
 
 
 
 

Ekoloji 27(106): 703-711 (2018) 
 

 
© Foundation Environmental Protection & Research-FEPR Received: 25 Jul 2017 / Accepted: 24 Sep 2018 
 
 

Integrated Modeling and Calculation of Urban Surface 
and Underground Flooding 
Yongzhi Liu 1,2*, Shuai Niu 1,2, Wenting Zhang 3, Jian Xu 3 

1 The State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, NHRI, 
Nanjing 210029, CHINA 
2 Hydrology and Water Resources Department, Nanjing Hydraulic Research Institute, Nanjing, 
210029, CHINA 
3 College of Hydrology and Water Resource, Hohai University, Nanjing 210098, CHINA 
* Corresponding author: yzliu@nhri.cn 

Abstract 
Due to the rapid urbanization and heavy rainfall, urban flooding on ground surface and in underground 
spaces is increasing. Based on the formation mechanism of urban rainstorm waterlogging, an integrated 
model and calculation method for urban surface flood and underground spaces is built. The method 
integrated coupling hydrodynamic model and underground space flood generalized calculation model. 
Coupling hydrodynamic model integrates one dimensional (1D) storm water management model (SWMM) 
and two dimensional (2D) flood routing model. The overflows at the manhole due to exceeding pipe capacity 
were calculated through rainfall–runoff analysis with SWMM, which is a 1D dynamic urban storm water 
system analysis model. Then, an urban flood analysis was built by utilizing the manhole overflows as 
boundary conditions in the 2D overland flood model. The linkage process between 1D SWMM and 2D 
overland flood model was linked by boundary condition. Generalized calculation method to account for 
Maximum hazard frequency of rainfall, flood flow entered into underground space, and floodwater level 
rising velocity in underground space. The process of waterlogging in the urban area is simulated by using 
the observed rainstorm process, the results prove the effectiveness of the integrated model. 
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INTRODUCTION 
China is currently in the stage of the rapid 

urbanization, facing the contradiction between city 
development and land resources are scarce, the city 
underground space development and utilization is 
obtained more and more attention. The constructions 
of underground space like the subway, underground 
shopping malls, and underground parking lot were 
getting the explosive growth. 

At the same time, the impact of global climate 
change, rainfall intensity and frequency is increasing, 
these negative factors can easily cause severe rainstorm 
waterlogging disaster, the underground space in the city 
were flooded particularly vulnerable, underground 
space flood often lead to huge losses (Niira et al. 2016). 

When a city is hit by river flood or heavy rainfall, the 
floodwater flow would invade to underground space, 
and serious damage would be caused (Shao 2010). 

Many cities in the world was suffered underground 
space flooding, loss and damage is huge (Fig. 1, Fig. 2). 

The research of urban surface flood has made many 
achievements in recent years. It is one of the current 
research hotspots to simulate the flood spread and 
submerged process. Many scholars use one 
dimensional, two-dimensional and one-dimensional 
two-dimensional coupled (Mani et al. 2014, Schumann 
et al. 2014, Zhang et al. 2014) hydrodynamic model to 
simulate the process of urban rainstorm waterlogging 
and flood inundation. In the model, many factors such 
as the urban river, road, pipe network and pump 
drainage facilities are considered to affect the (Fu and 
Butler 2014, Liu et al. 2013). Wu et al. (2013) conducted 
on the analysis of the effect of the presence of 
underground space on urban flood considering the link 
between overland and underground spaces (Son et al. 
2016). 
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THEORY AND METHOD 

Coupling Hydrodynamic Model Method 
To calculate and analyze flood of urban surface and 

underground spaces, an integration method should be 
developed, which can treat both surface and 
underground flood inundation. 

Coupling hydrodynamic model integrates one— 
dimensional (1D) storm water management model 
(SWMM) (Liu et al. 2013) and two— dimensional (2D) 
flood routing model, an interface is set at the exit of 

underground space, for inflow of floodwater by 
imposing open boundary condition. 

The overflows at the manhole due to exceeding pipe 
capacity were calculated through rainfall–runoff 
analysis with SWMM which is a 1D dynamic urban 
storm sewer system analysis model. Then, an urban 
flood analysis was conducted by utilizing the manhole 
overflows as boundary conditions in the 2D overland 
flood model. The linkage process between 1D SWMM 
(Zhang et al. 2017) and 2D overland flood model linked 
by boundary condition. 

 

Fig. 1. Shenzhen City (China) subway was flooded (2017.6) 
 

 

Fig. 2. The New York City (U.S.) subway station was flooded (2012.10) 
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For the coupling calculation of rainwater entrance, 
when the water level of the rain water inlet is lower than 
the water level of the two-dimensional grid unit, the 
ground water flows into the underground drainage 
network, and the water flow will be calculated by the 
formula of the inlet flow of the rainwater. When the 
water level of the rainwater inlet is larger than the two-
dimensional grid unit water level, the water will 
overflow from the drainage network and the entrance of 
the rain water will overflow. Two dimensional grid 
element is added to calculate the overland flow. In order 
to increase the stability of the coupled model, it is 
necessary to limit the flow of the inlet of the rainwater 
and the exchange rate on the ground in order to increase 
the stability of the coupled model. 

When the water level of the two-dimensional grid 
unit is less than the bottom elevation of the pipe drain, 
the drainage of the pipe is not affected by the 
downstream water level, which belongs to the free flow. 
When the water level of the two-dimensional grid unit 
is higher than the bottom height of the pipe, the 
drainage is affected by the downstream water level, and 
the downstream water level is taken as the water level 
boundary of the drain. The conditions are calculated. 
The discharge of the outfall is coupled with the two-
dimensional grid element as the interval confluence. 

Underground Flood Inundation Generalized 
Calculation Method 

Generalized calculation method to account for 
Maximum hazard frequency of rainfall, flood flow 
entered into underground space, and floodwater level 
rising velocity in underground space. 

Reference outdoor drainage design specification, the 
design flow of rainwater in a catchment area of a city can 
be calculated according to this formula. 

 Qm = 0.278ΦqF (1) 

where， 

Φ— Runoff coefficient 

q— Designed rainfall intensity, mm/h 

F— Catchment area，km2 

𝑄𝑄𝑚𝑚— Peak discharge，m3/s 

The formula for increasing the rate of surface water 
accumulation in urban areas is as follows 

 𝑣𝑣𝑡𝑡 = 𝑄𝑄𝑚𝑚 𝐴𝐴⁄  (2) 

The formula for calculating the water depth of 
surface water in urban areas is as follows 

 ℎ𝑔𝑔(𝑡𝑡) = 𝑣𝑣𝑡𝑡 ∙ 𝑡𝑡 (3) 

where， 

𝑣𝑣𝑡𝑡— Rising velocity of surface water，m／s； 

𝐴𝐴— Surface water ponding area，m2。 

Relation between surface water depth and invasion 
discharge of underground space as follow. 

The following conceptual equation is adopted for 
calculating flow into underground facilities through the 
openings. This equation is based on the experiments 
carried out at the Public Works Research Institute, 
Japan (Ishigaki et al. 2005). 

 Q = μBℎ𝑔𝑔
1.621 (4) 

where, 

Q— inflow, m 3 /s,  

h— water depth on ground(m). μ: is the discharge 
coefficient, the value is 1.98. 

B— The width of the entrance of the underground 
space, m. 

Calculation formula of water depth and ascending 
velocity of underground space. 

By formula (4), In T seconds, the total amount of 
water that invades underground space is 

 

Fig. 3. Concept map of rainstorm and surface and underground flood analysis in urban area 
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 𝑉𝑉(𝑇𝑇) = �μ𝐵𝐵ℎ(𝑡𝑡)1.621

𝑇𝑇

0

 (5) 

Calculation formula of groundwater depth under T 
seconds in underground space， 

 ℎ𝑢𝑢(𝑇𝑇) = 𝑉𝑉(𝑇𝑇)/𝐴𝐴𝑠𝑠 (6) 

The rising rate of water level in underground space 
is, 

 𝑢𝑢𝑡𝑡 = ℎ𝑢𝑢′(𝑇𝑇) (7) 

TYPICAL CASE STUDY AND 
CALCULATION RESULTS 

Modeling Method 
The range area of the city is 30km2. We obtain 

0.01km2 resolution DEM data of study area, and the 

unstructured mesh is constructed by SMS software, 
which has 11768 cells, 22272 sides, with the average 
length is 53m and the minimum length is 6m. The 
roughness of the mesh cells was calculated according to 
the underlying surface condition of the city. As the 
effect of buildings in city on water flow, the roughness 
of related mesh cells is increased. 

The drainage pipe network model is set up 
according to the data of urban drainage network. The 
total length of pipes is about 47.8km. 935 drainage pipes, 
905 inlet nodes and 28 drainage outlet nodes were 
generated, as is shown in Fig. 4 and Fig. 5. 

In order to evaluate the model, the actual rainfall on 
10 August 2012 in Xiangshui city is used as the input 
boundary condition of the model to simulate the flood 

 

Fig. 4. Unstructured mesh model 

 

Fig. 5. Unstructured mesh and drainage network of SWMM model 
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inundation process in urban area and six waterlogging 
points have measured depth, as is shown in Fig. 6 and 
Fig. 7. 

Model Results Analysis 
The contrast result between the model simulation 

and the actual maximum inundated depths of six 

waterlogging points is as shown in Table 1. Fig. 8 and 
Fig. 9 show flood inundated depth and flow field, and 
indicates the degree of fullness of the drainage pipe 
network. 

The analysis of the simulation result is as follows： 

 

Fig. 6. August 10, 2012 rainfall process 
 

 

Fig. 7. Six waterlogging position 

Table 1. Comparison between the maximum depth of water and the calculated maximum depth of water 
Waterlogging position point Measured depth(m) Calculated Depth(m) Depth Error (m) 

1# 0.51 0.78 -0.27 
2# 0.46 0.47 -0.01 
3# 0.47 0.77 -0.30 
4# 0.93 0.76 0.17 
5# 0.69 0.75 -0.06 
6# 0.38 0.67 -0.29 
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(1) The results of the model calculation basically 
conform to the actual inundation situation, and the 
depth error between the actual water depth in the 
investigation point and the calculated maximum water 
depth is within 0.3m. 

 (2) Urban waterlogging is mainly distributed in the 
low-lying area. The 1:10000 terrain elevation data in this 
model doesn’t adequately reflect the local low-lying 
terrain features in the city, which cannot represent the 
real grid elevation so that the calculation depth value 
cannot reflect the actual water depth of low-lying point. 
The model requires high precision elevation for urban 
terrain data and underlying surface data. 

Based on the calculation method of flood 
inundation in underground space, a case study of 
underground space is given. The underground space 
has two ground entrances, the entrance width of B is 2.5 
meters, the width of the underground exit of the two 
staircases B’ is 2.5 meters, and the underground space 
area is A 85x32m2. Suppose that when the surface water 
is 30cm, the depth of the water on the staircase step 
surface is 10cm on the staircase (the layout of the 
underground space is shown below Fig. 10). 

When the depth of surface water keeps 30cm 
unchanged, the rising speed of the water level in the 
underground space can be achieved by the formula (7): 

 

Fig. 8. The simulated ground flood depth 
 

 

Fig. 9. The simulated fullness of the drainage pipe network 
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ut = hu′ (T) = 1.98 ∗ h1.621 ∗ B
A
=1.98 ∗

0.31.621 ∗2*2.5/(85*32)=3.10(cm/min) 

Using this example, we analyze and calculate the 
changes in the depth of the ground water accumulation 
and the rising speed of the water level in the 
underground space. It can be seen from the calculation 
results that the different depth of the ground water 
accumulation is different, and the flood discharge of the 
underground space is different and different at the unit 
time. The water depth of the ground is constant, and the 
depth of underground space rises uniformly. 

In this example, under the different entrance widths 
of the underground space (the single entrance width is 
2.5m, 2.25m, 2m three), and the water level of the 
surface entrance of the underground space varies from 
0 to 0.3 meters, the area of the underground space is 

unchanged (2720 square meters), and we calculate the 
water level rising rate in the underground space. The 
rising speed of the water level in the underground space 
is also related to the opening width of the underground 
space. The greater the width of the underground space 
(entry), the faster the water level in the underground 
space is rising (Fig. 11). 

In this example, the different entrance widths of the 
underground space remain unchanged at 5m, and the 
water level at the entrance of the underground space 
varies from 0 to 0.3 meters, with different underground 
space areas (1000 square meters, 2000 square meters, 
2720 square meters), and we calculate the rise rate of the 
water level in the underground space. The rising speed 
of the water level in the underground space is inversely 
proportional to the area of the underground space, that 
is, the larger the area of the underground space is, the 

 

Fig. 10. Layout of the underground space in this case study 

 

Fig. 11. The rising speed of water level in underground space is related to the width of the entrance (exit) of the 
underground space 
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slower the water level of the underground space is rising 
under the same width of the same underground space 
(Fig. 12). 

CONCLUSIONS 
This paper introduces methods for simulating flood 

inundation in urban surface and underground space. 
The method is coupling hydrodynamic model, and 
underground space flood generalized calculation 
method. Coupling hydrodynamic model integrates one 
dimensional (1D) stormwater management model 
(SWMM) and two dimensional (2D) flood routing 
model, for inflow of floodwater by imposing open 
boundary condition. The overflows at the manhole due 
to exceeding pipe capacity were calculated through 
rainfall–runoff analysis with SWMM which is a 1D 
dynamic urban storm sewer system analysis model. 
Then, an urban flood analysis was conducted by 
utilizing the manhole overflows as boundary conditions 
in the 2D overland flood model. The linkage process 
between 1D SWMM and 2D overland flood model 
linked by boundary condition. Generalized calculation 

method to account for Maximum hazard frequency of 
rainfall, flood flow entered into underground space, and 
floodwater level rising velocity in underground space. 

Based on the formation mechanism of urban 
rainstorm waterlogging, the dynamic coupling model of 
urban rain and flood is established by using the SWMM 
model and the surface two-dimensional hydrodynamic 
model, and through the coupling calculation of the flow 
exchange between the rain water port and the surface 
unit, the drainage port and the channel unit. The 
process of waterlogging in the urban area of Xiangshui 
is simulated by using the observed rainstorm process. 
The simulation results are basically consistent with the 
actual flood situation. 
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