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ABSTRACT

Applying green stormwater infrastructure (GSI) to Tianjin University campus landscaping can not only
reduce the negative impact of water runoff, but also improve the landscape environment for students.
The campus also faces the risk of flooding, like other parts of the city of Tianjin, China. Different GSI
layouts may be able to change the effective impervious area (EIA) without changing the total
impervious area. Therefore, a reasonable GSI layout is critical for the efficiency of rainwater and flood
management. Taking the Youth Lake area of Tianjin University as our research object, we set three
scenarios separately, based on the storm water management model (SWMM), so the EIA area decreases
thanks to an optimized GSI layout. Runoff and concentration models of scenarios under different
rainstorm return periods were established by combining geographic information system with SWMM.
Based on runoff analyses, peak discharge, peak times and the hydrological response of various drainage
outlets in the diverse scenarios, we found that runoff can be reduced over 20% by only using GSI of
10 cm depth sunken green space and permeable pavement. If linear measurement of GSI such as a
planting ditch, blind pipe and drainage pipe continue to be used to connect the impervious area with
surrounding green space, the hydrological response will be further weakened, especially when the linear
GSI is not placed parallel to the runoff direction. The same results as found by other studies leads us to
conclude that following rainstorm events, upgrading weakens GSI control ability, even though GSI
layout optimization was completed. We proved the key optimization strategy for GSI layout is
intervention regarding runoff direction. Although campus needs a large concentrated hardened area to
meet needs of students’ daily activities; selection of GSI suitable for shape and location, especially
using linear measures, can reduce EIA, accelerating the runoff attenuation process and reducing the
campus flood risk.

Keywords: campus landscape reconstruction, green stormwater infrastructure (GSI), layout
optimization, effective impervious area (EIA), hydrological response, storm water management model
(SWMM).

1 INTRODUCTION

In China, stormwater management technology is known as “sponge city” construction. Some
universities have taken the lead in using green stormwater infrastructure (GSI) to cope with
drainage problems and improve the quality of their landscape environment [1]-[5]. By
simulating natural hydrological processes, GSI can improve the water permeability and
rainwater storage capacity of catchment areas, and increase the attenuation process for
rainwater runoff. That is helpful to reduce the discharge and delay the flood peak. The
renovation of campus landscapes provides an opportunity for GSI application, which can
then provide reference for the development of cities and regions, in terms of making
environmental policies [6], [7].

A variety of methods have been used in campus landscape design, guided by stormwater
management, including the innovation and installation of new water storage areas [8]; the
designing of the green roof, green wall, rain garden and other ecological landscaping [9]; and
the selection and application of drought and waterlog-tolerant plants [10]. Those are effective
ways to solve campus rainwater issues. The application of GSI to these campus landscapes
mainly focuses on the type, quantification, materials and landscape morphology; as they
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directly affect runoff infiltration capacity. Yet application of GSI still lacks more detailed
consideration on how to arrange and apply it properly.

Runoff and confluence in part of the impervious areas can result in flooding pressure [11].
But such a problem can be eliminated by improving the connectivity of impervious
underlying surfaces, and reducing the number and areas of EIA [12]. In addition, campus
landscape design needs to take both functions and ecological protection into consideration
[13], to provide a better environment for students. The application of GSI and its optimized
layout can improve ecological resilience to a certain extent, while at the same time, solve the
rain and flood problems. With the deepening of our research, we need more accurate
quantitative models to guide the practice of landscape design [14]. During campus rainwater
management, it is necessary to complete a system simulation and special evaluation of
rainfall, runoff, site infiltration capacity, water storage capacity [15] and water quality change
[4], so that the measure’s effect can be predicted. Previous studies show that EIA can explain
the green space system layout for urban stormwater control [16]. Besides, the storm water
management model (SWMM) is also an excellent model software for urban stormwater
layout simulation with Low Impact Development (LID) [17], [18]. Although the dimension
of the campus area is relatively smaller than an urban area, it could be more accurate to
simulate the details of site drainage and cope with the rain and flood issues purposefully, by
combining the Geographic Information System (GIS) with SWMM [19]-[22].

In order to get the GSI layout strategy to improve stormwater management efficiency by
controlling the runoff path and reducing EIA, we performed this study. Under the same land
use status, three scenarios with EIA reduced in turn were run in SWMM. By comparing the
results of the hydrological response, the efficiency of stormwater management in the three
scenarios was judged, and the optimization strategy for GSI was obtained.

2 STUDY AREA

The past decades saw the reconstruction of the old campus of Tianjin University. A large
number of ponds on the campus were filled in and the ground was hardened. There are only
four large ponds left, built into artificial lakes: Jingye Lake, Aiwan Lake, Youyi Lake and
Youth Lake, the largest and deepest. The drainage outlets of the first three lakes are connected
in series, and this water could finally discharge into Youth Lake. The outlet for Youth Lake
is directly connected with the municipal drainage network [10]. In this way, the drainage of
campus during flood season is guaranteed.

Along with elevation data, the current drainage network and roads data supported by GIS,
the relatively independent and complete catchment area with Youth Lake at the center is
delineated as our research area (Fig. 1(a)). This area is located in the north of the campus,
having an area of about 21 hectares. The area’s green rate is only about 17%, where green
space is relatively scattered. The western and northern sections of the area are dormitory
areas, while the southeast part is close to the teaching and research area. The whole area is
frequently used and crowded. As the main area for student activities, a large area of
centralized hard ground is required. Therefore, the Youth Lake area has the largest number
of waterlogging spots throughout the campus in the flood season, which urgently need
landscape renovation to ensure functionality of the site and improve site drainage.

3 DATA AND METHODS
To accurately obtain the production and concentration zoning of the study area, computer-
assisted drafting (CAD) terrain data and rainwater pipe network information of Tianjin
University were used as data sources. Through Watered Tool and Thiessen Method in
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Figure 1:  (a) Plan of Youth Lake area within the old campus of Tianjin University; (b)—(e)
Identification of sub-catchments of our study area by GIS.

ArcGIS, combined with building location and elevation data, the water separation effect of
buildings on the actual terrain was restored (Fig. 1(b)). Then we simulated runoff and
confluence (Fig. 1(c)). Finally, the boundary of the sub-catchment area was modified by
green space and water body (Fig. 1(d)), and the whole research area was divided into 59 sub-
catchment areas (Fig. 1(e)), with geometric properties added.

3.1 SWMM settings

Based on the site confluence situation found by multiple field explorations in different
quarters, combined with the existing underground network data, the GIS data information for
the sub-catchment area was imported into SWMM. A generalized model of the whole Youth
Lake area was formed, made up of 59 sub-catchment areas, 34 nodes and six rainwater
outlets, connected with 34 pipe sections, respectively (Fig. 2). Due to differences between
the design flood level of Youth Lake and the ground elevation of the campus, and because
the waters can be connected to the municipal pipe network, our model does not consider the
existence of rainstorm overflow or backflow of the external pipe network into the lake.

We needed, for SWMM runoff simulation, a large number of input parameters: Most of
the parameters used to define the characteristics of the surface and rainwater drainage
network can be imported into SWMM in the form of a TXT file from GIS data; other
parameters referring to the SWMM model were entered manually from existing research on
SWMM modeling in Tianjin city [23], [24]. The Horton formula was used for infiltration
calculation and the flow volume was calculated by dynamic wave method.

3.2 Design for rainfall

According to “Tianjin sponge city construction technical guidelines” [25], the Chicago
rainstorm type is used in the design of rainstorm type. Considering our campus environment,
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Figure 2: Generalized model of production and concentration in our study area.
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Figure 3: Design of 2-hour rainstorm within different return periods.

especially the living area, requires a higher level of rain and flood safety, so test rainfall was
designed as follows: rainfall duration is for two hours and the return periods were 5, 10 and
20 years, respectively. Based on the above input parameters, the design of rainfall patterns
with different return periods were obtained (Fig. 3).
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3.3 Scenario scheme

The common GSI measures, such as sunken green space, permeable pavement, biological
retention facilities and grass planting ditches were selected to design three scenarios of runoff
pathways. The current situation of land used in the study area was basically unchanged, to
ensure adequate transportation and activity space for students. Situation descriptions:

S1. Current situation (Table 1, S1).

S2. GSI transformation scenario (Table 1, S2).

Adbhering to the principle of not affecting the study area’s functions, all the green spaces,
including the roadside tree pool were changed into sinking green space with a 10 cm depth
[26]. Biological retention facilities were added to the main, centralized, green lands. Besides,
some centralized hard pavement sites were set up with permeable pavement. Accordingly,
we added a LID control unit in the sub-catchment area of our SWMM model, and specific
parameters referring to the recommended value in the SWMM model manual. In order to
compare with S3, all GSI facilities (including biological detention facilities, tree pools,
permeable pavement) in this scenario simulation were not provided with drainage pipes or
blind pipes, so the connectivity of impervious areas was not changed. In other words, the GSI
transformation in this S2 scenario has reduced the TIA proportion of the study object to a
certain extent, but has not effectively reduced the proportion of EIA.

S3. EIA reduction scenarios (Table 1, S3).

On the basis of S2, structures such as planting ditches and blind pipes were added, to
ensure that most of runoff from the impervious area can be introduced into the nearby green
spaces or permeable areas. EIA is reduced in this way. Corresponding to the SWMM, on the
one hand, the routing method was changed from “OUTLET” to “PERVIOUS” and the
parameters of underground channels in LID were set. On the other hand, the confluence
directions of some parts of the catchment area were adjusted appropriately, and the runoff
was drained into adjacent green space, and then discharged into the rainwater pipe network.

Table 1: Summary of statistics of relevant landscape features of our three study scenarios
(S1, S2, and S3).

Landscape features S1 S2 S3

Total impervious area (TIA) 65.32% | 55.03% | 54.06%
Effective impervious area (EIA) 60.57% | 44.88% | 32.97%
Green rate (including water body) | 33.43% | 34.76% | 35.73%

Water body 18.07% | 18.07% | 18.07%
Sunken green space 0 13.26% | 13.26%
Biological detention facilities 0 2.39% | 2.39%
Grass planting ditch 0 1.13% | 1.60%
Permeable pavement 1.25% [ 10.21% | 10.21%

Accurate identification and direct measurement of EIA are complex [12]; however, thanks
to the small scale of our study area, the attributes of each sub-catchment area in the SWMM
model can be used to calculate the related landscape characteristics statistics of the three
design scenarios. Table 1 compared with S1, the TIA of S2 and S3 as basically unchanged,
but shows that EIA decreases in turn. And while the overall green space rate remained
unchanged, the proportion of GSI increases. This means that the application of GSI did not
transform the overall spatial pattern of the study area.
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4 RESULTS AND DISCUSSION
4.1 Analysis of simulation results

Based on SWMM, the hydrological response of three scenarios can be comprehensively
evaluated from total runoff, total discharge and the change process of discharge at each outlet.

4.1.1 Total runoff in the study area

In the same rainstorm event, the surface runoff characteristics showed that S1 total runoff
and outflow were the maximum values of the three scenarios (Table 2). Compared with S1
and S2, it is easy to find that the total runoff reduction exceeded one-fifth when the green
space was sunken and the centralized hardened area was replaced by permeable pavement
under the premise of basically land use being unchanged. Results of S2 and S3 showed that
runoff can be guided by planting ditches, blind pipes, drainage pipes or other linear forms,
which can reduce the connection of the impervious area, and the flow can thus be further
reduced. With the decrease of EIA, the rainfall and flood pressure of the site will be relieved.

Table 2: Production and exchange flow of different scenarios in different return periods.

Runoff depth (mm) Percentag.e of runoff Outflow (mm)
reduction (%)
P=5|P=10|P=20| P=5 |P=10 | P=20| P=5 |P=10|P=20
S1 | 80.265 | 92.644 | 105.04 - - - 13.033 | 15.038 | 17.051
S2 | 59.422 | 70.218 | 81.029 | 25.97 | 24.21 | 22.86 | 9.718 | 11.483 | 13.216
S3 |1 49.934 | 61.052 | 72.658 | 37.79 | 34.10 | 30.83 | 8.171 | 10.019 | 11.921

P = return period in years, S = scenarios same as in Table 1.

In addition, upgrading of rainstorm events weakens the control ability of S2 and S3 as
GSI optimal projects. It means the effects of stormwater regulation by GSI or LID is limited
by increasing rainfall, which is consistent with existing research results [20], [27].

4.1.2 Total discharge into Youth Lake

As an independent catchment area, runoff flows into Youth Lake directly or through the
drainage outlet. Therefore, variation of the flood peak of Youth Lake can directly reflect the
total discharge of the area. As seen in Table 3, the greater the rainfall, the higher the peak
value and the earlier the peak time, the greater the runoff pressure on the pipeline and the
surface; however, GSI can provide more space for runoff infiltration and storage. The
reduction of EIA area increases retention time of rainwater in GSI, which is beneficial to
reduce rain flood pressure of Youth Lake and reduce the flood risk of dormitory living areas.

Table 3: Drainage and acceptance of lake at different scenarios in different return periods.

Flow peak (CMS) Time of flood emergence Peak duration (min)
P=5|P=10|P=20| P=5 P=10 P=20 |P=5|P=10|P=20
S1| 139 | 231 2.56 |1h35min| 55 min lh - - -
S2 | 1.13 | 1.62 194 |[1h40min| lhSmin | ThSmin | 5 10 5
S3 | 1.09 | 1.43 1.76 |1h45min|1h15min|1h15min| 10 20 10
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Table 3 shows that peak duration reaches the maximum value in the 10-year return period
rainfall events, while the duration of 5-year and 20-year return periods are the same. More
efforts are needed to explore whether this phenomenon means that there is some nonlinear
relationship between the rainstorm and the attenuation rate of storm water storage capacity.

4.1.3 Flow process change at drain

According to the SWMM simulation results, the discharge flow process lines of each
drainage outlet (Fig. 4) were plotted, and the change trend could be divided into three
situations (S1, S2 and S3):

1. The peak values of S1, S2 and S3 decreased in turn, and the peak current time did not
change significantly (Fig. 4(a)).

2. The peak values of S1, S2 and S3 did not change much, but the peak current time moved
back obviously (Fig. 4(b)).

3. The peak values of S2 and S3 decreased, but the overall hydrological response of S3 was
weaker than S2 (Fig. 4(c)).

The different drainage outlet discharge performances were closely related to the
relationship between GSI layout and runoff path. According to the SWMM, there were six
sub-drainage zones, and the number of drainage outlets in Fig. 2 represent the drainage zone.
The variation of three different flow processes studied can be further explained by sorting
out the topological relationship of the neutron catchment area in each drainage area (Fig. 5).

1. There are a large number of fragmented green patches in drainage zones 73, 84 and 93.
The site runoff and peak flow can be improved upon by adding GSI facilities. Due to the
limited area of green space, proper use of grass planting ditches and blind pipes to
connect the impervious areas with green spaces can reduce peak discharge, but has little
influence on peak current time.

2. Drainage zones 83 and 92 are adjacent to the north and south bank of Youth Lake. Most
EIAs in these two drainage areas are converted into ineffective impervious areas by a
series of lakeside greenbelts, perpendicular to the runoff direction. After the runoff enters
the belt greenbelt vertically, the volume of greenbelt depression, the vegetation and
sandstone soil can regulate rainwater and delay the runoff flow into the drainage outlet,
as well as the peak current time. Because all EIA in drainage zone 92 is converted, it
reveals a better effect on peak reduction than zone 83.

3. In drainage section 78, the road runs through the entire section. As a typical EIA, the
road guides rainwater into the drainage outlet 78, along the site elevation and drainage
network. In addition, the green rate in this area is low, and it could be reduced to some
extent by adding GSI facilities appropriately along the road direction. But during the
process of S3 setting, the rainwater runoff was adjusted, and the surrounding runoff was
introduced into both sides of the road green space and downward square. As a result, in
the case of a heavy rainstorm, S3 would instead cause more peak flow than S2.

4.2 Layout method of GSI guided by runoff path optimization

In different rainstorm return periods, runoff path simulation and hydrological response results
of different scenarios were analyzed from three aspects: total runoff, total discharge and flow
process change of six outlets. As the most common GSI measure, sunken green spaces and
permeable pavement are very effective in reducing the stormwater pressure of our study site,
dominated by impervious areas. The impervious area could be connected with the pervious
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area by drainage structures such as grass planting ditches, open channels, blind pipes, etc.
This method can further reduce the site rainwater pressure in most campus areas; however,
for some areas, such as roads, these methods are difficult to have make a positive impact.
Therefore, the selection and layout of GSI must consider its relationship to the direction of
runoff. For planar and dotted GSI measures such as sunken green lands, biological retention
pools, rainwater gardens and seepage wells, their placement can effectively reduce
environmental assessment and reduce the rainwater peak, if runoff can be cut off or blocked.

In addition, sufficient GSI measures can provide more flood storage space for the site,
which has the obvious effect of delaying peak time; however, linear GSI measures, such as
straw ditches and blind pipes, will have different effects on EIA conversion. On the one hand,
linear measures can directly connect adjacent areas and improve drainage problems in
impervious areas; but on the other hand, linear measures may increase the flood pressure
across or at the end of runoff transport. Especially for impermeable linear areas, such as roads
with large flow and high flow, barriers with adjacent impermeable areas should be increased
to reduce inflow of peripheral runoff. Simply relying on sinking pools on both sides of the
road to solve the problem of short-term rainwater accumulation on the road may, on the
contrary, bring greater risk of waterlogging to the road, due to the height difference problem.

5 CONCLUSIONS
Most of the student activity areas on campus are hard paved. The traditional hardened site
has a big problem with flooding. Also, it is urgent to update the landscape environment, for
student use. Reducing EIA through optimizing the GSI layout is an effective measure to
ensure rainwater and flood control under the demand of site use. In this paper, by means of
multi-scene simulation in SWMM, we analyzed the relationship between the control site
runoff path and that of our GSI layout, in a bid to control the EIA area and enhance the
efficiency of site rainwater management. At the same time, the combination of GIS and
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SWMM provided a method for scientific and quantitative evaluation of the site’s
hydrological response.

However, we should also recognize some limitations. Firstly, the topographic changes and
sub-catchment areas in different campus environment areas are complicated. SWMM
parameters with higher accuracy need more future field research. Also, our study uses
rainstorm events to simulate site rainstorm and flood, but it fails to consider the sensitivity of
GSI under different rainfall conditions. In order to better explore the rainwater response
resulting from the reduction of GSI and EIA, we note that groundwater level changes,
evaporation and utilization efficiency of the current pipeline network are not included in the
simulation process; however, because the rainfall time and pipe network system of the three
scenarios were identical, the green area settings have had little change. The validity of the
research results can be guaranteed by controlling variables.

This study proposed a green infrastructure layout strategy to optimize the water runoff
path and reduce the effective impervious area for the activities space, in the impervious area
on campus, to reduce the risk of site flooding. That could help provide some plans for
stormwater management in an urban hard activities area with complex functions such as our
campus, through the method of model coupling and use of the grey—green combination in
future research.
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