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A B S T R A C T

Shallow urban road tunnels with top vents represent environmentally friendly and energy-saving technology. To
date, four such tunnels are operational in Nanjing, and their intra-tunnel air quality has been widely acclaimed.
However, no prescriptive design methods have been developed for this technology. Natural ventilation at the top
of the tunnels is caused by the pressure difference inside and outside the top vents. Thus, a prerequisite to the
development of scientific design methods for such tunnels is a complete understanding and representation of the
pressure wave distribution pattern in the tunnels. Based on an analogy with an electric dipole, we propose a
pressure-induced dipole theory and construct an intra-tunnel pressure distribution model. An experimental
platform is developed to evaluate the pressure distribution inside tunnels under 6 operational conditions. The
results suggest the following. (1) The proposed pressure-induced dipole theory can well describe and explain the
pressure wave distribution rules in road tunnels. (2) With a uniform and continuous traffic flow, the real-time
pressure on each point in the tunnels demonstrates periodical asymmetrical quasi-sinusoidal pulsation, where
the cycle is given as T = (S+L)/v. (3) Periodical pressure pulsation with decaying amplitude exists around the
top vents. With large top vents, the pressure exchange between the inside and outside of the tunnels is sig-
nificant.

1. Introduction

Natural ventilation in shallow road tunnels with top vents is a green
energy-saving technology that uses traffic wind produced by moving
vehicles to guarantee a safe air environment relative to exhaust dis-
charge in the tunnels. Such top vent systems significantly reduce
draught fan operation costs. This technology has been successfully ap-
plied in several Chinese cities, such as the Hongxing Road tunnel
(800m) in Chengdu, Sichuan and the Tongjimen (890m), Xianmen
(1410m) and Xinmofan Road (3000m) tunnels in Nanjing, Jiangsu.
The air quality in these tunnels has been widely acclaimed. However,
the design and construction of such tunnels lack sufficient theoretical
basis and experimental support, and the top vent ventilation me-
chanism has not been investigated systematically. Furthermore, this
type of urban road tunnel does not comply with the Specifications for
Design of Ventilation and Lighting of Highway Tunnel (JTJ026.1-1999).
According to these specifications, mechanical ventilation should be
adopted when the product of tunnel length and traffic flow in a one-way
traffic tunnel is higher than 2000 (km× cars/h). Modic (2003a,b)

stated that natural ventilation can be used in one-way tunnels shorter
than 3000m when the traffic flow is less than 750 cars/h in each lane
and the vehicle running speed is greater than 30 km/h. However, this
only applies to tunnels without top vents. Note that the current reg-
ulations do not consider top vents appropriate for tunnel ventilation.

Based on several studies of Zhong (2006), Wong et al. (2006),
Palazzi et al. (2005), Ingason and Wickström (2006), Bogdan et al.
(2008) and Tong et al. (2009), Jiangsu Province enacted the Specifica-
tions for Design and Acceptance of Vertical Shaft Natural Ventilation in
Urban Tunnels(DGJ32/TJ102-2010). According to the specifications,
vertical shafts should be distributed at a uniform spacing of 240m or
below; and when the tunnel length is in the range of 500–1500m, the
opening rate (effective opening area of vertical shaft/horizontal pro-
jected area of tunnel) should be no lower than 3.25%. However, no
mature method with sufficient data support exists for the design of top
vent locations in such tunnels. In addition, local construction autho-
rities and fire brigades have expressed concern about such tunnels.

Therefore, academics and engineers have studied tunnels with top
vents extensively. Yoon et al. (2006) from Inha University in Korea
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employed a thermo-motive approach to compute the natural ventilation
pressure of a long and wide tunnel in winter and summer. The results
indicated that shaft height and temperature differences inside and
outside the tunnel affected the natural ventilation pressure of the shafts.
However, most subsequent study, found thermal pressure to be the
major factor of natural ventilation only when there is a traffic jam.
Under normal traffic conditions, thermal pressure can be ignored be-
cause the air pressure produced by vehicles is far greater than the
thermal pressure, according to the studies of Yang (2007), Zhong et al.
(2008), Bari and Naser (2010). Zhong et al. (2006) investigated the
ventilation mechanism of such tunnels under the assumption that the
traffic flow in random motion in the tunnels is constant and continuous
and the intra-tunnel flow field is a one-dimensional pipe flow. Ac-
cording to their results, the air resulting from moving vehicles in a one-
way road tunnel with multiple vents formed a concussive pressure
pulsation at the vents such that the air inside and outside the tunnel
could be exchanged. On this basis, they developed formulas to compute
the air pressure in the tunnel, as well as the air input and output at the
top vents. However, relative to the flow field within road tunnels, the
correctness of the tube flow assumption is disputed. Most of these
conclusions have not been verified experimentally or vary significantly
from existing experimental data. Based on simplified flow filed in the
buried section and Prandtl velocity distribution law, Jin et al. (2015)
presented the formula of velocity distribution in the buried section, and
energy transfer and dissipation law in the tunnel flow field were ex-
plained. Also, Jin et al. (2017) tested the distribution of air velocities
and the flow-field characteristics, the results show that 1. At a constant
vehicle flow, the airflow at the roof opening was always from outside to
inside, and no respiration phenomenon was observed. 2. The maximum
inlet velocity was at openings near the tunnel entrance, and the velocity
gradually decreased as the openings were placed deeper into the tunnel.
The inlet velocity exhibited a concave curve along the tunnel length.

Although previous studies have failedto explainthe mechanism of
natural top vent ventilation in shallowtunnels, they all confirm that
traffic air resulting from moving vehicles forms oscillating pressure
pulsation at the vents so that repeated air exchange is established be-
tween the inside environment of tunnel and the outside atmosphere.
Naturalventilation at the top of tunnels is driven by thepressure dif-
ference inside and outside the top vents;thus,the pressure pulsation
within road tunnels can affect natural ventilation at top vents.
Consequently, the following questions must be addressedto develop
scientific design approaches for such tunnels.1. What rule does the
pressure pulsation follow within aroad tunnel?2. How dotop vents af-
fectpressure distribution within the tunnel?3. Can aregular expression
of pressure pulsation within the tunnelsbe derived?In light of these-
questions, this paper proposes apressure-induced dipole theory and
constructsa pressure distribution model for road tunnels. In addition, a
1/10-scale testing platform forroad tunnel ventilation is developedto
test the pressure distribution within the tunnels underdifferent oper-
ationalconditions, verify the proposedtheory and find answers to the
abovementioned questions.

2. Pressure-induced dipole theory

2.1. Single-point pressure field in tunnel space

For a running vehicle, the airflow velocity around the head is always
less than the vehicle’s speed. Therefore, a positive pressure zone is
formed when the vehicle contacts the air in front of the vehicle. In
contrast, at the rear of the vehicle, the air flow swirls due to the
stripping phenomenon to form a negative pressure zone, according to
the studies of Cooper and Campbell (1981), Chen et al. (1998), Tong
et al. (2014) and Wang et al. (2011, 2014). Moreover, a single positive
pressure point and a single negative point occur at the front and rear of
each vehicle, respectively. The front positive pressure and rear negative
pressure appear simultaneously and decay gradually. The combined
effect of multiple vehicles will result in different levels of intermittent
pressure pulsations in a tunnel.

The following hypotheses are proposed to simplify the question and
realise a pressure wave equation.

(1) The air in the highway tunnel is at room temperature and atmo-
spheric pressure. Air flow triggered by vehicle running inside the
tunnel is low-speed flow with the Mach number (M) less than 0.3.
So the air in the tunnel is assumed to be isotropic ideal gas with
constant temperature.

(2) The viscosity of the air is small. Also, the impact of viscosity on the
flow is restricted to the boundary layer near the wall. So the flow
outside the boundary layer can be processed as an ideal fluid. In
addition, the turbulence in the tunnel is highly intensive due to the
perturbation of running vehicles, and the boundary layer near the
wall is thin. Therefore, it’s reasonable to assume that no viscosity
exists in the air in this study.

(3) When pressure waves propagate in the fluid medium, the viscosity
of the medium is the main cause of energy attenuation. Since the
absence of viscosity in the air is assumed, there is no energy loss in
the pressure wave propagation. Specifically, this assumption is a
ratiocination of the third assumption.

(4) The pressure wave in the tunnel with low value and high frequency
is propagated through sound velocity at a fast speed. As a result, the
density of the gas changes quickly with a narrow range. Meanwhile,
energy exchange caused by thermal conduction is very little. The
pressure wave propagating in the air can be deemed as an adiabatic
process.

An air microelement Vd is selected from the pressure field of the
tunnel (Fig.1), where =V x y zd d d d . In a tunnel, pressure p varies with
the spatial location; therefore, the pressure on different surfaces of the
air microelement is non-equivalent. Moreover, the air microelement is
sufficiently small such that the pressure acting on its surfaces is uni-
form. Here, consider the force along the x direction. Assume the pres-
sure intensity on the left surface of air microelement is =p px . Then,
the force on this surface is given as = =F p y z p y zd d d dx x . In addition,
assume the pressure intensity on the right surface of the air microele-
ment is ′ = +p p pdx . Then, the force on the right surface is given as

Nomenclature

v vehicle speed (m/s)
L vehicle length (m)
S vehicle spacing (m)
ρ intra-tunnel air density (kg/m3)
PA maximum positive pressure at the front of the vehicle (Pa)
PB maximum negative pressure at the rear of the vehicle (Pa)
A positive polar distance (m)
B negative polar distance (m)

C distance from centre of top opening (m)
i vehicle number
j top opening number
x y z, ,i i i coordinates of the front of vehicle i
x y z, ,j j j coordinates of the centre of top opening j
Fj area of top opening j (m2)
K spatial pressure distribution coefficient determined by the

fluid media in tested space
α tunnel pressure correction factor ( =α 0.8)
β top opening pressure decay coefficient ( =β 0.17)
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′ = ′ = +F p x y z p p y zd d ( d )d dx . The composite force imposed on this
microelement in the x direction is expressed as follows.

= − ′ = =
∂
∂

F F F p y z
p
x

x y zd d d d d dx x (1)

Suppose the air density ρ is a constant. Then, the mass of the mi-
croelement is given as =m ρ x y zd d d d . The composite force on the mi-
croelement is non-zero; therefore, the microelement will accelerate in
the x direction (i.e. u td /dx ).

The following can be inferred according to Newtons Second Law.
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Similarly, the motion equations in the y and z directions are given as
follows.
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The motion equation of the pressure wave is derived by combining
Eqs. (3)–(8) as follows.
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In the following, we focus on the air microelement. In the x direc-
tion, assume the mass of fluid flowing into it from the left surface of the
air microelement is ρu y zd dx , while that flowing out from the right
surface is +ρu ρu y z[ d( )]d dx x . In addition, assume the mass increment
in the microelement is ∂ ∂ρ t x y z( / )d d d . Thus, an equation of continuity
can be formed as follows.

∂
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Eq. (13) is derived from Eq. (12).

∂
∂

+ ∂
∂

=
ρ
t x

ρu( ) 0x (13)

To this point, the x direction involves three variables p u, x and ρ.
However, the number of equations is only two. Therefore, no solution
can be obtained and a third equation is required.

This third equation can be derived according to the thermodynamic
properties of air. When a pressure wave passes the air microelement, its
physical parameters, e.g. pressure intensity, density and temperature,
change according to the thermodynamic equations. Note that the air
medium in the tunnel is assumed to be ideal; thus, the transmission
speed of the pressure wave is sufficiently fast such that there is not
enough time for internal volume compression or expansion of air.
Therefore, due to the short time required to transmit a pressure wave,
we consider that the air microelement does not exchange heat with its
surrounding environment. Consequently, the pressure wave process can

Fig. 1. Air microelement in pressure field.

Fig. 2. Pressure distribution theory for isotropic fluid in infinite space.

Fig. 3. Two-dimensional potential distribution of pressure dipole.
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be considered an adiabatic process. The adiabatic equation of ideal air
is given as follows.

=−pρ Constγ (14)

For general fluid media, pressure intensity is a function of density
and temperature. Given the adiabatic condition, we can provide the

following universal equation of state.

=p c ρd d2 (15)

Here, c is sound velocity in the medium, =γ C C/p v is the ratio of the
gas’ specific heat at constant pressure to the specific heat at constant

Fig. 4. Pressure distribution calculation.

Fig. 5. Detail of model tunnel platform: (a) top view of the three-lane circular runway; (b) partial detail of the three-lane circular runway; (c) cross section of the
model tunnel and the test points.

Fig. 6. Experimental platform.
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temperature ( =γ 1.4 for air).
The following pressure pulsation equation in macro space can be

derived by combining Eq. (9), (13) and (15).
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Alternatively, we can also obtain the following.
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Typically, in an isotropous and free space medium, the pressure
wave radiates in the form of a spherical wave. Here, a spherical co-
ordinate system is selected, where the distance from the origin point of
the pressure wave to the discussion point is denoted r. The pressure
wave equation can be rewritten as follows.
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Boundary conditions are introduced, and the pressure at the centre
of the pressure wave achieves the highest value (i.e. P0).

= =r p P0 0 (19)

At the place indefinitely far away from the center of pressure wave,
relative pressure reaches the min value (i.e. =p 0). Therefore, we ob-
tain the following.

→ ∞ =r p 0 (20)

A universal solution to the pressure wave equation (Eq. (21)) in
macro space can be obtained by substituting the boundary condition
equations (Eq. (19) and (20)), into Eq. (18).

= + + −P
p r

ωt αr ωt αr
( )

Exp( ) Exp( )0

(21)

Here, r is the distance from the discussion point to the centre of the
pressure wave, α is a to-be-determined constant (assumed as 0.8 in our
experiment), ω is the angular frequency (assumed as 0 because the
central air pressure remains constant when vehicles in the tunnel move
at uniform speed). +ωt αrExp( ) is the incoming wave equation, and

−ωt αrExp( ) is the reflected wave equation. The amplitude of the
pressure pulsation in a road tunnel is low. In addition, the reflection
coefficient of a concrete surface in a road tunnel against the air pressure
wave is approximately 0.02. Thus, the reflected pressure wave in tun-
nels can be ignored.

Therefore, a point-source pressure wave equation applicable to road
tunnels is derived as follows.

=p r P
αr

( )
Exp( )

0

(22)

= − + − + −r x x y y z z( ) ( ) ( )0
2

0
2

0
2 (23)

Table 1
Test program for pressure distribution in road tunnel.

No. vehicle speed vehicle distance D1 D2 roof opening
(m/s) (m) (m) (m)

A-1 2 2 0.1 0.2 ×
A-2 2 4 0.2 0.4 ×
A-3 2 8 0.3 0.6 ×
B-1 2 2 0.1 0.2 ○
B-2 2 4 0.2 0.4 ○
B-3 2 8 0.3 0.6 ○

Note: ×: with no roof opening; ○: with roof opening on the top

Fig. 7. Arrangement of test points for pressure distribution in road tunnel.

Table 2
Mean standard deviation and mean measurement uncertainty (Pa).

Experiment No. A-1 A-2 A-2 B-1 B-2 B-3

Standard deviation 0.073 0.082 0.066 0.085 0.085 0.097
Measurement uncertainty 0.034 0.041 0.027 0.037 0.038 0.043

Fig. 8. Pressure pulsation at a fixed point (S=2m).
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Here, x y z( , , ) is the spatial coordinate of the discussion point and
x y z( , , )0 0 0 is the coordinate of the centre of the pressure wave.

This equation is applicable to normal driving conditions since one of
the assumptions deduced theoretically is that air in the tunnel is an
isotropic ideal gas. Therefore, when a fire occurs in the tunnel, the
calculated result will be quite different from the actual result. Fire may
result in large temperature difference in the tunnel and a large amount
of smoke, the physical properties of the smoke are significantly dif-
ferent from that of the air. At this point, stratified flows of smoke and
air, or smoke particles will be formed and spread in the entire tunnel
space, destroying the assumption of isotropic ideal gas.

According to the pressure wave spatial distribution equation (Eq.
(22), (23)), an isolated pressure point in the space can form a pressure
field with declining intensity around it. The pressure is P0 at the centre
of the pressure wave and 0 at infinity. A three-dimensional diagram is
shown in Fig.2.

2.2. Pressure wave distribution model for running vehicles

The essence of establishing a pressure field in road tunnels lies in
energy transmission and conversion. From a micro-perspective, moving
vehicles collide with non-rigid air micro-masses in a non-elastic manner
such that the air micro-masses have higher energy and speed that
equals that of the vehicles. As a result, there is a shorter free path be-
tween the air micro-masses. In addition, the air micro-masses have

higher density, potential energy and air pressure. At the point of col-
lision, the dynamic energy of the air micro-masses is converted com-
pletely to potential energy. At this time, the air in front of the vehicles
will theoretically gain the maximum positive pressure. In addition, as
the vehicles keep running, the positive pressure at the front will
maintain continuity. Here, the positive pressure is expressed as follows.

=P ρv1
2A 0

2
(24)

Similarly, the maximum theoretical negative pressure at the rear of
the vehicles is expressed as follows.

= −P ρv1
2B 0

2
(25)

Here, ρ is air density and v0 is vehicle velocity.
For each moving vehicle, one positive pressure point and one ne-

gative pressure point can always be formed in front and behind the
vehicle. Moreover, the positive pressure in front and negative pressure
at the rear appear simultaneously. Therefore, in this paper, the front
positive pressure point is referred to as the positive pole of pressure,
and the negative pressure point at the rear is referred to as the negative
pole. A combination of these pressure points is considered a pressure
dipole (Fig.3), and each running vehicle can be approximated as a
pressure dipole.

The pressure field in space is a scalar quantity that can be super-
posed. Thus, the pressure of any point in the tunnel is equal to the
superposed pressure fields (Fig.4 produced by all running vehicles
(pressure dipoles). Under the composite effect of many running ve-
hicles, the pressure distribution in the tunnel will be nonuniform. Here,
we set the centre point of the road at the tunnel entrance as the null
point of coordinates to erect a rectangular coordinate system. t is the
running time, and the null point of time is the instant the traffic flow
arrives at the tunnel entrance. Assume there are n vehicles in a part of
the traffic flow. Thus, according to the pressure dipole theory, the dy-
namic pressure distribution model in road tunnels is expressed as fol-
lows.

∑= ⎡
⎣⎢

+ ⎤
⎦⎥=

P x y z t P
Exp αA

P
Exp αB

( , , , )
( ) ( )i

n
A

i

B

i1 (26)

= − + − + −A x y z t x x y y z z( , , , ) ( ) ( ) ( )i i i i
2 2 2 (27)

= − + + − + −B x y z t x x L y y z z( , , , ) ( ) ( ) ( )i i i i i
2 2 2 (28)

Here, PA and PB are the pressures at the positive and negative poles
in the pressure dipole. Li is the length of vehicle i. Ai and Bi are the
positive and negative polar distances of vehicle i at moment t, which are
given by Eqs. (27) and (28). And x y z, ,i i i are the coordinates of the
positive pole in front of vehicle i.

2.3. Road tunnel pressure wave distribution model with top vents

The entrance, exit and top vents of a tunnel directly connect the
internal tunnel space to the outside, which affects the pressure dis-
tribution within the tunnel. Subsequent experimental results suggest
that, affected by running vehicles, the intra-tunnel pressure displays
time-dependent pulsation and varies at intervals along the tunnel
length. Moreover, the positive and negative pressures accumulated in
the tunnel are released at the entrance, exit and top vents, where
pressure pulsation reveals decay. The vent size also affects the pressure
releasing effect (i.e. a larger vent results in a wider influence area). At
the centre of the top vents, the pressures inside and outside the vents
are exchanged fully such that they are equal and the amplitude becomes
zero. With increasing distance, the effect of the vents on the intra-
tunnel pressure also declines.

In view of the above phenomena, this paper proposes the pressure
decay function ζ . In the pressure distribution model for road tunnels

Fig. 9. Pressure pulsation at a fixed point (S= 4m).

Fig. 10. Pressure pulsation at a fixed point (S= 8m).
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with top vents, the effect of the entrance, exit and top vents on the
intra-tunnel pressure distribution is corrected using the proposed
pressure decay function ζ .

Here, assume the coordinate of the centre of vent j at the top is
x y z( , , )j j j . Then, the pressure decay function ζ at the top vent is ex-
pressed as follows.

= −ζ x y z
βC F

( , , ) 1 1
Exp( / )j

j j
2

(29)

Here, β is a to-be-determined coefficient (β = 0.17 in this paper), Fj
is the area of top vent j and Cj is the distance from the centre of top vent
j to the computed point. Cj can be computed as follows.

= − + − + −C x y z x x y y z z( , , ) ( ) ( ) ( )j j j j
2 2 2

(30)

Then, the pressure wave distribution in a road tunnel with top vents
can be computed as follows.

∏ ∑= ⎡
⎣⎢

+ ⎤
⎦⎥= =

P x y z t ζ P
Exp αA

P
Exp αB

( , , , )
( ) ( )j

m

j
i

n
A

i

B

i1 1 (31)

3. Model experiment

3.1. Experimental platform

We conducted a road tunnel experiment using a three-lane circular
runway with 30m straight sections on both sides and a total lane width
of 1.2 m. The net height of the model tunnel was 0.5 m (Fig.5, 6). The
model tunnel was paved with composite board and embedded with
three tracks at an interval of 40 cm. Both sides of the tracks were pasted
with a conductive metal strap to provide the model vehicles with a
continuous power supply. Note that the vehicle speed could be adjusted

by changing the voltage between the conductive metal straps. All joints
in the tunnel model were well sealed. The top vents were 250mm wide
and 500mm long, and were laid along the sides. On the top, a mobile
transparent cover was fixed to adjust the vent length and adapt the
model to test different conditions. The dimensions of the model vehicles
were 480mm×250mm×200mm. A micro-pressure transmitter (re-
action time, 0.2 s) was used as the test instrument.

3.2. Test plan

This study incorporated 6 groups of tests according to top vent and
vehicle spacing settings. The tests are described as follows.

Group 1–3 (A-1, A-2 and A-3): To eliminate the effect of the top vent
on intra-tunnel pressure when the pressure pulsation pattern and dis-
tribution were tested in a buried section, there was no vent on the top of
the tunnel in A-1, A-2 and A-3. To demonstrate the periodical pulsation
rule of the pressure wave in the road tunnels, the vehicle spacing in
Groups A-1, A-2 and A-3 was 2m, 4m and 8m, respectively.

Group 4–6 (B-1, B-2 and B-3): In these groups, a single vent was
positioned at the middle of the tunnel to rule out disturbance from
other vents and test the pressure distribution features around the single
top vent. This was expected to help determine the effect of a top vent on
intra-tunnel pressure. Also, the vehicle spacing in Groups B-1, B-2 and
B-3 was 2m, 4m and 8m, respectively.

The vehicle speed was 2m/s for each experimental condition. See
Table 1 for the specific experimental parameters. The measurement
points in each group were positioned as shown in Fig.7.

Fig. 11. Pressure distribution curve in tunnel (S= 2m): (a) the intra-tunnel pressure distribution curve with no top vent; (b) the intra-tunnel pressure distribution
curve with top vents; (c) details of the dotted boxes in subfigures a; (d) details of the dotted boxes in subfigures b.
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4. Results and discussion

4.1. Data processing and error analysis

To reduce experimental error, each experimental condition was
tested 5 times, and each data represent the average of the results. A
class A evaluation was adopted to determine measurement uncertainty.
An error analysis indicated that the total mean standard deviation of
the test data was 0.081 Pa and the total measurement uncertainty was
0.037 Pa. As the size of the measurement data was quite large, the error
and uncertainty of each measurement array was omitted. However, the
error and uncertainty for each test group are shown in Table 2. In ad-
dition, according to the analysis, the measurement error for the tunnel
with top vents was significantly higher than that without top vents.
Despite high measurement error and uncertainty in some data, the
general statistical outcome still well reflects the pressure distribution
pattern in the tunnel.

4.2. Pressure pulsation within road tunnels

For a running vehicle, a positive pressure zone is formed when the
front of the vehicle collides with the air. At the rear of the vehicle, air
flow will swirl due to the stripping phenomenon to form a negative
pressure zone. From a micro-perspective, a moving vehicle collides with
non-rigid air micro-masses in a non-elastic manner such that the air
micro-masses have the same speed as the vehicle. As a result, the air
micro-masses have a shorter free path in between and higher air pres-
sure.

Fig. 8–10 show the pressure pulsation of the central measuring
points (marked in orange) between 10 and 20 s in experiments A-1, A-2
and A-3. Here, the solid blue line is the theoretical computation curve,
and the orange dotted line indicates the test data. A comparison reveals

that the theoretical computation result well matches the experimental
data in most areas; however, greater errors appear around the peaks
and troughs of the pressure pulsation, with a maximum relative error of
32.6%. Nevertheless, the pressure pulsation rules reflected by them are
quite consistent with each other.

Both the theoretical computation and experimental test suggest that
periodical pressure pulsation appears in road tunnels under the effect of
moving vehicles. In each pulsation cycle, the pressure pulsation in-
volves two stages.

In the first stage (i.e. A → B in Fig.10), the whole vehicle body
passes below the measuring point. In this process, the pressure on this
point rapidly falls from the peak to the Valley. In the second stage (i.e. B
→ C), the vehicle keeps running with the rear gradually leaving the
measuring point. However, the next vehicle is approaching the mea-
suring point; therefore, the pressure at this point gradually increases
again to reach the peak.

Under a uniform traffic flow, the theoretical cycle of pressure pul-
sation in a road tunnel is given as follows.

= +T S L
v (32)

Here, S is the vehicle length, L is vehicle spacing (m) and v is the
vehicle velocity (m/s).

In this experiment, vehicle length is a constant value (0.48 m).
When the vehicle spacing is 2m, the theoretical cycle is 1.24 s. In
contrast, the mean cycle from the experimental data is approximately
1.18 s. When the vehicle spacing is 4m, the theoretical cycle is 4.24 s,
and the mean cycle from the experimental data is approximately 4.20 s.
Thus, the theoretical computation coincides well with the experimental
data.

In a general traffic flow,vehicle spacing is far greaterthan the ve-
hicle length; therefore,the duration of the first stage is significantly

Fig. 12. Pressure distribution curve in tunnel (S= 4m): (a) the intra-tunnel pressure distribution curve with no top vent; (b) the intra-tunnel pressure distribution
curve with top vents; (c) details of the dotted boxes in subfigures a; (d) details of the dotted boxes in subfigures b.
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lessthan that of the second stage in a singlepressure pulsation cycle.
This is reflected by the rapid fall thengradual rise of the pressure shown
in the figures. Therefore, the pressure pulsation in road tunnels man-
ifests as an asymmetrical quasi-sinusoidal pulsation.

4.3. Pressure distribution in road tunnels

As suggested by the results, the pressure of different points in the
road tunnels presents periodical pulsation under a continuous traffic
flow. This section discusses the spatial distribution pattern of pressure
in the road tunnels.

Figs. 11–13 illustrate the pressure distribution in road tunnels under
different test plans for t= 15 s. Here, the solid blue line is the theo-
retical computation curve, and the orange dotted line indicates the test
data. Due to a limitation in instrument quantity, 19 pressure measuring

points were positioned at the middle section of the tunnel; therefore,
they could not measure the pressure distribution throughout the entire
tunnel. However, a local data comparison reveals that the theoretical
curve is still highly consistent with the test data relative to the spatial
distribution pattern of pressure.

The pressure of different points along the traffic flow in the tunnel
also pulses periodically. When examining the figures at a certain mo-
ment, we find that a pressure wave peak appears around the front of
each vehicle and a trough appears around the rear of the vehicle. As a
result, under the composite effect of many vehicles, the pressure in road
tunnels is distributed in a waveform. Under a uniform and continuous
traffic flow, the theoretical wavelength of the pressure wave is given as
follows.

+S L (33)

Fig. 13. Pressure distribution curve in tunnel (S= 8m): (a) the intra-tunnel pressure distribution curve with no top vent; (b) the intra-tunnel pressure distribution
curve with top vents; (c) details of the dotted boxes in subfigures a; (d) details of the dotted boxes in subfigures b.

Fig. 14. Theoretical curves and experimental data for the intra-tunnel pressure distribution for experimental condition B-3.
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Fig. 11–13, each contain four subfigures marked a, b, c and d, where
subfigure a is the intra-tunnel pressure distribution curve with no top
vent, subfigure b is the intra-tunnel pressure distribution curve with top
vents and subfigures c and d show the details of the dotted boxes in
subfigures a and b, respectively.

A comparison reveals that, in the presence of top vents, the pressure
wave around the top vents declines in terms of amplitude because the
positive pressure accumulated in front and negative pressure at the rear
of the vehicle are released through the top vents when the vehicle is
running. When the vehicle passes a top vent and enters the buried
section again, the positive and negative pressures at the front and rear
are accumulated again and released at the next top vent. This process
continues in this manner.

The pressure decays more and gets released more radically when
closer to the centre of the vent. When distant from the vent, the pres-
sure is less affected by the vent in distribution. Pressure pulsation still
exists near the top vents; however, it is not particularly significant due
to the reduced amplitude. In addition, the cycle of the pressure pulsa-
tion near the top vents does not change, and it is the same as that of the
pressure pulsation in the buried section.

Fig. 14 shows the theoretical curves and experimental data for the
intra-tunnel pressure distribution for experimental condition B-3 when t
is 15 s, 16 s and 17 s. As can be seen, the pressure wave in a road tunnel
proceeds as the vehicle keeps running. As the time goes from t= 15s to
t= 16s, the vehicle runs by 2m, and the pressure wave also proceeds
by 2m in theory. According test data, the pressure wave advances by
around 1.83m within this period. Similarly, from t=16 s to t= 17 s,
the vehicle keeps running for another 2m. It is suggested by the test
data that, during this period, the pressure wave advances by 2.10m.
This means under uniform traffic flow, the speed of the pressure wave is
equal to that of the vehicle.

5. Conclusion

For a running vehicle, a positive pressure zone is formed by the
front of the vehicle colliding with the air, while, at the rear of the ve-
hicle, the air flow will swirl due to the stripping phenomenon to form a
negative pressure zone. Each running vehicle can form a positive and
negative pressure point at the front and rear of the vehicle. The positive
pressure point is a positive pressure pole, while that at the rear is a
negative pressure pole (a combination of which is referred to as a
pressure dipole). Each running vehicle can be approximated as a pres-
sure dipole. The pressure at any point in the tunnel is the superposed
pressure fields of all running vehicles (pressure dipoles) at the given
point. The pressure dipole theory and dynamic pressure distribution
model of a road tunnel can well describe and explain the pressure
pulsation pattern and spatial distribution rules in road tunnels with top
vents.

Affected by moving vehicles, the pressure at different points in road
tunnels demonstrates a periodical pulsation phenomenon over time. In
each pulsation cycle, the pressure pulsation involves two stages. In the
first stage, the whole body of the vehicle passes underneath the mea-
suring point. In this process, the pressure at this point rapidly falls from
the peak to the trough. In the second stage, the vehicle moves beyond
the measuring point; however, the next vehicle approaches the mea-
suring point; thus, the pressure at this point gradually increases again to
reach the peak. With a uniform and continuous traffic flow, the pressure
pulsation cycle is (S+ L)/v. The pulsation of pressure exists around top
vents with the same cycle as that in a buried section but with a decaying
amplitude.

Under the effect of running vehicles, the pressure of all points in the
road tunnels also displays a periodical waveform distribution along the
length. The peak of the pressure wave appears at the front of each
vehicle, while the trough appears at the rear. With a uniform and
continuous traffic flow, the pressure wave will have a theoretical

wavelength of S+ L. Furthermore, the pressure wave keeps advancing
with the moving vehicles in a synchronous manner and their speeds are
consistent.
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