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ABSTRACT 

Many cities, especially those in developing countries, are not well prepared for the devastating disaster of 

exceptional rain-induced waterlogging caused by extreme rainfall. This paper proposes a waterlogging scenario 

prediction and crisis management method for such kind of extreme rainfall conditions based on high-precision 

waterlogging simulation. A typical urban region in Beijing, China is selected as the study area in this paper. High-

precision and full-scale data in the study area requested for the waterlogging simulation are introduced. The 

simulation results show that the study area is still vulnerable to extreme rainfall and the subsequent waterlogging. 

The waterlogging situation is much more severe with the increase of the return period of rainfall. This study offers 

a good reference for the relevant government departments to make effective policy and take pointed response to 

the waterlogging problem. 

* Corresponding author: Hong Huang (hhong@tsinghua.edu.cn).
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INTRODUCTION 

With rapid urbanization and fast population growth, rain-induced waterlogging has been a common dilemma for 

many cities around the world (Li, 2012). Rain-induced waterlogging is usually induced by multiple causes, such 

as extreme weather, land cover composition, and limited capacity of drainage system (Sofia et al., 2019; Zhang et 

al., 2020). Waterlogging can not only cause traffic congestion and property loss, sometimes it can even cause 

casualties. For example, the direct economic loss has been estimated to be about 1.6 billion dollars and 79 people 

have died in an extremely heavy rainfall and the consequent severe waterlogging in 2012 in Beijing, China (Gu 

et al., 2013). To avoid the serious consequences of waterlogging in cities, especially under the condition of 

extremely heavy rainfall, scenario prediction before the waterlogging happens is very important. 

Traditionally, there are mostly three categories of the analysis and scenario prediction methods in the view of the 

waterlogging problem, including the experiment method, simulation method, and data analysis method (Ni et al., 

2018). In this paper, we mainly focus on real-world-scale waterlogging simulation, thus the experiment method 

is not applicable because it is almost impossible to conduct man-made precipitation in such a large scale. At the 

same time, data analysis method is also not suitable. Actually, the authors do have the historical precipitation and 

waterlogging data in the past four years (from 2017 to 2020) of the study area mentioned later in this paper. 

However, it can be found that there is seldom waterlogging situations at the data monitoring points in the study 

area. There are two main reasons for this phenomenon. One reason is that it is difficult to induce the waterlogging 

problem in a rainfall with normal rainfall intensity while the extremely heavy rainfall with a huge rainfall intensity 

is rare and hardly to be recorded. The other reason is that waterlogging scenario usually happens in some locations 

in a city, instead of the entire city. If the number of monitoring sensors is insufficient, the waterlogging scene may 

be missed even it happens, while the cost of large-scale layout of the monitoring sensors is also very high. In brief, 

the simulation method is most suitable for the study purpose of this paper. 

According to customary norms, the water runoff in the drainage system or in rivers is named as 1-D pipe flow or 

1-D river flow, while the water runoff on the ground is named as 2-D runoff. Correspondingly, the models to

simulate the 1-D water flow is named as 1-D hydraulic models while the models to simulate the 2-D runoff is

named as 2-D hydraulic models. There has been various relevant research on analysis and scenario prediction of

waterlogging based on simulation. Xu et al. proposed an urban waterlogging simulation model by coupling the 1-

D river channel, 2-D land surface, and 1-D drainage system into one integrated model where river tributaries,

roads, and buildings were thoroughly considered (Xu et al., 2020). However, despite the authors took into

consideration the structure of some kinds of infrastructure, such as the curbs of the road, whether large-scale

digital elevation model (DEM) was mastered and utilized in the study was not mentioned. Pan et al. emphasized

the importance of the road network and proposed a distributed three-dimensional urban waterlogging model where

the urban space was divided into four parts, including the 1-D river channel, 2-D land surface, 1-D road network

and 1-D drainage system. The flood flow on the land surface was simulated based on 2-D Saint-Venant diffusion-

wave model, while the flood flow on the roads, in the drainage system, and in rivers was simulated based on 1-D

Saint-Venant model (Pan et al., 2012). However, the authors didn’t have high-precision data of the road network

so the roads are generalized to pipes in the study. At the same time, the dataset of drainage system was lacked in

some areas so the authors can only get the waterlogging simulation results at a small zone. Chen et al. proposed a

rain-induced waterlogging model from another perspective that the formation process of the waterlogging was

divided into four parts, including runoff generation, confluence, drainage, and waterlogging. A case study was

conducted at 16 waterlogging points in Changchun and it could be seen from the results that the model performed

well (Chen et al., 2017). However, the authors only master the dataset of DEM and the distribution of nodes and

pipes of the drainage system, while the dataset of roads, buildings, size and detailed structure of the nodes and

pipes of the drainage system were not mentioned at all. In summary, despite the enormous effort in this research

field, there still exists a main shortcoming in many studies that it is usually very difficult to obtain a full set of the

high-precision data requested for waterlogging simulation, thus some essential data are generalized by estimation

method in some study, which will certainly affect the precision of the simulation results. Some other examples

can be found in previous studies. For example, Su et al. only took into consideration the 2-D runoff model on the

ground while directly ignored the 1-D pipe flow part because of the lack of drainage system data (Su et al., 2015).

The main contribution of the study described in this paper is to propose a set of accurate and generalizable 

waterlogging scenario prediction method based on high-precision simulation. At the same time, this paper 

emphasizes the importance of the basic dataset in high precision, which is also essential to waterlogging scenario 

prediction. This paper purposely focusses on the formation process of the waterlogging, aiming to disentangle the 

root cause and overall process of the waterlogging problem. The crisis management measures to waterlogging is 
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also discussed in this paper. 

WATERLOGGING SCENARIO PREDICTION METHOD 

Since the extremely heavy rainfall does not occur frequently, it is usually difficult to directly obtain city-scale 

waterlogging scenarios under these extreme rainfall by field observations. In contrast, simulation is another 

potential and powerful method based on which waterlogging scenarios can be investigated thoroughly. The set of 

waterlogging scenario prediction method based on high-precision simulation proposed in this paper is partly 

supported by InfoWorks ICM, which is developed by Innovyze. The formation procedure of waterlogging is 

generalized and finally divided into two main phases in the proposed method, including the pipe flow phase 

underground based on the 1-D pipe flow model, and surface runoff phase on the ground based on the 2-D hydraulic 

model. The interaction between two phases is realized by the nodes in the drainage system with 2-D interactive 

properties. The exchange of the water on the ground and underground after a rain begins is thoroughly considered 

in the proposed method. 

Design Rainfall Generator 

Referring to the design standard of outdoor drainage (GB 50014-2006) in China, the rainfall density formula of 

design rainfall applicable to China is shown in Eq. 1. 𝑖𝑇 (mm/min) denotes the rainfall density. 𝑃 (a) denotes the 

return period of rainfall. 𝑇 (min) denotes the rainfall duration. 𝑏 (min) denotes a correction parameter to rainfall 

duration. 𝐴1 (mm), 𝐶, 𝑚, and 𝐴 (mm) denote different rainfall parameters. 

 𝑖𝑇 =
167 ∙ 𝐴1 ∙ (1 + 𝐶 ∙ lg𝑃)

(𝑇 + 𝑏)𝑚
=

𝐴

(𝑇 + 𝑏)𝑚
 (1) 

In this paper, a typical urban region in Xicheng district, Beijing, China will be selected as the study area later. As 

to this specific study area, the following rainfall density formulas of design rainfall (Eq. 2 and Eq. 3) are 

recommended in the latest research by Yuan et al. (Yuan et al., 2020). Eq. 2 and Eq. 3 are essentially identical 

while the values of the parameters are different when the units of 𝑖𝑇 are different. 

 𝑖𝑇 =
1859.475 × (1 + 0.906 × lg𝑃)

(𝑇 + 11.665)0.729
 (L ∙ s−1 ∙ hm−2) (2) 

 𝑖𝑇 =
11.157 × (1 + 0.906 × lg𝑃)

(𝑇 + 11.665)0.729
 (mm/min) (3) 

Referring to InfoWorks ICM handbook, Eq. 4 is utilized to calculate the total cumulative rainfall 𝐻𝑇 (mm) and 

Eq. 5 is  utilized to calculate the cumulative rainfall at time 𝑡, 𝐻 (mm). 

 𝐻𝑇 = 𝑖𝑇 ∙ 𝑇 =
𝐴 ∙ 𝑇

(𝑇 + 𝑏)𝑚
 (mm) (4) 

 𝐻 =

{
 
 

 
 𝐻𝑇 × {𝑟 − (𝑟 −

𝑡

𝑇
) ∙ [1 −

𝑡

𝑟(𝑇 + 𝑏)
]
−𝑚

} , 0 ≤ 𝑡 ≤ 𝑟 ∙ 𝑇

𝐻𝑇 × {𝑟 + (
𝑡

𝑇
− 𝑟) ∙ [1 +

𝑡 − 𝑇

(1 − 𝑟) ∙ (𝑇 + 𝑏)
]
−𝑚

} , 𝑟 ∙ 𝑇 < 𝑡 ≤ 𝑇

 (mm) (5) 

In Eq. 4 and Eq. 5, 𝑟 denotes the time ratio to the peak intensity during the whole rainfall procedure. According 

to the latest findings by Yuan et al. (Yuan et al., 2020), the recommended value of 𝑟 in Beijing is 0.382. When it 

comes to the study area, the values of other parameters in Eq. 4 and Eq. 5 are the same as the values of the 

parameters in equations above (Eq. 1 to Eq. 3), that is, 𝐴 = 11.157 × (1 + 0.906 × lg𝑃), 𝑏 = 11.665, 𝑚 =
0.729. 

The instantaneous rainfall intensity 𝑞 (mm/h) can be calculated by Eq. 6. 

 𝑞 =
𝜕𝐻

𝜕𝑡
× 60 (mm/h) (6) 

1-D Pipe Flow Model 

Rainwater enters the drainage system and form pipe flow in the drainage system at the early stage during a rainfall. 

1-D pipe flow model is needed to simulate the flow state of the rainwater in pipes. In this paper, 1-D pipe flow 

model is established based on classic 1-D Saint-Venant Equation applicable to pipes with variable cross-sections. 
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The mass conservation equation and momentum equation of 1-D pipe flow model are respectively shown in Eq. 

7 and Eq. 8 (Aricò and Tucciarelli, 2007). In Eq. 7 and Eq. 8, 𝑥 (m) denotes the travel distance of rainwater in 

the flow direction. 𝑡 (s) denotes the time. 𝑔 (m s2⁄ ) denotes the acceleration of gravity. ℎ (m) denotes the depth

of water. 𝑆 (m2) denotes the area of the flow cross section. 𝑞 (m3 s⁄ ) denotes the discharge flow rate. 𝑆0 denotes

the bed slope. 𝑅 (m) denotes the hydraulic radius. 𝑛 denotes the Manning’s roughness coefficient. 

𝜕𝑆

𝜕𝑡
+
𝜕𝑞

𝜕𝑥
= 0 (7) 

𝜕𝑞

𝜕𝑡
+
𝜕

𝜕𝑡
(
𝑞2

𝑆
) + 𝑔𝑆 (

𝜕ℎ

𝜕𝑥
+
𝑛2𝑞|𝑞|

𝑆2𝑅4 3⁄
− 𝑆0) = 0 (8) 

When the pipes are in the surcharged condition, the classic Preissmann Slot method (Preissmann, 1961) is 

introduced into the 1-D pipe flow simulation, in order to ensure that the model still stands in complicated hydraulic 

conditions. 

2-D Hydraulic Model

When the drainage capacity is insufficient, the rainwater will come from the drainage system into the 2-D mesh 

element on the ground, spread along the mesh grid, and finally form waterlogging. 2-D hydraulic model is utilized 

to describe the spread process of flood water on the ground. The method to calculate and update the water depth 

in each mesh grid is shown in Eq. 9 to Eq. 11. 2-D hydraulic model in this paper is established based on 2-D 

shallow water equations (Alcrudo and Mulet-Marti, 2005). 

𝜕ℎ

𝜕𝑡
+
𝜕(ℎ𝑢)

𝜕𝑥
+
𝜕(ℎ𝑣)

𝜕𝑦
=∑𝑞𝑖

𝑁

𝑖=1

(9) 

𝜕(ℎ𝑢)

𝜕𝑡
+
𝜕

𝜕𝑥
(ℎ𝑢2 +

𝑔ℎ2

2
) +

𝜕(ℎ𝑢𝑣)

𝜕𝑦
−
𝜕

𝜕𝑥
(𝜀ℎ

𝜕𝑢

𝜕𝑥
) −

𝜕

𝜕𝑦
(𝜀ℎ

𝜕𝑢

𝜕𝑦
)

= 𝑔ℎ(𝑆0,𝑥 − 𝑆𝑓,𝑥) +∑𝑞𝑖𝑢𝑖

𝑁

𝑖=1

(10) 

𝜕(ℎ𝑣)

𝜕𝑡
+
𝜕

𝜕𝑦
(ℎ𝑣2 +

𝑔ℎ2

2
) +

𝜕(ℎ𝑢𝑣)

𝜕𝑥
−
𝜕

𝜕𝑥
(𝜀ℎ

𝜕𝑣

𝜕𝑥
) −

𝜕

𝜕𝑦
(𝜀ℎ

𝜕𝑣

𝜕𝑦
)

= 𝑔ℎ(𝑆0,𝑦 − 𝑆𝑓,𝑦) +∑𝑞𝑖𝑣𝑖

𝑁

𝑖=1

(11) 

In the equations above, ℎ (m) denotes the depth of water. 𝑡 (s) denotes the time. 𝑢 (m/s) and 𝑣 (m/s) denote the 

flow velocities respectively in the 𝑥 direction and 𝑦 direction. 𝑞𝑖  (m/s) denotes the source discharge volume in

the 𝑖th  source discharge grid per unit time per unit area. 𝑢𝑖  (m/s)  and 𝑣𝑖  (m/s)  denote the flow velocities

respectively in the 𝑥 direction and 𝑦 direction in the 𝑖th source discharge grid. 𝑁 denotes the number of the source 

discharge grids. 𝑔 (m s2⁄ ) denotes the acceleration of gravity. 𝜀 (m2 s⁄ ) denotes the eddy viscosity. 𝑆0,𝑥 and 𝑆0,𝑦
are respectively the bed slopes in the 𝑥 direction and 𝑦 direction. 𝑆𝑓,𝑥 and 𝑆𝑓,𝑦 are respectively the friction slopes

in the 𝑥 direction and 𝑦 direction. 

𝑆𝑓,𝑥 and 𝑆𝑓,𝑦 in Eq. 10 and Eq. 11 can be calculated by Manning formula. Suppose that 𝑆𝑓⃗⃗  ⃗ = (𝑆𝑓,𝑥, 𝑆𝑓,𝑦), the value

of 𝑆𝑓⃗⃗  ⃗ can be calculated by Eq. 12 (Su, 2017).

|𝑆𝑓⃗⃗  ⃗| =
𝑛2|�⃗� |

2

𝑘2ℎ4 3⁄
(12) 

In Eq. 12, 𝑛  denotes the Manning’s roughness coefficient. �⃗�  (m/s)  denotes the vector of flow velocity. 

𝑘 (m1 3⁄ /s) denotes a conversion coefficient. ℎ (m) denotes the depth of water.

STUDY AREA 

A typical urban region in Xicheng district, Beijing, China is selected as the study area in this paper (Figure 1). 

The study area has an area of about 8.4 km2. Nowadays, all the flood control rivers in the study area have been 

well treated by the government. The latest government report claimed that flood disasters will not happen in these 

flood control rivers even in particularly severe rainfall, such as a heavy rainfall with a return period to be 100 
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years. Therefore, the backwater effect of flood from the rivers to the outfall nodes of the drainage system will not 

be considered in this study. 

Figure 1. The study area 

Roads and Buildings 

Roads and buildings are the most important infrastructure on the ground in urban space. The structure of the road 

network in the study area is shown in Figure 2(a). The peripheral roads in the study area are mainly provincial 

roads (No. 1 and No. 2 in Figure 2(a)) and county roads (No. 3 and No. 4 in Figure 2(a)). The roads in the internal 

framework of the road network are mainly the township roads with lower speed limit compared to the provincial 

roads and county roads. The height of the curbs on the sides of the roads is in the range of 12 cm to 18 cm. In this 

paper, the height of the curbs is set to be 15 cm. 

All the buildings in the study area are shown in Figure 2(b). The core zone in the study area was cut into eight 

blocks according to the framework of the road network and the properties of buildings. Block 1, Block 5, Block 

6, and Block 7 are residential districts, while Block 2, Block 3, Block 4, and Block 8 are business districts. The 

heights of the buildings actually do not have an impact on the waterlogging simulation results. Therefore, a 

generalization of the heights of all the buildings was implemented. The heights of all the buildings are set to be 

20 m in this paper. 

(a) Road network (b) Buildings

Figure 2. The roads and buildings in the study area 
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Drainage System 

The drainage system in the study area can be divided into two categories, including sewage drainage system and 

rainwater drainage system, as shown in Figure 3(a). These two systems are independent of each other which means 

that the rainwater cannot enter the sewage drainage system and the sewage cannot enter the rainwater system. It 

can be found by comparing Figure 2(a) and Figure 3(a) that the drainage pipelines are mainly laid along the roads. 

In the original dataset of the drainage system, there are a lot of kinds of nodes, including manholes, chamber 

points, chamber edge points, eccentric points, and rainwater grates, etc. However, many adjacent nodes in the 

original dataset essentially correspond to the same drainage facility in real world. Such redundant nodes have been 

manually identified and simplified. The rainwater drainage system after simplification is shown in Figure 3(b). 

The distribution of the nodes and pipes of the rainwater drainage system is imbalanced. Most nodes and pipes are 

located in the southwest of the study area, that is, the business districts. The exact reason for this phenomenon is 

not clearly declared by the government department in charge but it may be related to the surface elevation of the 

study area, which will be introduced later in this paper. 

(a) All nodes in sewage drainage system and rainwater

drainage system 
(b) Rainwater drainage system after simplification

Figure 3. The drainage system in the study area 

After the simplification of the rainwater drainage system, the number of the nodes is 928 and the number of the 

pipes is 907. All the pipes in the study area are made of concrete. Manning’s roughness coefficient of this material 

is from 0.013 to 0.014. In this paper, Manning’s roughness coefficient of the pipes is set to be 0.0135. In other 

words, the parameter 𝑛 in Eq. 6 above is set to be 0.0135. 

Digital Elevation Model (DEM) 

The DEM dataset provided by a government department was utilized in this paper (Figure 4). The vertical 

accuracy of the DEM dataset is 0.01 m which means the vertical precision is very high. The average surface 

elevation of the study area is 48.15 m. The minimum surface elevation is 43.09 m. The maximum elevation is 

52.18 m. The DEM data indicates that the study area is located in plain terrain. 
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Figure 4. DEM of the study area 

Land Cover Type 

Different land cover types correspond to different runoff coefficients and Manning’s roughness coefficients. 

Furtherly, different runoff coefficients and Manning’s roughness coefficients lead to different runoff process of 

flood water. Therefore, determining the land cover types in the study area before the waterlogging simulation is 

very important. 

Runoff coefficient is defined as the ratio of the runoff depth to the rainfall depth during any period of the rainfall. 

The larger the runoff coefficient is, the less the rainfall is absorbed by the surface. Theoretically speaking, the 

burden of the drainage system is greater and the waterlogging risk is higher when the runoff coefficient is larger. 

According to Design standard of outdoor drainage GB 50014-2006 and Design standard of water supply and 
drainage in building GB 50015-2019 in China, the recommended values of the runoff coefficients for different 

land cover types are listed in Table 1. In this paper, the runoff coefficient of a specific mesh grid is set to be 0.90 

if the mesh grid is located inside the building or roads. Otherwise, the runoff coefficient of a specific mesh grid is 

set to be 0.30. 

Table 1. Runoff coefficients for different land cover types 

Land cover type Runoff coefficient 

Building roof, concrete, and asphalt pavement 0.90 

Other surfaces such as unpaved surface 0.30 

Park or grassland 0.15 

Table 2. Manning’s roughness coefficients for different land cover types 

Land cover type 
Range of Manning’s  

roughness coefficient 

Recommended value by 

InfoWorks ICM 

Concrete/asphalt 0.01-0.013 0.011 

Bare sand 0.01-0.016 0.011 

Graveled surface 0.012-0.033 0.02 

Bare clay-loam (eroded) 0.012-0.033 0.02 

Bluegrass sod 0.39-0.63 0.45 

Short grass prairie 0.10-0.20 0.15 

Bermuda grass 0.30-0.48 0.41 
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Manning’s roughness coefficient reflects influence of surface roughness on runoff. According to the well-known 

Manning formula, the greater Manning’s roughness coefficient is, the lower the flow velocity is. Referring to the 

handbook of InfoWorks ICM, the Manning’s roughness coefficients for different land cover types are listed in 

Table 2. According to National Catalogue Service for Geographic Information in China, the land cover type of 

the study area is artificial surfaces, so the Manning’s roughness coefficient for the surface is set to be 0.011. It 

means that the parameter 𝑛 in Eq. 12 above is set to be 0.011. 

Boundary Conditions 

The boundary condition needs to be taken into consideration in the following aspects, including rainfall area, the 

drainage system under the ground, and water runoff on the ground.  

As to the rainfall area, the boundary of the study area is treated as a natural boundary between the catchments 

inside the study area and the catchments outside the study area. That means the rainfall outside the study area will 

not be captured by the catchments inside the study area. As to the drainage system under the ground, the study 

area is cut into it is now mainly because the drainage system inside the study area is relatively complete, which 

means the drainage system inside the study area has independent and available outfalls. It is approximately 

considered that the pipelines outside the study area do not affect the pipe flow in the drainage system inside the 

study area. As to the water runoff on the ground, “passable boundary” is utilized which means that the runoff 

inside the study area could flow into the ground outside the boundary if only the elevation of the objective ground 

outside the study area is relatively smaller. This setting is in line with the reality. 

RESULTS 

A 120-minute-long rainfall with return period of 5 years is taken as an example in the following two subsections. 

The return period (𝑃) in Eq. 3 is set to be 5 years and the total rainfall duration (𝑇) is set to be 120 min. The 

rainfall density 𝑖𝑇, cumulative rainfall 𝐻, and instantaneous rainfall intensity 𝑞 then can be respectively calculated

by Eq. 13, Eq. 14, and Eq. 6. 

𝑖𝑇 =
11.157 × (1 + 0.906 × lg5)

(120 + 11.665)0.729
 (mm/min) (13) 

𝐻 =

{

𝑖𝑇 ∙ 120 ∙ {0.382 − (0.382 −
𝑡

120
) ∙ [1 −

𝑡

50.296
]
−0.729

} , 0 ≤ 𝑡 ≤ 45.84

𝑖𝑇 ∙ 120 ∙ {0.382 + (
𝑡

120
− 0.382) ∙ [1 +

𝑡 − 120

81.369
]
−0.729

} , 45.84 < 𝑡 ≤ 120

(mm) (14)

𝑞 =
𝜕𝐻

𝜕𝑡
× 60 (mm/h) (6) 

The variation of the instantaneous rainfall intensity during the process of rainfall calculated by Eq. 6 is shown in 

Figure 5. According to the standard released by China Meteorological Service Association, a rainfall with hourly 

intensity larger than 45.0 mm/h belongs to extremely heavy rainstorm. In this design rainfall, the rainfall intensity 

from 00:39:00 to 00:59:00 exceeds 45.0 mm/h which means the duration of the extremely heavy rainstorm is 

about 20 minutes. 

Figure 5. The variation of the rainfall intensity during the process of rainfall (return period: 5 years; rainfall 

duration: 120 min) 
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Dynamic Changes of The Drainage System’s State 

Generally, the rainwater will firstly enter the drainage system through the catchment area at the beginning of a 

rainfall. Only when some pipes in the drainage system are surcharged, the rainwater in these pipes will come up 

from the nodes adjacent to these surcharged pipes and then form waterlogging. In brief, the state of the drainage 

system is the fundamental reason for the formation of waterlogging and the determining factor of the waterlogging 

severity. Investigating the dynamic changes of the drainage system’s state is an essential part of the study on the 

dynamic formation process of waterlogging. 

Surcharge coefficient is defined here as the ratio of the upstream flow depth or the downstream flow depth to the 

height (diameter) of a square (circular) pipe, taking the larger value. Take the pipe No. 16549086.1 as an example. 

This pipe is a circular pipe with a diameter of 0.7 m. When the time comes to 00:15:00, the upstream flow depth 

in this pipe is 0.24 m and the downstream flow depth is 0.22 m. The surcharge coefficient of this pipe is 34.35% 

and the profile of this pipe is shown in Figure 6(a). When the time comes to 00:45:00, the upstream flow depth in 

this pipe is 1.05 m and the downstream flow depth is 0.98 m. The flow depth has exceeded the diameter of the 

pipe. Therefore, the surcharge coefficient is bigger than 100% and the profile of this pipe is shown in Figure 6(b). 

All the surcharge coefficients bigger than 100% are uniformly recorded as “>100%”. 

(a) The profile of the pipe No. 16549086.1 at 00:15:00

(b) The profile of the pipe No. 16549086.1 at 00:45:00

Figure 6. The profile of the pipe No. 16549086.1 during the rainfall 

The dynamic changes of the drainage system’s state in the study area during the design rainfall are shown in 

Figure 7. It can be seen from Figure 7 that before 00:40:00, the surcharge coefficients of most pipes are less than 

100%, which means that most pipes still have sufficient capacity to discharge the rainwater swimmingly. When 

it comes to 01:00:00, the surcharge coefficients of a large number of pipes are bigger than 100%, possibly due to 

a quick increase of the rainfall intensity. In this period, the capacity of a large number of pipes is insufficient. 

Afterwards, the surcharge coefficients of most pipes decrease gradually during the period from 01:00:00 to 

03:00:00 with the decrease of rainfall intensity. At the time point of 03:00:00 when the rain has stopped for 1 hour, 

the surcharge state of all the pipes is still a little worse than that at the time point of 00:20:00, indicating that the 

drainage system has not fully recovered from a heavy rain even 1 hour after the rain has stopped. The results are 

a good reference for drainage system design in urban planning or drainage system improvement in infrastructure 

upgrading project. 
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(a) 00:20:00 (b) 00:40:00 (c) 01:00:00

(d) 01:20:00 (e) 01:40:00 (f) 02:00:00

(g) 02:20:00 (h) 02:40:00 (i) 03:00:00

Figure 7. The dynamic changes of the drainage system’s state during the design rainfall (characterized by the 

surcharge coefficients of the pipes) 
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Dynamic Formation Process of Rain-induced Waterlogging on the ground 

(a) 00:20:00 (b) 00:40:00 (c) 01:00:00

(d) 01:20:00 (e) 01:40:00 (f) 02:00:00

(g) 02:20:00 (h) 02:40:00 (i) 03:00:00

Figure 8. The dynamic formation process of waterlogging on the ground (characterized by the depth of 

water on the ground) 

The dynamic formation process of waterlogging on the ground in the study area is shown in Figure 8. It can be 

seen from Figure 8 that the waterlogging with water depth bigger than 0.5 cm does not appeared until 00:40:00. 

At the time point of 00:40:00, the waterlogging scenario appears at a few points in the northeast of the study area 

while the general situation seems still good. However, obvious waterlogging scenario suddenly appears at various 
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points in the study area when it comes to 01:00:00. This phenomenon may be induced by the relatively huge 

rainfall intensity during the period from 00:40:00 to 01:00:00. From 01:00:00 to 01:20:00, there is an evident 

overflow phenomenon in the study area. The area of inundated zones increases during this period. Afterwards, the 

waterlogging begins to dissipate and the area of inundated zones starts to decrease. However, it can be seen from 

Figure 8(e) and the following figures from Figure 8(f) to Figure 8(i) that the process of waterlogging dissipation 

is very slow, much slower than the process of waterlogging formation from 00:40:00 to 01:00:00. There are still 

a lot of inundated zones with different depth of water 1 hour after the rain stopped. This phenomenon reminds us 

that it may be difficult for cities to recover in a short time from waterlogging caused by an extremely heavy rainfall. 

CRISIS RESPONSE AND MANAGEMENT BASED ON SIMULATION RESULTS 

When faced with waterlogging, the crisis response and management measures of the government usually include 

artificial drainage by drainage pumps, regional blockade, and so on. However, the emergency resources are usually 

limited. In this background, how to identify the most vulnerable location(s) timely is very important issue in 

practice. The simulations results introduced above could well address this problem and furtherly provide 

reasonable guidance for government’s crisis response and management measures. Below we take six observation 

points at the locations liable to waterlogging are set in the study area as an example. The locations of these 

observation points are shown in Figure 9. Design rainfall scenarios with different return periods of 1 year, 2 years, 

3 years, 5 years, 10 years, 20 years, and 50 years were set. The rainfall durations of all the rainfall scenarios keep 

to be a constant, that is, 120 min. 

Figure 9. The locations of the observation points set in the study area 

The depths of water at the observation points during the rainfall with different return periods are shown in Figure 

10. The following main findings can be got from Figure 10.

(1) It can be found from Figure 10 that the rainfall intensity, here characterized by the return period, is a key factor

affecting the waterlogging results. The waterlogging may occur earlier when the rainfall intensity is larger.

Similarly, it can be seen from Figure 10(c) and Figure 10(e) that the waterlogging may disappear later, if it could

disappear before 03:00:00, when the rainfall intensity is larger. Moreover, the depth of water at the same

observation point at the same time is generally larger when the rainfall intensity is larger. All these evidences

indicate that the rainfall intensity has a significant impact on the waterlogging situation. This result reminds the

relevant government departments that waterlogging may be severer with the increase of the rainfall intensity, and

more adequate emergency preparedness is required for severer rainfall.

(2) Location is another key factor affecting the waterlogging results. Firstly, It can be found, by comparing the

subfigures in Figure 10, that the waterlogging scenarios vary a lot at different locations. For example, the

maximum depths of water at observation points 1, 3, 4, 5 even in the rainfall with a return period of 50 years are

still less than 20 cm, while the maximum depths of water at observation points 2 and observation points 6 in the

same condition are both bigger than 20 cm, which corresponds to a severe waterlogging scene. Secondly, the

changing trends of the water depths at different locations may be totally different. For example, the depths of

water at observation points 1, 3, 5 finally decrease to zero or a value close to zero, while the depths of water at
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observation points 2, 4, 6 are larger than zero until 03:00:00. For the locations such as observation points 2, 4, 6, 

it may take a very long time for the flood water to discharge naturally and artificial drainage measures could help 

solve this problem. All the results give good reference for the relevant government departments on emergency 

resource allocation in crisis response and management process, since more vulnerable locations require priority 

treatment. 

(a) Observation point 1 (b) Observation point 2

(c) Observation point 3 (d) Observation point 4

(e) Observation point 5 (f) Observation point 6

Figure 10. The depths of water at the observation points during the rainfall 

LIMITATIONS 

Validation is always important to help check whether the waterlogging scenario prediction method could produce 

realistic results. However, the validation work of this paper has not been implemented yet because of the following 

difficulty. As is well known that light rain and moderate rain are frequent in our daily life. The waterlogging 

monitoring dataset has been obtained from Beijing Water Authority, while it proves that no waterlogging scene 

exists in the study area in light rain and moderate rain. It means that the drainage system in the study area is 

resilient enough when sustaining light rain and moderate rain, but also means that it is impossible to utilize scenes 

171



Ni et al. Scenario Prediction and Crisis Management for Rain-induced Waterlogging 

WiP Paper – Analytical Modeling and Simulation 
Proceedings of the 18th ISCRAM Conference – Blacksburg, VA, USA May 2021 

Anouck Adrot, Rob Grace, Kathleen Moore and Christopher Zobel, eds. 

of light rain and moderate rain to conduct the validation work. As to the heavy rain, rainstorm, or heavy rainstorm, 

these rainfall has a high possibility to induce waterlogging, where a validation work could be conducted, but there 

exists a dilemma that these rainfall with a huge intensity seldom takes place in the study area. Therefore, the 

validation work has not been completed yet. The authors will take other ways, e.g. by monitoring the water depth 

in pipelines in the drainage system, into consideration through which the validation work could be implemented. 

CONCLUSIONS 

In this paper, a waterlogging scenario prediction and crisis management method for extreme rainfall conditions 

was proposed, based on which high-precision waterlogging simulation results in a real-world scale could be 

obtained. The success of this method depends on two aspects. One is a set of reasonable hydraulic models to 

reproduce the rainfall scenario and profile the formation process of the waterlogging in a way close to the reality, 

and the other is a series of high-precision dataset supporting the waterlogging simulation. 

The simulation results show that both the surcharge state of the drainage system and the waterlogging scenario on 

the ground will get to the worst shortly after the peak intensity during a heavy rainstorm. The simulation results 

also evidence the fact that it takes a longer time for both the drainage system and the urban space on the ground 

to recover from the surcharging or waterlogging problem than the formation of the problem, once the problem 

happens. This phenomenon reminds us the importance of waterlogging prevention. It can be found that the rainfall 

intensity and location of the mesh grid on the ground are the two key factors that have huge impact on the 

waterlogging situation in heavy rainstorm. Waterlogging may be severer with the increase of the rainfall intensity 

and the waterlogging scenarios vary a lot at different locations. 

This paper gives an attempt to realize waterlogging scenario prediction based on high-precision simulation. The 

methods proposed in this paper can be easily promoted and applied in other cities once the requested high-

precision dataset of the target city can be got. The simulation results in this paper offer a good reference for the 

relevant government departments to make effective crisis management policy and develop pointed 

countermeasures to the waterlogging problem. 
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