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Abstract: In recent years, heavy rain and waterlogging accidents in subway stations have occurred
many times around the world. With the comprehensive development trend of underground space,
the accidents caused by flood flow intruding complex subway stations and other underground
complexes in extreme precipitation disasters will be lead to more serious casualties and property
damage. Therefore, it is necessary to conduct numerical simulation of flood intrusion process under
malfunction of flood retaining facilities in complex subway stations. In order to prevent floods from
intruding subway stations and explore coping strategies, in this study, the simulation method was
used to study the entire process of flood intrusion into complex subway stations when the flood
retaining facilities fail in extreme rain and flood disasters that occur once-in-a-century. The three-
dimensional numerical simulation model was constructed by taking a subway interchange station
with a property development floor in Nanning as a prototype. Based on the Volume of Fluid (VOF)
model method, the inundated area in the subway station during the process of flood intrusion from
the beginning to the basic stability was simulated, and it was found that the property development
floor has serious large-scale water accumulation under extreme rainfall conditions. Through the
dynamic monitoring of the flood water level depth at important positions such as the entrances of the
evacuation passages, and the analysis of the influence of the design structure and location distribution
of different passages on the personnel evacuation plan, it was found that the deep water accumulation
at the entrances of the narrow, long, and multi-run emergency safety passages are not conducive
to the evacuation of personnel. Finally, the flow of flood water into the subway tunnel through the
subway station was calculated. The research results provide certain reference and guidance for the
safety design of subway stations under extreme rainfall climatic conditions.

Keywords: subway station; flood disaster prevention; VOF model; flood flow; computational fluid
dynamics

1. Introduction

China has entered a period of rapid development of urban rail transit. As an indis-
pensable part of the urban underground rail transit system, subway stations are also being
constructed and utilized on a large scale. By the end of 2021, a total of 50 cities in mainland
China had opened and operated 283 urban rail transit lines, with an operating mileage of
7209.7 km, an increase of 1237.1 km compared with last year. In 2021, a total of 585.98 billion
CNY of urban rail transit construction investment was completed (Figure 1) [1]. However,
because the subway station is located in the city’s underground, the space is semi-closed,
and the flow of people is dense. The accumulated water is difficult to discharge, and it may
cause serious consequences. Since 2000, disasters caused by climate change have caused
traffic, economic, and even personal injury to urban residents. In the past 20 years, as many
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as 6681 related major natural disasters have occurred around the world [2]. The extreme
rainstorms are characterized by high intensity and high frequency [3]. Urban waterlogging
disasters caused by frequent heavy rainfall have caused major accidents and property
losses of subway stations inundation disasters many times nationwide. In 2016, during
the trial operation of Baihualing Station of Nanning Rail Transit Line 1, rainwater poured
into the station through exits B and C; in 2020, there was a heavy rainstorm in Huangpu
and Zengcheng in Guangzhou, Guangzhou Metro Line 13 was flooded with water, and the
entire line was forced to suspend; in 2021, extreme rainstorms in Zhengzhou caused serious
urban waterlogging and the flood destroyed the flood retaining wall and poured into the
subway tunnel, causing heavy casualties. On the other hand, the urban underground space
system presents a complex development trend; more and more underground spaces are
built as multi-functional underground complexes. In recent years, the “Transit-Oriented De-
velopment (TOD)” model has become popular in China [4], and subway stations connected
to property development areas are becoming more and more common [5,6]. Compared
with other ordinary subway stations, subway stations with property development areas
have more complex and diverse structures and passages, which will cause more complex
flood intrusion paths and increase the vulnerability of subway stations to flooding. It can
be seen that under the background of rapid urbanization, flooding disaster of subway
stations has become a very prominent problem in urban public safety in China. China’s
14th Five-Year Plan for the first time proposes “building a resilient city”. The resilience of
urban systems consists of a city’s ability to withstand a crisis, maintain its function, and
restore it after a disturbance [7,8]. Infrastructure such as subway stations is the carrier of
a resilient city. Once a waterlogging disaster occurs in a subway station, it will trigger a
series of more serious chain reactions [9,10]. Although the water retaining facilities at the
entrance and exit have an excellent flood control effect on flood disasters with small water
head height, it is difficult to prevent the intrusion of large head height floodwater caused
by extreme rainstorms. Therefore, studying the flood intrusion process of the subway
system under malfunction of the water retaining facilities is conducive to improving the
subway’s comprehensive disaster prevention and mitigation capabilities, and has very
realistic economic and social benefits for promoting the sustainable development of the city.
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Figure 1. The completed construction investment of subways in mainland China from 2011 to 2021. Figure 1. The completed construction investment of subways in mainland China from 2011 to 2021.

At present, the research on flood disasters in subway stations mainly focuses on three
aspects: the formation mechanism and influencing factors of flood disasters in subway
stations [11–13], the flood vulnerability assessment of subway stations, and the simula-
tion analysis of the flood disaster model of the subway station [14–16]. The simulation
analysis of the flood disaster model of the subway station includes physical experiment
research and numerical simulation research. In terms of physical experiments, Inone and
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Toda et al. [17,18] established a three-dimensional urban complex flood test model for the
first time, using the central urban area of Kyoto as a prototype, and tested and analyzed
the flood propagation process and flood flow characteristics of the ground flood intruding
the 3-story underground space from multiple entrances. The aboveground part was con-
structed at a scale of 1:100, the underground part was constructed at a scale of 1:30. Ishigaki,
Keiichi [19] used the Kyoto City three-dimensional urban space flood test model established
by Inone et al. to conduct a flood test. The test results showed that the proportion of floods
flowing into the underground space was as high as 50%. Shen [20] constructed a flood
intrusion test model at a scale of 1:30 based on a station under construction in Tianjin and
tested and analyzed the relationship between water depth and time at the characteristic
points of the station hall and platform floor under the conditions of different intrusion
unit-width flow rates and the opening and closing of the flood gates at both ends of the
tunnel. Several scholars have tested and analyzed the influencing factors of personnel
evacuation in underground space waterlogging disasters [21–26]. Numerical simulation
method is also an effective method of engineering design [27–29]; Dutta, Takamura [30]
used JAVA language program to establish a 2D flood diffusion model, simulated the water
inflow in the underground space, and came to the conclusion that the surface water depth
has a great influence on the water inflow rate of the underground space. Toda, Oyagi [31]
proposed a “storage pond” model based on solving the shallow water wave equation to
simulate the flood spread in the underground space: each underground space is equivalent
to multiple cisterns, the flood water spreads in various underground spaces and is equiva-
lent to circulating between various storage ponds, and stairs are simplified as connecting
pipes between various underground spaces. Gotoh, Ikari [32] constructed a numerical
model of the stair flow in the underground space based on the semi-implicit method of
moving particles in the particle method, and obtained three typical stair flow patterns. Han,
Kim [33] considered the influence of water capacity in the underground space and proposed
to use the Link-Node model to simulate the evolution of water flow in the underground
space, taking subway tunnels or pedestrian passages as links; underground space facilities,
such as underground shopping malls, subway stations, etc., were taken as nodes, using
open channel flow and empirical weir flow formulas to calculate the evolutionary flow
of floods. Oertel [34] divided the underground space into multiple calculation modules
such as underground space, stairs, and entrances and exits for calculation, and used the
empirical weir flow formula to calculate the flow of floodwater. Yoneyama, Toda [35]
simulated the floodwater flow on the straight stairs in the underground space based on
the VOF method. Mo [36] simulated the flood intrusion of a proposed subway station in
Hangzhou based on the standard turbulence model and the VOF method and deduced the
relationship between the height of the surface water and the lifting speed of the water in
the underground space, and the critical distance for the safe evacuation of people. Ishigaki,
Asano [37] further improved the urban flood calculation model based on the “storage pond”
model and the RM model by Toda et al., and realized the simulation calculation of the
urban underground space inundation caused by the once-in-a-hundred-year rainstorm
flood and the once-in-a-millennium tsunami flood. Shao, Jiang [38] used the VOF model
and Realizable k-ε turbulence model in FLUENT software to simulate the characteristics of
flood flow on stairs with different inclination angles and shapes, and compared the impact
of rest platforms on flood flow and personnel evacuation.

The above research results show that the numerical simulation results are in good
agreement with the model test results, and to a certain extent, high results have been ob-
tained, which deepen the understanding of the flood intrusion process in the underground
space [39–41]. However, most of the existing studies have focused on the study of water-
logging laws in urban underground space systems and local building structures. There
are few studies on the rapid intrusion of floodwater into subway stations and flooding to
subway tunnel in the event of flood retaining facilities malfunction. There are even fewer
targeted studies for complex subway stations with property development areas. In order to
study the flood intrusion flow process of the typical complex subway station in Nanning,
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and provide corresponding flood control reference for other subway stations, this study
took a subway interchange station in Nanning City with a sunken underground square and
an underground property development floor as the background; through numerical simu-
lation methods, we researched and analyzed the whole process of flood flowing in from
the entrances and exits, barrier-free elevators, and emergency safety passages, and flow out
from the tunnels at both ends of the station under malfunction of flood retaining facilities
in the event of extreme rainfall disasters that occur once-in-a-century, and provided some
targeted suggestions for flood control and disaster mitigation of the subway stations.

2. Modeling
2.1. Target Study Subway Station Profile

Nanning City is located in the Yongjiang River Valley Basin, with abundant water
resources and rainfall. It is prone to heavy rainfall disasters and urban waterlogging. This
study took the underground building part of an interchange station of Nanning Rail Transit
as the research object. The subway station is located in the old urban area of Nanning
City (Figure 2). The terrain is low-lying, the passenger flow is large, the flood drainage
facilities are old, and the surface road is prone to water accumulation. The calculated water
level of the once-in-a-century flood is 76.95 m, which is higher than the subway station
ground height of 75.84 m. The station entrances and exits are within the range of the once-
in-a-century flood. The main structure of the subway station consists of the second-floor
underground island platform station of Line 2 and the third-floor underground island
platform station of Line 5, which is an “L”-shaped transfer (Figure 3). Line 2 has a total
length of 218 m and a total width of 21.7 m, with 3 exits; Line 5 has a total length of
188 m and a total width of 31.5 m, with 5 exits and 5 emergency safety passages. Each
exit is provided with a three-step platform and slot for flood baffle. The subway line
follows the energy-saving design principle of “high station location, low interval”, and
the overall tunnel in the interval has a “V”-shaped longitudinal slope. The Line 5 part of
the subway station includes a sunken square and a large area of underground property
development floor. There are many flood intrusion channels, and the building structure
and flood intrusion paths are complex (Figure 4).

2.2. Geometric Model

The 3D geometric model of the subway station was established using geometric
modeling software (Figure 5), and the flow field geometric domain modeling was completed
for the space within the building decoration line through the volume extraction method.
We included the Line 2 station hall floor and platform floor, Line 5 property development
floor, station hall floor and platform floor, sunken square and station entrance service room,
as well as transfer, entrance, and exit passages, barrier-free elevators, and emergency safety
passages. In the modeling process of the numerical geometric model, only the process of
flood intrusion into the public area was considered, while the influence of the equipment
management room on the flood flow was not considered. The elevation of the entrance and
exit was set to 76.29 m according to the ground elevation of 75.84 m plus the height of the
three-level 0.15 m step. For simplification of the interior space of the subway station, the
entrance and exit passages and the stairs of the internal passage were simplified as inclined
planes. The influence of the station vent on the water flow during the water intrusion
process was not considered, and small facilities such as ticket gates, ticket machines, etc.
were ignored. The tunnel intercepts the part from the station to the floodgate.
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2.3. Theoretical Background

This study focused on the flood flow process in the subway station, the point of which
is on the capture of the free surface of the water flow. The VOF (Volume of Fluid) method
is commonly used in the numerical simulation of free surface tracking. The VOF method
was proposed by Hirt and Nichols [42] in 1981. The method simulates the motion of two or
more fluids by solving a set of momentum and continuity equations, tracking the volume
occupied by each fluid to determine the free surface. Due to its high accuracy, good stability,
and flexible meshing, the VOF model has been widely used in the research of open channels,



Buildings 2022, 12, 853 7 of 18

dams, valves, pumps, and other fields. For the gas–liquid two-phase flow model in this
study, the core idea of the VOF model is that the sum of the volume fractions α of water
and air in each unit is 1:

αw + αa = 1 (1)

If αw = 1, it means that the unit is full of water; if αw = 0, the unit is full of air; if
0 < αw < 1, the unit is partly water and partly air, and the unit must contain free liquid
surface. Taking water in the liquid phase as an example, the governing equation of its
volume function is:

∂αw

∂t
+ ui

∂αw

∂xi
= 0 (2)

where: t is time; ui and xi are the velocity and coordinate components. In this study, the
isosurface with a volume fraction of 0.5 was regarded as a free interface for water flow.

In this study, the target study station was an interchange station, and the influence
of complex structures such as columns was considered. The water flow is complex and
the streamline is curved. Therefore, the turbulence equation adopts the Renormalization
Group k-ε model (RNG k-ε model) [43]. The k-ε model equation is as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

[
αkµe f f

∂k
∂xj

]
+ G − ρε (3)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[
αεµe f f

∂ε

∂xj

]
+ C∗

1ε

ε

k
G − C2ερ

ε2

k
(4)

where, ρ is fluid density, k is turbulent kinetic energy, ε is turbulent dissipation rate,
µe f f is effective viscosity coefficient, µe f f = µ + µt, µt = ρCµk2/ε, where µ is dynamic
viscosity coefficient, µt is the turbulent viscosity coefficient, Cµ is the viscosity constant; G
is the turbulent kinetic energy generation term caused by the average velocity gradient,
C∗

1ε = C1ε − η(1 − η/η0)/
(
1 + βη3), η =

√
2Si,j·Si,jk/ε, Si,j = (∂ui/∂xj + ∂uj/∂xi)/2, and

αk and αε are the inverse effective Prandtl numbers of turbulent kinetic energy and turbulent
dissipation rate, respectively. The values of the above constants are Cµ = 0.0845, C1ε = 1.42,
C2ε = 1.68, αk = αε = 1.393, β = 0.012, and η0 = 4.38.

2.4. Meshing and Boundary Condition Setting

The Poly-Hexcore meshing method was used to divide the mesh (Figure 6). The Poly-
Hexcore mesh consists of layered polyhedron grids, pure polyhedron grids, and hexahedral
grids. The mesh surface of this method is generally honeycomb-shaped, the regularity of
each element is high, and the connectivity between the elements is good. For the meshing
of complex models, the Poly-Hexcore meshing method can better take into account the
meshing efficiency and convergence speed than the traditional tetrahedral unstructured
meshing method.

The most unfavorable situation in which the surface water intrudes the subway station
from all entrances and exits, barrier-free elevators, and safety emergency safety passages
(Figure 7) was simulated and studied under the condition of the calculated water level of the
once-in-a-hundred-year flood, that is, the surface water height is 0.66 m. The relationship
between intrusion flow and surface water height is given by Ishigaki et al. [44] through the
flood intrusion test of the actual-size stairs model,

q = 1.98h1.621 (5)

where, q is the flood intrusion unit-width flow, m2/s and h is the water depth above
the entrance and exit ground, m. According to Equation (5), the water flow velocity
inlet boundary condition is set, and the flood flow mass intruding the subway station is
controlled by the constant inflow velocity. The velocity inlet condition is controlled by the
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initial value of turbulent kinetic energy k0 and the initial value of turbulent dissipation rate
ε0. The calculation method is as follows.
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The inflow turbulence intensity I is calculated as follows,

q = 1.98h1.621 (6)

The initial value of turbulent kinetic energy k0 is calculated as follows,

q = 1.98h1.621 (7)

The initial value of turbulent dissipation rate ε0 is calculated as follows,

q = 1.98h1.621 (8)

where, ReD is the Reynolds number calculated according to the hydraulic diameter D,
the hydraulic diameter D is equal to 4 times the hydraulic radius in hydraulics, that is,
D = 4A/χ, A is the area of the water-passing section, and χ is the wetted circumference; u
is the inflow velocity; Cµ0 is taken as 0.09; l = 0.07L, L is the length scale of turbulent flow,
and, for fully developed turbulent flow, L = D is taken.

The upper boundary of the inlet was set as the gas-phase pressure boundary to ensure
that the air pressure on the interface between the inside and outside of the model air was
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always the standard atmospheric pressure. The pressure outlet boundary was set at both
ends of the tunnel to simulate the whole process of flood inflow under the condition of the
floodgate being opened (Figure 8).
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3. Result Analysis
3.1. Process of Water Intrusion

When the flood intruded for about 10 s, the floodwater quickly passed through the
entrance passages due to the high intrusion water level and the acceleration of the flood
on the entrance ramp under gravity (Figure 9a). When the flood intruded for about 30 s,
the floodwater entered the first underground floor, namely the station hall floor of Line
2 station and the property development floor of Line 5 station. At the same time, water
accumulated on the sunken square, and the floor of the station service room on the surface
was almost completely inundated (Figure 9b). When the flood intruded for about 60 s, in
the station of Line 2, a small amount of water accumulated on the station hall floor, and the
flood water advanced to the platform floor through the internal passages and flowed out of
the station from both ends of the tunnel of Line 2; a large area of water accumulated on the
property development floor of the station of Line 5 (Figure 9c). When the flood intruded
for about 120 s, the floodwater at the station hall floor of the Line 2 station began to flow
into the lower-lying Line 5 station, and a large amount of flood water at the Line 5 station
advanced to the platform floor through the internal passages and flowed out of the station
from both ends of the Line 5 tunnel (Figure 9d). When the flood intruded for about 300 s,
the flood inundated area tended to be stable, and most of the intruding floodwater flowed
out of the station through the tunnel. The flood accumulation mainly occurred on the Line
5 station property development floor and the station hall floor area in the direction of the
station entrance service room; the water volume fraction of most areas on the platform
floor and hall floor of the Line 2 station was less than 0.5, which means that there was no
water accumulation (Figure 9e). When the flood intruded for about 600 s, the outflow flood
volume of the tunnel was close to the intrusion flow, and the overall inundation process of
the station tended to be stable (Figure 9f).



Buildings 2022, 12, 853 10 of 18

Buildings 2022, 12, x FOR PEER REVIEW 10 of 18 
 

face was almost completely inundated (Figure 9b). When the flood intruded for about 60 
s, in the station of Line 2, a small amount of water accumulated on the station hall floor, 
and the flood water advanced to the platform floor through the internal passages and 
flowed out of the station from both ends of the tunnel of Line 2; a large area of water  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9. Cont.



Buildings 2022, 12, 853 11 of 18Buildings 2022, 12, x FOR PEER REVIEW 11 of 18 
 

 
(e) 

 
(f) 

Figure 9. Flood inundated area of the subway station. (a) Contour of water volume fraction at 10 s, 
(b) contour of water volume fraction at 30 s, (c) contour of water volume fraction at 60 s, (d) con-
tour of water volume fraction at 120 s, (e) contour of water volume fraction at 300 s, (f) contour of 
water volume fraction at 600 s. 

Different from general subway stations, the property development floor in complex 
stations which combine subway and property development area tend to have more en-
trances and exits, so the vulnerability to flood inundation disaster on property devel-
opment floor is often higher. The large-scale property development area reserved in Line 
5 of the subway station studied in this study is the most important part of flood accu-
mulation after flood intrusion. Setting up a water level monitoring point every 20~30 m 
on the property development floor, there were seven monitoring points in total (Figure 
10). We monitored and drew a graph of the relationship between water depth and time 
(Figure 11), and a graph of the relationship between the growth rate of water depth and 
time (Figure 12). Within 1 to 3.5 min of the flood intrusion, the overall water accumula-
tion on the property development floor increased rapidly. The water depth of No. 1~5 
monitoring points exceeded 40 cm, and the water depth of No. 6 and No. 7 monitoring 
points exceeded 30 cm. The average growth rate reached 12 cm/min. About 3.5 min after 
the flood intrusion, the water depth of the monitoring point became stabilized. Zheng et 
al. [45] divided the movement behavior of evacuees into four stages according to the 
water depth. When the water depth is less than 10 cm, pedestrians can walk normally; 
when the water depth range is 10~50 m, pedestrians can walk slowly; when the water 
depth is in the range of 50~70 cm, the movement speed of pedestrians is seriously hin-
dered, and it is necessary to proceed to the nearest exit or shelter with a shallow water 
level; when the water depth exceeds 70 cm, pedestrians are completely unable to walk 
and need to wait for rescue on the spot. The time when the water depth of each moni-
toring point exceeds 50 cm is shown in Table 1. Within 7 min of the flood intrusion, the 
water depth on most areas of the property development floor exceeded 50 cm, which se-
riously hindered the evacuation of personnel; personnel far from exits should seek shel-
ter nearby. Since there are many entrances and exits near the No. 1 monitoring point, 
along the positive direction of the X-axis in Figure 10, the water level of the monitoring 
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of water volume fraction at 120 s, (e) contour of water volume fraction at 300 s, (f) contour of water
volume fraction at 600 s.

Different from general subway stations, the property development floor in complex
stations which combine subway and property development area tend to have more en-
trances and exits, so the vulnerability to flood inundation disaster on property development
floor is often higher. The large-scale property development area reserved in Line 5 of the
subway station studied in this study is the most important part of flood accumulation after
flood intrusion. Setting up a water level monitoring point every 20~30 m on the property
development floor, there were seven monitoring points in total (Figure 10). We monitored
and drew a graph of the relationship between water depth and time (Figure 11), and a
graph of the relationship between the growth rate of water depth and time (Figure 12).
Within 1 to 3.5 min of the flood intrusion, the overall water accumulation on the property
development floor increased rapidly. The water depth of No. 1~5 monitoring points ex-
ceeded 40 cm, and the water depth of No. 6 and No. 7 monitoring points exceeded 30 cm.
The average growth rate reached 12 cm/min. About 3.5 min after the flood intrusion,
the water depth of the monitoring point became stabilized. Zheng et al. [45] divided the
movement behavior of evacuees into four stages according to the water depth. When the
water depth is less than 10 cm, pedestrians can walk normally; when the water depth range
is 10~50 m, pedestrians can walk slowly; when the water depth is in the range of 50~70 cm,
the movement speed of pedestrians is seriously hindered, and it is necessary to proceed to
the nearest exit or shelter with a shallow water level; when the water depth exceeds 70 cm,
pedestrians are completely unable to walk and need to wait for rescue on the spot. The time
when the water depth of each monitoring point exceeds 50 cm is shown in Table 1. Within
7 min of the flood intrusion, the water depth on most areas of the property development
floor exceeded 50 cm, which seriously hindered the evacuation of personnel; personnel
far from exits should seek shelter nearby. Since there are many entrances and exits near
the No. 1 monitoring point, along the positive direction of the X-axis in Figure 10, the
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water level of the monitoring point generally tended to increase gradually, and the time
the occurrence of water accumulation tended to gradually advance. It is recommended to
choose the negative direction of x in Figure 10 for the evacuation direction of personnel
on the property development floor. In addition, 7 min after the flood intruded, personnel
on the platform floor of the station hall of Line 5 are recommended not to evacuate to the
property development floor. For subway flood control design, it is necessary to consider
setting up emergency shelters in the property development floor where far away from the
exit, and pay attention to water retaining and drainage facilities in areas with multiple
water flow channels, such as the station entrance service room.
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Table 1. Time required for water depth of the monitoring point to exceed 50 cm.

Monitoring Point Number 1 2 3 4 5 6 7

Time required (s) 210 430 280 350 410 390 -
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3.2. Analysis of Evacuation Passages

In this study, there were eight exits and five emergency safety passages in the subway
station studied (Figure 7). There were three entrances in the exits with a relatively large
amount of flood water stagnant, namely Exit 4, Exit D, and Exit F. Setting up specific
monitoring points 1 m before the entrance midpoint of all emergency safety passages
and the three exits, we can monitor the relationship between the water depth changes
within 10 min at the population of each evacuation passage. Based on Higo’s research
on pedestrian movement in floods [46], the pedestrian movement speed vg is defined
as follows:

vg =

{
vg0 l < llittle[

vg0 × (1 − l/lmax)× λ(walk, t)
]

llittle ≤ l ≤ lmax
(9)

In the formula, the maximum walking speed of pedestrians is vg0 = 1.5 m/s; the water
depth where the flood has little effect on pedestrian movement was set as llittle = 0.1 m;
the critical maximum water depth where pedestrians cannot walk was set as lmax = 0.7 m;
λ(walk, t) is the fatigue decay rate of pedestrian walking speed. In this study, it was
assumed that pedestrians do not reduce their walking speed due to fatigue, that is,
λ(walk, t) = 1.

The movement speed curve of pedestrians at the entrance of the three dangerous
exits was calculated (Figure 13). The results showed that the depth of water accumulation
at the entrance of Exit 4 was stable at about 30 cm, and the pedestrian’s moving speed
was reduced by about half, which made it possible to evacuate slowly; the speed of water
accumulation at the entrances of Exit D and Exit F was relatively faster, exceeding 50 cm in
about 3 to 4 min, and the moving speed of pedestrians would be reduced to below 0.25 m/s,
which would not be suitable for pedestrians to evacuate. Evacuating personnel should try
to choose other exits.
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All emergency safety passages entrances were inundated (Figure 14); emergency safety
Passages 1©~ 4© were designed to be long and narrow with multi-run stairs, so the flood
stagnation phenomenon easily occurs at the entrance and rest platform. The flood water
level at the entrance of Passage 1© at the hall floor and the platform floor, and the Passage
2© and Passage 3© connecting the service room were all more than 70 cm deep, which

pedestrians would not be able to move through [45]. In the prevention of rainstorm and
waterlogging disasters in subway stations, emphasis should be placed on strengthening
the water blocking and drainage measures of emergency safety passages.

Buildings 2022, 12, x FOR PEER REVIEW 15 of 19 
 

All emergency safety passages entrances were inundated (Figure 14); emergency 
safety Passages ①~④ were designed to be long and narrow with multi-run stairs, so the 
flood stagnation phenomenon easily occurs at the entrance and rest platform. The flood 
water level at the entrance of Passage ① at the hall floor and the platform floor, and the 
Passage ② and Passage ③ connecting the service room were all more than 70 cm deep, 
which pedestrians would not be able to move through [45]. In the prevention of rain-
storm and waterlogging disasters in subway stations, emphasis should be placed on 
strengthening the water blocking and drainage measures of emergency safety passages. 

0 1 2 3 4 5 6 7 8 9 10
0.00

0.25

0.50

0.75

1.00

1.25

1.50

pe
de

str
ia

n 
m

ov
in

g 
ve

lo
ci

ty
 (m

/s)

time (min)

 Exit 4
 Exit D
 Exit F

 
Figure 13. Pedestrian moving velocity at the entrances of exit passages as a function of time. 

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

in
le

t w
at

er
 d

ep
th

 (c
m

)

time (min)

① Passage -Hall
① Passage -Platform
② Passage
③ Passage
④ Passage
⑤ Passage

 
Figure 14. Water depth at the entrances of emergency safety passages as a function of time. 

Passages with barrier-free vertical elevators will flood faster due to relatively large 
flood intrusion flows. Compared with the straight entrance passage, although the flood 
intrusion speed is slower in the entrance passages with corners, the high water level 
caused by the flood impact is prone to occur outside the corner (Figure 15), which is not 
conducive to people walking. Therefore, personnel should try to choose the line inside 
the corner of the passage when evacuating. In the simulation process of this study (Fig-
ure 9), there was less water accumulation at the entrances of subway station Line 2 exits, 

Figure 14. Water depth at the entrances of emergency safety passages as a function of time.

Passages with barrier-free vertical elevators will flood faster due to relatively large
flood intrusion flows. Compared with the straight entrance passage, although the flood
intrusion speed is slower in the entrance passages with corners, the high water level caused
by the flood impact is prone to occur outside the corner (Figure 15), which is not conducive
to people walking. Therefore, personnel should try to choose the line inside the corner
of the passage when evacuating. In the simulation process of this study (Figure 9), there
was less water accumulation at the entrances of subway station Line 2 exits, and people
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in subway station Line 2 are recommended to be evacuated by the nearest entrance and
exit passages; people in subway station Line 5 are recommended to choose the relatively
spacious Exit I and Exit D as evacuation passages.
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order to prevent excessive accumulation of floodwater flowing into the tunnel, drainage 
facilities that match the calculated results should be installed in the tunnel. 

0 1 2 3 4 5 6 7 8 9 10 11 12
0

10

20

30

40

50

m
as

s f
lo

w
 ra

te
 (1

03 kg
/s)

time (min)

 Inflow rate
 Outflow of Line 2
 Outflow of Line 5

 
Figure 16. Flood inflow and outflow relationship diagram. 

Figure 15. Volume rendering of accumulated water in the Exit 4 passage.

3.3. Amount of Water Flowing into the Tunnel

The floodgate is mainly used to prevent the leakage of flood caused by the structural
damage of the underground section of the subway. In this study, the two ends of the
target study subway station tunnel were equipped with floodgates. In the results, the
station hall floor and platform floor had less water accumulation area due to the influx
of floodwater into the tunnel (Figure 9). It can be seen that compared with closing the
floodgates in flood disasters, opening the floodgates is conducive to the discharge of intru-
sion floodwater in the subway station and the evacuation of station personnel. However,
when the flood enters the tunnel, it may accumulate in the tunnel, threatening the safety of
people and trains in the subway tunnel, and may even flow into other stations and cause
more serious disasters. This study simulated and detected the mass flow rate of the flood
flowing into the tunnels of Line 2 and Line 5 through the subway station under the most
unfavorable working conditions (Figure 16), which can be used as a reference for the layout
of tunnel drainage facilities. Calculated by the numerical integration method, a total of
3.59789 × 105 L floodwater flowed into the tunnel in the first 10 min of the flood intrusion
into the subway station, of which 1.77478 × 105 L flowed into the tunnel of Line 2, and
1.82311 × 105 L flowed into the tunnel of Line 5. After 10 min, the outflow and inflow
mass flow rates of the station floodwater tended to balance. In order to prevent excessive
accumulation of floodwater flowing into the tunnel, drainage facilities that match the
calculated results should be installed in the tunnel.
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4. Conclusions

Aiming at the current situation of frequent rain and flood inundation accidents in
subway stations, this study built a three-dimensional numerical simulation model of a
transfer station in Nanning, and simulated the entire process of flood intrusion into the
station from all exits and emergency safety passages at the height of once-in-a-century
surface water. The research conclusions are as follows:

(1) The simulation results of the whole process of flood intrusion showed that within
10 s, the flood flowed through the entrance and exit channels; within 30 s, the flood
flowed into the underground flood; within 60 s, the flood water flowed into the second
underground floor, and there was a large area of water accumulation on the property
development floor of Line 5; within 120 s, the flood flowed into the third underground
floor, and most of the flood water of Line 2 flowed out from the tunnel; within 300 s,
most of the flood water of Line 5 flowed out of the tunnel, and then the inundated
area of the subway station stabilized. Most of the stagnant water area exists in the
property development floor.

(2) The dynamic monitoring of the water level during the inundation process of the station
model showed that the water depth on most areas of the property development floor
of Line 5 exceeded 0.5 m after 7 min, where personnel would be recommended to
evacuate to the nearest entrance and exit or shelter. There was flood accumulation
at the entrances of three exits passages, and there was serious water accumulation
at the entrances of the emergency safety passages. Among them, the depth of water
accumulation at the entrances of the four emergency safety passages exceeded 70 cm,
which was difficult for people to pass. Therefore, personnel should choose other
passages to evacuate.

(3) This study monitored and studied the flood flow into the tunnels of Line 2 and Line
5 through the subway station respectively, and found that a total of 3.59789 × 105 L
floodwater flowed into the tunnel in the first 10 min of the flood intrusion into the
subway station, of which 1.77478 × 105 L flowed into the tunnel of Line 2, and
1.82311 × 105 L flowed into the tunnel of Line 5. These results provide the basis for
the layout of tunnel drainage facilities.

(4) For the property development floor with severe flooding, we put forward suggestions
on the establishment of emergency shelters and the direction of personnel evacuation.
Through the comparison of different evacuation passages in the simulated flood
situation, it is proposed that flood prevention measures can be taken for the narrow
and long multi-run stair passages in a targeted manner, and the evacuation of people
in the exit passages with corners is proposed. The reference basis for the flood
pumping amount to control the flood level growth in the tunnel is given.
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