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High-speed trains are one of the most desirable and environmentally friendly transportation modes, and high-speed
rail has been widely implemented in European and Asian countries in order to transport vast quantities of people
and commodities rapidly. However, when a high-speed train enters a tunnel, aerodynamic resistance is generated
suddenly, which results in higher traction power demand for trains operating in tunnels. It is essential to incorporate
pressure-relief systems in tunnels to reduce the aerodynamic resistance caused by passage of a high-speed train.
Pressure-relief ducts and vertical shafts are the most commonly used pressure-relief measures in tunnels. The effect of
pressure-relief ducts to alleviate the aerodynamic resistance and reduce traction power demand of high-speed trains
was thus investigated by means of one-dimensional numerical simulations of various case studies.

Notation

Aann area of annulus between train and tunnel (m?)

Ar free cross-sectional area of tunnel (m?)

A cross-sectional area of train (m?)

Fooling cooling air resistance force (N)

Friction drag force due to longitudinal friction (N)

Ein linear resistance force (N)

Kr drag force due to losses at the nose and tail of the
train (N)

Folling rolling resistance force (N)

F traction force (N)

f- skin friction coefficient

kn nose loss coefficient

kr tail loss coefficient

L. length of train (m)

L perimeter of train (m)

Pr traction power (W)

V. velocity of train (m/s)

Vann velocity of air in annulus relative to train (m/s)

p blockage ratio

p density of air (kg/m°)

1. Introduction

The demand for fast and secure travel has produced a need for
the planning and construction of underground infrastructure
for public transport such as high-speed rail. In order to main-
tain speed, high-speed trains require a track with larger curva-
ture than that needed for low-speed trains and so tunnels are a
major part of high-speed rail infrastructure. A large number of

high-speed railway projects are due for completion by the end
of 2025, with a total length of 0-59 million km (Yang et al.,
2017).

According to Reinke and Busslinger (2011), large aerodynamic
resistance is generated when a train enters a tunnel. With the
speeds of trains increasing, aerodynamic effects are becoming
very important in the design of both tunnels and trains.
Aerodynamic resistance increases dramatically with an increase
in train speed (Gawthorpe, 1978), with aerodynamic drag accou-
nting for 85% of the total resistance when train speed increases
to 300 km/h (Qun-Zhan, 2010). High aerodynamic resistance
acting on a train leads to high energy consumption for train
operation and has a negative impact on a train’s speed increase
(Raghunathan et al., 2002). According to Wood (2003), 16% of
the total energy consumed in train operation in the USA is used
to overcome aerodynamic drag. Aerodynamics might thus be a
determining factor for the size and other design features of high-
speed tunnels rather than just the economics of construction.

Several factors are associated with aerodynamic conditions in
high-speed railway tunnels. For example, traction power
demand should be reduced in the design of locomotives oper-
ating in tunnels because a high-speed train running in a tunnel
demands much higher traction power than a train running on
open track (Henson, 1995). In addition, when a train enters a
tunnel, compression and expansion waves are generated in the
tunnel (Howe et al., 2000). These rapid pressure changes
require that the comfort and health of passengers is guaran-
teed. Micro-pressure waves can also be generated when a train
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enters and exits a tunnel, which can cause a loud noise at
tunnel portals (UIC, 2005). In addition, the speed of air flow
in a tunnel needs to be limited since high-speed air can put
maintenance workers at risk and damage tunnel equipment.
Aerodynamic conditions thus need to be carefully considered
in the design stage of a tunnel. These aerodynamic conditions
become increasingly important for very long tunnels of over
50 km (Reinke and Busslinger, 2011). In addition, tunnels
accommodating high-speed trains (i.e. more than 200 km/h)
and mixed traffic require strict aerodynamic regulations.

Several measures can be taken to limit these adverse aerody-
namic aspects, including speed restrictions on rolling stock,
enlargement of tunnel cross-sectional area and the installation of
pressure-relief devices. There are also a number of different
design concepts for high-speed railway tunnels. In the past,
tunnels of short or medium length were designed as single-tube,
double-track systems. For long tunnels, twin-tube, single-track
systems are commonly adopted. A twin-tube, single-track tunnel
might experience more extreme aerodynamic conditions since it
has a smaller free cross-sectional area than a single-tube, double-
track tunnel. In order to overcome the extreme aerodynamic
conditions in long tunnels, various air pressure-relief measures
have been developed. These include enlargement of the free
cross-sectional area of a tunnel, installation of a vertical shaft, a
crossover tunnel in the middle of twin-tube tunnels, pressure-
relief ducts connecting twin tubes and so on. According to the
International Union of Railways (UIC, 1998), the various
methods to reduce aerodynamic resistance in a tunnel include
modification of the tunnel geometry and portal shape, installa-
tion of a dividing wall between tunnels and the installation
of airshafts for pressure relief (UIC, 1998). Vardy and
Dayman (1979) found that the maximum air pressure in a
tunnel could be reduced by up to 40% by the incorporation of
vertical airshafts.

The Channel tunnel is the most famous subsea tunnel and is
the longest subsea tunnel in the world, with an overall length
of 50 km and an undersea section 38 km long (Fairbairn,
1995). Each tunnel has a diameter of 7-6 m and carries passen-
ger and national freight trains. A service tunnel of diameter
4-8 m lies between the two running tunnels (Southwood, 1994)
and the two running tunnels and the service tunnel are
connected by cross passages of 3:3 m dia. or 4-8 m dia. every
375 m. Pressure-relief ducts of 2 m diameter are installed every
250 m between the two running tunnels to alleviate air
pressure generated by running trains (Gawthorpe and Pope,
1992). These pressure-relief ducts lead to the exchange of air
masses between the running tunnels and thus prevent air
pressure from increasing (Barthes e al., 1994). The Channel
tunnel thus efficiently manages aerodynamic resistance by
these pressure-relief ducts.

Using quasi-one-dimensional (1D) numerical simulations,
Mossi and Sibilla (2002) analysed the effects of pressure-
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relief ducts installed every 5 km between two tunnels under
partial vacuum. Their results showed that pressure-relief ducts
decrease both the peak pressure resistance in tunnels and the
traction power required for train operation.

Many very long high-speed railway tunnels have been, and will
be, constructed in South Korea. As already noted, the aerody-
namic conditions prevailing in very long tunnels are a major
concern and it is thus important to estimate aerodynamic con-
ditions and evaluate techniques to alleviate the air pressure
acting on high-speed trains in very long tunnels (Shen, 2012).
In the study reported in this paper, the effect of pressure-relief
ducts on high-speed trains was evaluated by means of 1D
numerical simulations. Detailed specifications of the pressure-
relief system, such as the free cross-sectional area and the dis-
tance between ducts, were analysed according to the results of
the numerical simulations and traction power demands were
calculated for a train passing through a tunnel at speeds of
300 km/h and 350 km/h.

2. Traction power demand

Traction power is the power required for the operation of
a train. Trains consume power for the operation of various
devices such as engines, transformers, air conditioners, pumps
and coolers. In order to move and then increase the speed of
the train, the required traction power increases significantly in
order to overcome resistance against the train’s movement.
Aerodynamic resistance is thus a significant factor in the
power consumption of trains. According to Vardy (1996a,
1996b), aerodynamic drag contributes more than 90% of the
total drag on high-speed trains in long tunnels. In addition,
the aerodynamic resistance on a train passing through a tunnel
leads to significantly higher traction power requirements than
a train running on open track and aerodynamic resistance
increases with the speed of the train. It is therefore important
to estimate the exact traction power required for a train in the
design stage.

Traction power is a function of the traction force and the vel-
ocity of the train, as defined by (Reinke and Busslinger, 2011)

1. Pr = Frv. = (Fair + Frolling + Fcooling + Flin)v:

in which Pr is the traction power (W), Fr is the traction force
(N), v. is the train velocity (m/s), F;, is the aerodynamic drag
force (N), Fouing is the rolling resistance force (N), Foooling 1S
the cooling air resistance force (N) and Fj, in the linear resist-
ance force (N).

The rolling resistance force, the cooling air resistance force
and the linear resistance force are not influenced by a tunnel
(Reinke and Busslinger, 2011). However, the aerodynamic drag
force changes when a train enters a tunnel from open track
because the train faces different aerodynamic conditions in
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an open space and in the tunnel. Therefore, the aerodynamic
drag force is the major factor in estimating the traction power
and is defined by

2. Fair = FNT + Ffriction

where Fyr is the drag force due to losses at the nose and tail of
the train (N) and Fyjiction 1s the drag force due to longitudinal
friction (N).

The drag force due to losses at the nose and tail and longitudi-
nal friction can be calculated according to (Reinke and
Busslinger, 2011)

L. [ 1
3. Fair = (kN + kT) Ep(valmn)zAT +f: ip(vann)zlzl’; (m)

where ky is the nose loss coefficient, kt is the tail loss coeffi-
cient, p is the density of air (kg/m>), v¥,, is the velocity of air
in the annulus relative to that of the train (m/s), 1. is the skin
friction coefficient, /. is the perimeter of the train (m), L. is the
length of the train (m), S is the blockage ratio, A,n, is the area
of annulus between the train and the tunnel (m?), Ay is the
free cross-sectional area of tunnel (m?) and A, is the cross-
sectional area of the train (m?).

3. Numerical simulation

When a train enters a tunnel, three-dimensional (3D), unsteady,
compressive air flow is generated. Therefore, 3D unsteady
equations are required to acquire a correct description of the air
flow generated by a train in a tunnel. According to Baron et al.
(2001), the propagation of air pressure disturbance occurs by
means of a plane wave in a tunnel when the length of the tunnel
is much larger than the hydraulic diameter of the cross-section
of the tunnel. Additionally, the instantaneous distribution of
fluid dynamics variables becomes uniform in tunnel sections
(Baron et al., 2001). In 3D analyses, 3D features are focused
in regions close to the train, tunnel portals and tunnel cross-
sections of complex shape (Mossi and Sibilla, 2002). According
to Mossi and Sibilla (2002), quasi-1D models can reasonably
predict the large-scale behaviour of air flow in a tunnel with a
high-speed train passing through, and 1D models that can
provide sufficiently accurate explanations of experimental data
have been developed (Muelas et al., 2008). Ricco et al. (2007)
used 1D analysis to simulate air flow due to a high-speed train
in a tunnel.

It was therefore considered reasonable to predict the behaviour
of air flow in a long tunnel by means of quasi-1D analysis,
and numerical simulations using Thermotun software were
carried out to estimate the traction power demand of a high-
speed train running in a tunnel. Thermotun employs the 1D
method of characteristics to calculate the effect of air pressure
in a tunnel by solving equations of 1D, unsteady, compressible

flow in tunnel networks (Tarada et al., 2007). The purpose of
the numerical simulations carried out in the current study was
to estimate traction power demand and investigate how
pressure-relief ducts can decrease the traction power demand
of a high-speed train. The traction power demand was investi-
gated with respect to various parameters, including train oper-
ation in a twin-tube tunnel, train velocity, a change from a
twin-tube to a single-tube tunnel, the free cross-sectional area
of a tunnel, the space between pressure-relief ducts, the cross-
sectional area of the pressure-relief duct and the impact of a
single crossover in the middle of a tunnel. The parameters used
in the numerical simulations are listed in Table 1. The tunnel
parameters were based on the preliminary design for Mokpo—
Jeju subsea tunnel in South Korea and the train used in the
simulation was based on the KTX-II Sancheon, which is a cur-
rently operating high-speed train in South Korea.

3.1 Modelling of the tunnel and train

Quasi-1D numerical simulations were carried out on a railway
network with tunnels and pressure-relief ducts. The simulations
involved two running tunnels with a cross-sectional area of
60 m*> and length of 35000 m, set 30 m apart from each
other. Pressure-relief ducts connected the two tunnels with
varying distances (250- 300 m) between the ducts. Details of
the modelling scheme are presented in Figure 1 and summar-
ised in Table 1. As shown in Table 1, the skin friction factor of
the tunnel was assumed to be 0-06 and air pressure outside the

Table 1. Parameters used in the numerical simulations

Value
Train parameters

Shape of head Hypothetical
Length, Lain: M 201
Cross-sectional area, Aqain: m? 9-34
Perimeter, Piain: M 11-67
Maximum speed, Viain: km/h 350
Time constant of pressure tightness, z:s 18
Longitudinal friction factor, fiain 0-003

Nose and tail loss coefficients

Tunnel parameters

knose =0-05, ktail =0-07

Length, Lyyn: m 35 000

Type Twin-tube, single-track

Cross-sectional area, Ayn: M? 42-59, 57-25

Perimeter, Pyn: m 31-5

Tunnel friction factor 0-024
(Darcy-Weisbach definition), Awun

Skin friction factor, fyn 0-06

Cross-sectional area of 07,1,2, 314
pressure-relief duct, Arg: m?

Distance between pressure-relief 250, 275, 300
ducts, S,g: m

Length of pressure-relief duct, L4: m 30

Inclination: % 0

Ambient tunnel air, ground, tunnel wall 15

and train wall temperature: °C

Normal pressure at sea level: Pa 101 300

Downl oaded from http://ftp. nowpublishers.conjtran/article-pdf/172/4/233/3206665/tran_17_00037. pdf by guest on 03 June 2026

235



Transport
Volume 172 Issue TR4

Effect of pressure-relief ducts on traction
demand in a tunnel: a numerical evaluation
Seo and Ha

1
1
v
Atan
f E
L kel
—
2
' E
A ¥ Train (Vigsin)
train —
T<————>

train

Figure 1. Modelling of tunnel and train

Figure 2. KTX-Il Sancheon train

tunnel was set equal to normal pressure at sea level of
101 300 Pa. The tunnel was horizontal and the ambient temp-
erature and the temperature inside the tunnel and on the
tunnel wall was fixed at 15°C.

The geometry and dimensions of the train model were based
on the KTX-II Sancheon (Figure 2), a high-speed passenger
train developed in South Korea that can reach a cruise speed
of 330 km/h. The train model used in the numerical simu-
lations had a hypothetical streamlined head shape, a length of
201 m, a perimeter of 11-67 m and a cross-sectional area of
9-34 m? (Table 1). The pressure tightness coefficient of the
train is 18 s according to information from the locomotive
manufacturer (Lee ef al, 2013). The longitudinal friction
factor on the train was set at 0-003, and the nose and tail loss
coefficients were 0-05 and 0-07, respectively.

3.2 Simulation cases

To investigate the effects of tunnel pressure-relief ducts,
25 different simulations were carried out (Table 2). In the simu-
lations, one train moved in a single tunnel at a speed of
350 km/h (the Mokpo-Jeju subsea tunnel aims to operate
high-speed trains at this speed). The cross-sectional area of
the tunnel ranged from 42-59 m? (the cross-sectional area
of the Channel tunnel) to 57-25 m? (the preliminary design
of the Mokpo-Jeju subsea tunnel). The spacing and
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cross-sectional area of pressure-relief ducts is a critical factor
that influences both air pressure alleviation and construction
costs. In the simulations, the duct spacing was set at 250 m,
275 m or 300 m and the cross-sectional area of the ducts was
also varied (0-7, 1, 2 and 3-14 mz). As a reference case, simu-
lation case 25 was for a single tunnel without any pressure-
relief ducts.

4. Results

As already mentioned, traction demand is the power required to
operate locomotives and it is essential to estimate traction
demand in the design stage in order to determine the most
appropriate design of pressure-relief systems. The results of the
1D simulations showed that pressure-relief ducts have a signifi-
cant effect on reducing the traction power demand of high-
speed trains in tunnels. The aerodynamic traction power
required for train passage through the tunnel was calculated
along the distance from the tunnel entrance. As clearly shown in
Figure 3, there is a close relationship between traction power
demand and the presence of pressure-relief ducts. Aerodynamic
traction power demand increased with a decrease in the area of
the tunnel or the pressure-relief duct. In addition, the figure
reveals that traction power demand was inversely proportional
to the distance between the pressure-relief ducts because
the number of pressure-relief ducts decreases as the spacing
increases. Table 3 shows the average traction power demands as
calculated from the 1D numerical simulations.

4.1 Effect of duct cross-sectional area and distance
between pressure-relief ducts

Figures 4-15 show the traction power demand for the train’s
passage through a tunnel of cross-sectional area 42-59 m?.
Simulation cases 1, 2 and 3 (Figures 4-6) were for a pressure-
relief duct cross-sectional area of 0-7 m>. In the three cases, the
distance between the ducts was set at 250 m, 275 m and 300 m,
respectively. Figures 4-6 show that traction demand increased
with increasing distance between the pressure-relief ducts
because the number of ducts increases as the distance between
ducts decreases. For a duct cross-sectional area of 0-7 m?, com-
pared with a duct separation of 250 m, the traction power
demand increased by 0-5% for a 275 m duct separation and by
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Figure 6. Traction power demand (case 3)
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Time: s

Figure 7. Traction power demand (case 4)
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Figure 8. Traction power demand (case 5)

when the duct separation was changed from 250 m to 300 m
(Figures 10-12). The increase in traction power demand became
larger when the cross-sectional area of the duct was 3-14 m?
(Figures 13-15): the increase in traction power demand
increased by 2:5% for an increase in duct separation from
250 m to 275 m and by 1-9% from 250 m to 300 m.

Figures 16-27 show the traction power demand for the
train’s passage through a tunnel of cross-sectional area
57-25 m>. The trends in traction power demand distribution
are similar to those for a tunnel cross-sectional area of
42-59 m?, with traction power demand increasing as the dis-
tance between ducts was increased for the same duct cross-
sectional area. As shown in Figures 16 and 17, for a duct
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Figure 10. Traction power demand (case 7)
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Figure 12. Traction power demand (case 9)

cross-sectional area of 0-7 m? traction power demand
increased slightly from 10-25 MW to 10-28 MW when distance
between the ducts was changed from 250 m to 275 m. For
the same duct area but with an increase in duct separation
to 300 m, the traction power demand increased by 1%,
from 10-25 MW to 10-35 MW (Figures 16 and 18). For a duct
cross-sectional area of 1 m? the traction power demand
increased by 0-5% when the duct separation was increased
from 250 m to 275 m and by 1:1% for an increase from
250 m to 300 m (Figures 19-21). Similarly, as shown in
Figures 22-24, traction power demand increased by 0-9% and
1-1% with increasing distance between the pressure-relief ducts
when the duct cross-sectional area was 2 m>. For a duct cross-
sectional area of 3-14 m? (Figures 25-27), the increase in

traction power demand with increasing duct separation dis-
tance to 275 m and 300 m was slightly increased, by 1:4% and
1-2%, respectively.

When the distance between the pressure-relief ducts was held
constant, traction power demand was inversely proportional to
the cross-sectional area of the duct. For a duct separation of
250 m, comparing simulation case 1 (4,q=0-7 m?) and case 4
(4;a=1m?), the traction power demand decreased from
1-80 MW to 1:68 MW (Figures 4 and 7). Similarly, when the
duct separation was 275 m, traction power demand decreased
with an increase in duct cross-sectional area from 0-7 m? to
1 m?%, from 11:86 MW to 1177 MW, respectively, and from
11-:97 MW to 11-86 MW when the duct separation was 300 m.
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Figure 15. Traction power demand (case 12)
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Figure 14. Traction power demand (case 11)

The traction power demand with a constant duct separation
also decreased with an increase in duct cross-sectional area
from 0-7 m? to 2 m* comparing simulation case 1 and case 7
(S;¢=250 m), case 2 and case 8 (S;q=275 m) and case 3 and
case 9 (S;q=300 m), traction power demands decreased by
4-0%, 3-0% and 3-7%, respectively. With the largest dust cross-
sectional area of 3-14 m? (cases 10 to 12), the traction power
demand reduced by 6:9%, 5-0% and 6-4% compared with com-
parative cases for the smallest duct cross-sectional area
(0-7 m?).

Cases 1 to 12 were for a tunnel cross-sectional area of
42-59 m? whereas simulation cases 13 to 25 were for a tunnel
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Figure 16. Traction power demand (case 13)

cross-sectional area of 57-25 m® For the latter tunnel area,
as the duct cross-sectional area was changed from 0-7 m?
to 1 m? the traction power demand decreased by 0-7% for a
duct separation of 250 m, by 0-5% for a duct separation
of 275 m and by 0-6% for a duct separation of 300 m.
According to simulation cases 19 to 21, the decrease in trac-
tion power demand slightly increased with increasing duct
cross-sectional area from 0-7 m? to 2 m”. For a change in duct
cross-sectional area from 0-7 m? to 3-14 m? traction power
demand decreased by 4:5% for S,q=250 m, by 3-4% for
S:a=275 m and by 4:3% for S;4=300 m (simulation cases 22,
23 and 24).
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Figure 17. Traction power demand (case 14)
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Figure 19. Traction power demand (case 16)
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Figure 20. Traction power demand (case 17)

Simulation case 25 was run for a tunnel without any pressure-
relief measures. The traction power demand in a single tunnel
without a pressure-relief duct was 11:31 MW (Figure 28).
Compared with the cases with pressure-relief ducts (cases 13
to 24), it is evident that traction power demand was significantly
reduced due to the presence of pressure-relief ducts. Traction
power demand decreased by 8:5% when the tunnel was
fitted with ducts of area 0-7 m?> and 300 m spacing. As the
free cross-sectional area of a duct increased and the spacing
between the ducts decreased, traction power demand was
decreased by up to 13-4%, as shown in simulation case 22 for a
duct cross-sectional area of 3-14 m? and 250 m between the
ducts.

4.2  Effect of cross-sectional area of tunnel

As detailed in Table 2, the first 12 simulation cases calculated
traction power demand for a tunnel cross-sectional area of
42-59 m? and the other 13 cases were for a tunnel cross-section
of 5925 m%. In order to investigate the effect of tunnel cross-
sectional area on the traction power demand, differences in
traction power demands for the same cross-sectional area and
duct separation were calculated. The results, shown in Table 4,
show that the decrease in traction power demand ranged from
10:9% to 13-5% when the cross-sectional area of the tunnel
was increased from 42:59 m? to 59-25 m>. The change in trac-
tion power due to a change in cross-sectional area or duct sep-
aration was in the range 0-3-2-5% and the differences between
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Figure 21. Traction power demand (case 18)
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Figure 23. Traction power demand (case 20)
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Figure 22. Traction power demand (case 19)
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Figure 24. Traction power demand (case 21)

maximum and minimum traction powers were much smaller
than those for a change in tunnel cross-sectional area. In other
words, the change in traction power demand was larger when
the tunnel cross-sectional area was changed in comparison to
when the cross-sectional area and distance between ducts were
changed. This implies that it is more effective to increase the
cross-sectional area of a tunnel in order to alleviate air pressure
and decrease traction power demand. However, increasing the
cross-sectional area of a tunnel requires a significant increase
in construction investment and there are many restrictions on
alignment and tunnel depth when the cross-sectional area of a
tunnel is changed. Therefore, it could be more efficient to
modify the duct cross-sectional area and the distance between
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ducts to achieve efficient traction power demands for the oper-
ation of high-speed trains in tunnels.

5. Conclusion

One-dimensional numerical analyses were carried out based
on a subsea tunnel under preliminary design in South Korea.
The tunnel is being designed as a twin-tube, single-track
system for the operation of high-speed trains running at
350 km/h. A number of simulation cases were considered in
order to investigate the effect of a pressure-relief system. In
total, 25 simulation cases were conducted, considering different
values of the free cross-sectional area of the tunnel, the free
cross-sectional area of pressure-relief ducts and the distance
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Figure 26. Traction power demand (case 23)

between ducts. Traction power demands were calculated and
shown to have a very close relationship with the existence of
pressure-relief ducts. The following conclusions were drawn
from this study.

m The free cross-sectional areas of both the tunnel and the
pressure-relief ducts are closely related to the aecrodynamic
conditions and traction power demand of a train in a
tunnel. As the free cross-sectional area of a duct decreases,
traction power demand increases because aecrodynamic
drag and resistance increase with a smaller duct area. In
other words, traction power demand is inversely
proportional to the free cross-sectional area of pressure-
relief ducts for a constant distance between ducts.
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Table 4. Effect of tunnel cross-sectional area on traction power
demand

Difference in aerodynamic

Simulation cases traction demand: %

Case 1 and case 13
Case 2 and case 14
Case 3 and case 15
Case 4 and case 16
Case 5 and case 17
Case 6 and case 18
Case 7 and case 19
Case 8 and case 20
Case 9 and case 21
Case 10 and case 22
Case 11 and case 23
Case 12 and case 24

—131
—13:3
-13-5
-12-8
—131
-13-2
-11-8
-12:4
-12-4
-10-9
=171
=113
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m The presence of pressure-relief ducts has a significant
influence on reducing the traction power demand
of a high-speed train in a tunnel. For the same free
cross-sectional area of a duct, the distance between
ducts governs the amount of traction power demand.
Traction power demand increases as the distance
between ducts increases. Thus, traction power
demand is proportional to the distance between
ducts because the number of ducts installed in a
tunnel is inversely proportional to the distance
between them.

m The traction power demand decreases significantly with an
increase in the free cross-sectional area of the tunnel.
Traction power demand could be decreased by 12-5% with
an increase in tunnel cross-sectional area from 42-59 m?
to 57-25 m>. In comparison, traction power demand
decreased by just 0-3-2-5% when the distance between
the ducts was changed and by 0-3-4-5% when the
cross-sectional area of the duct was changed. However,
increasing the cross-sectional area of a tunnel requires a
significant increase in construction cost. Hence, it could be
more efficient to modify the cross-sectional area and
distance between ducts in order to achieve the most
efficient traction power demand for the operation of
high-speed trains in a tunnel.

Further research is needed to validate the results obtained in
this study. A 1:50 scale KTX-II train and Mokpo-Jeju subsea
tunnel have been built at the Korean Institute of Construction
Technology in South Korea. The experimental model includes
twin-tube tunnels with detachable pressure-relief ducts, accel-
eration system, braking system, control and data acquisition
system. This physical system was prepared for a research
project entitled ‘Development of key subsea tunnelling technol-
ogy’ and is being used to validate the results of the numerical
analyses performed in this study. Physical tests are currently
being performed for various test cases and the simulation cases
presented in this paper. The results from the physical tests will
be thoroughly examined and used to assess the effect of
pressure-relief ducts obtained using quasi-1D numerical
simulations.
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