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ABSTRACT 

Underground space like subway stations is prone to be flooded which can lead to severe and unpredictable damage 
and even threaten human lives. In this paper, four groups of contrastive simulation of urban waterlogging at two 
subway stations’ entry-exit platforms in heavy rainstorm are conducted, and emergency response strategies are 
suggested. A waterlogging simulation method named UPFLOOD based on shallow water equations is proposed 
considering complex topography. It has been found that the waterlogging at subway station’s entry-exit platforms 
is easily influenced by several factors and the site selection of the subway stations is very important. A disaster 
process construction method based on PN model is proposed and it has been found that the response strategies 
including plugging, drainage and evacuation are important for disaster mitigation. This study helps decision 
makers to response quickly to meet the emergency of the waterlogging disaster at subway stations caused by 
heavy rainstorm. 
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INTRODUCTION 

With fast population growth and rapid urbanization, urban storm waterlogging has been a common problem in 
most countries and regions around the world, including the USA, Canada, Japan, and China (Li, 2012). Urban 
waterlogging is usually induced by multiple causes, such as extreme weather, land use structure, limited capacity 
of drainage system and lack of response enforcement (Son et al., 2016; Li et al., 2017). Underground space like 
subway stations is prone to be flooded when urban waterlogging happens in heavy rainstorm, which may lead to 
severe and unpredictable damage to underground facilities and even threaten human lives. For example, 11 people 
died in the underground flood disaster in Seoul and Anyang, South Korea in July, 2001 (Shao, 2010). To avoid 
the serious consequences of the urban waterlogging at subway stations, reliable analysis methods and emergency 
response strategies are important. 

Traditionally, there are mostly three categories of the analysis methods in the view of the problem of urban 
waterlogging at subway stations: (1) experimental method, (2) simulation method, (3) data analysis method. With 
experimental method, the urban flood scenario can be reappeared in different conditions set by the researchers. 
Response strategies to urban flood can be experimented in flexible and controllable conditions (Fenicia et al., 
2012; Guidopetrucci et al., 2012; Dottori et al., 2013; Fraga et al., 2013; Matthew et al., 2017). With simulation 
method, researchers can utilize computers to simulate the regional waterlogging depth by hydrologic calculating 
of runoff generation and runoff concentration (Ahn et al., 2014; Rotiroti et al., 2015; Fernández et al., 2016; Haltas 
et al., 2016; Xue et al., 2016; Bazin et al., 2017). With data analysis method, the waterlogging data measured by 
specific devices can be combined with related modeling technology and it can be used to analyze the features and 
regularity of the waterlogging (Morelli et al., 2014; Arnous et al., 2015; Kim et al., 2015; Meesuk et al., 2015; 
Ebrahimian et al., 2016; Morgan et al., 2016; Tanguy et al., 2017). As to the study of urban waterlogging at 
subway station’s entry-exit platform, simulation method is the most suitable method. In comparison, the cost of 
building an experimental scene in 1:1 dimension as the actual scene of a subway station is very high. Data analysis 
method is not suitable because the catastrophic disasters of rainfall and waterlogging are rare and the data of which 
is hard to be recorded. 

Emergency response strategy has been paid much attention to in recent years. It is an important concept and a lot 
of meaningful research has been carried out. There are mostly two categories of emergency response strategy 
from different points of view: (1) the emergency response strategy based on spatio-temporal analysis, (2) the 
emergency response strategy based on logistic analysis. As to the response strategy based on spatio-temporal 
analysis, emergency response strategy to emergency events can be studied using risk factors and sensitivity 
analysis together with stochastic simulation (Chen et al., 2016). Emergency response strategy and tactics of a 
mapping and tracking method are also effective based on a tactics-oriented radar-based observatory (Hajo et al., 
2011). As to the response strategy based on logistic analysis, some methods like events classification, process 
control, Petri Net (PN) model, Markov Chain (MC) model are widely used (Zhong, et al., 2010; Karmakar et al., 
2011; Zhou, 2013). As to the study of urban waterlogging at subway station’s entry-exit platform, both spatio-
temporal analysis and logistic analysis are significant, because the point of time in the whole process of 
waterlogging and the strategic decision of the managers or people are very important in short time before the 
subway station is flooded. 

In this paper, we further study the simulation of the urban waterlogging and emergency response strategy at 
subway station’s entry-exit platform in heavy rainstorm. A waterlogging simulation method named UPFLOOD 
based on shallow water equations is proposed considering complex topography. Four groups of contrastive 
waterlogging simulation are conducted to study the inner laws and influencing factors of waterlogging. The 
emergency response strategy is discussed considering the disaster process construction based on PN model. The 
emergency response strategies, including plugging, drainage and evacuation, are evaluated qualitatively and 
quantitatively. This study can help meet the emergency of the waterlogging disaster at subway stations caused by 
heavy rainstorm. 

METHODOLOGY 

Overview 

In this paper, simulations of the urban waterlogging at subway station’s entry-exit platforms in heavy rainstorm 
are conducted, and emergency response strategies are suggested. A waterlogging simulation method named 
UPFLOOD based on shallow water equations is proposed considering complex topography. Four groups of 
contrastive waterlogging simulation at two subway stations’ entry-exit platforms are conducted based on this 
model. The basic data of the study contains two parts: Digital Elevation Model (hereinafter referred to as DEM) 
data of large block area covering the subway stations in 10m×10m precision and DEM data of small block 
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area around the subway stations in 1m×1m precision. The influence of several factors including the duration 
of rainfall, the sewerage system, the intensity of rainfall and the site selection on the waterlogging at subway 
stations’ entry-exit platforms is also studied in this paper. Moreover, a disaster process construction method 
based on PN model is proposed. The emergency response strategies including plugging, drainage and evacuation 
are evaluated. It has been found that the timely response strategies are very important for the mitigation of the 
waterlogging disaster at the subway stations’ entry-exit platforms. 

 

Figure 1.  Overview structure of this paper 

The fundamental principle of UPFLOOD 

The terrain of the cities is usually complex, and the terrain near the subway station is much more complex. The 
simulation results of 2-D shallow water equations will be easily influenced by the terrain, which asks for a precise 
numerical simulation model. In this paper, the simulation work is conducted based on a numerical simulation 
model of urban rainfall accumulation-UPFLOOD (Urban Pluvial FLOOD) proposed by our research team (Su 
Boni et al., 2015, 2016, 2017). 

The 2-D shallow water equations are presented below. 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ �⃑�𝑞 = 0 (1) 

 ∇ℎ + 𝑆𝑆f���⃑ = 0 (2) 
𝜕𝜕 means the depth of the water (m). 𝜕𝜕 means time (s). 𝑞𝑞 means the flow rate of per unit width (m2/s). ℎ means 
the elevations of water surface (m). 𝑆𝑆𝑓𝑓 means the friction slope vector (dimensionless). The value of 𝑆𝑆𝑓𝑓 can be 
calculated in some different ways, in which the Manning Equation and Darcy-Weisbach Equation are regularly 
used. 

 𝑆𝑆𝑓𝑓 =
𝑛𝑛2𝑉𝑉2

𝑘𝑘2𝜕𝜕
4
3

 (Manning Equation) (3) 

 𝑆𝑆𝑓𝑓 =
𝑓𝑓𝑉𝑉2

8𝑔𝑔𝜕𝜕
 (Darcy − Weisbach Equation) (4) 

In equation (3) and equation (4), 𝑛𝑛 means the Manning coefficient (dimensionless), 𝑉𝑉 means the depth-averaged 
velocity of the flow (m/s), 𝑘𝑘 is the unit-conversion coefficient (= 1m1 3⁄ s−1), 𝑓𝑓 means the Darcy coefficient 
(dimensionless), 𝑔𝑔 is the gravity acceleration (= 9.8m/s2).  

The most important variable is the depth-averaged velocity 𝑉𝑉. The numerical value of 𝑉𝑉, marked as �𝑉𝑉�⃗ �, can be 
calculated based on equation (1) - (4). If Manning Equation is used, �𝑉𝑉�⃗ � can be calculated through equation (5). 

  |𝑉𝑉�| =
𝑘𝑘|∇ℎ|1 2⁄ 𝜕𝜕2 3⁄

𝑛𝑛
 (5) 

�𝑉𝑉�⃗ � can also be calculated when Darcy-Weisbach equation is used to calculate 𝑆𝑆𝑓𝑓. The simplified formulas of 
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Darcy coefficient 𝑓𝑓 are shown in equation (6), in which Re means Reynolds number (dimensionless), 𝜖𝜖 means 
absolute roughness of the surface material (m). 𝜖𝜖 usually can be got by the charting method, or the estimation of 
the surface roughness. 𝐾𝐾1, 𝐾𝐾2, 𝐾𝐾3 is the constants that can be got by experiments (dimensionless). If Darcy-
Weisbach Equation is used, �𝑉𝑉�⃗ � can be calculated through equation (7). 

 

⎩
⎪
⎨

⎪
⎧ 𝑓𝑓 =

24
Re

                                          (Re < 500)

1
�𝑓𝑓

= −𝐾𝐾1 lg�
𝜖𝜖
𝐾𝐾2𝜕𝜕

+
𝐾𝐾3

4𝑅𝑅𝑅𝑅�𝑓𝑓
�      (Re > 500)

 (6) 

 |𝑉𝑉�⃗ | =

⎩
⎪
⎨

⎪
⎧ 𝑔𝑔𝜕𝜕2|∇ℎ|

3𝑣𝑣
                                                               (Re < 500)

−𝐾𝐾1�8𝑔𝑔𝜕𝜕|∇ℎ| ∙ lg�
𝜖𝜖
𝐾𝐾2𝜕𝜕

+
𝐾𝐾3𝑣𝑣

�128𝑔𝑔𝜕𝜕3|𝛻𝛻ℎ|
�     (Re > 500)

 (7) 

Apparently, the vector 𝑉𝑉�⃗  has the different direction to the vector ∇ℎ, and equation (8) can be easily got based on 
this cognition. Then the flow rate of per unit width 𝑞𝑞 can be got. 

 𝑉𝑉�⃗ = −|𝑉𝑉�⃗ | ∙
𝛻𝛻ℎ

|𝛻𝛻ℎ|
 (8) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 can be got based on the equation (1). One step of the simulation is completed through equation (1) to equation 
(8).   

The fundamental principle of Petri net model 

The Petri net (PN) model was proposed by Petri in 1962 when the information flow model for computer operation 
system was developed (David et al., 1994). In recent study, the PN model is widely used to describe and analyze 
the information flow and control flow in a system, especially those with asynchronous and concurrency activities. 
The formal definition and basic terminology are shown below (Rozenburg et al.,1998; Zhong, et al., 2010; Zhou, 
2013). 

(1) A net is a triple 𝑁𝑁 = (𝑃𝑃,𝑇𝑇,𝐹𝐹) where: 

 1. 𝑃𝑃 and 𝑇𝑇 are disjoint finite sets of places and transitions. 

 2. 𝐹𝐹 ⊂ (𝑃𝑃 × 𝑇𝑇)⋃(𝑇𝑇 × 𝑃𝑃) is a set of arcs or flow relations. 

(2) Given a net 𝑁𝑁 = (𝑃𝑃,𝑇𝑇,𝐹𝐹), a configuration is a set 𝐶𝐶 so that 𝐶𝐶 ⊆ 𝑃𝑃. 

(3) An elementary net is a net of the form 𝐸𝐸𝑁𝑁 = (𝑁𝑁,𝐶𝐶) where: 

 1. 𝑁𝑁 = (𝑃𝑃,𝑇𝑇,𝐹𝐹) is a net. 

 2. 𝐶𝐶 is such that 𝐶𝐶 ⊆ 𝑃𝑃 is a configuration. 

(4) A Petri net is a net of the form P𝑁𝑁 = (𝑁𝑁,𝑀𝑀,𝑊𝑊), which extends the elementary net so that: 

 1. 𝑁𝑁 = (𝑃𝑃,𝑇𝑇,𝐹𝐹) is a net. 

 2. M: P → Z is a place multiset, where Z is a countable set. M extends the concept of configuration and 
is commonly described with reference to Petri net diagrams as a marking. 

 3. W: F → Z is an arc multiset, so that the count or weight for each arc is a measure of the arc multiplicity. 

Petri net graph is an intuitionistic representation of Petri net model. The circle represents the position (place), and 
if the circle has the token, it represents that the condition is satisfied. A line segment (bar) represents a transition. 
A diagrammatic sketch of Petri net graph is shown in the Figure 2. 
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Figure 2.  A diagrammatic sketch of Petri net graph 

The Petri network is a directed graph. The nodes in the Petri network can be divided into two sets: place and 
transition. Each arc is from a set of elements to another set of elements, so the Petri network is a directed 
bipartite graph.   

STUDY AREAS AND DATA 

Study areas 

Dazhongsi subway station and Keyilu subway station (in Beijing, China) are chosen to be the demonstrations 
in this paper. Dazhongsi subway station was constructed in 2002 and Keyilu subway station was constructed 
in 2011. There are two common features of these two stations. (1) The elevations of the entry-exit platforms 
of the stations are smaller than the elevations around the platforms, which makes the entry-exit platforms of 
the stations be the low-lying areas. The entry-exit platforms are easily flooded in huge rainstorm disasters. 
(2) There are drains and sewers on the surface of the platforms and there are both draining pumps connected 
to them. In rainstorm weather, the draining pumps will help reduce the waterlogging problem to a certain 
extent. 

 

(a)  Vertical view of the entry-exit platform of Dazhongsi subway station 
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(b)  Vertical view of the entry-exit C of Keyilu subway station 

Figure 3.  Vertical view of the study areas 

To get more detailed information, the high definition visualized simulation diagrams in oblique view are shown 
in Figure 4. From the figures in vertical view and oblique view we can see that the two entry-exit platforms of the 
stations have different features. The gathering ground of the entry-exit platform out of Dazhongsi subway station 
looks like a piece of sunken flat ground, which can be seen in Figure 4 (a) and Figure 4 (b). The main ways of the 
catchment of water include the influent water falling into the gathering ground from the relatively tall fence and 
the influent water flowing into the gathering ground from the rampways and the steps. The surface of the gathering 
ground is very smooth and undivided, without any buildings or constructions. The gathering ground of the entry-
exit platform out of Keyilu subway station is an irregularly shaped area, with some low buildings and civil 
constructions above ground, which can be seen in Figure 4 (c). In addition to the two ways of the catchment of 
water mentioned above, the influent water falling into the gathering ground from the roof of the buildings and 
civil constructions must be considered as a source item of waterlogging. 

 

(a) Oblique view 1 of the entry-exit platform of Dazhongsi subway station 
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(b) Oblique view 2 of the entry-exit platform of Dazhongsi subway station 

 

(c) Oblique view of the entry-exit C of Keyilu subway station 

Figure 4.  Oblique view of the study areas 

Data 

The most important data in numerical simulation of waterlogging is the elevations data. DEM data is widely used 
in waterlogging simulation. In this study, the DEM file is got from a data provider and its range is from 39°00’ N 
to 40°00’ N, 116°00’E to 117°00’E. The study areas are covered in this latitude and longitude range. 10m×10m-
precision DEM files and TXT files of the elevations data, which cover the study areas are got after a series of 
operation based on Arcmap software: projection, calibration, clipping, floating, resampling and turning grid into 
ASCII. The 10m × 10m-precision DEM data is useful for the simulation in large blocks. However, the precision 
is not enough to do fine simulation in the entry-exit platforms if we want to accurately simulate the waterlogging 
scenes, so 1m×1m-precision DEM data in and around the entry-exit platforms of two subway stations are got for 
study. 

SIMULATION RESULTS AND ANALYSIS 

The intensity of rainfall is the fundamental and the most important condition in waterlogging simulation. If the 
intensity is chosen too small, it is difficult to cause the waterlogging problem because the depth of water may 
increase slowly. The waterlogging may stay a thin water layer especially when the drainage system is working in 
the condition of small intensity of rainfall. The quantity of rainfall of different duration-reappearance period has 
been studied and the results are shown in Table 1 (Ma et al, 2012). 

 

Table 1.  Quantity of rainfall (unit: mm) of different duration-reappearance period 
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reappearance 
period /a 

duration /min 
2 3 5 10 20 50 100 

5 9.519 9.985 10.805 11.958 13.584 17.394 23.002 
10 15.253 16.893 18.809 21.465 24.533 30.210 37.216 
15 19.520 21.551 23.902 27.105 30.697 37.053 44.568 
20 22.784 25.448 28.392 32.340 36.648 42.929 67.137 
30 33.678 38.674 44.426 52.129 60.567 74.901 91.146 
45 34.583 40.710 47.800 57.456 72.278 87.404 109.991 
60 38.968 44.773 52.239 63.363 71.156 111.244 133.803 
90 44.409 52.822 62.636 76.211 91.834 120.585 155.890 

120 47.521 55.713 64.457 79.443 96.500 130.519 175.274 

The choice of the intensity of rainfall needs to consider the local actual conditions and the simulation requirements. 
In the study area in Beijing, there are few rainy weather. The greatest threat to the city and the subway stations is 
the heavy rainstorm. Moreover, we want to reappear the exceptionally severe waterlogging in heavy rainstorm in 
this paper to study and make emergency response strategies for the worst situation in advance. 71.156 mm/h, 
111.244 mm/h and 133.803 mm/h are chosen to be the intensity of rainfall in the simulations with the reappearance 
period equals 20 years, 50 years, 100 years and the duration equals 60 minutes. 

Several contrastive simulations are conducted in this paper, which is shown in Table 2. 

Table 2.  Contrastive simulations conducted in this paper 

Group Duration of rainfall (min) Sewerage system Intensity of rainfall (mm/h) Station 
1 10-90 No 111.244 Keyilu 
2 90 Yes/No 111.244 Keyilu 
3 120 Yes 71.156/111.244/133.803 Keyilu 
4 90 No 111.244 Keyilu/Dazhongsi 

Simulation group 1: the influence of the duration of rainfall on the waterlogging 

In this part of study, 111.244mm/h is chosen as the intensity of rainfall and Keyilu subway station is chosen as 
the study object. Simulations that last for different duration are conducted to study the influence of the duration 
of rainfall on the waterlogging. First, four observation points are set at the study area, which is shown in Figure 
5. The main component elements include observation points, a drainage ditch, low buildings, civil constructions 
overland, rampways, steps, regions of the main source of runoff overland and the inaccessible region. 

 

Figure 5.  Simplified schematic diagram of the entry-exit C of Keyilu subway station 

The results of the simulation group 1 are mainly indicated by the depth of water accumulation. The results are 
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shown in Figure 6. 

     

10 min 20 min 30 min 40 min  

     

50 min 60 min 70 min 80 min  

Figure 6.  Results of the simulation group 1 

It is apparently that 111.244mm/h is a huge intensity of rainfall. It is not common in practice. If the city is totally 
a flat ground, the depth of water can be easily calculated by intensity of rainfall × duration of rainfall. According 
to historical study (Ishigaki, 2005), it is hard to evacuate when the depth of water exceeds 70cm. It needs about 
6.3 hours to reach to the limited depth for evacuation in the specifically given intensity of rainfall on the ground. 
It seems like people have enough time to response and react to the disaster. However, the fact is much worse than 
the assumption above. Because the elevations of the city are wavy and the gap between the higher limit and the 
lower limit is usually big, the runoff overland will contribute a lot to the urban waterlogging. If the elevations of 
some areas are relatively small in a city, it will be flooded rapidly because of the runoff. People and constructions 
in the areas will face huge risk. In this paper, there are two stages of waterlogging: the block where the study area 
is located not flooded and the block flooded. The difference between the two stages is also studied.  



Ni et al.     Waterlogging simulation and emergency response strategy 
 

CoRe Paper – Analytical Modeling and Simulation 
Proceedings of the 15th ISCRAM Conference – Rochester, NY, USA May 2018 

Kees Boersma and Brian Tomaszewski, eds. 

 

Figure 7.  Simulation results of the simulation group 1 when the block is/is not flooded  

From the simulation results, we can see that the process of the waterlogging has an obvious step phenomenon at 
about 55 minutes and the progress can be divided into two stages. In the first stage, when the block is not flooded, 
the depth of water increases slowly. Despite that the catchment of water includes not only the water from rainfall 
directly but also the influent water from the main sources of runoff overland, the water from rainfall contributes 
more to the waterlogging. In the second stage, when the block is flooded, the depth of water increases suddenly 
and then increases in a much bigger and stable velocity. In this stage, the location covering the entry-exit platform 
C of Keyilu subway station is flooded. Influent water from the areas with relatively bigger elevations flows into 
the low-lying lands. In this stage, the influent water contributes more to the waterlogging. 

The step phenomenon happens mainly because the elevations of the subway station are not the lowest in the city, 
but sub low in the city. At the beginning of the simulation, the influent water from the main sources of runoff 
overland tends to flow into a lower point in the large block instead of the location of the subway station. Along 
with the progress, the subway station suddenly becomes the target of the runoff at the time of the step point after 
the quantity of the rainfall exceeds the water holding capacity of the lowest point. The step phenomenon of the 
waterlogging is very dangerous and must be taken into consideration when the emergency response strategy is 
proposed. 

Simulation group 2: the influence of the sewerage system on the waterlogging 

In this part of study, 111.244mm/h is chosen as the intensity of rainfall and Keyilu subway station is chosen as 
the study object. Simulations with a sewerage system and without a sewerage system are conducted to study the 
influence of the sewerage system on the waterlogging. According to the practical situation, the water displacement 
of the pumping machine is set as 145m3/h. The contrastive simulation results are shown in Figure 8. 
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20 min (without 
sewerage system) 

20 min (with 
sewerage system) 

40 min (without 
sewerage system) 

40 min (with 
sewerage system)  

     

60 min (without 
sewerage system) 

60 min (with 
sewerage system) 

80 min (without 
sewerage system) 

80 min (with 
sewerage system)  

Figure 8.  Results of the simulation group 1 

It is apparently that the depth of water when a sewerage system is in service is smaller than the depth of water 
when a sewerage system is closed at 20 minutes, 40 minutes, 60 minutes. However, the depth of water seems the 
same at 80 minutes regardless of the sewerage system. It can be speculated that when the block where the subway 
station is located is not flooded, the sewerage system can effectively help reduce the waterlogging. However, 
when the subway station’s block is flooded, the effect of the sewerage system is relatively inconspicuous. The 
progress is further studied, and the results are shown in Figure 9. 
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Figure 9.  Simulation results of the simulation group 2 at the observation points 1, 3, 4 with/without a sewerage 
system 

From the results we can see that when the block is not flooded, the sewerage system can help effectively slow 
down the catchment of water. Moreover, when the observation points are closer to the drainage system, the depth 
of water accumulation will be smaller, which can be seen from the Comparison of the observation points 1, 3 and 
the observation point 4. When the observation points are closer to more components of the drainage system, the 
depth of water accumulation will be smaller, which can be seen from the comparison of the observation point 1 
and the observation point 3. As mentioned above, the function of the sewerage system can be ignored once the 
subway station is flooded. 

Simulation group 3: the influence of the intensity of rainfall on the waterlogging 

As discussed above, the intensity of rainfall is the fundamental and most important factor that determines the 
formation of the waterlogging in the rainstorm. Despite the intensity of rainfall is relatively small in daily life in 
Beijing, China, a sudden heavy rain may destroy the infrastructure and lifeline system of the city if people are not 
prepared or act no emergency response to the disaster. For example, an extraordinary waterlogging occurred in 
Beijing, China on July 21, 2012 after continuous heavy rainfall. This disaster resulted in 79 deaths and a direct 
economic loss of 11.64 billion RMB (Su Y, Zhao F and Tan L, 2015). In summary, the waterlogging problem in 
heavy rainfall deserves much more attention. In this paper, the performance of waterlogging in the conditions of 
different intensity of rainfall (71.156mm/h, 111.244 mm/h, 133.803mm/h) is studied. 

    

20 min (intensity of 
rainfall=71.156 mm/h) 

20 min (intensity of 
rainfall=111.244 mm/h) 

20 min (intensity of 
rainfall=133.803 mm/h)  
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40 min (intensity of 
rainfall=71.156 mm/h) 

40 min (intensity of 
rainfall=111.244 mm/h) 

40 min (intensity of 
rainfall=133.803 mm/h)  

    

60 min (intensity of 
rainfall=71.156 mm/h) 

60 min (intensity of 
rainfall=111.244 mm/h) 

60 min (intensity of 
rainfall=133.803 mm/h)  

Figure 10.  Results of the simulation group 3 
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Figure 11.  Simulation results of the simulation group 3 at the observation points 3, 4 in different intensity of 
rainfall 

It can be found that the rising speed of the depth of water becomes larger along with the intensity of rainfall 
becomes larger. The inundation time when the block of the subway station is flooded becomes shorter as the 
intensity of rainfall becomes larger. The results remind the decision makers and the emergency response 
department to take different measures facing the rainstorm disaster with different rainfall intensity. 

Simulation group 4: the influence of the site selection on the waterlogging 

It is very difficult to form the urban waterlogging problem only based on the rainfall even if in the condition of 
heavy rainstorms. The most important reason for the occurrence of the urban waterlogging is the runoff 
phenomenon. Water tends to form confluence in low-lying areas, which makes the effect of the runoff overland 
the fundamental cause of serious urban waterlogging. The location of the subway stations is very important based 
on this cognition. The subway station will bear the full brunt of the waterlogging if it is built in a low-lying area. 
It can be seen from the study above that if the location of the subway stations is totally flooded, there are few 
countermeasures. Traditional response measures such as sewerage systems will lose effectiveness rapidly in 
extremely bad situation. To study the influence of the site selection of the subway stations on the waterlogging, 
four observation points are set at the entry-exit platform of Dazhongsi subway station as shown in Figure 12. The 
contrastive simulations of the waterlogging at Keyilu subway station and Dazhongsi subway station are conducted 
and the results are shown in Figure 13. 

 

Figure 12.  Simplified schematic diagram of the entry-exit platform of Dazhongsi subway station 
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Figure 13.  Simulation results of the simulation group 4 at entry-exit platforms of different subway stations 

It can be seen that in the same condition, Dazhongsi subway station is more easily to be flooded than Keyilu 
subway station. In Figure 13, the duration of the stage 1 that the block of Dazhongsi subway station is not flooded 
(𝑇𝑇1) is much smaller than that of Keyilu subway station (𝑇𝑇2). The result is in accordance with the truth that in 
practice, Dazhongsi subway station is more likely to be flooded than Keyilu subway station. This study can be 
popularized to the application at other subway stations. The results should be an important reference item in the 
site selection of subway stations. 

EMERGENCY RESPONSE STRATEGY 

Process construction based on PN model 

The emergency response strategy needs to be proposed based on the process of the disaster. Considering humans 
as the main bearers of the disaster, the process construction based on PN model is completed, which is shown in 
Figure 14. The meanings of 𝑝𝑝𝑖𝑖 (𝑖𝑖 = 1,2, … ,10) and 𝜕𝜕𝑖𝑖 (𝑖𝑖 = 1,2, … ,8) are shown in Table 3. 

 

Figure 14.  Process construction based on PN model 
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Table 3.  The meaning of the sets of places and transitions 

The node 
symbol 𝑝𝑝𝑖𝑖 

Meaning The node 
symbol 𝜕𝜕𝑖𝑖 

Meaning 

𝑝𝑝1 Subway station keeps notice on the 
alarm signal 𝜕𝜕1 Alarm signal is received for the first 

time 

𝑝𝑝2 The alarm signal is spreading 
underground 𝜕𝜕2 People notice the alarm signal 

𝑝𝑝3 People keeps notice on the alarm 
signal 𝜕𝜕3 People arrive near the entrance of the 

stairs 
𝑝𝑝4 Evacuation progress underground 𝜕𝜕4 People reach the entrance of the stairs 

𝑝𝑝5 Advancing towards the entrance of 
the stairs 𝜕𝜕5 People reach the surface of the ground 

safely 

𝑝𝑝6 Evacuation progress on the stairs 𝜕𝜕6 Depth of water on the ground reaches to 
the critical point of warning 

𝑝𝑝7 It is raining 𝜕𝜕7 
Depth of water underground reaches to 
the critical point of water level allowing 
evacuation 

𝑝𝑝8 The alarm signal appears 𝜕𝜕8 Victims are dead 

𝑝𝑝9 The alarm signal is spreading to the 
subway station   

𝑝𝑝10 Victims are trapped in the subway 
station   

The duration time of the progress of the people’s evacuation contains the following main parts (Mo, 2010): (1) 
𝑇𝑇1, from the time point that depth of water on the ground increases to the critical point, to the time point that alarm 
signal is received for the first time; (2) 𝑇𝑇2, from the time point that the alarm signal is received for the first time, 
to the time point that people notice the alarm signal; (3) 𝑇𝑇3, from the time point that people notice the alarm signal, 
to the time point that people arrive near the entrance of the stairs; (4) 𝑇𝑇4, from the time point that people arrive 
near the entrance of the stairs, to the time point that people reach the entrance of the stairs; (5) 𝑇𝑇5, from the time 
point that people reach the entrance of the stairs, to the time point that people reach the surface of the ground. 𝑇𝑇1- 
𝑇𝑇5  and the time for people to evacuate safely from the underground space to the ground 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 can be calculated 
by equation (9) - (14). 

 𝑇𝑇1 = min (𝜕𝜕𝐴𝐴, 𝜕𝜕𝐵𝐵, 𝜕𝜕𝐶𝐶) (9) 
𝜕𝜕𝐴𝐴 refers to the time that the depth of water reached to 10cm overland. 𝜕𝜕𝐵𝐵 refers to the time that the depth of water 
reached to 10cm in the underground space. 𝜕𝜕𝐶𝐶 refers to the time that the depth of water reached to 3cm in the 
underground space if the water sensor equipment is installed.  

 𝑇𝑇2 =
√𝐴𝐴
30

+ 3 (10) 

𝐴𝐴 (m2) refers to dimension of the underground space. 

 𝑇𝑇3 =
𝑙𝑙
𝛼𝛼𝑣𝑣1

 (11) 

Because when people decide to evacuate, the water level has reached to a certain depth. The retardation effect 
needs to be considered, so discount velocity is recommended here. 𝑙𝑙 means the walking distance (m). 𝑣𝑣1 means 
the walking speed in the crowded condition (m/min). 𝛼𝛼 is the discount parameter which can be calculated by α =
1 − ℎ𝑢𝑢𝑢𝑢 (70cm)⁄  in which ℎ𝑢𝑢𝑢𝑢 means the depth of the water underground (cm). 

 𝑇𝑇4 = �
𝑃𝑃𝐴𝐴
𝑁𝑁𝐵𝐵𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 (12) 

The flow rate of people and the width of the stairs are key influence factors when calculating 𝑇𝑇4 . 𝑃𝑃  is the 
population density (1/m2). 𝑁𝑁 is the effective flow coefficient (=90 according to the reference) (1/(m ∙ min)). 𝐵𝐵𝑖𝑖 
is the effective width of the stair 𝑖𝑖 in the evacuation route (m).  
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 𝑇𝑇5 =
𝜆𝜆
𝛽𝛽𝜈𝜈2

 (13) 

It is difficult for people to pass the stairs if the water flows in an opposite direction. 𝜆𝜆 is the length of the stairs 
(m). 𝜈𝜈2 is the normal walking speed on the stairs (m/min). 𝛽𝛽 is the discount parameter which can be calculated by 
𝛽𝛽 = 1 − ℎ𝑠𝑠 (30cm)⁄  in which ℎ𝑠𝑠 means the depth of the water on the stairs (cm). 

In summary, the time for people to evacuate safely from the underground space to the ground 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡  can be 
presented by equation (14). 

 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 = �𝑇𝑇𝑖𝑖

5

𝑖𝑖=1

= 𝑇𝑇1 +
√𝐴𝐴
30

+ 3 +
𝑙𝑙
𝛼𝛼𝑣𝑣1

+ �
𝑃𝑃𝐴𝐴
𝑁𝑁𝐵𝐵𝑗𝑗

𝑛𝑛

𝑗𝑗=1

+
𝜆𝜆
𝛽𝛽𝜈𝜈2

 (min) (14) 

The duration time of the waterlogging turning into disaster contains two parts. (1) One part is the duration time 
(𝑇𝑇𝑠𝑠1) that the depth of water on the ground increases to the critical point that the water on the entry-exit platforms 
pours over the highest step at the entry-exit. In this study, the height of highest step at the entry-exit equals 30 cm. 
Once the water pours over the highest step, it will flow into the underground space through the stairs, which may 
cause serious consequences. (2) The other part is the duration time (𝑇𝑇𝑠𝑠2) that the depth of water in underground 
space increases to the critical point when it is difficult for the victims to walk and evacuate, after the water flows 
into the underground space. According to the existing study (Mo, 2010), the critical point of the depth of water in 
underground space should be set as 70 cm. 

 𝑇𝑇𝑠𝑠1 can be got through equation (15). 

 � 𝑢𝑢1
𝑇𝑇𝑠𝑠1

0
𝜕𝜕𝜕𝜕 = ℎ𝑐𝑐1 (15) 

ℎ𝑐𝑐1 means the critical point of the depth of water on the ground (m). ℎ𝑐𝑐1 equals 0.3 m in this paper. 𝑢𝑢1 means the 
rising speed of the water level. The relationship between the quantity per unit width of the water that invades into 
the underground space 𝑞𝑞 (m3/m/s) and the depth of the water accumulation at the entrance ℎ𝑢𝑢 (m)  is shown in 
equation (16). 

 𝑞𝑞 = �
0,                                      ℎ𝑢𝑢 ≤ ℎ𝑐𝑐1 

1.98 ∙ �ℎ𝑢𝑢 − ℎ𝑐𝑐1�
1.621,ℎ𝑢𝑢 > ℎ𝑐𝑐1 

 (16) 

The rising speed of the water underground 𝑢𝑢2 can be calculated by equation (17). ℎ𝑢𝑢𝑢𝑢 means the depth of 
water underground (m). 

 𝑢𝑢2 = ℎ𝑢𝑢𝑢𝑢′ (𝜕𝜕) =
𝑄𝑄′(𝜕𝜕)
𝐴𝐴

=
(∫ 𝑞𝑞 ∙ 𝐵𝐵𝜕𝜕𝜕𝜕𝜕𝜕
0 )′

𝐴𝐴
=

1.98𝐵𝐵�ℎ𝑔𝑔 − ℎ𝑐𝑐1�
1.621

𝐴𝐴
 (17) 

𝑇𝑇𝑠𝑠2 can be got through equation (18). ℎ𝑐𝑐2 equals 0.7 m in this paper. 

 � 𝑢𝑢2
𝑇𝑇𝑠𝑠2

𝑇𝑇𝑠𝑠1
𝜕𝜕𝜕𝜕 = ℎ𝑐𝑐2 (18) 

Emergency response strategies-plugging and drainage 

From the Results and analysis above, some traditional response methods to urban rainstorms and urban 
waterlogging are effective in the stage that the block of the subway stations is not flooded. Take the simulation 2 
for an example, detailed analysis is conducted. The relationship of the depth ℎ𝑢𝑢 of the water and the duration of 
the rainfall 𝜕𝜕 (𝜕𝜕 ≤ 50 min) in the condition of intensity of rainfall equals to 111.244 mm/h, the water displacement 
of the pumping machine is set as 0m3/h  and 145m3/h is shown in equation (19) and (20). 

 ℎ𝑢𝑢 = −2 × 10−7𝜕𝜕2 + 0.0019𝜕𝜕 (min) (𝑤𝑤𝑖𝑖𝜕𝜕ℎ𝑜𝑜𝑢𝑢𝜕𝜕 𝑠𝑠𝑅𝑅𝑤𝑤𝑅𝑅𝑠𝑠𝑠𝑠𝑔𝑔𝑅𝑅), R2 = 0.999 (19) 

 ℎ𝑢𝑢 = −1 × 10−5𝜕𝜕2 + 0.001𝜕𝜕 (min) (𝑤𝑤𝑖𝑖𝜕𝜕ℎ 𝑠𝑠𝑅𝑅𝑤𝑤𝑅𝑅𝑠𝑠𝑠𝑠𝑔𝑔𝑅𝑅),                 R2 = 0.998 (20) 
Stage 1 refers to the condition that block of Keyilu subway station is not flooded. The simulation results in 
stage 1 are shown in Figure 15. 
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Figure 15.  Response strategy: plugging and drainage 

From the results we can see that the traditional response methods are well-founded. Normally, the time that 
the top steps of the entrance of the subway station is flooded is seen as a critical point. If the steps of the 
entrance of the subway station is flooded, the intrusion of water into the underground space will bring 
unexpected consequences. One kind of response strategy is plugging, which means blocking the entrance of 
the subway station with blockage like sandbags. This strategy can make the height of the entrance ℎ𝑐𝑐1 bigger. 
The time that the entrance is overflowed will be delayed because ℎ𝑢𝑢 equals to ℎ𝑐𝑐1 at the critical point. The 
other kind of response strategy is drainage, which means pumping water out of the specific area. It can be 
seen from the results that drainage is also effective because it reduces the rising speed of the water level to 
a great extent. 

Emergency response strategies-evacuation 

In the case of extremely huge rainstorm disasters, the problem is not only the waterlogging at the subway stations’ 
entry-exit platforms but also the invasion of the water into the underground space. The reaction time between the 
formation of the flood and the implementation of the evacuation plan is very short in an extreme rainstorm disaster. 
It is very dangerous if the prewarning and evacuation is not timely because there are usually enormous people 
underground in the subway stations, especially during the rush hours. The emergency response and evacuation in 
extreme rainstorm disasters are also studied in this section. It is not difficult for people to evacuate on the ground 
because it is an open space. However, it is much more difficult for people underground to evacuate up to the 
ground surface in disasters.  

In the case study in this paper, the relationships among 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 and the factors are studied. The factors include the 
dimension of the underground space, 𝐴𝐴 ; the population density, 𝑃𝑃 ; the effective width of the stairs in the 
evacuation route, 𝐵𝐵; the length of the stairs, 𝜆𝜆. The constant conditions are set as 𝑙𝑙 = 100m, 𝑣𝑣1 = 𝑣𝑣2 = 60m/min, 
𝛽𝛽 = 2/3. In this paper, 𝑇𝑇1 = 0 min because the depth of water has reached to 30cm (the critical point of 
warning) overland before alarm signal is received for the first time. 

According to the previous study in simulation group 2, 𝑇𝑇𝑠𝑠1 and ℎ𝑢𝑢𝑢𝑢 can be calculated in the condition of intensity 
of rainfall equals to 111.244 mm/h at Keyilu subway station. When the depth of water underground reaches the 
critical point (ℎ𝑐𝑐2 = 0.7 m), 𝑇𝑇𝑠𝑠1 + 𝑇𝑇𝑠𝑠2 and 𝑇𝑇𝑠𝑠2 can be got by equation (22) and (23). 𝑇𝑇𝑠𝑠2 means the time left 
for people to safely evacuate up to the ground. 

 𝑇𝑇𝑠𝑠1 = 55 (min) (21) 

 ℎ𝑢𝑢𝑢𝑢 = 0.122𝜕𝜕 − 0.232 (m)  (22) 

 𝑇𝑇𝑠𝑠2 =
0.7(𝜕𝜕ℎ𝑅𝑅 𝑣𝑣𝑠𝑠𝑙𝑙𝑢𝑢𝑅𝑅 𝑜𝑜𝑓𝑓 ℎ𝑐𝑐2) + 0.232

0.122
− 55 = 21.23 (min) (23) 

In the case study in this paper, the conditions that people can safely evacuate from the subway station have been 
studied. We compare the evacuation time 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 and 𝑇𝑇𝑠𝑠2 in several conditions. 
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 �𝐼𝐼𝜕𝜕 𝑖𝑖𝑠𝑠 𝑖𝑖𝑛𝑛 𝑠𝑠𝑠𝑠𝑓𝑓𝑅𝑅 𝑐𝑐𝑜𝑜𝑛𝑛𝜕𝜕𝑖𝑖𝜕𝜕𝑖𝑖𝑜𝑜𝑛𝑛,                     𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 ≤ 𝑇𝑇𝑠𝑠2  
𝐼𝐼𝜕𝜕 𝑖𝑖𝑠𝑠 𝑖𝑖𝑛𝑛 𝜕𝜕𝑠𝑠𝑛𝑛𝑔𝑔𝑅𝑅𝑠𝑠𝑜𝑜𝑢𝑢𝑠𝑠 𝑐𝑐𝑜𝑜𝑛𝑛𝜕𝜕𝑖𝑖𝜕𝜕𝑖𝑖𝑜𝑜𝑛𝑛, 𝑇𝑇𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 > 𝑇𝑇𝑠𝑠2  (24) 

 

 

Figure 16.  The relationships among the left safe evacuation time and the factors 

From the result, it can be seen that the population density, 𝑃𝑃 and the effective width of the stairs in the evacuation 
route, 𝐵𝐵 are most important for people to safely evacuate up to the ground. In the condition of (𝐴𝐴 = 1000m2, 𝐵𝐵 =
2m, λ = 20m), the critical value population density 𝑃𝑃 is 2.7 persons/m2, which means if the underground space 
is too crowded, the safe evacuation time will be insufficient. In the condition of (𝑃𝑃 = 0.5 persons/m2, 𝐴𝐴 =
1000m2, λ = 20m), the critical value population density 𝐵𝐵 is 3.4 m, which means if the width of the stairs is too 
narrow, the safe evacuation time will be insufficient. 

CONCLUSION 

In conclusion, simulations of the urban waterlogging at subway station’s entry-exit platforms in heavy rainstorm 
are conducted, and emergency response strategies are suggested in this paper.  

In simulation part, it has been found that the waterlogging at subway stations’ entry-exit platforms in rainstorm 
disasters is easily influenced by the duration of rainfall, the sewerage system, the intensity of rainfall, the site 
selection of the subway stations. In brief, the waterlogging problem will become more severe when the duration 
of the rainfall becomes bigger, the sewerage system is closed and the intensity of rainfall becomes bigger. It 
reminds the decision makers to pay more attention to huge rainstorm and the waterlogging caused by it. Moreover, 
a prepared drainage system is important at the subway stations’ entry-exit platforms. 

It has also been found in this paper that the site selection for the subway stations is very important. There exists a 
critical time point and a step feature of waterlogging at the subway stations’ entry-exit platforms. It means that 
the flooded time will be very short if the subway stations is located at a low-lying area. It is important to do 
waterlogging risk evaluation before the site selection of the subway stations. The methods proposed in this paper 
can effectively help do waterlogging simulation and waterlogging risk evaluation before the site selection. 

Finally, a disaster process construction method based on PN model is proposed in this paper. It has been found 
that the emergency response strategies including plugging, drainage and evacuation are important for disaster 
mitigation at the subway stations’ entry-exit platforms. First, plugging and drainage help in disaster mitigation to 
an extend because these emergency response strategies delay the critical time point when water enters the 
underground space (depth of water on the ground = the height of the highest stair step). Second, the evacuation 
time is tense considering the water has entered the underground space. When the depth of water underground 
reaches the critical point (=70 cm), it is hard for people to evacuate. It has been found that the population density 
and the effective width of the stairs in the evacuation route are most important factors, which determine whether 
people can safely evacuate up to the ground. 

There are still some aspects remaining to be further studied. The precision of DEM data is very important for the 
performance and accuracy of waterlogging simulation. In this paper, we got 1m×1m-precision DEM data around 
the  subway stations. It is expected that the results can be improved if full-scale high precision DEM data is used 
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in the simulation, despite it will cost much more computing time. Moreover, matching real-size rainfall, 
waterlogging and evacuation experiments in the future are valuable for the modelling verification and 
modification.  
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