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Abstract An optimal group of water surface ratios and
pervious surface proportions can reduce the risk of water-
logging in large urbanized riverside areas. In this study, the
Storage Capacity Curve Method is proposed to calculate
the drainage modulus, the essence of which is based on the
assumption that the drainage area is a reservoir; and then
draw the storage capacity curve after unsteady flow cal-
culation. A series of drainage modulus is calculated with
varying water surface ratio and pervious proportion using
the Storage Capacity Curve Method. This is done in order
to determine the quantitative relationship among these
variables through regression analysis. The results indicate
that the drainage modulus of a large urbanized riverside
area has a good exponential function relative to the water
surface ratio and has a linear relationship with the pervious
surface proportion. By using an integrated impacts model
and a cost function, the optimal group values of the water
surface ratio (6.65 %) and the pervious surface proportion
(26.4 %) are obtained by minimizing the cost function.

Keywords Urban drainage - Drainage modulus -
Water surface ratio - Pervious surface proportion -
Integrated impacts model

C. Gao (X))

State Key Laboratory of Hydrology-Water Resources and
Hydraulic Engineering, Hohai University,

Nanjing 210098, China

e-mail: gch830702@163.com

C. Gao - J. Liu (X)) - H. Cui - Z. Wang - S. He
College of Hydrology and Water Resources,
Hohai University, Nanjing 210098, China
e-mail: ljfrom@163.com

Introduction

A riverside area, which is below the normal water level, is a
closed system with no gravity outfall, thus draining local
runoff through pump stations. These areas are economically
developed urban locations in China, in which impervious
areas expand constantly without regard to the suitability for
urban growth and industrial development, although there
have been some achievements (Bathrellos et al. 2012, 2013;
Al-shalabi et al. 2013). Anthropogenic effects, such as the
reduction of the infiltration capacity, the decrease in inner
river storage capacity, and the disposal of sediment and
solid wastes into rivers, decrease rivers’ safe carrying
capacity (Karamouz et al. 2011). Hydrologic responses are
reflected by the increase in peak discharge and flood vol-
umes, and decrease in the time it takes for flood flows to
peak (Walsh et al. 2005; Shuster et al. 2005). Meanwhile, in
terms of development and renewal, protected structures in
the urbanized areas are of more importance, facing a greater
risk of waterlogging brought about by urbanization.

In riverside areas, an integrated drainage system consists
of pipe drainage and river drainage, which is reflected in the
drainage modulus (the ratio of the pump stations’ drainage
capacity to the total drainage area). A number of models are
used to describe runoff generation, overland flow concen-
tration, and pipe drainage, such as the conceptual rainfall-
runoff model (Burges et al. 1998), physically based dis-
tributed model (Jia et al. 2005; Cuo et al. 2008), geo-
graphical information system (GIS) based model (Moglen
and Beighley 2002; Schmitta et al. 2004; Chen et al. 2009;
Lhomme et al. 2004; Zhao et al. 2009; Quan et al. 2010),
and storm water and sewer design models [e.g., SWMMS5
(Huber and Dickinson 1988; Rossman 2007), MIKE
URBAN (Mikkelsen et al. 2005), HydroWorks (HR Wal-
lingford Ltd 1997), MOUSE (Danish Hydraulic Institute
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1999)]. Moreover, some approaches were provided to deal
with the complicated pump drainage boundary in large
riverside areas (Gao et al. 2013a). However, the above-
mentioned models need more sophisticated data inputs. The
simple method was therefore derived for the calculation of
drainage modulus (Gao et al. 2008, 2009), in which a
graphical method and a tabular solution were proposed.

An appropriate water surface ratio, ratio of water surface
area (including rivers, lakes, and other bodies of water) to
the total drainage area, and pervious surface proportion
serve important functions in a drainage system. These
factors reduce the risk of waterlogging and avoid the
excessive increase in the capacity of pump stations, espe-
cially in the rapidly urbanized areas (Walsh et al. 2005;
Wang et al. 2008; Michael et al. 2010). The effect of the
water surface area has been highlighted and discussed by
many authors (Zhou et al. 2004; Ding et al. 2007; Xie and
Huang 2007; Gao et al. 2008; Jiao et al. 2008); the water
surface ratio drives the significantly decrease in drainage
modulus. For the pervious surface, the literature focused on
the influence of disaster reduction and infiltration (Guo and
Baetz 2007; Elmore and Kaushal 2008; Hardison et al.
2009; Schueler et al. 2009; Fassman and Blackbourn 2010).
The estimation and assessment of the effect of impervious
surface on hydrologic responses has received considerable
attention (Lee and Heaney 2003; Shuster et al. 2008;
Beighley et al. 2009; Chabaeva et al. 2009; Glick 2009;
Meierdiercks et al. 2010; Jacobson 2011). The effects of
the spatial distribution of imperviousness were recently
studied for the determination of spatial patterns of urban
development (Mejia and Moglen 2009, 2010a). Based on
low impact development, compensation mechanisms of
water surface ratio and pervious surface proportion were
derived for flood mitigation to restore the flood hydro-
graphs (Gao et al. 2012, 2013b, c). Nevertheless, only a
few studies have considered the water surface ratio and
pervious surface proportion simultaneously, especially in
the calculation of drainage modulus. The simple method
does not consider the channel routing function of inner
rivers. Channel routing is enhanced by the increase in
drainage area according to the decreasing channel routing
time (Mejia and Moglen 2010b).

The aim of this study is to determine the optimal group
of water surface ratio and pervious surface proportion in
large urbanized riverside areas, with the consideration of
enhanced channel routing function. A new method, the
storage capacity method, is proposed for the calculation of
drainage modulus to obtain a series of corresponding
drainage modulus by varying the water surface ratio and
pervious surface proportion. Based on the results, the
quantitative relationship between these variables is deter-
mined. In terms of the development and renewal of urban
areas, cost is the important factor to select a policy or
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strategy with a fixed standard. The objective of this study is
achieved after conducting a cost analysis.

Methodology
Storage capacity curve method

Local runoff drainage comprises runoff generation, over-
land flow concentration, pipe drainage, unsteady flow cal-
culation, and pump drainage. Drainage modulus is the end-
result of drainage calculation, which reflects all influencing
factors. Under the design conditions, the first task is the
design storm calculation. In China, the recurrence interval
of one year for pipe drainage is equal to that of 20 years for
river drainage because of the storage capacity of inner
rivers. The general standard for drainage is to drain the
local runoff generated by a 24-hour storm immediately
with a recurrence interval of 20 years.

Currently, the calculation formula used is Eq. (1), in
which the channel routing function is reflected by the
storage capacity (AV). Therefore, storage capacity is cru-
cial for calculating the drainage modulus (Gao et al. 2008).
However, the derived value is not the real value for the
riverside area owing to the different storage routing func-
tions of different river networks.

> Qi — AV

M 3,600 mA

(1)
where M is the drainage modulus and m is the number of
time intervals, when the local runoff is drained as the
designed capacity of pump stations, surpassed water starts
existing in rivers at the beginning and subsequently reaches
the maximum. In a definite riverside area, AV, A, and Q;
can be easily determined.

The storage capacity curve method can be used to obtain
a more accurate storage capacity for inner rivers, with the
assumption that the drainage area serves as a reservoir. The
steps are shown in Fig. 1.

Runoff
generation Generalization of the
¢ inner river-network
Overland flow l
concentration Unsteady Flow
¢ Concentration
Pipe drainage ‘

Draw up storage

capacity curve

Fig. 1 Flow chart of the storage capacity curve method
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1. Generalization of the inner river network The gener-
alization of the inner river network is the basis of the
unsteady flow calculation. In this process, the main
inner rivers with high capacity of transportation are
fully considered, whereas the subordinate ones are
neglected. Nevertheless, the subordinate rivers’ stor-
age capacity is reflected by the water surface ratio in
the generalized river network.

2. Unsteady flow concentration The basic equations
describing one-dimensional flood wave are the Saint-
Venant equations. Given that the drainage area is
considered as a reservoir, the inflow of unsteady flow
is caused by the pipe drainage, and the waterlogging is
stored in the river network.

3. Construction of the storage capacity curve According
to the result of step (2), the water level and accumu-
lated inflows of the corresponding time are plotted
(Fig. 2). Owing to the flat topography and the not too
large drainage area, the water level exhibits small
differences. The storage capacity curve is mostly
influenced by the rivers’ scale and controlled water
levels.

In Fig. 2, the corresponding storage capacity (AV) of the
drainage area is easily determined, with the highest water
level (Z,,) of the inner rivers. Based on the curve, the
drainage modulus is calculated using Eq. (1) with AV.

Channel routing is considered mainly in storage capacity
curve method by means of the unsteady flow calculation,
and the storage capacity obtained is just closer to the actual
one. Compared with the Node’s Water-level Control
Method (NWCM) (Gao et al. 2013c), the former is much
easier and needs less data inputs. In other words, it can be
regarded as the improvement of the simple method (Gao
et al. 2008) and used in not too large urbanized areas. The
NWCM reflects all the aspects in drainage calculation with
more accuracy, and it can be used in much larger areas.

Water level Z “
T . —

Storage capacity AV Storage W

Fig. 2 Storage capacity curve of the drainage area

Relationships among drainage modulus, water surface
ratio, and pervious surface proportion

In AV = kAAh, the water surface ratio is the most impor-
tant determinant of the storage capacity when the routing
depth of the inner rivers is fixed. The relationship between
the two variables has been studied by some researchers
(Zhou et al. 2004; Ding et al. 2007; Xie and Huang 2007;
Jiao et al. 2008). However, previous studies revealed some
limitations, such as the inapplicable calculation method of
the drainage modulus, lack of attention given to urbanized
riverside areas, and inefficient series.

The storage capacity curve of inner rivers is significantly
related to the water surface ratio (Fig. 3). A group of
drainage modulus can be calculated using the storage
capacity curve method, with the changing variable being
the water surface ratio and the others as the constants. Then
the relationship between drainage modulus and water sur-
face ratio can be obtained.

Urbanization causes increasingly more rapid local run-
off. Pervious surface, such as public green space, is
important to reduce the risk of waterlogging. Nevertheless,
attention has not been directed toward the relationship
between the drainage modulus and the pervious surface
proportion. Pervious surface affects the drainage modulus
by reducing the runoff generation and waterlogging, which
are irrelevant to the storage capacity curve. The initial
pervious surface proportion continually changes with other
unchanged variables to calculate the corresponding drain-
age modulus using the storage capacity curve method. The
storage capacity curve is identical, whereas the pervious
surface proportion changes. Then the relationship between
drainage modulus and pervious surface proportion can be
fitted.

5.50
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Q
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—— 1.OWSR
3.50 ——1.5WSR
—2.0WSR
3,00 688 ——2.5WSR
0 50 100 150 200

Storage Capacity(mm)
Fig. 3 Storage capacity curve with different water surface ratios;

WSR represents water surface ratio and the constants represent the
times of the current WSR
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Optimized group of water surface ratio and pervious
surface proportion

In urbanized riverside areas, three engineering measures
are usually taken to prevent waterlogging: (1) increasing
the capacity of pump stations; (2) enlarging the water
surface ratio; and (3) expanding the pervious surface pro-
portion. One or a group of several measures may be chosen
in actual construction.

In order to obtain an optimized group of water surface
ratio and pervious surface proportion, an integrated impacts
model have to be founded. In urbanized riverside areas, a
quantitative relationship exists among the drainage modu-
lus, water surface ratio, and pervious surface proportion.
For the performance of the integrated effect, an integrated
impacts model is established as follows:

M = M{(Wr) x Ms(P) 2)

where M(Wr) is the function of the relationship between
the drainage modulus and the water surface ratio, and
M,(P) is the function of the relationship between the
drainage modulus and the pervious surface proportion.
Under the designed conditions, the measures are gen-
erally chosen through cost comparison. A cost function is
established to determine the optimized group of measures.

C =bi1(q — qo) + b2(Wr — Wrp)A + b3(P — Po)A (3)
q=MA (4)
where C is the total cost; b; is the unit price of increasing
the capacity of pump stations; b, is the unit price of the

enlarging water surface ratio; b3 is the unit price of the
expanding pervious surface proportion; gqq is the current

Fig. 4 Location of Hexi New
Town

Qinhuai

capacity of the pump stations; Wry is the current water
surface ratio; Py is the current pervious surface proportion;
A is drainage area; and ¢ is the capacity designed. Using
Egs. (2), (3), and (4), the total cost function can be derived.

According to the integrated relationship and cost ana-
lysis, the optimal group values of water surface ratio and
pervious surface proportion are obtained by minimizing the
cost, providing a scientific basis for the chosen measures.

Results and discussion
Storage capacity curve in a case study

Hexi New Town in Nanjing City (Fig. 4), which has an
area of 54.7 km?, is a priority area for development. Hexi
New Town is characterized as an emerging modern new
town, people-oriented new town, green new town, and
riverside new town. It is expected to be the new center and
symbol of the modern city of Nanjing. After urbanization
and with the tributaries buried, Hexi New Town’s imper-
vious proportion reaches 78.5 %, and the water surface
ratio decreases from 18 % before urbanization to 6.5 %.
Consequently, the risk of waterlogging increases. The
Storage Capacity Curve Method is used in this study to
calculate a more accurate drainage modulus.

According to the available data series of measured
rainfalls for 1, 3, 6, and 24 h, covering a period of 40 years
in Nanjing City, the typical rainfall process is selected to
generate a design of the 20-year recurrence period for Hexi
New Town. In the runoff generation model, runoff gener-
ation is considered as the saturation-excess manner, and the

anj
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Table 1 A 24-h designed storm and runoff in Hexi New Town Table 2 Result of the generalized river network
Time Designed Runoff  Time Designed Runoff Outer Outer rivers’ Inner Inner rivers’ Nodes
interval  storm (mm) interval  storm (mm) rivers sections rivers sections
(h) (mm) () (mm)
24 85 46 180 37

1 12.4 7.88 13 8.7 7.74
2 1.2 1.56 14 10.6 9.7
3 0 017 15 5.6 5.74 Water level Z
4 0.8 044 16 12 1.61 500
5 1 0.7 17 1.2 1.08
6 0 0.07 18 1.2 0.98 450 F
7 0 0.01 19 1.2 0.96
8 12 8.94 20 1.8 1.45
9 73 61.6 21 1.4 1.18 4.00 [
10 21.3 25.07 22 12.6 10.48
11 4.6 7.16 23 1.2 2.1 Z~W
12 4.1 441 24 1.2 115 S N~

Total 178.3 162.17

3.00 0 3I0 GIO 9I0 12IO lSIO 180
Storage W

Generalized River

® Node

‘ Pump Stations

Fig. 5 Generalized river network of Hexi New Town

surface flow concentration is measured using the linear
reservoir method. The result of runoff generation is listed
in Table 1.

After calculating the overland flow concentration and
pipe drainage, the outflow is generated as the inflow of
unsteady flow calculation. Based on Fig. 1, the final gen-
eralized river network of Hexi New Town is displayed in
Fig. 5 and Table 2.

Rivers’ scale, roughness, sluice, pump stations, and other
parameters for unsteady flow calculation are collected using

Fig. 6 Storage capacity curve of Hexi New Town, multiplied by
A for conversion to volume (m3)

on-site measurements and other statistical data provided by
the administration. According to the actual operation, the
initial water level is fixed at 3 m, which is the water level
when pumping is started. Through unsteady flow calcula-
tion, the water level of inner rivers is determined, and the
storage capacity curve is plotted with the water level and the
corresponding inflow of inner rivers (Fig. 6).

If the maximum water level is controlled at 3.5 m, the
highest permissible water level, the actual storage capacity
can be read as 47.3 mm, as shown in Fig. 6. This obser-
vation indicates that the inner rivers can store local runoff
of 47.3 mm under the condition of the current water sur-
face ratio (6.5 %). Converting this value to volume, the
storage capacity AV is 2.59 million m’. Currently, the
storage capacity (AV) is calculated as 1.78 million m® by
AV = kAAh, where k is the water surface ratio, A is the
drainage area, and Ah is the routing depth of the inner
rivers (Gao et al. 2008). The two values of AV show that
the inner rivers’ storage routing function has significant
influence on storage capacity.

Using the above storage capacity, the drainage modulus is
easily obtained using Eq. (1), with a value of 3.13 m*/s/km?.

Relationship between drainage modulus and water
surface ratio

In Hexi New Town, a group of drainage modulus can be

calculated using the storage capacity curve method
(Table 3).
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Table 3 Drainage modulus under the different water surface ratio

Water Drainage =~ Water  Drainage = Water Drainage
surface  modulus surface  modulus surface  modulus
ratio (m*/s/km?) ratio (m%/s/km?) ratio (m*/s/km?)
0.0065 4.41126 0.04875 3.46829 0.091 2.63053
0.00975 4.33599 0.052 3.39874 0.09425 2.57588
0.013 4.2598 0.05525 3.33076 0.0975  2.52132
0.01625 4.18723 0.0585  3.26373 0.10075 2.46954
0.0195 4.1161 0.06175 3.19729 0.104 2.45015
0.02275 4.04414 0.065 3.13132 0.10725 2.42897
0.026 3.97234 0.06825 3.0663 0.1105  2.38098
0.02925 3.90042 0.0715  3.00171 0.11375 2.33305
0.0325  3.82729 0.07475 2.93748 0.117 2.2852
0.03575 3.75417 0.078 2.87355 0.12025 2.23667
0.039 3.68139 0.08125 2.80963 0.1235  2.18819
0.04225 3.60931 0.0845  2.74592 0.13 2.09118
0.0455  3.53846 0.08775 2.68472 0.195 1.38212

5.

45t
4F M=4.653¢"">"

R*=0.999

Drainage Modulus
w

1 1 J

1
0 0.05 0.1 0.15 0.2
Water Surface Ratio

Fig. 7 Fitted with exponential function; M is the drainage modulus
and Wr is the water surface ratio

As shown in Fig. 7, for the same storage capacity, the
water level decreases rapidly with increasing water surface
ratio. Meanwhile, the drainage modulus follows the rule
stated in Table 3 and Fig. 7. The relationship demonstrates
that the appropriate water surface ratio can help avoid an
excessive increase in the capacity of pump stations.

Relationship between drainage modulus and pervious
surface proportion

The initial pervious surface proportion is 15 % in Hexi
New Town, and this keeps changing with other unchanged
variables to calculate the corresponding drainage modulus
using the storage capacity curve method (Table 4).

In Table 4, along with the greater pervious proportion,
the drainage modulus seems to decrease linearly. The
influence of the pervious surface ratio is significantly less
than that of the water surface ratio, as shown in Tables 3
and 4. The fitted function indicates a linear relationship
(Fig. 8), with a coefficient of determination of 1.

Integrated impacts model

According to the relationships above, the integrated
impacts model of Hexi New Town can be shown as
follows:

M=(oy P + o) x =" (5)

where o, o, and o3 are the coefficients, calibrated by a
nonlinear regression analysis with the series of data in
Tables 3 and 4. The expression function of the relationship
among the drainage modulus, water surface ratio, and
pervious proportion is obtained, with the coefficient of
determination being 0.998.

Table 4 Drainage modulus under the different pervious surface proportion

Pervious surface Drainage modulus Pervious surface

Drainage modulus Pervious surface Drainage modulus

proportion (m*/s/km?) proportion (m*/s/km?) proportion (m*/s/km?)
0.015 3.18292 0.1125 3.14571 0.21 3.10872
0.0225 3.18007 0.12 3.14281 0.2175 3.10589
0.03 3.17723 0.1275 3.13995 0.225 3.10306
0.0375 3.17436 0.135 3.13708 0.2325 3.10027
0.045 3.1715 0.1425 3.13422 0.24 3.09744
0.0525 3.16862 0.15 3.13132 0.2475 3.09462
0.06 3.16576 0.1575 3.12936 0.255 3.09183
0.0675 3.16289 0.165 3.12565 0.2625 3.08901
0.075 3.16003 0.1725 3.12281 0.27 3.0862
0.0825 3.15717 0.18 3.11999 0.285 3.08057
0.09 3.15429 0.1875 3.11715 0.2925 3.07778
0.0975 3.15144 0.195 3.11435 0.3 3.07497
0.105 3.14857 0.2025 3.11152 0.45 3.01896
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321
318
316
3.14
312

31r
3.08
3.06
3.04
3.02

M =-0.3782P +3.1883
R’ =1

Drainage Modulus

1 1
0 0.1 0.2 0.3 0.4 0.5
Pervious Surface Proportion

Fig. 8 Fitted with linear function; M is the drainage modulus and P is
the pervious surface proportion

M = (—0.571P + 4.731)e &127Wr, (6)

Using the above integrated model, the drainage modulus is
tested by the corresponding group of water surface ratio
and pervious proportion. All the errors are less than 5 %,
indicating that the model is available for cost analysis.

Optimized group values

In Hexi New Town, the values of coefficients can be given
as following, b, is RMB 1.5 million/(m3/s); b, is RMB 28
million/(km?); b5 is RMB 0.57 million/(km?); gy is 118 m?/s;
Wrois 0.065; Pgis 0.15; A is 54.7 km?.

To minimize the cost, the partial derivative of Wr and P
is fixed to zero.

{ 8¢ — (287.11P — 2378.32)e 177" + 1531.6 = 0

8 = —46.86¢ 177" 1-31.18 = 0
(7)

From Eq. (7), the optimized group of water surface ratio
and pervious surface proportion is obtained; the value of
the former is 0.0665, whereas and the latter 0.264, with the
total cost being RMB 78.9 million. Meanwhile, the
designed capacity of the pump stations can also be deter-
mined as 166.7 m%/s. Considering the cost, the value of the
water surface ratio is 6.65 %, whereas that of pervious
surface proportion is 26.4 %, with the minimum cost. The
group values can be taken for the optimized ones.

Conclusions

For urbanized riverside areas, the storage capacity curve
method is developed to obtain the optimal water surface
ratio and pervious surface proportion. The main feature is
reflected in the calculation of storage capacity (AV), which
is obtained by considering the storage routing functions of
inner rivers. The results of the case study show that the
value of the storage capacity is significantly influenced by

the channel routing function in large urbanized riverside
areas, where such function should not be neglected.

In Hexi New Town, the results of the regression analysis
indicate that the drainage modulus has a good exponential
function with the water surface ratio and a linear rela-
tionship with the pervious surface proportion. Thus, an
integrated impacts model is established to perform the
integrated effects.

According to the integrated relationship and cost ana-
lysis, the optimal group values of water surface ratio
(6.65 %) and pervious surface proportion (26.4 %) are
obtained by minimizing the cost, providing a scientific
basis for the selected measures. Meanwhile, this study
provides other cities with a method to determine the suit-
able water surface ratio and pervious surface proportion
through construction planning.
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