渗补给比例为各措施

入渗补给的水量占区域总地表径流量的比例。

３１　截流池
表３为不同重现期降水下截流池洪峰流量消减

率的模拟计算结果。表 ３表明，截流池具有较好的
洪峰流量消减效果。当降水的重现期为 ２ａ时，其
洪峰流量消减率为 ６８１１％，消减量为 ０１７４ｍ３／ｓ；

当降水的重现期为 １００ａ时，洪峰流量消减率为
３９４１％，消减量０２３５ｍ３／ｓ。随着降水重现期的增
大，洪峰流量消减率逐渐减小，这是因为较大重现期

降水所产生的洪峰流量也较大，但是，其洪峰流量的

消减量也逐渐增大，说明其调控性能随着降水的增

大而增大。同样以重现期 １００ａ的降水为例，经截
流池调控后，其洪峰流量接近重现期为 １０ａ的降水
无调控下的值。表明当采用约占区域不透水性面积

比例５％的区域修建截流池时，在合适的设计下，截
流池能将重现期为１００ａ降水的洪峰流量消减至重
现期为１０ａ的洪峰流量。由于截流池本身不具备
入渗补给功能，而是通过其出流设施对径流量进行

调控，因此，截流池本身并不能减小地表径流总量。

表 ３　不同重现期降水下截流池洪峰流量消减率
Ｔａｂ．３　Ｐｅａｋｆｌｏｗｒｅｄｕｃｔｉｏｎｏｆｄｅｔｅｎｔｉｏｎｐｏｎｄａｔ

ｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

重现

期／ａ

无调控下洪峰流

量／（ｍ３·ｓ－１）

截流池调控后洪峰

流量／（ｍ３·ｓ－１）

洪峰流量

消减率／％

２ ０２５５ ００８１ ６８１１

５ ０３８７ ０１８２ ５２９７

１０ ０４３３ ０２１４ ５０５２

２０ ０５２４ ０２８８ ４５０４

５０ ０６０９ ０３５１ ４２３６

１００ ０７２５ ０４３９ ３９４１

　　图３为不同重现期降水下经截流池调控和无调
控措施的流量过程曲线。图 ３表明，当降水的重现
期为２ａ时，经截流池调控后的流量过程线曲线比
较平缓，且有一个明显的洪峰流量延时。随着降水

重现期的增大，其流量过程曲线在形状上与无调控

措施相似，上升与下降的坡度逐渐变陡。整体而言，

对于各个重现期的降水而言，当无调控措施下径流

流量为零时，截流池调控后的径流流量仍旧将以一

个较小的值持续更长的时间。

３２　入渗带
表 ４为不同重现期设计降水下，入渗带的洪峰
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图 ３　不同重现期降水下截流池调控与无调控措施的流量过程曲线

Ｆｉｇ．３　Ｕｎｃｏｎｔｒｏｌｌｅｄａｎｄｄｅｔｅｎｔｉｏｎｐｏｎｄｃｏｎｔｒｏｌｌｅｄｈｙｄｒｏｇｒａｐｈｓａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ
　

流量消减率和入渗补给比例。由表 ４可知，当设计
降水的重现期为 ２ａ时，其洪峰流量消减率为
７３６７％，消减量为 ０１８８ｍ３／ｓ；该值高于用截流池
进行调控时的洪峰流量消减率及消减量。但是，随

着降水量的增大，对于重现期 ５ａ及其他重现期的
降水而言，其洪峰流量消减率则低于截流池。究其

原因在于入渗带主要通过暂时储存以及天然土壤的

入渗来达到洪峰流量消减的目的，因此，当降水强度

较小且与天然土壤入渗速率的差别较小时，其洪峰

流量消减率较大；当降水强度较大且超出天然土壤

的入渗速率时，入渗带无法容纳更多水量时，其洪峰

流量的消减率变小，因此，入渗补给水量相应变小。

入渗补给比例随着降水重现期的增大而减小，入渗

水量基本保持不变。其原因在于对于重现期为 ２ａ
的降水，所产生的径流总量已经超出入渗带所能容

纳的总水量。虽然当天然土壤入渗速率较小时，入

渗带的洪峰流量消减率在对大的降水事件不如截流

池，但是，入渗带可以促进入渗补给地下水，且降水

表 ４　不同重现期降水下入渗带调控性能

Ｔａｂ．４　Ｈｙｄｒｏｌｏｇｉｃａｌｒｅｇｕｌａｔｉｏｎｐｅｒｆｏｒｍａｎｃｅｓｏｆ

ｉｎｆｉｌｔｒａｔｉｏｎｔｒｅｎｃｈａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

重现

期／ａ

无调控下

洪峰流量／

（ｍ３·ｓ－１）

入渗带调控

后洪峰流量／

（ｍ３·ｓ－１）

洪峰流量

消减率／％

入渗补给

比例／％

２ ０２５５ ００６７ ７３６７ ６３４２

５ ０３８７ ０２１４ ４４７０ ４３９２

１０ ０４３３ ０２６７ ３８３０ ４１６６

２０ ０５２４ ０３８３ ２６９１ ３３９６

５０ ０６０９ ０５００ １７９０ ２９７１

１００ ０７２５ ０６３２ １２８４ ２７３１

中的大部分事件为小降水事件，因此，在对地下水入

渗有要求的区域，入渗带仍不失为一种良好的雨洪

资源调控措施。

图４为不同重现期降水下经入渗带调控和无调
控措施所产生的流量过程曲线。入渗带调控机理与

截流池不同，因此，其流量过程曲线与截流池也有显

著的不同。由图４可以看出，经入渗带调控后，其初
始流量一直为零，直到达到某一时刻，其流量瞬间上

升，此后，其流量过程曲线形状与无调控措施一致。

其原因在于入渗带的模拟是通过一个 １００％透水性
的区域来实现的，在透水性区域的可积水深度被填

满之前，所有径流用以填充入渗带中卵石的空隙，而

不产生地表径流；当区域的可积水深度被填满以后，

其入渗速率为天然土壤饱和入渗速率，且产生径流

的机制与无调控措施下产流的机制完全相同；除此

之外，无调控措施下区域的入渗速率在此时也趋于

其天然土壤饱和入渗速率，这是经入渗带调控后的

流量过程曲线与区域无调控措施下的流量过程曲线

在降水后半时段类似的原因。

３３　透水性路面
透水性路面实际上是将不透水性区域转化为透

水性区域的设计，同时提高了透水性区域的积水深

度。若从实际情况出发，将该停车场修建为透水性

路面，则其不透水性面积比例由原来的 ８６％降低为
３８５％，是典型的通过降低区域的不透水性面积比
例减小径流量的调控方式。除此之外，由于该部分

区域的可积水深度增加，其所容纳的水量将主要通

过入渗的方式补给地下水，而不形成地表径流，这也

是透水性路面对径流进行调控的另一个主要因素。
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图 ４　不同重现期降水下入渗带调控与无调控措施的流量过程曲线

Ｆｉｇ．４　Ｕｎｃｏｎｔｒｏｌｌｅｄａｎｄｉｎｆｉｌｔｒａｔｉｏｎｔｒｅｎｃｈｃｏｎｔｒｏｌｌｅｄｈｙｄｒｏｇｒａｐｈｓａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ
　
为了与其他措施进行对比，本研究模拟的透水性路

面面积仅为不透水性面积的 ５％，且其可积水深度
仅为９５ｃｍ，远远小于入渗带的可积水深度，因此，
当采用相同表面面积设计时，透水性路面的水文调

控性能无论是针对较大降水事件还是较小降水均不

显著。由表５可以看出，对于重现期为 ２ａ的降水
而言，其洪峰流量消减率为 ９７３％，消减量为
００２５ｍ３／ｓ，随着降水重现期的增大，消减量由
００２５ｍ３／ｓ增加至 ００７９ｍ３／ｓ，虽然就其本身而言
增加幅度较大，但与无调控措施下的洪峰流量相比

仍然较小，因此，其洪峰流量消减率依不同重现期降

水而有所不同，约为 １０％，并未呈现确定的上升或
者下降规律。同样，对于入渗水量而言，当重现期为

图 ５　不同重现期降水下透水性路面调控与无调控措施的流量过程曲线

Ｆｉｇ．５　Ｕｎｃｏｎｔｒｏｌｌｅｄａｎｄｐｏｒｏｕｓｐａｖｅｍｅｎｔｃｏｎｔｒｏｌｌｅｄｈｙｄｒｏｇｒａｐｈｓａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

２ａ时，该值为１３３６ｃｍ，重现期为 １００ａ时，该值为
１５２９ｃｍ，变化幅度不大；其原因在于透水性路面的

表 ５　不同设计降水下透水性路面的调控性能

Ｔａｂ．５　Ｈｙｄｒｏｌｏｇｉｃａｌｒｅｇｕｌａｔｉｏｎｐｅｒｆｏｒｍａｎｃｅｓｏｆ

ｐｏｒｏｕｓｐａｖｅｍｅｎｔａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

重现

期／ａ

无调控下

洪峰流量／

（ｍ３·ｓ－１）

透水性路面调

控后洪峰流量／

（ｍ３·ｓ－１）

洪峰流量

消减率／％

入渗补给

比例／％

２ ０２５５ ０２３０ ９７３ ２１５９

５ ０３８７ ０３５３ ８６６ １５９８

１０ ０４３３ ０３８８ １０４１ １４９１

２０ ０５２４ ０４６７ １０９６ １２９３

５０ ０６０９ ０５４３ １０９２ １１６１

１００ ０７２５ ０６４６ １０９０ １０２４

铺设面积和厚度较小，因此，所能调控的水量有限。

图５为不同设计降水下经透水性路面调控和无
调控措施下的流量过程曲线。与表 ５所对应，其流
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量过程曲线同样反映了透水性路面的调控性能。但

需说明的是，透水性路面所用的透水性混凝土材料

比较昂贵，其造价远远高于截流池、入渗带以及生物

滞留池，且其修建面积往往是整个停车场，因此，高

修建成本很大程度地限制了透水性路面的发展，为

此研究造价合理的透水性材料将成为透水性路面一

个重要的研究方向。

３４　生物滞留池
虽然生物滞留池与入渗带一样，主要通过入渗

作用对径流进行调节，但是，与入渗带不同的是，生

物滞留池的结构较为复杂，除入渗作用外，还包括作

物根区土壤的储水作用以及植物的蒸发蒸腾作用。

因此，采用 ＲＥＣＡＲＧＡ软件对生物滞留池的水分运
动进行计算，各重现期降水下的洪峰流量消减率以

及入渗补给比例模拟计算结果见表 ６。由表 ６可
知，对于重现期为２ａ的降水而言，其洪峰流量消减
率为５８０４％，消减量为 ０１４８ｍ３／ｓ，当降水重现期
为１００ａ时，洪峰流量消减率变化不大，但消减量达
到了０３８９ｍ３／ｓ。与此同时，入渗补给比例随着降
水重现期的增大而减小；当降水重现期为 ２ａ时，其
入渗水量为１０８６ｃｍ，当降水重现期为１００ａ时，其入
渗水量为１０６３ｃｍ，入渗水量并未发生大的变化。

图 ６　不同重现期降水下生物滞留池调控与无调控措施的流量过程曲线

Ｆｉｇ．６　Ｕｎｃｏｎｔｒｏｌｌｅｄａｎｄｂｉｏｒｅｔｅｎｔｉｏｎｃｅｌｌｃｏｎｔｒｏｌｌｅｄｈｙｄｒｏｇｒａｐｈｓａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

生物滞留池的洪峰消减性能随着降水重现期的

增大而增大，但是其入渗性能并未发生显著变化。

其原因在于，在本研究所模拟的生物滞留池中，为了

保证生物滞留池能对重现期为 １０ａ的降水在 ４８ｈ
内排出，设置了排水孔，因此，当进入到生物滞留池

的水量较大时，很大一部分水量会通过排水孔排出，

这也是导致生物滞留池设置排水孔时能有效降低洪

峰流量而不增加入渗水量的原因。

表 ６　不同设计降水下生物滞留池的调控性能

Ｔａｂ．６　Ｈｙｄｒｏｌｏｇｉｃａｌｒｅｇｕｌａｔｉｏｎｐｅｒｆｏｒｍａｎｃｅｓｏｆ

ｂｉｏｒｅｔｅｎｔｉｏｎａｔｄｉｆｆｅｒｅｎｔｒｅａｐｐｅａｒａｎｃｅｐｅｒｉｏｄｓ

重现

期／ａ

无调控下

洪峰流量／

（ｍ３·ｓ－１）

生物滞留池调

控后洪峰流量／

（ｍ３·ｓ－１）

洪峰流量

消减率／％

入渗补给

比例／％

２ ０２５５ ０１０７ ５８０４ １７５４

５ ０３８７ ０１６９ ５６３３ １４３６

１０ ０４３３ ０１９３ ５５４３ １１７８

２０ ０５２４ ０２３７ ５４７７ １００１

５０ ０６０９ ０２７９ ５４１９ ８７９

１００ ０７２５ ０３３６ ５３６６ ７１２

　　图６为经生物滞留池调控和无调控措施下的流
量过程曲线。由图 ６可以看出，生物滞留池调控后
的流量过程曲线在形状上与截流池比较接近，不同

之处在于生物滞留池调控后的流量过程曲线形状相

比截流池更为圆滑，其主要原因为经生物滞留池调

控后的流量由两部分组成，一部分是经过排水孔流

出的水量，另一部分为表面溢出水量。其中，经过排

水孔流出的径流，其模拟原理与截流池中的孔是类

似的，该部分决定了其流量过程线形状与截流池有

相似的部分。表面溢出水量是当进入生物滞留池的

径流超出其积水深度时由生物滞留池的表面直接流

出的水量。该部分水量所形成的流量过程曲线相对

比较平缓，且占据生物滞留池溢出水量的主要部分，

因此决定了生物滞留池径流曲线总体比较平缓。相

比较其他 ＬＩＤ调控措施，生物滞留池同时还具有环
境美化功能和显著的污染物移除功效，且相比较透

水性路面而言，造价较低。虽然对重现期 ２ａ降水，
其入渗补给比例仅为 １７５４％，但是，由于降水事件
的大部分均为降水量较小的事件，因此，生物滞留池
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目前仍然是应用最为广泛的 ＬＩＤ调控措施。

４　讨论

对各调控措施的调控性能及设计要素进行深入

分析可知，决定其调控性能最主要的因素本质上为

其“有效容积”，即各措施所能容纳的水量。当降水

强度超出研究区的天然土壤入渗速率时，不管各措

施的具体构造如何，多余的水量必然会储存在措施

内部，这一部分水会依据构造的不同进行入渗或排

出；超出其“有效容积”所容纳的水量将会直接形成

地表径流。本研究结果表明，截流池的 “有效容积”

为１８６１２０ｍ３，是４种措施中最大的，因此，其洪峰
流量消减性能最好。入渗带、透水性路面和生物滞

留池的“有效容积”分别为 ７４４４８ｍ３、８０３７ｍ３、
５６５１４ｍ３，因此，与其相对应，在这 ３种措施中，洪
峰流量和入渗性能最好的为入渗带，其次为生物滞

留池和透水性路面。在 ＬＩＤ各措施适宜的前提条件
下，本结论对于基于水文调控性能的 ＬＩＤ措施修建
具有指导意义。

ＬＩＤ措施的水文调控性能除了与其本身设计有
关外，还与区域下垫面因素、不透水性面积比例、区

域天然土壤的饱和入渗速率、以及降水的历时、强度

等特征密切相关；本研究分析了在 ＳＣＳＩＩ型分布
下，ＬＩＤ措施随降水量的变化情况，但各 ＬＩＤ措施针
对不同降水特征、在不同下垫面条件下的调控性能

仍需进一步深入的研究。

５　结论

（１）当设计表面面积相同时，截流池的洪峰流
量消减性能最为显著，洪峰消减量随着降水重现期

的增大而增大；其次为入渗带、生物滞留池和透水性

路面。

（２）当设计表面面积相同时，入渗带的入渗性
能最好，入渗比例随降水重现期的增大而减小，入渗

水量基本保持不变；其次为生物滞留池和透水性路

面。

（３）决定各措施调控性能最主要的因素本质上
为其“有效容积”，即各措施所能容纳的水量。
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