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Abstract

Underground flooding events are being exacerbated due to the rapid expanding of underground space in urban and the

extreme precipitation events by climate change. It is increasingly necessary to have a more accurate understanding of

hydrodynamics and instability of human on the staircase in flood-prone area for metro system design and risk identi-

fication. However, the turbulent complexity and complicated fluid dynamics challenge the study of flow structure and

the calibration of human instability model. The focus of this work is to study fluid dynamics and to analyze human

instability on the staircase in flood area based on the volume of fluid method incorporated with the mechanics-based

method. Flow characteristics and representative human positions on the staircase are considered. Firstly, comparisons

between numerical and experimental results are used to verify the capacity of the numerical simulation in capturing

velocity, pressure field and flow structure. Secondly, numerical results of flow over the staircase with three representa-

tive human locations are carried out and a critical hydraulic jump region of human instability is demonstrated. When

human located in the hydraulic jump region or on the rest platform, vortical flow structures in the vicinity of human

body were obviously enhanced by the intensified turbulence. While the influence of flow characteristic is reduced when

human on the upper bench of the staircase. In addition, the instability difference in hydraulic jump region between an

adult and a child is discussed. It is noted that the presented study can providing a way to study fluid mechanics and

analyze the loss of human stability on the staircase in underground space. Overall, the work demonstrates the potential

for further use to support flood risk management in metro system.
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1. Introduction

Metro systems perform a significant function of urban transportation worldwide due to the rapid globalization

and urbanizing process in the last decades. Urban passengers rely on a secure, reliable, and accessible underground

service for their regular conveyance (Forero-Ortiz and Martnez-Gomariz,2020). However, many cities were inun-

dated by urban floods, and some flooded water intruded into underground spaces (Zhou et al.,2017;Sun et al.,2021).

Flood hazards can restrict normal metro service and lead sever threaten of people’s safety and economic damage

(Ishigaki et al.,2009; Jiang et al.,2014;Lyu et al.,2018;Lyu et al.,2019;Valdenebro and F.N. Gimena,2019). Due to
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the increase of urban waterlogging, a series of urban design strategies and management polices were created for

urban drainage system to optimize the Sustainable Flood Retention Basin (SFRB) assessment in practice (Deng

et al.,2013;Emanuelsson et al.,2014;Mugume et al.,2015;Campisano et al.,2017;Shao et al.,2017;Xu et al.,2018;Motta

et al.,2021;Zinda et al.,2021;Singh et al.,2018;Kramer et al.,2016).

Although a great number of efforts have been made by researchers and governments, destructive flooding events in

mega-cities still challenge us(Choi et al.,2021;Eini et al.,2020;Tanir et al.,2021;Park and hun Won,2019;Li et al.,2019).

The inundation in underground space is one of the urgent need to reduce the damage from severe inundation of un-

derground facilities (Lyu et al.,2018;Wu et al.,2018;Lyu et al.,2019). A large number of urban underground facilities

including metro-systems and shopping malls have been constructed to accelerate economic development and human

transportation (Tan et al.,2017;Shen et al.,2017;Kim et al.,2017;Tan and Lu,2018). However, extreme flood events have

caused catastrophic damage and contamination to those underground infrastructures, which threatens life security and

degrades economic activities (Zhao et al.,2016;Qiao et al.,2017;Peng et al.,2018; Liu et al.,2021). Fig. 1 shows the

flooded metro stations in Guangzhou and Wuhan, respectively.

Figure 1: Metro station inundated during urban flooding. (a) Changpan station flooded on 10th May, 2016 in Guangzhou (Lyu et al.,2016); (b)

Zhongnan station flooded on 6th July, 2016 in Wuhan.

To achieve cities sustainability, more attentions have been attracted to the flood-prone underground spaces, where

water intrusion can cause severe damages on human beings, infrastructures, and urban functions (Kallianiotis et al.,2018).

When urban flooding occurs, staircases are critical route for passenger evacuation. Flow over staircase is accelerating

on a steep slope, which is characterized by a turbulent flow with fragmentation, splash, and hydraulic jump. The tur-

bulent complexity and complicated fluid-mechanics make the physics complicated. Currently, a few studies have been

done in literature and there is still a gap between the demands in practice and the effective methods for understanding

and assessing the potential risk in a flood-prone metro-staircase region.

In general, either experimental or numerical approaches can be used to study flow over underground staircase and

analyze human stability. Several experiments have been conducted to study the evacuation safety of people walk-
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ing through a inundated staircase without rest platform (Ishigaki et al.,2006;Ishigaki et al.,2009). Although experi-

mental tests are able to identify specific conditions of human evacuation performance on flooding staircase (Ishigaki

et al.,2006;Ishigaki et al.,2009;Shao et al.,2015), fluid-mechanics and human instability details need to be studied fur-

ther. Computational fluid dynamics (CFD) has been developing rapidly with the advancement of computer technology

and numerical methods over the past decades. Nowadays, CFD is widely used in the study of compressible and in-

compressible flows and has become an indispensable tool in engineering applications. This framework provides an

alternative way to study the flow over staircase and to evaluate the risk of human instability(Shao et al.,2015;Arrighi

et al.,2017;Jiang et al.,2014). The numerical simulation of incompressible two-phase flows requires a technique to

identify the boundary between the two fluids, as this boundary is not known beforehand (Jafari and Ashgriz,2013).

Among the phenomena that need to be handled are topological changes of the interface, discontinuities, coalescence,

and breakup. Several interface modelling techniques have been developed to tackle complex fluid flows. The Volume-

of-Fluid method (Hirt and Nichols,1981) uses a volume fraction function to indicate the quantity of each fluid in each

cell and is very popular among researchers (Scardovelli and Zaleski,1999). VOF methods have benefited from contin-

uous improvement over decades due to its popularity among researchers in the field of interface capturing. Firstly, the

mass in VOF is conserved naturally due to the development of an advection algorithm based on a discrete representa-

tion of the conservation law. Secondly, the extension of VOF from 2D to 3D is relatively straightforward. Moreover,

the domain decomposition of VOF for parallel implementation is relatively simple.

When flow over the staircase, a sharp interface exists due to the large density ratio difference between water and

air. The stability and accuracy of the method to define the sharp interface for the incompressible two-phase flow

problem proved to exert an essential effect on the numerical simulation of flow structures. Based on the VOF method,

(Yoneyama et al.,2009) simulated the flow over a staircase with coarse mesh, which results in a less velocity value

compared to the experimental results. Typically, a staircase in metro system is divided into several segments by rest

platforms. The existence of a rest platform significantly influents the flow characteristics and cause a hydraulic jump

downstream the platform, which affect the human stability on the staircase in flood-prone area (Shao et al.,2015).

It is also found that the existence of a rest platform in a straight-run type staircase can dramatically influence the

hydrodynamic force (Jiang et al.,2014). Therefore, it is essential to identify hydrodynamics and understand human

instability mechanisms for management strategies and emergency planning.

Generally, the instability mechanisms can be classified into sliding (friction instability) and toppling (moment in-

stability). Sliding instability occurs when the flow induced drag force is larger than the frictional force between human

feet and the substrate surface (Keller and Mitsch,1993). Sliding instability prevailed in high-flow velocities and low

water depths. Toppling happens when the flow induced moment exceeds the resisting moment of the effective weight

of the body (Abt et al.,1989, Jonkman and Penning-Rowsell,2008). Toppling instability is crucial for high water depths

(Abt et al.,1989). Research methods of these instability mechanisms can be divided into two categories. One approach

is to obtain regressed relations based on laboratory experiments. In this approach, there exist a wide range of criteria for

human instability in floodwaters due to effect of non-hydraulic parameters, including physical characteristics and psy-

chological factors. Another approach comprises experimental or theoretical formulae derived from a mechanics-based
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analysis (Cox et al.,2010). This type of criterion only considering the hydrodynamic conditions, which is independent

of people’s physical and psychological attributes. (Xia et al.,2014a,2014b;Falconer et al.,2015) derived two formulae

in calculation of the critical incipient velocity for both sliding and toppling instability, which can account for the effect

of body buoyancy and the influence of a non-uniform upstream velocity profile on the stability of the human body.

However, these formulae cannot be used directly for the stability analysis on the staircase due to the difference of

physical model (e. g. slope, steps, and rest platform) and complicated hydrodynamics (e. g. hydraulic jump). Thus, it

is necessary to further study human stability on the staircase with flood waters based on the theoretical, experimental,

and numerical studies.

The aim of this work is to study hydrodynamics and human stability of a flow over the staircase with different

representative human locations and body shapes. A 3D numerical model is proposed based on the VOF method and

a synthetic identification of the high danger zone is made based on a mechanics-based analysis and the safety index

map on the staircase. This paper is organized as follows: In section 2, a brief introduction of the flow governing

equations and an explanation of the numerical method are given. Two validation benchmark tests are conducted to

verify the capability of the numerical simulation. Subsequently, the mechanics-based analysis of human instability

in the region of flow over the staircase is presented in section 3. In section 4, numerical simulation of flow over

the staircase with three representative human locations are carried out. Human instability analysis on the staircase

especially in hydraulic jump region are demonstrated based on the results of flow characteristic distribution and the

critical instability conditions. Finally, we summarize the paper with conclusions in Section 5.

2. Model description and validation

2.1. Governing equations

The fluid motion of an incompressible, immiscible, isothermal flow can be mathematically described by the conti-

nuity and momentum differential equations as:

— ·u = 0, (1)

r
✓

∂u
∂ t

+u ·—u
◆
=�—P+— · ts +rg+Fs , (2)

where r is density, u = (u,v,w) is velocity, P is the pressure, Fs is the surface tension force, g is the gravitational

acceleration, and ts is the viscous stress tensor.

2.2. Volume of Fluid Method (VOF)

The VOF method was first introduced by Noh and Woodward in 1976 (Noh and Woodward,1976), and developed

by Hirt and Nichols [13]. The VOF function a is defined such that it is unity at any point occupied by fluid, and zero

otherwise. The average value of a in a cell would then represent the fractional volume of that cell occupied by fluid,

as demonstrated in Fig. 2. Cells with a values between 0 and 1 must therefore contain an interface. In VOF method, a
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Figure 2: Schematic of a fluid distribution in a 2-D Cartesian grid with its accompanying indicator a values

transport equation is solved to determine the value of the fluid fraction throughout the computational domain (Hirt and

Nichols, 1981) as follows:

at +— · (ua) = 0, (3)

and the physical properties of the immiscible fluids are calculated as such;

r = rLa +rG(1�a), (4)

µ = µLa +µG(1�a). (5)

It is important to remark that VOF method considers both fluids, the transport of other properties is treated by means

of weighted averages, according to the fluid fraction in each mesh element. VOF method has been successfully applied

to various problems and high order differencing schemes are designed to overcome interface deformation deficit false.

In this work, the VOF method coupled with large eddy simulation model is applied in Flow-3D to simulate flow over

the staircase with a rest platform when human located on different parts of the staircase. The coupling of velocity

and pressure was achieved by the implicit Successive Over Relaxation (SOR) method. Concerning time discretization,

the time step length is automatically adjusted in order to ensure that Courant numbers remain below a threshold of

Cr < 0.75. A mesh sensitivity analysis has been made for the numerical simulation of flow over the staircase with

human on it. Four different mesh sizes (0.005 m, 0.0075 m, 0.001 m, 0.0015 m) in the vicinity of human have been

tested to assess the grid sensitivity on the accuracy of the numerical model. The difference of mesh size 0.005 m an

0.01 m in the estimated average coefficients of drag and lift was within a small margin of error. Accordingly, the 0.01

m was used in this study for computational efficiency. The total number of cells is about 1.8⇥106 and the maximum

size in the whole mesh domain is 0.025 m.

2.3. Validation of the numerical model

In this section, two test cases are conducted to verify the numerical model including flow over straight-type staircase

with and without the rest platform. Numerical simulation results are compared to the experimental data from Tokyo

University(Ishigaki et al.,2006) and Zhejiang University(Shao et al.,2015).
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2.3.1. Straight-type staircase test

In Fig. 3, flow over a straight-type staircase experiment was conducted in Tokyo university (Ishigaki et al.,2006)

using a water tank, a pump, a channel, and a physical staircase model. The configurations of this experiment are

illustrated in Fig. 3 . The height and the length of the staircase model are 3m and 6m, respectively. The corresponding

slope is 1:2 with an angle of 26.6o. The width of the staircase is 1.0m. The staircase consists of 20 steps and each step

has a 0.15m height and 0.3m length.

Figure 3: Experiment configurations of straight-type staircase test (Ishigaki et al.,2006).

Figure 4: Numerical simulation configurations and boundary conditions of straight-type staircase test.
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Figure 5: Flow velocity distribution on the staircase. A comparison between numerical simulation and experiment.

Fig. 4 demonstrates the numerical simulation configurations and boundary conditions. L1 = 7.0 m, H1 = 3.0 m,

and D1 = 1.0 m. Fig. 5 shows the results of flow velocity distribution with initial water depth 0.3m. Comparing the

simulations with experimental data, the velocity distribution agrees well with test value.

2.3.2. Straight-type staircase with rest platform test

In this subsection, flow over a straight-type staircase with a rest platform experiment was conducted in Zhejiang

university (Shao et al.,2015) as shown in Fig. 6 . This experiment was conducted based on a 1:2 scaled physical

model, which consists of 26 identical steps (with the height h = 0.08 m and the length l = 0.14 m). The pseudo-bottom

inclination angle of the staircase is 29.7o, corresponding to a slope of 1:1.75. The width of the staircase is 0.8 m. The

rest platform is located in the middle of the staircase and divide the staircase into upper and lower segments.

Figure 6: Experiment configurations of straight-type staircase with a rest platform test (Shao et al.,2015).
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Figure 7: Numerical simulation configurations and boundary conditions of straight-type staircase with a rest platform.

Figure 8: Air-water interface on the staircase obtained by simulation and experiment.

Numerical simulation configurations and boundary conditions are illustrated in Fig. 7. L2 = 6.0 m, H2 = 2.5 m,

and D2 = 0.8 m. Fig. 8 shows the results of flow surface elevation in the simulated region. Results reveal that the

numerical simulation captures flow surface elevation accurately compared to the experimentally measured data. It

provides the detailed verification of the ability of the proposed numerical framework to describe both velocity fields

and flow structure.

3. Methodology of mechanics-based analysis of human instability

In this section, a mechanics-based method is used for human stability hydrodynamic analysis. Generally, there are

two potential instability mechanisms including sliding (friction) and toppling (moment) instability as show in Fig. 9,

when considering the stability of a human body in flood waters (Xia et al.,2014b). To analysis the instability conditions

of a human body on stairs in flood-prone underground area, a geometric description of the human body and a sketch of

all the forces acting on a flooded human body is given as follows.
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3.1. Geometric representation of the human body and acting forces

Figure 9: Geometric structure of human body and acting forces.

Fig. 9 shows the sketch of all the forces acting on a flooded human body for friction and moment instability on

steps, respectively. FD is the drag force of the flow and FR is the frictional force between human feet and the step

surface. Fg is the human gravitational force, Fb is human buoyancy force, FL is human lift force, and FN is the normal

reaction force from ground. hp is human height and h f is flowing water depth over feet on the step. q is the angle

of force FL in vertical direction. To simplify the geometric parameters, the shape of the human body is mechanically

schematized in Fig. 9, with reference to an approximate prism of height hp, width l and length d (Lind et al.,2004).

Thus the acting forces on human body can be expressed as follows:

Fg = rp ·g(hp ·d · l), (6)

Fb = r ·g(h f ·d · l), (7)

FD =
1
2

rpU2CD(hp · l), (8)

FL =
1
2

rpU2CL(hp · l), (9)

FR = µFN = µ(Fg �Fb +FD · sinq �FL · cosq). (10)
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3.2. Instability conditions of a human body on staircase in flood flows

The critical conditions of instability formula for human instabilities on the staircase are described as follows:

(1) Critical condition for sliding instability

FR = FD · cosq +FL · sinq . (11)

Substituting Eq. (8)and Eq. (10) into Eq. (11), the critical condition for human sliding instability can be obtained

as follows:

2µd
✓

rp

r
�

h f

hp

◆
=

U2

g
{cosq · (CD +CL)� sinq · (CD �CL)} . (12)

(2) Critical condition for toppling instability

(Fg �Fb +FD · sinq �FL · cosq) ·d = (FD · cosq +FL · sinq) · 1
2

h f . (13)

Analogously, substituting Eq. (6), Eq. (7), Eq. (8) and Eq. (9) into Eq. (11), the critical condition for human

toppling instability can be obtained as follows:

2d2
✓

rp

r
�

h f

hp

◆
=

U2

g

⇢
cosq · (1

2
CD ·h f +CL ·d)� sinq · (CD ·d � 1

2
CL ·h f )

�
. (14)

4. Results and discussion

In this section, numerical simulations of flow over the staircase with three representative human locations are carried

out. Numerical results are analyzed in terms of hydrodynamics and flow characteristics. A mechanics-based analysis

for human instability in hydraulic jump region is given based on the critical instability conditions. Identification of

hazard zones on the inundated staircase is made using a risk assessment index f (U2 ·h f ) (Ishigaki et al.,2006).

4.1. Hydrodynamics of flow over staircase with different human locations

Numerical simulations of free surface flows on steps are conducted based on a scaled (1:2) physical model of

a straight-type staircase. The pseudo-bottom inclination angle is 26.6o, corresponding to a slope of 1:1.75. A rest

platform is located in the middle of the staircase, and the staircase is divided into upper and lower segments. Each part

composes 13 identical steps numbered sequentially from No.1 to No.13 from the top to the bottom of the staircase.

The height h of each step is 0.08m and the length l is 0.14m.

4.1.1. Case 1: Human on the rest platform of the underground staircase

Fig. 10 shows the configurations of human location on the rest platform of the staircase. L3 = 6.0 m, H3 = 2.5

m, and D3 = 1.2 m. In this case, the flow velocity on the upstream staircase increased gradually from the ground

entrance to the rest platform. When water flows through the intermediate rest platform, due to the sudden increase in

the horizontal length, the relatively stable flow pattern of falling water, transitional water and sliding water upstream

of the platform is destroyed.

10

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 10: Configurations of human on the rest platform of the staircase.

Figure 11: Flow structure including velocity and pressure of human on the rest platform of underground staircase. (a) distribution of velocity, (b)

distribution of pressure, (c) amplified view of velocity in the vicinity of human body, (d) amplified view of pressure in the vicinity of human body.
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Figure 12: Flow streamline distribution in the lower bench of the staircase. (a) No human on the staircase, (b) Human on the platform, (c) Amplified

view of flow streamline distribution near the 7-th step downstream of the platform in (a), (d) Amplified view of flow streamline distribution near the

7-th step downstream of the platform in (b).

Fig. 11 depicts the simulated flow with velocity magnitude and pressure distribution on the staircase and the

amplified view of related results around the human body on the rest platform. It is observed that the free surface

elevation decreases downstream after passing the ankles where the flow accelerates. A significant hydraulic jump

occurred after the rest platform. This is because when water flows through the intermediate rest platform, due to the

sudden increase in the horizontal length of the intermediate rest platform steps, the relatively stable flow pattern of

falling water, transitional water and sliding water upstream of the platform is destroyed, and the downstream of the

platform will produce a jet stream, and the water tongue will break away. The step surface is exposed to the air, creating

a jet flow cavity in the lower part of the hydraulic jump.

When the flow reaches to human on the platform, the upstream flow is slightly decelerated due to the obstruction

of the human body and the downstream velocity increased vice-versa. The pressure increased on the inner side of

the feet and above the ankles where the flow decelerates. On the other hand, the flow accelerates with a consequent

decreased pressure in the external side of the feet. It is also revealed that a significant negative pressure area is detected

in correspondence with the impact zone on feet and legs. The downstream vortical flow structure enhanced due to

the intensified turbulence caused by the human obstacle. Figs. 12 shows the flow structure on staircase and amplified

vortex near human body. Results indicate that when human on the rest platform, vortical flow structure in the vicinity

of body from downstream steps enhanced by the intensified turbulence.

12

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4.1.2. Case 2: Human on the lower bench of the underground staircase

Fig. 13 shows the configurations of human location on lower bench of the staircase. In this case, due to destroy

of the relatively stable flow pattern on the platform, and the downstream lower bench of the staircase will produce a

hydraulic jump region.

Figure 13: Schematic of human on the lower bench of the 8th step.

Figure 14: Flow structure including velocity and pressure of human on the 8th step in lower bench of the underground staircase. (a) distribution of

velocity, (b) distribution of pressure, (c) amplified view of velocity in the vicinity of human body, (d) amplified view of pressure in the vicinity of

human body
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Figure 15: Flow streamline distribution in the lower bench of the staircase.(a) No human on the staircase, (b) Human on the lower bench, (c)

Amplified view of flow streamline distribution near the 8-th step downstream of the platform in (a), (d) Amplified view of flow streamline distribution

near the 8-th step downstream of the platform in (b).

Fig. 14 depicts the simulated flow with velocity magnitude and pressure distribution on the staircase and the

amplified view of related results around the human body on the lower bench of the staircase. Downstream of the rest

platform, a hydraulic jump occurs, the flow velocity increase dramatically in the jet drop and keep increasing after the

jet plunges into the flow on the lower bench of the staircase. During this process, when the flow reaches to human on

the 4-th step in the lower bench, the velocity significantly decreases while the pressure obviously increases. In addition,

it is also observed that a significant splash area is detected in correspondence with the impact zone on feet and legs. The

flow structure on staircase and amplified vortex near human body and the downstream vortical flow structure obviously

enhanced because of the interdict of hydraulic jump by the human obstacle cause severe turbulence effect.
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4.1.3. Case 3: Human on the upper bench of the underground staircase

Figure 16: Schematic of human on the lower bench of the 8th step.

Figure 17: Flow structure including velocity and pressure of human on the 4th step in upper bench of the underground staircase. (a) distribution of

velocity, (b) distribution of pressure, (c) amplified view of velocity in the vicinity of human body, (d) amplified view of pressure in the vicinity of

human body

In this tested case, human is located on lower bench of the staircase in Fig. 16, where the speed of flow is relatively

slow. Fig. 17 shows the simulated flow with velocity magnitude and pressure distribution on the staircase and the

amplified view of related results around the human body located on the upper bench of the staircase. Once the flooding
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water intrudes into the staircase, the flow velocity increase gradually and reach to a steady value along the staircase

before the rest platform, which seems like a skimming flow (Gonzalez et al., 2008;Felder and Chanson, 2009;Takahashi

and Ohtsu, 2013). The free surface elevation also decreases downstream after passing the ankles where the flow

accelerates. The pressure increased above the ankles where the flow decelerates. On the other hand, the flow accelerates

with a consequent decreased pressure in the inner and external side of the feet. This is different compared to human

on the rest platform. Additionally, it is found that when human on upper bench, downstream vortical flow structures

change slightly, because the flow speed on upper steps is slow the interaction influence of human body is relevantly

small.

4.1.4. Drag and lift coefficients

Drag and lift coefficients are calculated by using Eq. (8) and Eq. (9) based on the mean values of integrated forces

over the human geometry during the simulation and the frontal references areas A in Table 1. Three experimental

configurations of the physical model on human instabilities (Karvonen et al.,2000,Jonkman and Penning-Rowsell,2010,

Xia et al.,2014b) are used.

Table 1: Physical characteristics of experimental human-scaled models and related frontal reference area.

Experiments (Karvonen et al.,2000) (Jonkman and Penning-Rowsell,2010) (Xia et al.,2014b)

hp(m) 1.62 1.70 0.310

W (Kg) 57.0 68.2 0.334

d(m) 0.25 0.26 0.048

A(m2) 0.42 0.43 0.014

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

C
D

hf / hp
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-0.15
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-0.05

 0
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L
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Lift coefficient

Figure 18: Drag and lift coefficients versus the relative submergence h/hp based on three experimental human-scaled models.
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Fig. 18 depicts the fitted curves of drag and lift coefficients versus the relative submergence h/hp based on three

experimental human-scaled models in Table 1. It is found that the drag coefficient increases exponentially while the

lift coefficient decreased linearly with the submergence h/hp. For both drag and lift coefficients, force coefficients in

absolute value increase when submergence increased and the increment of drag coefficient is larger than that of lift

coefficient.

4.2. Mechanics-based analysis for human instability in hydraulic jump region

In this section, a mechanics-based analysis for human instability in hydraulic jump region is demonstrated based on

the observation that significant flow deformation happened in the vicinity of hydraulic jump area. It is proved that when

water flows through the intermediate rest platform, due to the sudden increase in the horizontal length, the relatively

stable flow pattern is destroyed, and the downstream of the platform will produce a liquid jet. The step surface is

exposed to the air, creating a hydraulic jump as shown in Fig. 19 . It is found that in hydraulic jump region especially

for the steps before the 5th-step, q is smaller than the slope angle of the staircase (26.6o). Here, recasting the critical

condition for sliding instability as follows:

2µd
✓

rp

r
�

h f

hp

◆
=

U2

g
{cosq · (CD +CL)� sinq · (CD �CL)} . (15)

For human stability condition, when q decrease, cosq increase and sinq decrease, thus the right-hand side of Eq. (15)

increase. However, in hydraulic jump region, the submergence h/hp increase and left-hand side of Eq. (15) decrease.

As demonstrated in Sec. 4.1.4, (CD �CL) and (CD +CL) increase with the increase of h/hp. Therefore, the potential

of instability condition 2µd
⇣

rp
r � h f

hp

⌘
< U2

g {cosq · (CD +CL)� sinq · (CD �CL)} is higher in hydraulic jump region

than other regions on the staircase, which may cause human sliding instability.

To evaluate the instability difference in hydraulic jump region for different age human, an adult as shown in Fig. 19

(a) and a child in Fig. 19 (b) are used to demonstrate the toppling instability analysis. Similarly, considering the critical

condition for sliding instability in Eq. (15). Compared to an adult, the submergence a child h/hp is generally reduced

Figure 19: Simplified schematic of flow over human on the lower bench staircase

17

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



by about 10 to 40 percentages, which will cause an increased imbalance of Eq. (15) based on the above mechanics-

based analysis. Therefore, the potential of topping instability condition for a boy is higher than an adult in hydraulic

jump region. Numerically evaluated force coefficients and the mechanics-based analysis in hydraulic jump region for

the occurrence of human instability indicates that human with large weight and height can reduce the risk of sliding

instability.

4.3. Identification of hazard zones

In this section, assessment of hazard zones are made to discuss the danger area on the staircase during flood events.

Some representative risk index e. g. f (U · h f ) (Cox et al.,2010) or f (U2 · h f ) (Ishigaki et al.,2006) can be used to

classify different hazard zones, where U is the water velocity and h f is the depth of the flow on the staircase. These

empirical safety index formulae can quantitatively evaluate the evacuation risk by take into account the effects of water

depth and velocity of water on the staircase.

In this work, the hazard zones are classified according to the critical safety index value f (U2 · h f ) = 1.2 m3/s2

(Ishigaki et al.,2006) and f (U2 ·h f ) = 1.5 m3/s2(Inoue et al.,2003), respectively. Lower risk zones are identified with

the value f (U2 · h f ) less than 1.2 m3/s2, and high risk zones are identified with the value f (U2 · h f ) larger than 1.5

m3/s2. When 1.2 m3/s2 < f (U2 ·h f )< 1.5 m3/s2, the zone is classified as a media risk.

Figure 20: The trend of safety index f (U2 ·h f ) along the staircase.

Fig. 20 shows the distribution and the trend of safety index f (U2 ·h f ). It is observed that the magnitude of f (U2 ·h f )

increased steadily from the upper bench to the middle rest platform, and the value is less 1.2, which indicates the

relatively lower risk zone. On the rest platform, the f (U2 ·h f ) declined due to the reduction of flow velocity. However,

f (U2 · h f ) shows a significant increase downstream of the rest platform due to the obviously increased velocity and

water depth in the hydraulic jump region. Therefore, the existence of a hydraulic jump represents a relative high-risk

zone, especially after the 3rd step downstream the rest platform.
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5. Conclusions

This work was used for assessing metro flood risk, particularly focusing on human instability in different areas of

the flooded metro staircase. The VOF method was used for simulating flood-prone region on staircase. The comparison

between the experimental and numerical results demonstrates that the numerical simulation method can be used as a

practical tool to obtain a reasonable assessment of human risk on flooded staircase incorporation with the mechanics-

based instability analysis. Flow characteristic including velocity, pressure, and vortex distributions were obtained at

first. Subsequently, a mechanics-based human instability analysis was conducted to make a qualitatively prediction of

human risk in inundation metro staircase region. The conclusions are summarized as follows:

(1) Flow velocity on staircase increased gradually from the ground entrance to the underground exit. When water

flows through the intermediate rest platform, due to the sudden increase in the horizontal length, the relatively sta-

ble flow pattern of falling water, transitional water and sliding water upstream of the platform is destroyed, and the

downstream of the platform will produce a hydraulic jump.

(2) When human on the staircase, the following phenomena can be observed: (i) Free surface elevation increases

upstream where the flow velocity reduces due to the obstruction of the human body. The pressure increased on the inner

side of the feet and above the ankles where the flow decelerates. While flow accelerates with a consequent decreased

pressure in the external side of the feet. (ii) A significant negative pressure area is detected in correspondence with

the impact zone behind feet and legs. While the downstream flow is accelerated after passing the ankles where the

flow accelerates. (iii) When human on the rest platform, vortical flow structure in the vicinity of body on downstream

steps enhanced by the intensified turbulence. When human on lower bench, the downstream vortical flow structure

obviously enhanced because of the interdict of hydraulic jump by the human obstacle cause severe turbulence effect.

However, when human on upper bench, downstream flow structures change slightly, because the flow speed on upper

steps is slow thus the interaction influence of human body is relevantly small.

(3) The most critical region of the studied case is identified where hydraulic jump happens, and the region especially

after the 3rd step downstream of the hydraulic jump has a high potential to cause sliding instability. In addition, the

risk of sliding instability for a boy is higher than that for an adult in hydraulic jump region.

(4) Overall, this is the first numerical investigation on the hydrodynamics and instability conditions of different

human locations on the staircase in inundated metro station. The numerical model in this study can be applied to other

types of metro staircases and metro systems. Based on the simulation results, the risk analysis and assessments can

provide suggestive decision-making information in developing sustainable metro systems.
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